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Introduction t7. Introduction to Micro/Nanofabrication

This chapter outlines and discusses important
micro- and nanofabrication techniques. We start
with the most basic methods borrowed from the
integrated circuit (IC) industry, such as thin film
deposition, lithography and etching, and then
move on to look at MEMS and nanofabrication
technologies. We cover a broad range of dimen-
sions, from the micron to the nanometer scale.
Although most of the current research is geared
towards the nanodomain, a good understanding
of top-down methods for fabricating micron-
sized objects can aid our understanding of this
research. Due to space constraints, we have fo-
cused here on the most important technologies;
in the microdomain these include surface, bulk
and high aspect ratio micromachining; in the
nanodomain we concentrate on e-beam lithog-
raphy, epitaxial growth, template manufacturing
and self-assembly. MEMS technology is maturing
rapidly, with some new technologies displac-
ing older ones that have proven to be unsuited
to manufacture on a commercial scale. How-
ever, the jury is still out on methods used in the
nanodomain, although it appears that bottom-up
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methods are the most feasible, and these will
have a major impact in a variety of application
areas such as biology, medicine, environmental
monitoring and nanoelectronics.

Recent innovations in the area of micro/nanofabrication
have created a unique opportunity to manufacture
nanometer- to millimeter-sized structures. This wide
(six orders of magnitude) range of sizes is applica-
ble to novel electronic, optical, magnetic, mechanical
and chemical/biological devices, with applications rang-
ing from sensors to computation and control. In this
chapter, we will introduce major micro/nanofabrication
techniques currently used to fabricate structures rang-
ing from nanometers to several hundred microns in

size. We will mainly focus on the most important
and widely used techniques and will not discuss spe-
cialized methods. After a brief introduction to basic
microfabrication, we will discuss MEMS-fabrication
techniques used to build microstructures down to
about 1 µm in size. Following this, we will discuss
several major top-down and bottom-up nanofabri-
cation methods which have shown great promise
in the manufacture of nanostructures (dimensions
< 1 µm).

7.1 Basic Microfabrication Techniques

Most micro/nanofabrication techniques have their roots
in standard fabrication methods developed for the
semiconductor industry [7.1–3]. Therefore, a clear

understanding of these techniques is needed by any-
one embarking on a research and development path in
the micro/nano area. In this section, we will discuss
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the microfabrication methods most commonly used in
the manufacture of micro/nanostructures. Some of these
techniques, such as thin-film deposition and etching, are
common to the micro/nano and VLSI microchip fabrica-
tion disciplines. However, several other techniques that
are more specific to the micro/nanofabrication area will
also be discussed in this section.

7.1.1 Lithography

Lithography is the technique used to transfer a computer-
generated pattern onto a substrate (such as silicon, glass
or GaAs). This pattern is then used to etch an under-
lying thin film (such as an oxide or nitride) for various
purposes (including doping and etching). Although pho-
tolithography, in other words the lithography using a UV
light source, is by far the most common lithography
technique in microelectronic fabrication, electron-beam
(e-beam) and X-ray lithography are two other alterna-
tives which have attracted considerable attention in the
MEMS and nanofabrication areas. We will discuss pho-
tolithography in this section and postpone our discussion
of e-beam and X-ray techniques to subsequent sections
dealing with MEMS and nanofabrication.

The starting point for a specific fabrication sequence
(subsequent to the creation of the mask layout on a com-
puter) is the generation of a photomask. This involves
a sequence of photographic processes (using optical or
e-beam pattern generators) that results in a glass plate
that exhibits the desired pattern in the form of a thin
(≈ 100 nm) chromium layer. Following the generation of
a photomask, the lithography process proceeds as shown
in Fig. 7.1. This sequence demonstrates pattern transfer
onto a substrate coated with silicon dioxide; however, the
same technique is applicable to other materials. After de-
positing the desired material on the substrate, the process
involves spin-coating the substrate with a photoresist.
This is a polymeric photosensitive material which can
be spun onto the wafer in liquid form (an adhesion pro-
moter such as hexamethyldisilazane, HMDS, is usually
used prior to the application of the resist). The spin
speed and photoresist viscosity determine the final resist
thickness, which is typically between 0.5–2.5 µm. Two
different kinds of photoresist are available: positive and
negative. In a positive resist, the UV-exposed areas are
dissolved in the subsequent development stage, whereas
in a negative photoresist, the exposed areas remain in-
tact after development. Due to the better process control
that can be achieved for small geometries, the positive
resist is most commonly used in VLSI processes. After
spinning the photoresist onto the wafer, the substrate is

Deposit thin film
(Oxide, Nitride, etc.)

Silicon substrate

Spin photoresist

Soft bake

Align the mask

Expose the waver

Develop the resist

Hard bake

End of lithography

Fig. 7.1 Lithography process flow

soft-baked (5–30 min at 60–100 ◦C) in order to remove
the solvents from the resist and to improve the adhesion.
Subsequently, the mask is aligned to the wafer and the
photoresist is exposed to a UV source.

Depending on the separation between the mask and
the wafer, three different exposure systems are available:
1) contact, 2) proximity, and 3) projection. Although
contact printing gives a better resolution than the prox-
imity technique, the constant contact of the mask with
the photoresist reduces the process yield and can damage
the mask. Projection printing uses a dual-lens opti-
cal system to project the mask image onto the wafer.
Since only one die can be exposed at a time, this re-
quires a step and repeat system to completely cover
the wafer area. Projection printing is far and away the
most popular microfabrication system and it can yield
superior resolutions to the contact and proximity meth-
ods. The exposure source used for photolithography
depends on the resolution. Above 0.25 µm minimum
line width, a high-pressure mercury lamp is adequate
(436 nm g-line and 365 nm i-line). However, between
0.25 and 0.13 µm, deep UV sources such as excimer
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a) Oxide the substrate

Substrate

SiO2

b) Spin the Photoresist and soft bake

Substrate

Photo-
resist

Photo-
mask

Substrate

Light

Substrate

Substrate

Substrate

d) Develop the Photoresist and hard bake

e) Etch the Oxide

f) Strip the Photoresist

c) Expose the Photoresist

Fig. 7.2 Schematic of photolithography with a positive PR

lasers (248 nm KrF and 193 nm ArF) are required. Al-
though there has been extensive competition between
techniques (including e-beam and X-ray) in the below
0.13 µm regime, extreme UV (EUV) (with a wavelength
of 10–14 nm) seems to be the preferred technique [7.4].

After exposure, the photoresist is developed in a pro-
cess similar to the development of photographic films.
The resist is subsequently hard baked (20–30 min at
120–180 ◦C) in order to improve adhesion still further.
The hard bake step, which concludes the photolithog-
raphy process, creates the desired pattern on the wafer.
Next, the underlying thin film is etched and the photore-

sist is stripped in acetone or another organic removal
solvent. Figure 7.2 shows a schematic of the steps
involved in photolithography with a positive photoresist.

7.1.2 Thin Film Deposition and Doping

Thin film deposition and doping are used extensively in
micro/nanofabrication technologies. Most of the fabri-
cated micro/nanostructures contain materials other than
that of the substrate, which are obtained by various
deposition techniques or by modifying the substrate.
The following is a list of a few typical applica-
tions for the deposited and/or doped materials used
in micro/nanofabrication, which gives an idea of the
properties required:

• Mechanical structures• Electrical isolation• Electrical connection• Sensing or actuating• Mask for etching and doping• Support or mold during the deposition of other ma-
terials (sacrificial materials)• Passivation

Most of the thin films deposited have different properties
to those of their corresponding “bulk” forms (for exam-
ple, metals shows higher resistivities than a thin film).
In addition, the techniques utilized to deposit these ma-
terials have a huge impact on their final properties. For
instance, the internal stress (compressive or tensile) in

a) b)

c) d)

Fig. 7.3a–d Step coverage and conformality: (a) poor step
coverage, (b) good step coverage, (c) nonconformal layer,
and (d) conformal layer.
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a film is strongly process-dependent. Excessive stress
may crack or detach the film from the substrate and
should therefore be minimized, although this property
may also be useful for certain applications. Adhesion is
another important issue that needs to be taken into ac-
count when depositing thin films. In some cases, such as
the deposition of noble metals (including gold), an in-
termediate layer (chromium or titanium) may be needed
to improve the adhesion. Finally, step coverage and con-
formality are two properties that can also influence the
choice of one or another deposition technique. Figure 7.3
illustrates these concepts.

Oxidation
Silicon oxidation is a process used to obtain a thin film
of SiO2 with excellent quality (very low density of de-
fects) and thickness homogeneity. Although it is not
strictly a deposition, the result is the same: a thin layer
of a new material coats the surface. Oxidation is typically
performed at temperatures of 900 ◦C to 1200 ◦C in the
presence of O2 (dry oxidation) or H2O (wet oxidation).
The reactions for oxide formation are:

Si(solid) +O2(gas) ⇒ SiO2(solid)

and

Si(solid) +2H2O(steam) ⇒ SiO2(solid) +2H2(gas)

Although the rate of oxide growth is higher for wet
oxidation, this is achieved at the expense of lower oxide
quality (density). Since silicon atoms from the substrate
participate in the reaction, the substrate is consumed as
the oxide grows (≈ 44% of the total thickness lies above
the line of the original silicon surface). The oxidation
of silicon also occurs at room temperature, but a layer
of about 20 Å (native oxide) is enough to passivate the
surface and prevent further oxidation. To grow thicker
oxides, wafers are introduced into an electric resistance

O2 or H2O + carrier gas

Quartz
cassette Wafers

Resistance heater

Quartz tube

Fig. 7.4 Schematic of a typical oxidation furnace

furnace such as the one shown in Fig. 7.4, which can
process tens of wafers can be processed in a single batch.
By strictly controlling the timing, temperature and gas
flow entering the quartz tube, the desired thickness can
be achieved with a high accuracy. Thicknesses ranging
from a few tens of Angstroms to 2 µm can be obtained
in a reasonable time. Despite the high quality of the
SiO2 obtained by silicon oxidation (also called thermal
oxide), the use of this process is often limited to the early
stages of fabrication, since some of the materials added
during the formation of structure may not stand the high
temperatures involved. The furnace can also become
contaminated when the substrates have previously been
in contact with certain etchants such as KOH, or when
materials such as metals have been deposited, also pose
limitations in most cases.

Doping
The introduction of certain impurities into a semicon-
ductor can change its electrical, chemical, and even
mechanical properties. Typical impurities or dopants
used in silicon include boron (to form p-type regions)
and phosphorus or arsenic (to form n-type regions).
Doping is the main process used to fabricate ma-
jor components such us diodes and transistors in the
microelectronic industry. In micro/nanofabrication tech-
nologies, doping has additional applications, such as
the formation of piezoresistors for mechanical trans-
ducers or the creation of etch stop layers. Two
different techniques are used to introduce the impuri-
ties into a semiconductor substrate: diffusion and ion
implantation.

Diffusion, a process used to form n- and p-type
regions in silicon, dominated integrated circuit manu-
facture in the period just after such circuits had been
invented. The diffusion of impurities into the silicon
only occurs at high temperatures (above 800 ◦C). The
furnaces used to carry out this process are similar to the
ones used for oxidation. The dopants are introduced
into the gaseous atmosphere of the furnace from li-
quid or solid sources. Figure 7.5 illustrates the process
of creating an n-type region by the diffusion of phos-
phor from the surface into a p-type substrate. A masking
material must have been previously deposited and pat-
terned on the surface in order to define the areas to
be doped. However, because diffusion is an isotropic
process, the doped area will also extend underneath
the mask. In microfabrication, diffusion is mainly used
in the formation of very highly doped boron regions
(p++), which are usually used as etch stops in bulk
micromachining.
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Ion implantation allows more precise control of the
dose (total amount of impurities introduced per area unit)
and the impurity profile (concentration versus depth). In
ion implantation, the impurities are ionized and acceler-
ated towards the semiconductor surface. The penetration
of impurities into the material follows a Gaussian dis-
tribution. After implantation, an annealing process is
needed to activate the impurities and to repair the
damage in the crystal structure produced by the ion
collisions. A drive-in process to redistribute the impuri-
ties, performed in a standard furnace like those used for
oxidation or diffusion may also be required.

Chemical Vapor Deposition and Epitaxy
As its name suggests, chemical vapor deposition (CVD)
includes all of the deposition techniques that make use
of chemical reactions in the gas phase to form the de-
posited thin film. The energy needed for the chemical
reaction to occur is usually supplied by maintaining the
substrate at elevated temperatures. Alternative energy
sources, such as plasma or optical excitation, are also
used because they enable a lower substrate temperature.
The most common CVD processes in microfabrication
are LPCVD (low pressure CVD) and PECVD (plasma-
enhanced CVD).

The LPCVD process is typically carried out in
electrically heated tubes, similar to oxidation tubes,
equipped with pumps needed to achieve the low pres-
sures (0.1 to 1.0 torr) required. Large numbers of wafers
can be processed simultaneously and the material is
deposited on both sides of the wafers. The process
temperatures depend on the material to be deposited,
but are generally in the range of 550 to 900 ◦C. As
in the oxidation, high temperatures and contamination
issues can restrict the type of processes used before
LPCVD. Typical materials deposited by LPCVD include
silicon oxide (for example SiCl2H2 +2N2O ⇒ SiO2 +

Masking layer

Dopant gas containing
phosphorous compounds

n-type

p-type

Fig. 7.5 Formation of an n-type region on a p-type silicon
substrate by diffusion of phosphorus

2N2 + 2HCL at 900 ◦C), silicon nitride (such as
3SiH4 +4NH3 ⇒ Si3N4 +12H2, at 700–900 ◦C), and
polysilicon (for instance SiH4 ⇒ Si+2H2 at 600 ◦C).
Due to its faster etch rate in HF, in situ phosphorus-
doped LPCVD oxide (phosphosilicate glass or PSG)
is used extensively in surface micromachining as the
sacrificial layer. The conformality in this process is ex-
cellent, even for structures with very high aspect ratios.
The mechanical properties of LPCVD materials are good
compared to others such as PECVD, and are often used
as structural materials in microfabricated devices. The
stress in the deposited layers depends on the material,
deposition conditions, and subsequent thermal history
(for example the post-deposition anneal). Typical val-
ues are: 100–300 MPa (compressive) for oxide, ≈ 1 GPa
(tensile) for stoichiometric nitride, and ≈ 200–300 MPa
(tensile) for polysilicon. The stress present in the nitride
layers can be reduced to almost zero using a silicon-rich
composition. Since the stress values can vary over a wide
range, it is important to measure and characterize the in-
ternal stress of deposited thin films for any particular set
of equipment and deposition conditions.

The PECVD process is performed in plasma sys-
tems such as the one represented in Fig. 7.6. The use
of RF energy to create highly reactive species in the
plasma allows lower temperatures to be used at the
substrate (150 to 350 ◦C). The parallel-plate plasma
reactors normally used in microfabrication can only
process a limited number of wafers per batch. The
wafers are positioned horizontally on top of the lower
electrode so that only one side gets deposited. Typi-
cal materials deposited with PECVD include silicon
oxide, nitride, and amorphous silicon. Conformality

Resistance
heater

Wafers

RF source

Gas in
To vacuum pump

Fig. 7.6 Schematic of a typical PECVD system
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is good for structures with low aspect ratios, but be-
comes very poor for deep trenches (20% of the surface
thickness inside through-wafer holes with an aspect
ratio of 10). The stress depends on deposition pa-
rameters and can be either compressive or tensile.
PECVD nitrides are typically nonstoichiometric (SixNy)
and are much less resistant to etchants in masking
applications.

Another interesting type of CVD is epitaxial growth.
In this process, a single-crystalline material is grown
as an extension of the crystal structure of the sub-
strate. It is possible to grow dissimilar materials if
the crystal structures are somehow similar (lattice-
matched). Silicon-on-sapphire (SOS) substrates and
some heterostructures are fabricated in this way. How-
ever, deposition of silicon on another silicon substrate
is the most common CVD technique. Selective epitax-
ial growth is of particular interest for the formation of
microstructures. In this process, the silicon crystal is
only allowed to grow in windows patterned on a mask-
ing material. Many CVD techniques have been used to
produce epitaxial growth. The most common method
used for silicon is thermal chemical vapor deposition
or vapor-phase epitaxy (VPE). Metallorganic chemical
vapor deposition (MOCVD) and molecular beam epi-
taxy (MBE) commonly used to grow high-quality III–V
compound layers with nearly atomic abrupt interfaces.
The former uses vapors of organic compounds with
group III atoms such as trimethylgallium [Ga(CH3)3]
and group V hydrides such as AsH3 in a CVD chamber
with fast gas switching capabilities. The latter typically
uses molecular beams from thermally evaporated ele-
mental sources aimed at the substrate in an ultrahigh
vacuum chamber. In this case, rapid on/off control of
the beams is achieved by employing shutters in front of
the source. Finally, it should be mentioned that many
metals (molybdenum, tantalum, titanium and tungsten)
can also be deposited using LPCVD. These are attrac-
tive due to their low resistivities and their ability to form
silicides with silicon. Due to its application in new in-
terconnect technologies, copper CVD is an active area
of research.

Physical Vapor Deposition
(Evaporation and Sputtering)

In physical deposition systems, the material to be de-
posited is transported from a source to the wafers, both of
which are in the same chamber. Two physical principles
are used to achieve this: evaporation and sputtering.

In evaporation, the source is placed in a small con-
tainer with tapered walls, called a crucible, and is heated

up to a temperature where evaporation occurs. Various
techniques are utilized to reach the high temperatures
needed, including the induction of high currents with
coils wound around the crucible and the bombard-
ment of the material surface with an electron beam
(e-beam evaporators). This process is mainly used to
deposit metals, although dielectrics can also be evap-
orated. In a typical system the crucible is located at
the bottom of a vacuum chamber, whereas the wafers
line the dome-shaped ceiling of the chamber, Fig. 7.7.
The main characteristic of this process is very poor
step coverage, including shadow effects, as illustrated
in Fig. 7.8. As explained in subsequent sections, some
microfabrication techniques utilize these effects to pat-
tern the deposited layer. One way to improve the step
coverage is to rotate and/or heat the wafers during the
deposition.

Evaporated
material

Vacuum
chamber

Electron
beam

Bending
magnetic

field

Wafers

Fig. 7.7 Schematic of an e-beam deposition system

Fig. 7.8 Shadow effects observed in evaporated films. Ar-
rows show the trajectory of the material atoms being
deposited
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Fig. 7.9 Typical cross-section evolution of a trench being
filled via sputter deposition

During sputtering, a target of the material to be
deposited is bombarded with high-energy inert ions
(usually argon). The outcome of the bombardment is that
individual atoms or clusters are removed from the sur-
face and ejected towards the wafer. The physical nature
of this process permits its use with virtually any existing
material. Examples of interesting materials for micro-
fabrication that are frequently sputtered include metals,
dielectrics, alloys (such as shape memory alloys), and
all kinds of compounds (for example piezoelectric PZT).
The inert ions used to bombard the target are produced in
DC or RF plasma. In a simple parallel-plate system the
top electrode is the target and the wafers are placed hori-
zontally on top of the bottom electrode. Despite its lower
deposition rate, the step coverage achieved via sputter-
ing is much better than that gained from evaporation.
However, the films obtained with this deposition pro-
cess are nonconformal. Figure 7.9 illustrates successive
sputtering profiles in a trench.

Both evaporation and sputtering systems are often
capable of depositing more than one material simul-
taneously or sequentially. This ability is very useful for
obtaining alloys and multilayers (for instance, multilayer
magnetic recording heads are sputtered). For certain
low-reactivity metals such as Au and Pt, the previous
deposition of a thin layer of another metal is needed
to improve the adhesion. Ti and Cr are two adhesion
promoters frequently used. The stress in evaporated or
sputtered layers is typically tensile. The deposition rates
are much higher than most CVD techniques. However,
due to stress accumulation and cracking, a thickness of
more than 2 µm is rarely achieved with these processes.
The technique described in the next section is sometimes
used for thicker depositions.

b) Photoresist spinning and patterning

c) Electroplating

d) Photoresist and seed layer stripping

a) Seed layer deposition

Substrate

Substrate

Substrate

Substrate

Seed layer

Photoresist

Fig. 7.10a–d Formation of isolated metal structures by
electroplating through a mask: (a) seed layer deposition,
(b) photoresist spinning and patterning, (c) electroplating,
(d) photoresist and seed layer stripping

Electroplating
Electroplating (or electrodeposition) is a process typi-
cally used to obtain thick (tens of µm) metal structures.
The sample to be electroplated is placed into a solution
containing a reducible form of the ion of the desired
metal, and it is maintained at a negative potential (cath-
ode) relative to a counter electrode (anode). The ions are
reduced at the sample surface and the nonsoluble metal
atoms are incorporated into the surface. As an example,
copper electrodeposition is frequently performed in cop-
per sulfide-based solutions. The reaction that takes place
at the surface is Cu2+ +2e− → Cu(s). Recommended
current densities for electrodeposition processes are on
the order of 5 to 100 mA/cm2.

As can be deduced from the process mechanism, the
surface to be electroplated must be electrically conduc-
tive, and preferably of the same material as the deposited
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one if a good adhesion is desired. In order to electrode-
posit metals on top of an insulator (the most frequent
case) a thin film of the same metal, called the seed layer,
is deposited on the surface first. Masking the seed layer
with a resist permits selective electroplating at the pat-
terned areas. Figure 7.10 illustrates the sequence of steps
typically required to obtain isolated metal structures.

Pulsed Laser and Atomic Layer Deposition
Pulsed laser and atomic layer deposition techniques have
attracted a considerable amount of attention recently.
These two techniques offer several unique advantages
compared to other thin film deposition methods that are
particularly useful for next-generation nanoscale device
fabrication. Pulsed laser deposition (PLD) is a sim-
ple technique that uses an intense (1 GW within 25 ns)
UV laser (such as KrF excimer) to ablate a target ma-
terial [7.5]. Plasma is subsequently formed from the
target and is deposited on the substrate. Multitarget
systems with Auger and RHEED spectroscopes are com-
mercially available. Figure 7.11 shows a typical PLD
deposition set-up. The main advantages of the PLD are
its simplicity and ability to deposit complex materials
with preserved stoichiometry (“stoichiometry transfer”).
In addition, fine control over the film thickness can also
be achieved by controlling the number of pulses. Stoi-
chiometry transfer allows many complex targets, such as
ferroelectrics, superconductors and magnetostrictives to
be deposited using PLD. Other materials deposited in-
clude oxides, carbides, polymers, and metallic systems
(such as FeNdB).

Atomic layer deposition (ALD) is a gas-phase self-
limiting deposition method capable of depositing atomic
layer thin films with excellent large area uniformity and
conformality [7.6]. It enables simple and accurate con-
trol over film composition and thickness at the atomic

Target

Laser pulse

UHV-chamber

Substrate

Laser
plume

Fig. 7.11 A typical PLD deposition set-up

layer level (typical growth rates of a few Å/cycle). Al-
though recent research has focused upon depositing
high-k dielectric materials (Al2O3, and HfO2) for next-
generation CMOS electronics, other materials can also
be deposited. These include transition metals (Cu, Co,
Fe, and Ni), metal oxides, sulfides, nitrides and fluorides.
Atomic-level control over film thickness and composi-
tion are also attractive features for MEMs application,
such as conformal 3D packaging and air-gap structures.
ALD is a modification of the CVD process and is based
on two or more vapor-phase reactants that are introduced
into the deposition chamber in a sequential manner. One
growth cycle consists of four steps. First, a precursor
vapor is introduced into the chamber, resulting in the de-
position of a self-limiting monolayer on the surface of
the substrate. Then the extra unreacted vapor is pumped
out and a vapor dose of a second reactant is introduced.
This reacts with the precursor on the surface in a self-
limiting fashion. Finally, the extra unreacted vapor is
pumped out and the cycle is repeated.

7.1.3 Etching and Substrate Removal

Thin film and bulk substrate etching is another fabrica-
tion step that is of fundamental importance to both VLSI
processes and micro/nanofabrication. In the VLSI area,
various conducting and dielectric thin films deposited for
passivation or masking purposes need to be removed at
some point. In micro/nanofabrication, in addition to thin
film etching, the substrate (silicon, glass, GaAs) usually
also needs to be removed in order to create various me-

a) Profile for isotropic etch through a photoresist mask

Silicon

Photoresist Photoresist

b) Profile for anisotropic etch through a photoresist mask

Silicon

PhotoresistPhotoresist

Fig. 7.12a,b Profile for isotropic (a) and anisotropic
(b) etch through a photoresist mask
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chanical micro/nanostructures (beams, plates and so on).
Two important figures of merit for any etching process
are selectivity and directionality. Selectivity is the de-
gree to which the etchant can differentiate between the
masking layer and the layer to be etched. Directionality
relates to the etch profile under the mask. In an isotropic
etch, the etchant attacks the material in all directions at
the same rate, hence creating a semicircular profile under
the mask, Fig. 7.12a. In an anisotropic etch, the disso-
lution rate depends on the specific direction and one
can obtain straight sidewalls or other noncircular pro-
files, Fig. 7.12b. One can also divide the various etching
techniques into wet and dry categories. We will use this
classification in this section, discussing different wet
etchants first and then the dry etching techniques used
most often in the micro/nanofabrication.

Wet Etching
Historically, wet etching techniques preceded dry tech-
niques. These still constitute an important group of
etchants for micro/nanofabrication despite the fact that
they are used less frequently in VLSI processes. Wet
etchants are, by and large, isotropic, and they show su-
perior selectivity for the masking layer over various dry
techniques. In addition, due to the lateral undercut, the
minimum feature achievable with wet etchants is lim-
ited to > 3 µm. Silicon dioxide is commonly etched in
a dilute (6:1, 10:1, or 20:1 by volume) or buffered HF
(BHF, HF+NH4F) solution (etch rate of ≈ 1000 Å/min
in BHF). Photoresist and silicon nitride are the two
most common masking materials used for the wet ox-
ide etch. The wet etchant used for silicon nitride is hot
(140–200 ◦C) phosphoric acid with silicon oxide used
as the masking material. Nitride wet etch is not very
common (except for blanket etch) due to the masking
difficulties and nonrepeatable etch rates. Metals can be
etched using various combinations of acids and base
solutions. There are also many commercially available
etchant formulations for aluminium, chromium and gold
which can be easily used. A comprehensive table of
various metal etchants can be found in [7.7].

Anisotropic and isotropic wet etching of crys-
talline (silicon and gallium arsenide) and non-
crystalline (glass) substrates is an important topic
in micro/nanofabrication [7.8–11]. In particular, the
achievement of anisotropic wet etching of silicon is
considered to mark the beginning of the micromachin-
ing and MEMS field. Isotropic etching of silicon using
HF/HNO3/CH3COOH (various different formulations
have been used) dates back to the 1950s and is still fre-
quently used to thin down the silicon wafer. The etch

mechanism for this combination has been elucidated
and is as follows: HNO3 is used to oxidize the sili-
con which is subsequently dissolved away in the HF.
The acetic acid is used to prevent the dissociation of
HNO3 (the etch works as well without the acetic acid).
For short etch times, silicon dioxide can be used as the
masking material; however, one needs to use silicon ni-
tride if a longer etch time is desired. This etch also
shows dopant selectivity, with the etch rate dropping
at lower doping concentrations (<1017 cm−3 n- or p-
type). Although this effect can potentially be used as an
etch stop mechanism in order to fabricate microstruc-
tures, the masking problem has prevented widespread
application of this approach. Glass can also be isotrop-
ically etched using the HF/HNO3 combination, with
the etch surfaces showing considerable roughness. This
has been extensively used for fabricating microfluidic
components (mainly channels). Although Cr/Au is usu-
ally used as the masking layer, long etch times require
a more robust mask (bonded silicon has been used for
this purpose).

Silicon anisotropic wet etch constitutes an import-
ant technique in bulk micromachining. The three most
important silicon etchants in this category are potas-
sium hydroxide (KOH), ethylene diamine pyrocatechol
(EDP) and tetramethyl ammonium hydroxide (TMAH).
These are all anisotropic etchants which attack silicon
along preferred crystallographic directions. In addition,
they all show a marked reduction in the etch rate in
heavily doped (> 5 × 1019 cm−3) boron (p++) regions.
The chemistry behind the action of these etchants is
not yet very clear, but it seems that silicon atom oxi-
dation at the surface and the reaction of silicon with
hydroxyl ions (OH−) are responsible for the formation
of a soluble silicon complex (SiO2(OH)2−). The etch
rate depends on the concentration and temperature and is
usually around 1 µm/min at temperatures of 85–115 ◦C.
Common masking materials for anisotropic wet etchants
are silicon dioxide and nitride, with the latter being su-
perior for longer etch times. The crystallographic plane
which shows the slowest etch rate is the (111) plane.
Although it has been speculated that the lower atomic
concentration along these planes is the reason for this
phenomenon, the evidence is inconclusive and other fac-
tors must be included to account for this remarkable etch
stop property. The anisotropic behavior of these etchants
with respect to the (111) plane has been used extensively
to create beams, membranes and other mechanical and
structural components. Figure 7.13 shows typical cross-
sections of (100) and (110) silicon wafers etched with an
anisotropic wet etchant. As can be seen, the (111) slow
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a)

b)

Silicon

Silicon

(100)

(111)

54.7 °

(110)

(111)

Fig. 7.13a,b Anisotropic etch profiles for: (a) (100), and
(b) (110) silicon wafers

Convex
corner
undercut

Silicon

Fig. 7.14 Top view and cross-section of a dielectric can-
tilever beam fabricated using convex corner undercutting

planes are exposed in both situations, one creating 54.7◦
sloped sidewalls in the (100) wafer and the other cre-
ating vertical sidewalls in the (110) wafer. Depending
on the dimensions of the mask opening, a V-groove or

a trapezoidal trench is formed in the (100) wafer. A large
enough opening will allow the silicon to be etched all
the way through the wafer, thus creating a thin dielectric
membrane on the other side. It should be mentioned that
the exposed convex corners have a higher etch rate than
the concave ones, resulting in an undercut which can
be used to create dielectric (such as nitride) cantilever
beams. Figure 7.14 shows a cantilever beam fabricated
using the convex corner undercut on a (100) wafer.

The three above-mentioned etchants show different
directional and dopant selectivities. KOH has the best
(111) selectivity (400/1), followed by TMAH and EDP.
However, EDP has the highest selectivity with respect
to the deep boron diffusion regions. Safety and CMOS
compatibility are other important criteria for choosing
a particular anisotropic etchant. Among the three men-
tioned etchants, TMAH is the most benign one, whereas
EDP is extremely corrosive and carcinogenic. Silicon
can be dissolved in TMAH in order to improve its selec-
tivity with respect to aluminium. This property has made
TMAH very appealing for post-CMOS micromachining
where aluminium lines have to be protected. Finally, it
should be mentioned that one can modulate the etch rate
using a reversed biased p-n junction (electrochemical
etch stop). Figure 7.15 shows the set-up commonly used
to perform electrochemical etching. The silicon wafer
under etch consists of an n-epi region on a p-type sub-
strate. Upon the application of a reverse bias voltage
to the structure (p substrate is in contact with the solu-
tion and n-epi is protected using a watertight fixture),
the p substrate is etched away. When the n-epi regions
are exposed to the solution an oxide passivation layer is
formed and the etch is stopped. This technique can be

n-epi p-Substrate Counter
electrode

KOH

Fig. 7.15 Electrochemical etch set-up

Part
A

7
.1



Introduction to Micro/Nanofabrication 7.1 Basic Microfabrication Techniques 207

used to fabricate single-crystalline silicon membranes
for pressure sensors and other mechanical transducers.

Dry Etching
Most dry etching techniques are plasma-based. They
have several advantages when compared with wet etch-
ing. These include a smaller undercut (allowing smaller
lines to be patterned) and higher anisotropicity (allowing
vertical structures with high aspect ratios). However, the
selectivities of dry etching techniques are lower than
those of wet etchant techniques, and one must take
into account the finite etch rate of the masking ma-
terials. The three basic dry etching techniques, namely
high-pressure plasma etching, reactive ion etching (RIE)
and ion milling, utilize different mechanisms to obtain
directionality.

Ion milling is a purely physical process which
utilizes accelerated inert ions (such as Ar+) that
strike perpendicular to the surface, removing mater-
ial (pressure ≈ 10−4 –10−3 Torr), Fig. 7.16a. The main
characteristics of this technique are very low etch rates

a)

b)

Mask

Mask

Ion
Material atom

Ion
Material atom
Nonvolatile specie
Volatile product

Ion
Material atom
Activated material atom
Volatile product

c)

Mask

Fig. 7.16a–c Simplified representation of etching mechanisms for (a) ion milling, (b) high-pressure plasma etching,
(c) RIE

(on the order of a few nm/min) and poor selectivity (close
to 1:1 for most materials); hence it is generally used to
etch very thin layers. In high-pressure (10−1 –5 Torr)
plasma etchers, highly reactive species are created that
react with the material to be etched. The products of the
reaction are volatile so they diffuse away and new ma-
terial is exposed to the reactive species. Directionality
can be achieved, if desired, with the sidewall passiva-
tion technique (Fig. 7.16b). In this technique, nonvolatile
species produced in the chamber deposit and passivate
the surfaces. The deposit can only be removed by phys-
ical collision with incident ions. Because the movement
of the ions has a vertical directionality, the deposit is
mainly removed at horizontal surfaces, while vertical
walls remain passivated. In this fashion, the vertical etch
rate becomes much higher than the lateral one.

RIE etching, also called ion-assisted etching, is
a combination of physical and chemical processes. In
this technique the reactive species react with the material
only when the surfaces are “activated” by the collision
of incident ions from the plasma (by breaking bonds
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Table 7.1 Typical dry etch chemistries

Si CF4/O2, CF2Cl2, CF3Cl, SF6/O2/Cl2, Cl2/H2/C2F6/CCl4, C2ClF5/O2, Br2, SiF4/O2,

NF3, ClF3, CCl4, CCl3F5, C2ClF5/SF6, C2F6/CF3Cl, CF3Cl/Br2

SiO2 CF4/H2, C2F6, C3F8, CHF3/O2

Si3N4 CF4/O2/H2, C2F6, C3F8, CHF3

Organics O2, CF4/O2, SF6/O2

Al BCl3, BCl3/Cl2, CCl4/Cl2/BCl3, SiCl4/Cl2
Silicides CF4/O2, NF3, SF6/Cl2, CF4/Cl2
Refractories CF4/O2, NF3/H2, SF6/O2

GaAs BCl3/Ar, Cl2/O2/H2, CCl2F2/O2/Ar/He, H2, CH4/H2, CClH3/H2

InP CH4/H2, C2H6/H2, Cl2/Ar

Au C2Cl2F4, Cl2, CClF3

a) Photoresist patterning

b) Etch step

c) Passivation step

d) Etch step

Fig. 7.17a–d DRIE cyclic process: (a) photoresist pattern-
ing, (b) etch step, (c) passivation step, (d) etch step

at the surface for example). As in the previous tech-
nique, the directionality of the ion velocity produces
many more collisions in the horizontal surfaces than in
the walls, thus generating faster etching rates in the ver-
tical direction (Fig. 7.16c). To further increase the etch

anisotropy, sidewall passivation methods are also used in
some cases. An interesting case is the deep reactive ion
etching (DRIE) technique, capable of achieving aspect
ratios of 30:1 and silicon etching rates of 2 to 3 µm/min
(through-wafer etch is possible). In this technique, the
passivation deposition and etching steps are performed
sequentially in a two-step cycle, as shown in Fig. 7.17.
In commercial silicon DRIE etchers, SF6/Ar is typi-
cally used for the etching step and a combination of
Ar and a fluoropolymer (nCF2) for the passivation step.
A Teflon-like polymer that is only about 50 nm thick is
deposited during the latter step, covering only the side-
walls (Ar+ ion bombardment removes the Teflon on the
horizontal surfaces). Due to the cyclic nature of this pro-
cess, the sidewalls of the etched features show a periodic
“wave-shape” roughness of 50 to 400 nm.

Dry etching can also be performed in nonplasma
equipment if the etching gases are reactive enough.
These “vapor-phase etching” (VPE) processes can be
carried out in a simple chamber with gas feeding and
pumping capabilities. Two examples of VPE are xenon
difluoride (XeF2) etching of silicon and HF vapor etch-
ing of silicon dioxide. Due to their isotropic natures,
these processes are typically used for etching sacrificial
layers and releasing structures whilst avoiding stiction
problems (see sections 7.2.1 and 7.2.2).

A wide range of important materials can be etched
using the above-mentioned techniques, and a selection
of chemical approaches are available for each material.
Table 7.1 lists some of the most common materials along
with selected etch recipes [7.12]. For each approach, the
etch rate, directionality and selectivity with respect to the
mask materials depend on parameters such as the flow
rates of the gases entering the chamber, the working
pressure and the RF power applied to the plasma.
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7.1.4 Substrate Bonding

Substrate (wafer) bonding (silicon–silicon, silicon–
glass, and glass–glass) is one of the most important
microsystem fabrication techniques [7.13, 14]. It is fre-
quently used to fabricate complex 3-D structures, both
as a functional unit and as a part of the final microsys-
tem package and encapsulation. The two most important
bonding techniques are silicon–silicon fusion (or silicon
direct bonding) and silicon–glass electrostatic (or an-
odic) bonding. In addition to these techniques, several
other alternative methods which utilize an intermedi-
ate layer (eutectic, adhesive, and glass frit) have also
been investigated. All of these techniques can be used to
bond substrates at the wafer level. In this section we will
only discuss wafer-level techniques; device-level bond-
ing methods (such as e-beam and laser welding) will not
be discussed.

Silicon Direct Bonding
Direct silicon or fusion bonding is used in the fabrication
of micromechanical devices and silicon-on-insulator
(SOI) substrates. Although it is mostly used to bond
two silicon wafers with or without an oxide layer, it
has also been used to bond different semiconductors
such as GaAs and InP [7.14]. One main requirement for
a successful bond is sufficient planarity (<10 Å sur-
face roughness and < 5 µm bow across a 4” wafer)
and surface cleanliness. Thermal expansion mismatch
also needs to be considered if two dissimilar materials
are to be bonded. The bonding procedure is as fol-
lows: the silicon- or oxide-coated silicon wafers are first
thoroughly cleaned. Then the surfaces are hydrated (ac-
tivated) in HF or boiling nitric acid (an RCA clean also
works). This creates an abundance of hydroxyl ions, ren-
dering the surfaces hydrophilic. Then the substrates are
brought into close proximity (starting from the center to
avoid void formation). The closeness of the bonding sur-
faces allows short-range attractive van der Waals forces
to bring the surfaces into intimate contact on an atomic
scale. Following this step, hydrogen bonds between the
two hydroxyl-coated silicon wafers bind the substrates
together. These steps can be performed at room temper-
ature; however, in order to increase the bond strength,
a high-temperature (800–1200 ◦C) anneal is usually re-
quired. A big advantage of silicon fusion bonding is that
the substrates are thermally matched.

Anodic Bonding
Silicon-glass anodic (electrostatic) bonding is another
major substrate joining technique which has been ex-

1000 V

Anode

Pyrex

Depletion
layer

Silicon

Hot plate

Na+

Cathode

Fig. 7.18 Set-up for anodic bonding of glass to silicon

tensively used for microsensor packaging and device
fabrication. The main advantage of this technique
is its lower bonding temperature, which is around
300–400 ◦C. Figure 7.18 shows the bonding set-up.
A glass wafer (Pyrex 7740 is often used due to its
good thermal expansion match to silicon) is placed on
top of a silicon wafer and the sandwich is heated to
300–400 ◦C. Subsequently, a voltage of ≈ 1000 V is
applied to the glass–silicon sandwich with the glass con-
nected to the cathode. The bond starts immediately after
the application of the voltage and spreads outward from
the cathode contact point. The bond can be visually ob-
served as a dark grayish front which expands throughout
the wafer.

The bonding mechanism is as follows. During the
heating period, glass sodium ions move toward the cath-
ode and create a depletion layer at the silicon–glass
interface. A strong electrostatic force is therefore created
at the interface which pulls the substrates into an inti-
mate contact. The exact chemical reaction responsible
for anodic bonding is not yet clear but covalent silicon–
oxygen bonds at the interface seems to be responsible
for the bond. Silicon-to-silicon anodic bonding using
sputtered or evaporated glass interlayers is also possible.

Bonding with Intermediate Layers
Various other wafer bonding techniques utilizing an
intermediate layer have also been investigated [7.14].
Among the most important ones are adhesive, eutec-
tic, and glass frit bonds. Adhesive bonds, achieved by
inserting a polymer (polyimides, epoxies, thermoplast
adhesives, and photoresists) between the wafers, have
been used to join different wafer substrates [7.15]. Com-
plete curing (in the oven or using dielectric heating)
of the polymer before or during the bonding process
prevents subsequent solvent outgas and void formation.
Although reasonably high bonding strengths can be ob-
tained, these bonds are nonhermetic and unstable over
reasonably long periods of time.
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In the eutectic bonding process, gold-coated silicon
wafers are bonded together at temperatures greater than
the silicon–gold eutectic point (363 ◦C, 2.85% silicon
and 97.1% Au) [7.16]. This process can achieve high
bonding strength and good stability at relatively low
temperatures. For good bond uniformity, silicon diox-
ide must be removed from the silicon surface prior to
the deposition of the gold. In addition, all organic con-
taminants must be removed from the surface of the gold
(using UV light) prior to bonding. Pressure must also
be applied in order to achieve a better contact. Although

eutectic bonds can be achieved at low temperatures, at-
taining uniformity over large areas has proven to be a
challenging task.

Glass frit can also be used as an interlayer in
substrate bonding. In this technique, a thin layer of
glass is first deposited and preglazed. The glass-coated
substrates are then brought into contact and the sand-
wich is heated to above the glass melting temperature
(typically < 600 ◦C). As for the eutectic process,
pressure must be applied for an adequate contact to
occur [7.17].

7.2 MEMS Fabrication Techniques

In this section, we will discuss various MEMS fab-
rication techniques commonly used to build various
microdevices (microsensors and microactuators) [7.8–
11]. The size range of the microstructures that can be fab-
ricated using these techniques spans from 1 mm to 1 µm.
As was mentioned in the Introduction, we will concen-
trate on the more important techniques, skimming over
specialized methods.

7.2.1 Bulk Micromachining

Bulk micromachining is the oldest MEMS technol-
ogy and therefore one of the most mature [7.18]. It
is currently the most commercially successful MEMS
technique by some distance, and is used to manufac-
ture devices such as pressure sensors and ink-jet print
heads. Although there are many different variations, the
basic concept behind bulk micromachining is selective
removal of the substrate (silicon, glass, GaAs, and so
on). This allows the creation of various micromechan-
ical components such as beams, plates and membranes
which can be used to fabricate a variety of sensors and
actuators. The most important microfabrication tech-

Silicon

KOH

Fig. 7.19 Wet anisotropic silicon back-side etching

niques used in bulk micromachining are wet and dry
etch and substrate bonding. Although one can use dif-
ferent criteria to divide bulk micromachining techniques
into separate categories, we will use a historical timeline
for this purpose. We will start by discussing the more
traditional wet etching techniques, and then proceed to
discuss the more recent ones using deep RIE and wafer
bonding.

Bulk Micromachining
Using Wet Etch and Wafer Bonding

The first use of anisotropic wet etchants to remove
silicon is often used to mark the beginning of the
micromachining era. Back-side etch was used to cre-
ate movable structures such as beams, membranes and
plates, see Fig. 7.19. Initially, the etching was timed
in order to create a specified thickness. However, this
technique proved to be inadequate for creating thin
structures (<20 µm). Subsequent use of various etch
stop techniques allowed the creation of thinner mem-
branes in a more controlled fashion. As was mentioned
in Sect. 7.1.3, the use of heavily doped boron regions and
electrochemical bias can drastically slow down the etch
process and hence create microstructures with control-
lable thicknesses. Figure 7.20a,b shows the cross-section
of two piezoresistive pressure sensors fabricated using
electrochemical and P++ etch stop techniques. The P++
method requires the epitaxial growth of a lightly doped
region on top of a P++ etch stop layer. This layer is
subsequently used for the placement of piezeoresistors.
However, if no active component is required, one can
simply use the P++ region to create a thin membrane,
Fig. 7.20c.

The P++ etch stop technique can also be used to
create isolated thin silicon structures via the dissolu-
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a) Electrochemical with n-epi on p substrate

Piezoresistors

P ++

Piezoresistors

n-epi

n-epi

b) P ++ etch stop with n-epi

P ++

c) P ++ etch stop without n-epi

P-Si

P-Si

Si

a)

Silicon

b) Deep
B diffusion
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EDP

Fig. 7.20a–c Wet micromachining etch stop techniques:
(a) electrochemical with n-epi on p substrate, (b) P++ etch
stop with n-epi, and (c) P++ etch stop without n-epi�

a)

Silicon

b)

Silicon

P ++P ++

c)

Silicon

d)
Silicon

Glass

e)

Fig. 7.22a–e Dissolved wafer process sequence: (a) KOH
etch, (b) deep B diffusion, (c) shallow B diffusion,
(d) silicon–glass anodic bond, and (e) release in EDP

tion of the entire lightly doped region [7.19]. This
technique was successfully used to fabricate silicon
recording and stimulating electrodes for biomedical ap-
plications. Figure 7.21 shows the cross-section of one
such process which relies on deep (15–20 µm) and
shallow boron (2–5 µm) diffusion steps to create micro-
electrodes with flexible connecting ribbon cables. An

Fig. 7.21 Free-standing microstructure fabrication using
deep and shallow boron diffusions and EDP release
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Fig. 7.23 SEM photograph of a microaccelerometer fabri-
cated using the dissolved wafer process [7.20]

Suspension
beam

P-substrate

n-well

Electronics

Fig. 7.24 Suspended island created on a prefabricated
CMOS chip using front-side wet etch and an electrochem-
ical etch stop

extension of this process which uses a combination of
P++ etch stop layers and silicon–glass anodic bond-
ing has also been developed. This process is commonly
known as the dissolved wafer process and has been used
to fabricate a variety of microsensors and microactua-
tors [7.20]. Figure 7.22 shows the cross-section for this
process. Figure 7.23 shows an SEM photograph of a mi-
croaccelerometer fabricated using the dissolved wafer
process.

It is also possible to merge wet bulk microma-
chining and microelectronics fabrication processes to
build micromechanical components on the same sub-
strate as the integrated circuits (CMOS, Bipolar, or
BiCMOS) [7.21]. This is very appealing since it allows
the integration of interface and signal processing cir-
cuitry with MEMS structures on a single chip. However,
important fabrication issues such as process compatibil-
ity and yield must be considered carefully. One of the

300 µm

Fig. 7.25 Photograph of a post-CMOS-processed can-
tilever beam resonator for chemical sensing [7.21]

most popular techniques in this category is the postpro-
cessing of CMOS integrated circuits by frontside etching
in TMAH solutions. As was mentioned previously,
silicon-rich TMAH does not attack aluminium and it can
therefore be used to undercut microstructures into a pre-
processed CMOS chip. Figure 7.24 shows a schematic
of this process, where a frontside wet etch and electro-
chemical etch stop have been used to produce suspended
beams. This technique has been used extensively to fab-
ricate a variety of microsensors (including humidity,
gas, chemical and pressure microsensors). Figure 7.25
shows a photograph of a post-CMOS-processed chem-
ical sensor.

Bulk Micromachining Using Dry Etch
Bulk silicon micromachining using dry etch is a very
attractive alternative to the wet techniques described
in the previous section. These techniques were devel-
oped during the mid-1990s following the successful
development of anisotropic dry silicon etch processes.
More recent advances in deep silicon RIE and the
availability of SOI wafers with a thick top silicon
layer have increased the applications of these tech-
niques. They allow the fabrication of vertical structures
with high aspect ratios in isolation or along with
on-chip electronics. Process compatibility with active
microelectronics is less of a concern for dry methods
since many of them do not damage the circuit or its
interconnect.
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Fig. 7.26 Cross-section of the SCREAM process
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Fig. 7.27a–e SEM photographs of structures fabricated
using the SCREAM process: (a) comb-drive actuator,
(b) suspended spring, (c) spring support, (d) moving sus-
pended capacitor plate, and (e) fixed capacitor plate [7.25]

a) Top
metal
layer

b)

c)

d)

Fig. 7.28 Cross-section of the process flow for post-CMOS
dry microstructure fabrication

The most simple dry bulk micromachining technique
relies on the frontside undercutting of microstruc-
tures using XeF2 vapor phase etch [7.22]. However,
as was mentioned before, this is an isotropic etch
and so it has limited applications. A combina-
tion of isotropic/anisotropic dry etch is more useful
and can be used to create a variety of interest-
ing structures. Two successful techniques using this
combination are single-crystal reactive etching and
metallization (SCREAM) [7.23] and post-CMOS dry re-
lease using aluminium/silicon dioxide laminate [7.24].
The first technique relies on the combination of
isotropic/anisotropic dry etch to create single-crystalline
suspended structures. Figure 7.26 shows a cross-section
of the process. It starts with an anisotropic (Cl2/BCl3)
silicon etch using an oxide mask (Fig. 7.26b). This
is followed by conformal PECVD oxide deposition
(Fig. 7.26c). Then an anisotropic oxide etch is used
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to remove the oxide at the bottom of the trenches,
leaving the sidewall oxide intact (Fig. 7.26d). At this
stage an isotropic silicon etch (SF6) is performed,
which results in undercutting and the release of
the silicon structures (Fig. 7.26e). Finally, if electro-
static actuation is desired, a metal can be sputtered
to cover the top and sidewall of the microstruc-
ture and the bottom of the cavity formed below it
(Fig. 7.26f). Figure 7.27 shows an SEM photograph
of a comb-drive actuator fabricated using SCREAM
technology.

The second dry release technique relies on the
masking ability of aluminium interconnect lines in
a CMOS integrated circuit in order to create suspended
microstructures. Figure 7.28 shows a cross-section of
this process. As can be seen, the third level Al of a prefab-
ricated CMOS chip is used as a mask to anisotropically
etch the underlying oxide layers all the way to the sil-
icon (CHF3/O2), Fig. 7.28b. This is followed by an
anisotropic silicon etch to create a recess in the sili-
con which will be used in the final step to facilitate the
undercut and release Fig. 7.28c. Finally, an isotropic sil-
icon etch is used to undercut and release the structures,
see Fig. 7.28d. Figure 7.29 shows an SEM photograph of
a comb-drive actuator fabricated using this technology.

In addition to the methods described above, recent
advancements in the development of deep reactive ion
etching of silicon (DRIE, see Sect. 7.1.3) have created
new opportunities for dry bulk micromachining tech-
niques (see Sect. 7.2.3). One of the most important ones
uses thick silicon SOI wafers which are commercially
available in various top silicon thicknesses [7.27]. Fig-
ure 7.30 shows the cross-section of a typical process
that uses DRIE and SOI wafers. The top silicon layer
is patterned and etched all the way to the buried oxide,

100 µm

Fig. 7.29 SEM photograph of a comb-drive actuator fabri-
cated using aluminium mask post-CMOS dry release [7.26]

SOI Wafer

DRIE

a)

b)

c)

d)

Fig. 7.30 DRIE processes using SOI wafers
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Silicon
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Silicon

Structural layer
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Silicon

Fig. 7.31 Basic surface micromachining fabrication pro-
cess

Fig. 7.31b. The oxide is subsequently removed in HF,
releasing suspended single-crystalline microstructures,
see Fig. 7.31c. In a modified version of this process, the
substrate can also be removed from the back-side, al-
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lowing easy access from both sides (this makes release
easier and prevents stiction), see Fig. 7.31d.

7.2.2 Surface Micromachining

Surface micromachining is another important MEMS
microfabrication technique that can be used to create
movable microstructures on top of a silicon sub-
strate [7.28]. This technique relies on the deposition
of structural thin films on a sacrificial layer which
is subsequently etched away resulting in movable
micromechanical structures (beams, membranes, plates,
and so on). The main advantage of surface microma-
chining is that extremely small sizes can be obtained. In
addition, it is relatively easy to integrate the microma-
chined structures with on-chip electronics for increased
functionality. However, due to the increased surface
nonplanarity with any additional layer, there is a limit
to the number of layers that can be deposited. Al-
though one of the earliest reported MEMS structures
was a surface-micromachined resonant gate transis-
tor [7.29], material-related difficulties resulted in the
termination of efforts in this area. In the mid 1980s, im-
provements in the field of thin film deposition rekindled
interest in surface micromachining [7.30]. Polysilicon
surface micromachining was introduced later on in the
same decade, which opened the door to the fabrication
of a variety of microsensors (including accelerometers
and gyroscopes) and microactuators (micromirrors, RF
switches, and so on). In this section, we will concentrate

a)

LPCVD oxide or nitride

b)

Oxidized poly

Fig. 7.32 Two sealing techniques for cavities created by
surface micromachining

on the key process steps involved in surface microma-
chining fabrication and the various materials used in
the surface micromachining process. We will also dis-
cuss the monolithic integration of CMOS with MEMS
structures and 3-D surface micromachining.

Basic Surface Micromachining Processes
The basic surface micromachining process is illustrated
in Fig. 7.31. The process begins with a silicon substrate
on top of which a sacrificial layer is grown and patterned,
Fig. 7.31a. The structural material is then deposited and
patterned, Fig. 7.31b. As can be seen, the structural ma-
terial is anchored to the substrate through the openings
created in the sacrificial layer during the previous step.
Finally, the sacrificial layer is removed, resulting in the
release of the microstructures Fig. 7.32c. In wide struc-
tures, it is usually necessary to provide access holes in
the structural layer for fast sacrificial layer removal. It
is also possible to seal microcavities created by the sur-
face micromachining technique [7.10]. This can be done
at the wafer level and is a big advantage in applications
such as pressure sensors which require a sealed cavity.
Figure 7.32 shows two different techniques that can be
used for this purpose. In the first technique, following
the etching of the sacrificial layer, a LPCVD dielectric
layer (oxide or nitride) is deposited to cover and seal the
etch holes in the structural material, Fig. 7.33a. Since the
LPCVD deposition is performed at reduced pressures,
a subatmospheric pill-box microcavity can be created.

Fig. 7.33 SEM photographs of Texas Instrument’s mi-
cromirror array [7.28]
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In the second technique, also called “reactive sealing”,
the polysilicon structural material is oxidized following
the removal of the sacrificial layer, Fig. 7.33b. If the ac-
cess holes are small enough, the grown oxide can seal
the cavity. Due to the consumption of oxygen during the
growth process, the cavity is also subatmospheric in this
case.

The most common sacrificial and structural mater-
ials are phosphosilicate glass (PSG) and polysilicon,
respectively (low temperature oxide or LTO is also fre-
quently used as the sacrificial layer). However, there
are several other sacrificial/structural combinations that
have been used to create a variety of surface micro-
machined structures. Important design issues related to
the choice of the sacrificial layer are: 1) quality (pin-
holes and so on), 2) ease of deposition, 3) deposition
rate, 4) deposition temperature, and 5) etch difficulty
and selectivity (the sacrificial layer etchant should not
attack the structural layer). The particular choice of ma-

Fig. 7.34 SEM photograph of Analog Devices’ gyro-
scope [7.31]

Table 7.2 Several important surface-micromachined sacrificial/structural combinations

System Sacrificial layer Structural layer Structural layer etchant Sacrificial layer etchant

1 PSG or LTO Poly-Si RIE Wet or vapor HF

2 Photoresist, polyimide Metals (Al, Ni, Co, Ni-Fe) Various metal etchants Organic solvents, plasma O2

3 Poly-Si Nitride RIE KOH

4 PSG or LTO Poly-Ge H2O2 or RCA1 Wet or vapor HF

5 PSG or LTO Poly-Si-Ge H2O2 or RCA1 Wet or vapor HF

terial used for the structural layer depends on the desired
properties and specific application. Several important
requirements are: 1) ease of deposition, 2) deposition
rate, 3) step coverage, 4) mechanical properties (internal
stress, stress gradient, Young’s moduli, fracture strength
and internal damping), 5) etch selectivity, 6) thermal
budget and history, 7) electrical conductivity, and 8) op-
tical reflectivity. Two examples from the commercially
available surface micromachined devices illustrate vari-
ous successful sacrificial/structural combinations. Texas
Instruments (TI; Dallas, TX) deformable mirror dis-
play (DMD) spatial light modulators uses aluminium
as the structural material (good optical reflectivity) and
photoresist as the sacrificial layer (easy dry etch and
low processing temperatures, allowing easy post-IC
integration with CMOS) [7.32], Fig. 7.33, whereas Ana-
log Devices’ (Cambridge, MA) microgyroscope uses
polysilicon structural material and a PSG sacrificial
layer, Fig. 7.34. Two recent additions to the collection
of available structural layers are polysilicon-germanium
and polygermanium [7.33, 34]. These are intended for
use as substitutes for polysilicon in applications where
the high polysilicon deposition temperature (around
600 ◦C) is prohibitive (during CMOS integration for
example). Unlike LPCVD polysilicon, polygermanium
(poly-Ge) and polysilicon-germanium (poly-Si1−xGex)
can be deposited at temperatures as low as 350 ◦C (the
poly-Ge deposition temperature is usually lower than
poly-SiGe). Table 7.2 summarizes important surface
micromachined sacrificial/structural combinations.

An important consideration in the design and pro-
cessing of surface micromachined structures is the issue
of stiction [7.10, 35, 36]. This can happen during the
release step if a wet etchant is used to remove the
sacrificial layer or during the device lifetime. The rea-
son for stiction during release is the surface tension of
the liquid etchant, which can hold the microstructure
down and cause stiction. This usually happens when
the structure is compliant and does not possess a strong
enough spring constant to overcome the surface tension
force of the rinsing liquid (water). There are several
ways to alleviate the release-related stiction problem.
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These include: 1) the use of dry or vapor phase etchant,
2) the use of solvents with lower surface tensions, 3)
geometrical modifications, 4) CO2 critical drying, 5)
freeze-drying, and 6) self-assembled monolayer (SAM)
or organic thin film surface modification. The first tech-
nique prevents stiction by circumventing the need for
a wet etchant, although in condensation is a possibil-
ity in the case of vapor phase release, which can also
cause some stiction. The second method uses a rins-
ing solvent (such as methanol) that has a lower surface
tension than water. This is usually followed by rapid
evaporation of the solvent using a hot-plate. However,
this is not the best technique, because many structures
still stick. The third technique is geometrical; dimples
are placed in the structural layer in order to reduce
the contact surface area and hence reduce the attrac-
tive force. The fourth and fifth techniques rely on a
phase change (of CO2 in one case and butyl-alcohol
in the other) which avoids the liquid phase altogether
by jumping directly to the gas phase. The last tech-
nique uses self-assembled monolayers or organic thin
films to coat the surfaces with a hydrophobic layer.
The stiction that occurs during the operating lifetime
of the device (in-use stiction) is due to the condensation
of moisture on surfaces, electrostatic charge accumu-
lation, or direct chemical bonding. Surface passivation
using self-assembled monolayers or organic thin films
can be used to reduce the surface energy and to reduce
or eliminate the capillary forces and direct chemical
bonding. These organic coatings also reduce electro-
static forces if a thin layer is applied directly to the
semiconductor (without the intervening oxide layer).
Commonly used organic coatings include fluorinated
fatty acids (TI’s aluminium micromirrors), silicone poly-
meric layers (Analog Devices’ accelerometers) and
siloxane self-assembled monolayers.

Surface Micromachining Integration with Active
Electronics

Integration of surface micromachined structures with
on-chip circuitry can increase performance and sim-
plify packaging. However, issues related to process
compatibility and yield must be considered carefully.
The two most common techniques are MEMS-first and
MEMS-last techniques. In the MEMS-last technique,
the integrated circuit is fabricated and surface mico-
machined structures are subsequently built on top of
the silicon wafer. An aluminium structural layer with
a photoresist sacrificial layer is an attractive combina-
tion due to the low thermal budget of the process (TI’S

CMOS device area Micromechanical device area

Metal

Silicon substrate

Epitaxial layer

Structural
polysilicon

Sacrificial
oxide

Passivation

Polysilicon

Silicon nitride

Fig. 7.35 Cross-section of the Sandia MEMS-first inte-
grated fabrication process

micromirror array). However, in applications where the
mechanical properties of Al are not adequate, polysil-
icon structural material must be used with a sacrificial
layer of LTO or PSG. Due to the rather high deposition
temperature of polysilicon, this combination requires
that special attention is paid to the thermal budget. For
example, aluminium metallization must be avoided and
substituted with refractory metals such as tungsten. This
can only be achieved at the cost of greater process
complexity and lower transistor performance.

The MEMS-first technique alleviates these diffi-
culties by fabricating the microstructures at the very
beginning of the process. However, if the microstruc-
tures are processed first, they must be buried in a sealed
trench to eliminate interference with microstructures
from subsequent CMOS processes. Figure 7.35 shows
a cross-section of a MEMS -first fabrication process
developed at the Sandia National Laboratory [7.37].
The process starts with a shallow anisotropic etching of
trenches in a silicon substrate to accommodate the height
of the polysilicon structures fabricated later on. A silicon
nitride layer is then deposited to provide isolation at the
bottom of the trenches. Next, several layers of polysil-
icon and sacrificial oxide are deposited and patterned
in a standard surface micromachining process. Then the
trenches are completely filled with sacrificial oxide and
the wafers are planarized with chemical-mechanical pol-
ishing (this avoids any complications in the following
lithographic steps). After an annealing step, the trenches
are sealed with a nitride cap. At this point, a standard
CMOS fabrication process is performed. At the end of
the CMOS process, the nitride cap is etched and the
buried structures are released by etching the sacrificial
oxide.
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3-D Microstructures From Surface
Micromachining

3-D surface microstructures can be fabricated using sur-
face micromachining. The fabrication of hinges used
in the vertical MEMS assembly was a major step to-
wards achieving 3-D microstructures [7.39]. Optical
microsytems have greatly benefited from surface-
micromachined 3-D structures. These microstructures
are used as passive or active components (micromir-
ror, Fresnel lens, optical cavity, and so on) on a silicon
optical bench (silicon microphotonics). One example
is a Fresnel lens that has been surface micromachined
in polysilicon and then erected using hinge structures
and locked in place using micromachined tabs, thus lib-
erating the structure from the horizontal plane of the
wafer [7.38,40]. Various microactuators (such as comb-
drive and vibromotors) have been used to move these
structures out of the silicon plane and into position.
Figure 7.36 shows an SEM photograph of a bar-code mi-
croscanner that uses a silicon optical microbench with
3-D surface micromachined structures.

Back support

Slider

Microhinge

Electrostatic
combdrive

Photo-
detector

Laser
diode

Fig. 7.36 Silicon pin-and-sample hinge scanner with 3-D
surface micromachined structures [7.38]

7.2.3 High Aspect Ratio Micromachining

The bulk and surface micromachining technologies pre-
sented in the previous sections fulfill the requirements
of a large group of applications. Certain applications,
however, require the fabrication of high aspect ratio
structures that cannot be realized with the aforemen-
tioned technologies. In this section we describe three
technologies – LIGA, HEXSIL and HARPSS– which
are capable of producing structures that have vertical

dimensions that are much larger than their lateral dimen-
sions via X-ray lithography (LIGA) and DRIE etching
(HEXSIL and HARPSS).

LIGA
LIGA is a high aspect ratio micromachining process that
relies on X-ray lithography and electroplating (in Ger-
man: Lithographie galvanoformung abformung) [7.41,
42]. We have already introduced the concept of the
plating-through-mask technique (in Sect. 7.1.2; see
Fig. 7.10). With standard UV photolithography and pho-
toresists, the maximum thickness achievable is on the
order of a few tens of microns and the resulting metal
structures show tapered walls. LIGA is a technology
based on the same plating-through-mask idea but it can
be used to fabricate metal structures with thicknesses of
a few microns to a few millimeters with almost verti-
cal sidewalls. This is achieved using X-ray lithography
and special photoresists. Due to their short wavelengths,
X-rays are capable of penetrating through a thick pho-
toresist layer with no scattering and of defining features
with lateral dimensions down to 0.2 µm (aspect ratio
> 100:1).

The photoresists used in LIGA should comply with
certain requirements, including sensitivity to X-rays,
resistance to electroplating chemicals, and good ad-
hesion to the substrate. Based on such requirements,
poly-(methylmethacrylate) (PMMA) is considered to
be an optimal choice for the LIGA process. Applica-
tion of the thick photoresist on top of the substrate can
be performed by various techniques, such as multiple
spin-coating, precast PMMA sheets, and plasma poly-
merization coating. The mask structure and materials
used for X-ray lithography must also comply with cer-
tain requirements. The traditional masks based on glass
plates with a patterned chrome thin layer are not suit-
able because X-rays are not absorbed by the chromium
layer and the glass plate is not transparent enough. In-
stead, X-ray lithography uses a silicon nitride mask with
gold as the absorber material (typically formed by elec-
troplating gold to a thickness of 10–20 µm). The nitride
membrane is supported by a silicon frame which can
be fabricated using bulk micromachining techniques.
Once the photoresist is exposed to the X-rays and de-
veloped, the process proceeds with the electroplating
of the desired metal. Ni is the most common, although
other metals and metallic compounds such us Cu, Au,
NiFe, and NiW are also electroplated in LIGA processes.
A good agitation of the plating solution is the key to ob-
taining a uniform and repeatable result during this step.
A paddle plating cell, based on a windshield-wiper-like
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Fig. 7.38a–e Sacrificial LIGA process: (a) UV lithography for sacrificial layer patterning, (b) X-ray lithography,
(c) electroplating, (d) structure release, (e) top view of the movable structure

Fig. 7.37 SEM of assembled LIGA-fabricated nickel struc-
tures [7.42]

device moving only a millimeter away from the substrate
surface, provides extremely reproducible agitation. Fig-
ure 7.37 shows an SEM of a LIGA microstructure
fabricated by electroplating nickel.

Due to the expensive nature of X-ray sources (re-
lated to synchrotron radiation), LIGA technology was
initially intended for the fabrication of molds that could
be used many times in hot embossing or injection mold-
ing processes. However, it has been also used in many
applications to form high aspect ratio metal structures
directly on top of a substrate. A cheaper alternative
to the LIGA process (although somewhat poorer qual-
ity) called UV-LIGA or “poor man’s LIGA” has been
proposed [7.43, 44]. This process uses SU-8 negative
photoresists (available for spin-coating at various thick-
ness ranging from 1 to 500 µm) and standard contact
lithography equipment. Aspect ratios larger than 20:1
have been demonstrated using this technique. A major
problem with this alternative is the removal of the SU-8
photoresist after plating. Various methods have been pro-
posed with different degrees of success. These include:
wet etching with special solvents; burning at high tem-
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a) DRIE

b) Sacrificial layer deposition

c) Structural material deposition and trench filling

d) Etch structural layer from the surface

e) Etch sacrificial layer and pull the structure out

f) Example of a
HEXIL fabricated structure

Fig. 7.39a–f HEXSIL process flow: (a) DRIE, (b) sacri-
ficial layer deposition, (c) structural material deposition
and trench filling, (d) etch structural layer from the sur-
face, (e) etch sacrificial layer and pull the structure out,
(f) example of a HEXSIL fabricated structure

peratures (600 ◦C); dry etching; use of a release layer;
and high-pressure water jet etching.

A variation on the basic LIGA process, shown in
Fig. 7.38, permits the fabrication of electrically isolated
movable structures, and thus opens up more possibilities
for sensor and actuator design using this technol-
ogy [7.46]. This so-called “sacrificial LIGA” (SLIGA)
starts with the patterning of the seed layer. A sacrificial
layer (such as titanium) is then deposited and patterned.
The process then proceeds as usual in standard LIGA un-
til the last step, when the sacrificial layer is removed. The
electroplated structures that overlap with the sacrificial
layer are released in this step.

HEXSIL
The second method for fabricating high aspect ratio
structures, which is based on a template replica-
tion technology, is HEXSIL (HEXagonal honeycomb
polySILicon) [7.47]. Figure 7.39 shows a simplified pro-
cess flow. A high aspect ratio template is first formed
in a silicon substrate using DRIE. Then a sacrificial
multilayer is deposited to allow the final release of the
structures. The multilayer is composed of one or more
PSG nonconformal layers, used for fast etch release
(≈20 µm/min in 49% HF), alternated with conformal
layers of either oxide or nitride to provide enough
thickness for proper release of the structures. The to-
tal thickness of the sacrificial layer must be larger than
the shrinkage or elongation of the structures caused by
the relaxation of the internal stress (compressive or ten-
sile) during the release step, otherwise the structures
will clamp themselves to the walls of the template and
retrieval will not be possible. Any material that can
be conformally deposited and released during the HF

Fig. 7.40 SEM micrograph of an angular microactuator
fabricated using HEXSIL [7.45]
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a) Nitride deposition and patterning,
DRIE etching and oxide deposition

Silicon

b) Poly 1 deposition and etch back, oxide patterning and
poly 2 deposition and patterning

Oxide

Nitride

c) DRIE etching

d) Silicon isotropic etching

Poly 2
Poly 1

Fig. 7.41a–d HARPSS process flow: (a) nitride deposition
and patterning, DRIE etching and oxide deposition, (b) poly
1 deposition and etch back, oxide patterning and poly 2
deposition and patterning, (c) DRIE etching, (d) silicon
isotropic etching

release step without damage is suitable for the struc-
tural layer. Structures made of polysilicon, nitride, and
electroless nickel [7.48] have been reported. Nickel
can only be deposited in combination with polysilicon
since a conductive surface is needed for the deposi-
tion to occur. After the deposition of the structural
materials, a blanket etch (poly or nitride) or a me-
chanical lapping (nickel) is performed to remove the

Electrodes Ring
structure

Fig. 7.42 SEM photograph of a microgyroscope fabricated
using the HARPSS process [7.49]

excess material from the surface. Finally, 49% HF
with surfactant is used to dissolve the sacrificial lay-
ers. The process can be repeated many times using
the same template, which lowers the fabrication costs
considerably. Figure 7.40 shows an SEM photograph
of a microactuator fabricated using the HEXSIL pro-
cess.

HARPSS
The High Aspect Ratio combined Poly- and Single-
crystal Silicon (HARPSS) technology is another
technique capable of producing high aspect ratio electri-
cally isolated polycrystalline and single-crystal silicon
microstructures with capacitive air gaps ranging in size
from submicrometer to tens of micrometers [7.50]. The
structures, tens to hundreds of micrometers thick, are de-
fined by trenches etched with DRIE and are filled with
oxide and poly layers. The release of the microstruc-
tures is achieved at the end by means of a directional
silicon etch followed by an isotropic etch. The small
vertical gaps and thick structures possible with this
technology find application during the fabrication of
a variety of MEMS devices, particularly inertial sen-
sors [7.51] and RF beam resonators [7.52]. Figure 7.41
shows the process flow at the cross-section of a single-
crystal silicon beam resonator. The HARPSS process
starts with the deposition and patterning of a sili-
con nitride layer that will be used to isolate the poly
structure’s connection pads from the substrate. High
aspect ratio trenches (≈ 5 µm wide) are then etched
into the substrate using a DRIE etcher. Then a con-
formal oxide layer (LPCVD) is deposited. This layer
has two functions: 1) to protect the structures during
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the dry etch release, and 2) to define the submicrome-
ter gap between the silicon and polysilicon structures.
Following the oxide deposition, the trenches are com-
pletely filled with LPCVD polysilicon. The polysilicon
is etched back and the oxide beneath is patterned to
provide anchor points for the structures. A second
layer of polysilicon is then deposited and patterned.
Finally, the structures are released using a DRIE step
followed by an isotropic silicon etch through a pho-

toresist mask that exposes only the areas of silicon
substrate surrounding the structures. It should be noted
that single-crystal silicon structures are not protected
at the bottom during the isotropic etch. This causes
the single-crystal silicon structures to be etched ver-
tically from the bottom, and so they are shorter than
the polysilicon structures. Figure 7.42 shows an SEM
photograph of a microgyroscope fabricated using the
HARPSS process.

7.3 Nanofabrication Techniques

The microfabrication techniques discussed so far are
mostly geared towards fabricating devices in the 1 mm
to 1 µm size range (although submicron dimensions are
possible with certain techniques, such as HARPSS us-
ing a dielectric sacrificial layer). Recent years have
witnessed a tremendous surge of interest in fabri-
cating submicro- (1 µm-100 nm) and nanostructures
(100–1 nm range) [7.53]. This interest arises from both
practical and fundamental viewpoints. At the more sci-
entific and fundamental level, nanostructures provide an
interesting tool for studying electrical, magnetic, op-
tical, thermal and mechanical properties of matter at
the nanometer scale. These include important quantum
mechanical phenomena (such as conductance quanti-
zation, band-gap modification and coulomb blockade)
arising from the confinement of charged carriers in
structures such as quantum wells, wires and dots, see
Fig. 7.43. On the practical side, employing nanostruc-
tures in electronic/optical devices and sensors can lead
to significant improvements in performance. In the field
of devices, investigators have focused on fabricating
nanometer-sized transistors, in anticipation of the pre-
dicted technical difficulties with extending Moore’s law
beyond 100 nm resolution. In addition, optical sources
and detectors with nanometer-sized dimensions exhibit
enhanced characteristics that are not achievable in larger
devices (such as lower threshold currents, improved dy-
namic behavior, and improved emission line width in
quantum dot lasers). These improvements create excit-
ing possibilities for next generation computation and
communication devices. In the field of sensing, shrink-
ing dimensions beyond conventional optical lithography
can provide major improvements in sensitivity and se-
lectivity.

One can broadly divide various nanofabrication
techniques into top-down and bottom-up categories. The
first approach starts with a bulk or thin film mater-

ial and removes selective regions in order to fabricate
nanostructures (similar to micromachining techniques).
The second method relies on molecular recognition and
self-assembly to fabricate nanostructures from smaller
building blocks (molecules, colloids and clusters). The
top-down approach is obviously an offshoot of stan-
dard lithography and micromachining techniques. The
bottom-up approach, on the other hand, is more strongly
influenced by chemical engineering and material sci-
ence, and relies on fundamentally different principles. In
this chapter, we will discuss five major nanofabrication
techniques. These include: i) e-beam and nanoim-

a)

b)

c)

Fig. 7.43a–c Several important quantum confinement
structures: (a) quantum well, (b) quantum wire, and
(c) quantum dot
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print fabrication, ii) epitaxy and strain engineering, iii)
scanned probe techniques, iv) self-assembly and tem-
plate manufacturing, and v) chemical techniques for
fabricating nanoparticles and nanowires.

7.3.1 E-Beam and Nanoimprint Fabrication

In previous sections, we discussed several important
lithography techniques commonly used in MEMS and
microfabrication. These included various forms of UV
(regular, deep, and extreme) and X-ray lithographies.
However, due to the lack of resolution (in the case
of UV) or the difficultlies in manufacturing mask and
radiation sources (X-ray), these techniques are not suit-
able for nanoscale fabrication. E-beam lithography is an
alternative and attractive technique for fabricating nano-
structures [7.54]. It uses an electron beam to expose an
electron-sensitive resist such as polymethyl methacry-
late (PMMA) dissolved in trichlorobenzene (positive) or
polychloromethylstyrene (negative) [7.55]. The e-beam
gun is usually part of a scanning electron microscope
(SEM), although transmission electron microscopes
(TEM) can also be used. While electron wavelengths
of the order of 1 Å are easily achieved, electron scat-

Silicon

Rigid stamp (Mold)

Rigid stamp (Mold)

Silicon

Silicon

PMMA

PMMA

Metal

Electron gun

Fig. 7.44 Schematic of nanoimprint fabrication

tering in the resist limits the attainable resolutions to
>10 nm. The beam control and pattern generation is
achieved through a computer interface. E-beam lithog-
raphy is serial and so it has a low throughput. Although
this is not a major concern when fabricating devices used
in the study of fundamental microphysics, it severely
limits large-scale nanofabrication. E-beam lithography,
in conjunction with processes such as lift-off, etching
and electro-deposition, can be used to fabricate various
nanostructures.

An interesting new technique which circumvents
the serial and low throughput limitations of e-beam
lithography for fabricating nanostructures is known as
nanoimprint technology [7.56]. This technique uses an
e-beam-fabricated hard material master (or mold) to
stamp and deform a polymeric resist. This is usually
followed by a reactive ion etching step to transfer the
stamped pattern to the substrate. This technique is eco-
nomically superior since a single stamp can be used
repeatedly to fabricate a large number of nanostruc-
tures. Figure 7.44 shows a schematic illustration of
nanoimprint fabrication. First, a hard material (such as
silicon or SiO2) stamp is created using e-beam lithog-
raphy and reactive ion etching. Then a resist-coated
substrate is stamped and finally an anisotropic RIE is
performed to remove the resist residue in the stamped
area. At this stage, the process is complete and one
can either etch the substrate, or if metallic nanostruc-
tures are desired, evaporate the metal and perform
a lift-off.

The resist used in nanoimprint technology can be a
thermoplastic, a UV-curable polymer, or a heat-curable

Silicon Silicon

Excimer laserMolten silicon

Silicon

Quartz Quartz

Quartz

Stamp

Silicon

Cool and
release

Fig. 7.45 Ultrafast silicon nanoimprinting using an ex-
cimer laser
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200 nm

10 nm

200 nm SiliconQuartz

a) b)

140 nm

110 nm

Fig. 7.46a,b SEM micrographs of: (a) quartz mold and
(b)imprinted silicon surface using LADI [7.57]

100 nm

Fig. 7.47 Cross-section of a nanofluidic channel fabricated
using nanoimprint lithography [7.60]

polymer. For a thermoplastic resist (such as PMMA),
the substrate is heated to above the glass transition tem-
perature (Tg) of the polymer before stamping and is
cooled to below Tg before the stamp is removed. Sim-
ilarly, the UV- and heat-curable resists are fully cured
before the stamp is separated. The resolution available
from nanoimprint technology is limited by the strength
of both the mold and the polymer, and it can be as small
as 10 nm. A nanoimprint technique has recently been
used to stamp a silicon substrate in less than 250 ns us-
ing a XeCl excimer laser (308 nm) and a quartz mask
(laser-assisted direct imprint, LADI), Fig. 7.45 [7.57].
Figure 7.46 shows SEM micrographs of the quartz mold
and imprinted silicon substrate with 140 nm lines ob-
tained using LADI. Modified nanoimprint lithography
processes have also been explored in order to fabri-
cate nanofluidic channels (for DNA manipulation) and
multilayer polymeric structures [7.58, 59]. Figure 7.47
shows a cross-section of nanofluidic channels fabricated
using nanoimprint lithography. A comprehensive re-
view of this research area by Guo [7.60] was recently
published.

7.3.2 Epitaxy and Strain Engineering

Atomic precision deposition techniques such as molecu-
lar beam epitaxy (MBE) and metallo-organic chemical
vapor deposition (MOCVD) have proven to be ef-
fective tools for fabricating a variety of quantum
confinement structures and devices (including quan-
tum well lasers, photodetectors and resonant tunneling
diodes) [7.61–63]. Although quantum wells and super-
lattices are the structures that lend themselves most
easily to these techniques (see Fig. 7.43a), quantum
wires and dots have also been fabricated by adding extra
steps such as etching and selective growth. The fabrica-
tion of quantum well and superlattice structures using
epitaxial growth is a mature and well developed field
and is therefore not discussed in this section. Instead, we
will concentrate on quantum wire and dot nanostructure
fabrication using basic epitaxial techniques [7.64, 65].

Quantum Structure Nanofabrication Using
Epitaxy on Patterned Substrates

There have been several different approaches to the
fabrication of quantum wires and dots using epitaxial
layers. The most straightforward technique involves e-
beam lithography and etching of an epitaxially grown
layer (such as InGaAs on GaAs substrate) [7.66]. How-
ever, due to the damage and/or contamination incurred
during lithography, this method is not very suitable
for active device fabrication (of quantum dot lasers
for instance). Several other methods involving the re-
growth of epitaxial layers over nonplanar surfaces such
as step-edge, cleaved-edge and patterned substrate have
been used to fabricate quantum wires and dots without
the need for lithography and etching of the quantum-
confined structure [7.65, 67]. These nonplanar surface
templates can be fabricated in a variety of ways, such
as etching through a mask, or cleavage along crystallo-
graphic planes. Subsequent epitaxial growth on top of
these structures results in a set of planes with differ-
ent growth rates depending on the geometry or surface
diffusion and adsorption effects. These effects can sig-
nificantly enhance or limit the growth rate on certain
planes, resulting in lateral patterning and confinement
of deposited epitaxial layers and formation of quantum
wires (in V-grooves) and dots (in inverted pyramids).
Figure 7.48a shows a schematic cross-section of an In-
GaAs quantum wire fabricated in a V-groove InP. As
can be seen, the growth rate on the sidewalls is lower
than that on the top and bottom surfaces. Therefore,
the thicker InGaAs layer at the bottom of the V-groove
forms a quantum wire confined from the sides by a thin-
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a)

InP
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Fig. 7.48 (a) InGaAs quantum wire fabricated in a V-
groove InP, and (b) AlGaAs quantum wire fabricated via
epitaxial growth on a masked GaAs substrate

ner layer with a wider band-gap. Figure 7.48b shows
a quantum wire formed using epitaxial growth over a di-
electric patterned planar substrate. It is relatively easy
to create quantum wells in either of these techniques;
however, in order to create quantum wires and dots one
still needs e-beam lithography to pattern the grooves and
window templates.

Quantum Structure Nanofabrication Using
Strain-Induced Self-Assembly

A more recent technique for fabricating quantum wires
and dots involves strain-induced self-assembly [7.65,
68]. The term self-assembly represents a process
where a strained 2-D system reduces its energy by
changing into a 3-D morphology. The material com-
bination most commonly used for this technique is the
InxGa1−xAs/GaAs system, which offers a large lattice
mismatch (7.2% between InAs and GaAs) [7.69, 70],
although Ge dots on Si substrate have recently also at-
tracted considerable attention [7.71]. This method relies
on lattice mismatch between an epitaxially grown layer
and its substrate, resulting in the formation of an array of
quantum dots or wires. Figure 7.49 shows a schematic
of the strain-induced self-assembly process. When the
lattice constants of the substrate and the epitaxial layer
differ markedly, only the first few monolayers deposited
crystallize in the form of epitaxially strained layers in
which the lattice constants are equal. When a critical
thickness is exceeded, significant strain occurs in the
layer, leading to the breakdown of this ordered struc-

a)

b)

c) h

W

Fig. 7.49a–c Stranski–Krastanow growth mode, (a) 2-D
wetting layer, (b) growth front roughening and break-up,
and (c) coherent 3-D self-assembly

ture and to the spontaneous formation of randomly
distributed islets with regular shapes and similar sizes
(usually < 30 nm in diameter). This mode of growth is
usually referred to as the Stranski–Krastanow mode. The
size, separation and height of the quantum dot depend
on the deposition parameters (the total amount of de-
posited material, the growth rate, and the temperature)
and material combinations. As can be seen, this is a very
convenient method for growing perfect crystalline nano-
structures over a large area without any lithography or
etching. One major drawback of this technique is the
randomness of the quantum dot distribution. It should
be mentioned that this technique can also be used to fab-
ricate quantum wires via strain relaxation bunching at
the step edges.

7.3.3 Scanning Probe Techniques

The invention of scanning probe microscopy (SPM)
in the 1980s revolutionized atomic-scale imaging and
spectroscopy. In particular, scanning tunneling and
atomic force microscopes (STM and AFM) have found
widespread application in physics, chemistry, material
science, and biology. The ability to perform atomic-scale
manipulation, lithography and nanomachining using
such probes was considered from the beginning and
has matured considerably over the past decade. In this
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section, after a brief introduction to scanning probe
microscopes, we will discuss several important nano-
lithography and machining techniques which have been
used to create nanometer-sized structures.

Scanning probe microscopy systems involve con-
trolling the movement of an atomically sharp tip in
close proximity to or in contact with a surface with
subnanometer accuracy. Piezoelectric positioners are
typically used in order to achieve such accuracy. High-
resolution images can be acquired by raster scanning the
tips over a surface while simultaneously monitoring the
interaction of the tip with the surface.

In scanning tunneling microscope systems, a bias
voltage is applied to the sample and the tip is positioned
close enough to the surface for a tunneling current to
develop across the gap (Fig. 7.50a). Because this cur-
rent is extremely sensitive to the distance between the
tip and the surface, scanning the tip in the x-y plane
while recording the tunnel current permits the surface
topography to be mapped with atomic-scale resolution.
In a more common mode of operation, the amplified
current signal is connected to the z-axis piezoelectric
positioner through a feedback loop, so that the current
and therefore the distance is kept constant throughout
the scanning. In this configuration, the picture of the

z piezo
positioner

x-y piezo
positioners

Feedback

Current
sensor

Bias voltage

Scanning
signal

A

Substrate

I

I

z piezo
positioner

x-y piezo
positioners

Feedback

Substrate

Scanning
signal

Deflection
sensor

a)

b)

Fig. 7.50a,b Scanning probe systems: (a) STM and
(b) AFM

surface topography is obtained by recording the vertical
position of the tip at each x-y position.

The STM system only works for conductive surfaces
because of the need to establish a tunneling current.
Atomic force microscopy, on the other hand, provides a
way to image conducting and nonconducting surfaces.
In AFM, the tip is attached to a flexible cantilever and is
brought into contact with the surface (Fig. 7.50b). The
force between the tip and the surface is detected by sens-
ing the cantilever deflection. A topographic image of the
surface is obtained by plotting the deflection as a func-
tion of the x-y position. In a more common mode of
operation, a feedback loop is used to maintain a constant
deflection while the topographic information is obtained
from the vertical displacement of the cantilever. Some
scanning probe systems use a combination of AFM and
STM modes: the tip is mounted in a cantilever with elec-
trical connection so that both the surface force and the
tunneling current are controlled or monitored. STM sys-
tems can be operated in ultrahigh vacuum (UHV STM)
or in air, whereas AFM systems are typically operated
in air. When a scanning probe system is operated in
air, water adsorbed onto the sample surface accumulates
underneath the tip, forming a meniscus between the tip
and the surface. This water meniscus plays an important
role in some of the scanning probe techniques described
below.

Scanning Probe-Induced Oxidation
The local nanometer-scale oxidation of various mater-
ials can be achieved using scanning probes operated in

1 µm

Fig. 7.51 SEM image of an inverted truncated pyramid ar-
ray fabricated on a silicon SOI wafer by SPM oxidation,
and subsequent etch in TMAH (pitch is 500 nm) [7.72]
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air and biased at a sufficiently high voltage, Fig. 7.51.
Tip biases of −2 to −10 V are normally used, with writ-
ing speeds of 0.1–100 µm/s in an ambient humidity of
20%–40%. It is believed that the water meniscus formed
at the contact point serves as an electrolyte such that
the biased tip anodically oxidizes a small region of the
surface [7.73]. The most common application of this
principle is the oxidation of hydrogen-passivated sili-
con. To passivate the surface of the silicon with hydrogen
atoms, it is often dipped in HF solution. Patterns of ox-
ide “written” on a silicon surface can be used as a mask
for wet or dry etching. Patterns with linewidths of 10 nm
have been successfully transferred to a silicon substrate
in this fashion [7.74]. Various metals have also been lo-
cally anodized (with aluminium or titanium for example)
using this approach [7.75]. An interesting variant of this
process is the anodization of deposited amorphous sili-
con [7.76]. Amorphous silicon can be deposited at low
temperatures onto a variety of materials. The deposited
silicon layer can be patterned and used as, for example,
the gate of a 0.1 µm CMOS transistor [7.77], or it can
be used as a mask to pattern an underlying film. The
major drawback of this technique is poor reproducibil-
ity due to tip wear during the anodization. However, the
application of AFM performed in noncontact mode has
overcome this problem [7.73].

Scanning Probe Resist Exposure
and Lithography

Electrons emitted from a biased SPM tip can be used
to expose a resist in a similar way to e-beam lithogra-
phy (Fig. 7.52) [7.77]. Various systems have been used
for this lithographic technique, including constant cur-
rent STM, noncontact AFM and AFM with constant

Organic resist

Exposure

V

I

Conducting substrate

Development

Fig. 7.52 Scanning probe lithography with organic resist

tip–resist force and constant current. The systems that
use AFM cantilevers have the advantage that imaging
and alignment tasks can be performed without expos-
ing the resist. Resists that are well characterized for
e-beam lithography (such as PMMA or SAL601) have
been used with scanning probe lithography to achieve
reliable sub-100 nm lithography. The procedure for this
process is as follows. The wafers are cleaned and the
native oxide (for silicon or poly) is removed with a HF
dip. A 35–100 nm-thick resist is then spin-coated onto
the surface. Exposure is achieved by moving the SPM
tip over the surface while applying a bias voltage that
is sufficiently high to produce electron emission from
the tip (a few tens of volts). The resist is developed in
a standard solution following the exposure. Features of
less than 50 nm in width have been achieved with this
procedure.

Dip-Pen Nanolithography
In dip-pen nanolithography (DPN), the tip of an AFM
operated in air is “inked” with a chemical of inter-
est and brought into contact with a surface. The ink
molecules flow from the tip onto the surface, as with
a fountain pen. The water meniscus that naturally forms
between the tip and the surface enables the diffusion
and transport of the molecules, as shown in Fig. 7.53.
Inking can be done by dipping the tip in a solution con-
taining a low concentration of the molecules followed
by a drying step (blowing dry with compressed difluo-
roethane for instance). Linewidths down to 12 nm, with
a spatial resolution of 5 nm, have been demonstrated
with this technique [7.78]. Species patterned with DPN
include conducting polymers, gold, dendrimers, DNA,
organic dyes, antibodies, and alkanethiols. Alkanethi-
ols have been also used as an organic monolayer mask
to etch a gold layer and then etch the exposed silicon
substrate. One can also use a heated AFM cantilever to
control the deposition of a solid organic ink. This tech-

AFM tip

Writing direction

Water meniscus

Molecular
transport

Fig. 7.53 Schematic of the working principles of dip-pen
nanolithography
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nique was recently reported by Sheehan et al. [7.79],
where 100 nm lines of octadecylphosphonic acid (melt-
ing point: 100 ◦C) were written using a heated AFM
probe [7.79].

Other Scanning Probe Nanofabrication
Techniques

A great variety of nanofabrication techniques based on
scanning probe systems have been demonstrated. Some
of these are proof-of-concept demonstrations and so are
yet to be evaluated as viable and repeatable fabrication
processes. For example, a substrate can be mechanically
machined using STM/AFM tips acting as plows or en-
graving tools [7.80]. This can be used to directly create
structures in the substrate, although it is more commonly
used to pattern a resist for a subsequent etch, lift-off or
electrodeposition step. Mechanical nanomachining with
SPM probes can be facilitated by heating the tip above
the glass transition of a polymeric substrate material.
This approach has been applied to SPM-based high-
density data storage in polycarbonate substrates [7.81].

Electric fields strong enough to induce the emission
of atoms from the tip can be easily generated by applying
voltage pulses of more than 3 V. This phenomenon has
been used to transfer material from the tip to the surface
and vice versa. Ten to twenty nanometer mounds of met-
als such as Au, Ag or Pt have been deposited or removed
from a surface in this fashion [7.82]. The same approach
has been used to extract single atoms from a semi-
conductor surface and redeposit them elsewhere [7.83].
The manipulation of nanoparticles, molecules and sin-
gle atoms on a surface has also been achieved by simply
pushing or sliding them with the SPM tip [7.84]. Met-
als can also be deposited locally by the STM chemical
vapor deposition technique [7.85]. In this technique,
a precursor organometallic gas is introduced into the
STM chamber. A voltage pulse applied between the tip
and the surface dissociates the precursor gas into a thin
layer of metal. Local electrochemical etching [7.86] and
electrodeposition [7.87] are also possible using SPM
systems. A droplet of the appropriate solution is first
placed on the substrate. Then the STM tip is immersed
in the droplet and a voltage is applied. In order to re-
duce faradaic currents, the tip is coated with wax so that
only the very end is exposed to the solution. Sub-100 nm
feature sizes have been achieved using this technique.

Using a single tip to serially produce the desired
modification in a surface leads to very slow fabrica-
tion processes that are impractical for mass production.
Many of the scanning probe techniques developed so far,
however, could also be performed by an array of tips,

which would increase their throughput and make them
more competitive with other nanofabrication processes.
This approach has been demonstrated for imaging,
lithography [7.88] and data storage [7.89] using both
one-dimensional and two-dimensional arrays of scan-
ning probes. With the development of larger arrays, with
individual advances in force, vertical position and cur-
rent control, we may see these techniques being used in
standard industrial fabrication processes.

7.3.4 Self-Assembly
and Template Manufacturing

Self-assembly is a nanofabrication technique that in-
volves aggregation of colloidal nanoparticles into the
final desired structure [7.90]. This aggregation can be
either spontaneous (entropic) and due to thermody-
namic minima (energy minimization) constraints, or
chemical and due to the complementary binding of
organic molecules and supramolecules (molecular self-
assembly) [7.91]. Molecular self-assembly is one of the
most important techniques used for the development of
complex functional structures in biology. Since these
techniques require that the target structures be thermo-
dynamically stable, it tends to produce structures that are
relatively defect-free and self-healing. Self-assembly is
by no means limited to molecules or the nanodomain,
and it can be carried out on just about any scale, making
it a powerful bottom-up assembly and manufacturing
method (multiscale ordering). Another attractive feature
of this technique relates to the possibility of combining
self-assembly properties of organic molecules with the
electronic, magnetic, and photonic properties of inor-
ganic components. Template manufacturing is another
bottom-up technique which utilizes material deposition
(electroplating, CVD, and so on) into nanotemplates
in order to fabricate nanostructures. The nanotemplates
used in this technique are usually prepared using self-
assembly techniques. In the following sections, we will
discuss various important self-assembly and template
manufacturing techniques that are currently being re-
searched extensively.

Physical and Chemical Self-Assembly
The central theme behind the self-assembly process
is the spontaneous (physical) or chemical aggregation
of colloidal nanoparticles [7.92]. Spontaneous self-
assembly exploits the tendency of monodispersed nano-
or submicrocolloidal spheres to organize into a face-
centered cubic (FCC) lattice. The force driving this
process is the desire of the system to achieve a ther-
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modynamically stable state (minimum free energy). In
addition to spontaneous thermal self-assembly, gravita-
tional, convective and electrohydrodynamic forces can
also be used to induce aggregation into complex 3-D
structures. Chemical self-assembly requires the attach-
ment of a single molecular organic layer (self-assembled
monolayer or SAM) to the colloidal particles (organic
or inorganic) and subsequent self-assembly of these
components into a complex structures using molecular
recognition and binding.

Physical Self-Assembly. This is an entropy-driven
method that relies on the spontaneous organization
of colloidal particles into a relatively stable structure
through noncovalent interactions. For example, colloidal
polystyrene spheres can be assembled into a 3-D struc-
ture on a substrate that is held vertically in the colloidal
solution, Fig. 7.54 [7.93,94]. Upon the evaporation of the
solvent, the spheres aggregate into a hexagonal close-
packed (HCP) structure. The interstitial pore size and
density are determined by the polymer sphere size. The
polymer spheres can be etched into smaller sizes after
forming the HCP arrays, thereby altering the template
pore separations [7.95]. This technique can fabricate
large patterned areas in a quick, simple and cost-effective
way. A classic example is the natural assembly of on-
chip silicon photonic band-gap crystals [7.93] that are
capable of reflecting the light arriving in any direction
over a certain wavelength range [7.96]. In this method,
a thin layer of silica colloidal spheres are assembled on
a silicon substrate. This is achieved by placing a silicon
wafer vertically in a vial containing an ethanolic suspen-
sion of silica spheres. A temperature gradient across the

Nano-particles

MeniscusSilicon wafer

Fig. 7.54 Colloidal particle self-assembly onto solid sub-
strates upon drying in vertical position

5 µm

Fig. 7.55 Cross-sectional SEM image of a thin planar opal
silica template (spheres are 855 nm in diameter) assembled
directly onto a Si wafer [7.93]

vial aids the flow of silica spheres. Figure 7.55 shows
the cross-sectional SEM image of a thin planar opal
template assembled directly on a Si wafer from 855 nm
spheres. Once such a template is prepared, LPCVD can
used to fill the interstitial spaces with Si, so that the
high refractive index of silicon provides the necessary
bandgap.

One can also deposit colloidal particles into
a patterned substrate (template-assisted self-assembly,
TASA) [7.97,98]. This method is based on the principle
that when an aqueous dispersion of colloidal particles
is allowed to dewet from a solid surface that is already
patterned, the colloidal particles are trapped by the re-
cessed regions and assembled into aggregates of shapes
and sizes determined by the geometric confinement pro-
vided by the template. The patterned arrays of templates
can be fabricated using conventional contact-mode pho-
tolithography which provides control over the shapes
and dimensions of the templates, thereby allowing the
assembly of complex structures from colloidal particles.

Colloidal particles

Substrate

Template

Flow

Fig. 7.56 A cross-sectional view of the fluidic cell used for
template-assisted self-assembly
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A cross-sectional view of a fluidic cell used in TASA
is shown in Fig. 7.56. The fluidic cell has two parallel
glass substrates to confine the aqueous dispersion of the
colloidal particles. The surface of the bottom substrate
is patterned with a 2-D array of templates. When the
aqueous dispersion is allowed to slowly dewet across
the cell, the capillary force exerted on the liquid pushes
the colloidal spheres across the surface of the bottom
substrate until they are physically trapped by the tem-
plates. If the concentration of the colloidal dispersion is
high enough, the template will be filled by the maximum
number of colloidal particles determined by the geomet-
rical confinement. This method can be used to fabricate
a variety of polygonal and polyhedral aggregates that
are otherwise difficult to generate [7.99].

Chemical Self-Assembly. Organic and supramolecular
SAMs play a critical role in colloidal particle self-
assembly. SAMs are robust organic molecules that are
chemically adsorbed onto solid substrates [7.100]. They
often have a hydrophilic (polar) head which can be
bonded to various solid surfaces and a long hydropho-
bic (nonpolar) tail which extends outward. SAMs are
formed by the immersion of a substrate in a dilute solu-
tion of the molecule in an organic solvent. The resulting
film is a dense organization of molecules arranged to
expose the end group. The durability of the SAM is
highly dependent on the strength of the anchoring to
the surface of the substrate. SAMs have been widely

a) R

SiO3

(CH2)n≡

SiO2
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SiO2
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b)

Fig. 7.57 (a) Alkylsiloxane formed from the adsorption of
alkyltrichlorosilane onto Si/SiO2substrates. (b) Schematic
representation of the process

studied because the end group can be functionalized to
form precisely arranged molecular arrays for various
applications ranging from simple, ultrathin insulators
and lubricants to complex biological sensors. Chemical
self-assembly uses organic or supramolecular SAMs as
the binding and recognition sites for fabricating com-
plex 3-D structures from colloidal nanoparticles. The
most commonly used organic monolayers include: 1)
organosilicon compounds on glass and native surface
oxide layers of silicon, 2) alkanethiols, dialkyl disulfides
and dialkyl sulfides on gold, 3) fatty acids on alumina
and other metal oxides, and 4) DNA.

Octadecyltrichlorosilane (OTS) is the most common
organosilane used in the formation of SAMs mainly
due to the fact that it is simple, readily available and
forms good, dense layers [7.101,102]. Alkyltrichlorosi-
lane monolayers can be prepared on clean silicon wafers
with SiO2 on the surface (with almost 5 × 1014 SiOH
groups/cm2). Figure 7.57 shows a schematic represen-
tation of the formation of alkylsiloxane monolayers
by the adsorption of alkyltrichlorosilanes from solu-
tion onto Si/SiO2 substrates. Since the silicon–chlorine
bond is susceptible to hydrolysis, the amount of wa-
ter in the system must be limited in order to obtain
good quality monolayers. Monolayers made of methyl-
and vinyl-terminated alkylsilanes are autophobic to the
hydrocarbon solution and hence emerge uniformly dry
from the solution, whereas monolayers made of ester-
terminated alkylsilanes emerge wet from the solution
used in their formation. The disadvantage of this method
is that a cloudy film is deposited on the surface (due to
formation of a gel of polymeric siloxane) if the alkyl-
trichlorosilane in the solvent adhering to the substrate is
exposed to water.

Alkanethiols (X(CH2)nSH, where X is the end-
group) on gold form another important group of organic
SAM systems [7.100, 103–105]. A major advantage of
using gold as the substrate material is that it does not
have a stable oxide and so it can be handled in ambi-
ent conditions. When a fresh, clean, hydrophilic gold
substrate is immersed (for several minutes to several
hours) in a dilute solution (10−3 M) of the organic sulfur
compound (alkanethiols) in an inorganic solvent, close-
packed, oriented monolayers can be obtained. Sulfur
is used as the head group because of the strong inter-
action with gold substrate (44 kcal/mol), resulting in
the formation of a close-packed, ordered monolayer.
The end-group of the alkanethiol can be modified to
give hydrophobic or hydrophilic properties to the ad-
sorbed layer. Another method for depositing alkanethiol
SAM is soft lithography. This technique is based on ink-
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ing a PDMS stamp with alkanethiol and its subsequent
transfer to planar and nonplanar substrates. Alkanethiol-
functionalized surfaces (planar, nonplanar, spherical)
can also be used to self-assemble a variety of intricate
3-D structures [7.106].

Carboxylic acid derivatives self-assemble on sur-
faces (such as glass, Al2O3 and Ag2O) through an
acid-base reaction, giving rise to monolayers of fatty
acids [7.107]. The time required for the formation of
a complete monolayer increases with decreased concen-
tration. Higher concentrations of the carboxylic acid are
required to form a monolayer on gold than on Al2O3.
This is due to the different affinities of the COOH group
to these substances (more affinity to Al2O3 and glass
than to gold) and also the surface concentrations of the
salt-forming oxides in the two substrates. In the case of
amorphous metal oxide surfaces, the chemisorption of
alkanoic acids is not unique. For example, on Ag2O, the
two carboxylate oxygen atoms bind to the substrate in an
almost symmetrical manner, resulting in ordered mono-
layers with a chain tilt angle from the surface normal
of 15◦ to 25◦. However, on CuO and Al2O3, the oxy-
gen atoms bind themselves symmetrically and the chain
tilt angle is close to 0◦. The structure of the monolay-
ers is thus the result of a balance between the various
interactions taking place in the polymer chains.

Deoxyribonucleic acid (DNA) – the framework on
which all life is built – can be used to self-assemble
nanomaterials into useful macroscopic aggregates that
display a number of desired physical properties [7.108].
DNA consists of two strands that are coiled around each
other to form a double helix. Singular strands of nu-
cleotides are left when the two strands are uncoiled .
These nucleotides consist of a sugar (a pentose ring),
a phosphate (PO4) and a nitrogenous base. The correct
order and architecture of these components is essen-
tial to achieving the proper structure of a nucleotide.
Four nucleotides are typically found in DNA, adenine
(A), guanine (G), cytosine (C), and thymine (T). A key
property of the DNA structure is that the nucleotides
described bind specifically to another nucleotide when
arranged in the two-strand double helix (A to T, and C to
G). This specific bonding capability can be used to as-
semble nanophase material and nanostructures [7.109].
For example, nucleotide-functionalized nanogold par-
ticles have been assembled into complex 3-D structures
by attaching DNA strands to the gold via an enabler
or linker [7.110]. In separate work, DNA was used
to assemble nanoparticles into macroscopic materials.
This method uses alkane dithiol as the linker molecule
to connect the DNA template to the nanoparticle. The

thiol groups at each end of the linker molecule cova-
lently attach themselves to the colloidal particles to form
aggregate structures [7.111].

Template Manufacturing
Template manufacturing refers to a set of techniques
that can be used to fabricate organic or inorganic 3-D
structures from a nanotemplate. These templates dif-
fer in material, pattern, feature size, overall template
size and periodicity. Although nanotemplates can be
fabricated using e-beam lithography, the serial nature
of this technique prohibits its widespread application.
Self-assembly is the preferred technique since it can
produce large-area nanotemplates in a massively parallel
fashion. Several nanotemplates have been investigated
for use in template manufacturing. These include poly-
mer colloidal spheres, alumina membranes, and nuclear
track-etched membranes. Colloidal spheres can be de-
posited in a regular 3-D array using the techniques
described in the previous section (see Figs. 7.54–7.56).
Porous aluminium oxide membranes can be fabricated
by the anodic oxidation of aluminium [7.112]. The ox-
idized film consists of columnar arrays of hexagonal
close-packed pores separated at distances comparable
to the pore size. By controlling the electrolyte species,
temperature, anodizing voltage and time, different pore
sizes, densities and heights can be obtained. The pore
size and depth can also be adjusted by etching the
oxide in an appropriate acid. Templates of porous poly-
carbonate or mica membranes can be fabricated by
nuclear track-etched membranes [7.113]. This technique
is based on the passage of high-energy decay fragments
from a radioactive source through a dielectric material.
The particles leave behind chemically active damaged
tracks which can then be etched to create pores through-
out the thickness of the membrane [7.114, 115]. Unlike
the other methods, the pore separation and hence the
pore density is independent of the pore size. The pore
density is only determined by the irradiation process.

Subsequent to template fabrication, the interstitial
spaces (in the case of colloidal spheres) or pores (for
alumina and polycarbonate membranes) in the template
are filled with the desired material [7.95, 116]. This can
be achieved using a variety of deposition techniques,
such as electroplating and CVD. The final structure
can be a composite of nanotemplate and deposited
material, or the template can be selectively etched
resulting in an air-filled 3-D complex structure. For ex-
ample, nickel [7.117], iron [7.118] and cobalt [7.119]
nanowires have been electrochemically grown in porous
template matrices. Three-dimensional photonic crystals
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1. Al2O3 dissolution with HNO3
2. Al2O3 dissolution with NaOH

Al2O3 membrane after
Ag evaporation and initial

Ag electrodeposition

1. Au+ + e– → Au     x Coulombs (C)
2. Ag+ + e– → Ag     x C
3. Au+ + e– → Au  2 x C
4. Ag+ + e– → Ag     x C
5. Au+ + e– → Au     x C

1. Au+ + e– → Au     x C
2. Ag+ + e– → Ag  2 x C
3. Au+ + e– → Au     x C

Fig. 7.58 Synthesis of nanobarcode particles

have been fabricated by the electrochemical deposition
of CdSe and silicon into polystyrene and silica colloidal
assembly templates [7.93, 120]. An interesting example
of template-assisted manufacturing is the synthesis of
nanometer-sized metallic barcodes [7.121]. These nano-
barcodes are prepared by the electrochemical reduction
of metallic ions into the pores of an aluminium oxide
membrane followed by their release through the etching
of the template [7.122–124]. This procedure is schemat-
ically illustrated in Fig. 7.58. A back-side silver film is
used as the working electrode for the reduction of metal-
lic ions (silver and gold in this case) from solution. Up
to seven different metallic segments as short as 10 nm
and as long as several micrometers, with 13 distinguish-
able stripes, have been fabricated using this technique.
Optical reflectivity is used to read out the stripe pat-
tern encoded in the metal particles [7.121]. Figure 7.59
shows optical and field emission scanning electron mi-
croscope images of a Au-Ag multistripe nanobarcode

1 µm

a) b)

Fig. 7.59 (a) Optical and (b) FE-SEM images of Au-Ag
multistripe particles [7.121]

(Ag stripes ranging in length from 60 to 240 nm sep-
arated by Au segments of 550 nm can be seen). These
coded nanoparticles can be used in fluorescence and
mass spectrometry-based assays, enabling a wide variety
of bioanalytical measurements to be taken.
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7.4 Summary and Conclusions

In this chapter, we have discussed various mi-
cro/nanofabrication techniques used to manufacture
structures covering a wide range of dimensions
(mm–nm). Starting with some of the most common mi-
crofabrication techniques (lithography, deposition and
etching), we presented an array of micromachining
and MEMS technologies that can be used to fabri-
cate microstructures down to ≈ 1 µm. These techniques
have attained an adequate level of maturity to allow
for a variety of MEMS-based commercial products
(pressure sensors, accelerometers, gyroscopes, and so
on). More recently, nanometer-sized structures have at-
tracted an enormous amount of interest. This is mainly
due to their unique electrical, magnetic, optical, ther-
mal and mechanical properties. These could lead to

a variety of electronic, photonic and sensing devices
with superior performance compared to their macro
counterparts. Subsequent to our discussion on MEMS
and micromachining, we presented several important
nanofabrication techniques currently under intense in-
vestigation. Although e-beam and other high-resolution
lithographies can be used to fabricate nanometer-size
structures, their serial nature and/or cost preclude their
widespread application. This has forced investigators
to explore alternative and potentially superior tech-
niques such as strain engineering, self-assembly, and
nanoimprint lithography. Among these, self-assembly
is the most promising method, due to its low cost and
its ability to produce nanostructures at different length
scales.

References

7.1 S. A. Campbell: The Science and Engineering of
Microelectronic Fabrication (Oxford Univ. Press, New
York 2001)

7.2 C. J. Jaeger: Introduction to Microelectronic Fabrica-
tion (Prentice Hall, New Jersey 2002)

7.3 J. D. Plummer, M. D. Deal, P. B. Griffin: Silicon VLSI
Technology (Prentice-Hall, New Jersey 2000)

7.4 J. E. Bjorkholm: EUV lithography: the successor to
optical lithography, Intel Technol. J. 2, 1–8 (1998)

7.5 H. U. Krebs, M. Störmer, J. Faupel, E. Süske,
T. Scharf, C. Fuhse, N. Seibt, H. Kijewski, D. Nelke,
E. Panchenko, M. Buback: Pulsed laser deposition
(PLD) – a versatile thin film technique, Adv. Solid
State Phys. 43, 505–517 (2003)

7.6 M. Leskela, M. Ritala: Atomic layer deposition chem-
istry: recent developments and future challenges,
Angew. Chem. Int. Ed. 42, 5548–5554 (2003)

7.7 J. L. Vossen: Thin Film Processes (Academic, New York
1976)

7.8 M. Gad-el-Hak: The MEMS Handbook (CRC, Boca Ra-
ton 2002)

7.9 T-R. Hsu: MEMS and Microsystems Design and Manu-
facture (McGraw-Hill, New York 2002)

7.10 G. T. A. Kovacs: Micromachined Transducers Source-
book (McGraw-Hill, New York 1998)

7.11 P. Rai-Choudhury: Handbook of Microlithography,
Micromachining and Microfabrication. Volume 2:
Micromachining and Microfabrication (SPIE, IEE,
Bellingham 1997)

7.12 T. J. Cotler, M. E. Elta: Plasma-etch technology, IEEE
Circuits Devices Mag. 6, 38–43 (1990)

7.13 U. Gosele, Q. Y. Tong: Semiconductor wafer bonding,
Annu. Rev. Mater. Sci 28, 215–241 (1998)

7.14 Q. Y. Tong, U. Gosele: Semiconductor Wafer Bonding:
Science and Technology (Wiley, New York 1999)

7.15 F. Niklaus, P. Enoksson, E. Kalveston, G. Stemme:
Void-free full-wafer adhesive bonding, J. Mi-
cromech. Microeng. 11, 100–107 (2000)

7.16 C. A. Harper: Electronic Packaging and Interconnec-
tion Handbook (McGraw-Hill, New York 2000)

7.17 W. H. Ko, J. T. Suminto, G. J. Yeh: Bonding tech-
niques for microsensors. In: Micromachining and
Micropackaging for Transducers, ed. by W. H. Ko
(Elsevier, Amsterdam 1985)

7.18 G. T. A. Kovacs, N. I. Maluf, K. A. Petersen: Bulk mi-
cromachining of silicon, Proc. IEEE 86, 1536–1551
(1998)

7.19 K. Najafi, K. D. Wise, T. Mochizuki: A high-yield
IC-compatible multichannel recording array, IEEE
Trans. Electron Devices 32, 1206–1211 (1985)

7.20 A. Selvakumar, K. Najafi: A high-sensitivity z-
axis capacitive silicon microaccelerometer with a
tortional suspension, J. Microelectromech. Sys. 7,
192–200 (1998)

7.21 H. Baltes, O. Paul, O. Brand: Micromachined ther-
mally based CMOS microsensors, Proc. IEEE 86,
1660–1678 (1998)

7.22 B. Eyre, K. S. J. Pister, W. Gekelman: Multi-axis
microcoil sensors in standard CMOS, Proc. SPIE Conf.
Micromachined Devices and Components, Austin, TX,
183–191 (1995)

7.23 K. A. Shaw, Z. L. Zhang, N. C. MacDonald: SCREAM: a
single mask, single-crystal silicon process for micro-
electromechanical structures, Proc. IEEE Workshop
Microelectromechanical Systems, Fort Lauderdale,
155–160 (1993)

Part
A

7



234 Part A Nanostructures, Micro/Nanofabrication and Materials

7.24 G. K. Fedder, S. Santhanam, M. L. Reed, S. C. Eagle,
D. F. Guillo, M. S. C. Lu, L. R. Carley: Laminated high-
aspect-ratio microstructures in a conventional CMOS
process, Proc. IEEE Workshop Micro Electro Mechan-
ical Systems, San Diego, CA, 13–18 (1996)

7.25 N. C. MacDonald: SCREAM Microelectromechanical
systems, Microelectron. Eng. 32, 51–55 (1996)

7.26 X. Huikai, L. Erdmann, Z. Xu, K. J. Gabriel, G. K. Fed-
der: Post-CMOS processing for high-aspect-ratio
integrated silicon microstructures, J. Microelec-
tromech. Sys. 11, 93–101 (2002)

7.27 B. P. Van Drieenhuizen, N. I. Maluf, I. E. Opris,
G. T. A. Kovacs: Force-balanced accelerometer with
mG resolution fabricated using silicon fusion bond-
ing and deep reactive ion etching, Proc. Int. Conf.
Solid-State Sensors and Actuators, Chicago, 1229–
1230 (1997)

7.28 J. M. Bustillo, R. S. Muller: Surface micromachining
for microelectromechanical systems, Proc. IEEE 86,
1552–1574 (1998)

7.29 H. C. Nathanson, W. E. Newell, R. A. Wickstrom,
J. R. Davis: The resonant gate transistor, IEEE Trans.
Electron Devices 14, 117–133 (1967)

7.30 R. T. Howe, R. S. Muller: Polycrystalline silicon mi-
cromechanical beams, Proc. Electrochemical Soc.,
Spring Meeting, Montreal, 184–185 (1982)

7.31 J. A. Geen, S. J. Sherman, J. F. Chang, S. R. Lewis:
Single-chip surface-micromachined integrated gy-
roscope with 50 degrees /hour root Allan variance,
IEEE J. Solid-St. Circ. 37, 1860–1866 (2002)

7.32 P. F. Van Kessel, L. J. Hornbeck, R. E. Meier,
M. R. Douglass: A MEMS-based projection display,
Proc. IEEE 86, 1687–1704 (1998)

7.33 A. E. Franke, D. Bilic, D. T. Chang, P. T. Jones,
R. T. Howe, G. C. Johnson: Post-CMOS integration
of germanium microstructures, Proc. Micro Electro
Mechanical Systems, Orlando, FL, 630–637 (1999)

7.34 S. Sedky, P. Fiorini, M. Caymax, S. Loreti, K. Baert,
L. Hermans, R. Mertens: Structural and mechanical
properties of polycrystalline silicon germanium for
micromachining applications, J. Microelectromech.
Sys. 7, 365–372 (1998)

7.35 N. Tas, T. Sonnenberg, H. Jansen, R. Legtenberg,
M. Elwenspoek: Stiction in surface micromachining,
J. Micromech. Microeng. 6, 385–397 (1996)

7.36 R. Maboudian, R. T. Howe: Critical review: adhesion
in surface micromechanical structures, J. Vacuum
Sci. Tech. B 15, 1–20 (1997)

7.37 J. H. Smith, S. Montague, J. J. Sniegowski, J. R. Mur-
ray, P. J. McWhorter: Embedded micromechanical
devices for the monolithic integration of MEMS with
CMOS, Proc. Int. Electron Devices Meeting, Washing-
ton, 609–612 (1995)

7.38 R. S. Muller, K. Y. Lau: Surface-micromachined mi-
crooptical elements and systems, Proc. IEEE 86,
1705–1720 (1998)

7.39 K. S. J. Pister, M. W. Judy, S. R. Burgett, R. S. Fearing:
Microfabricated hinges: 1 mm vertical features with

surface micromachining, Proc. 6 Int. Conf. Solid-
State Sensors and Actuators, San Francisco, 647–650
(1991)

7.40 L. Y. Lin, S. S. Lee, M. C. Wu, K. S. J. Pister: Micro-
machined integrated optics for free space intercon-
nection, Proc. IEEE Micro-Electromechanical Systems
Workshop, Amsterdam, 77–82 (1995)

7.41 E. W. Becker, W. Ehrfeld, P. Hagmann, A. Maner,
D. Munchmeyer: Fabrication of microstructures with
high aspect ratios and great structural heights by
synchrotron radiation lithography galvanoforming,
and plastic molding (LIGA process), Microelectron.
Eng. 4, 35–56 (1986)

7.42 H. Guckel Guckel: High-aspect-ratio micromachin-
ing via deep X-ray lithography, Proc. IEEE 86,
1586–1593 (1998)

7.43 K. Y. Lee, N. LaBianca, S. A. Rishton, S. Zolgharnain,
J. D. Gelorme, J. Shaw, T. H. P. Chang: Micromachin-
ing applications of a high resolution ultra-thick
photoresist, J. Vacuum Sci. Tech. B 13, 3012–3016
(1995)

7.44 K. Roberts, F. Williamson, G. Cibuzar, L. Thomas: The
fabrication of an array of microcavities utilizing SU-
8 photoresist as an alternative ’LIGA’ technology,
Proc. 13th Biennial University/Government/Industry
Microelectronics Symp. (IEEE), Minneapolis, 139–141
(1999)

7.45 D. A. Horsley, M. B. Cohn, A. Singh, R. Horowitz,
A. P. Pisano: Design and fabrication of a angular
microactuator for magnetic disk drives, J. Microelec-
tromech. Sys. 7, 141–148 (1998)

7.46 C. Burbaum, J. Mohr, P. Bley, W. Ehrfeld: Fab-
rication of capacitive acceleration sensors by the
LIGA technique, Sensor. Actuat. A A27, 559–563
(1991)

7.47 C. G. Keller, R. T. Howe: Hexsil bimorphs for verti-
cal actuation. In: Digest of Technical Papers, 8th
Int. Conf. on Solid-State Sensors and Actuators and
Eurosensors IX (IEEE, Stockholm 1995) pp. 99–102

7.48 C. G. Keller, R. T. Howe: Nickel-filled hexsil thermally
actuated tweezers. In: Digest of Technical Papers,
8th Int. Conf. on Solid-State Sensors and Actuators
and Eurosensors IX (IEEE, Stockholm 1995) pp. 376–
379

7.49 N. Yazdi, F. Ayazi: Micromachined inertial sensor,
Proc. IEEE 86, 1640–1659 (1998)

7.50 F. Ayazi, K. Najafi: High aspect-ratio combined poly
and single-crystal silicon (HARPSS) MEMS technology,
J. Microelectromech. Sys. 9, 288–294 (2000)

7.51 F. Ayazi, K. Najafi: A HARPSS polysilicon vibrating
ring gyroscope, J. Microelectromech. Sys. 10, 169–179
(2001)

7.52 Y. S. No, F. Ayazi: The HARPSS process for fabri-
cation of nano-precision silicon electromechanical
resonators, Proc. 1st IEEE Conf. on Nanotechnology,
Maui, 489–494 (2001)

7.53 G. Timp: Nanotechnology (Springer, Berlin Heidel-
berg 1998)

Part
A

7



Introduction to Micro/Nanofabrication References 235

7.54 P. Rai-Choudhury: Handbook of Microlithography,
Micromachining and Microfabrication. Volume 1:
Microlithography (SPIE, IEE, Bellingham 1997)

7.55 L. Ming, C. Bao-qin, Y. Tian-Chun, Q. He, X. Qi-
uxia: The sub-micron fabrication technology, Proc.
6th Int. Conf. on Solid-State and Integrated-Circuit
Technology, San Francisco, 452–455 (2001)

7.56 S. Y. Chou: Nano-imprint lithography and litho-
graphically induced self-assembly, MRS Bull. 26,
512–517 (2001)

7.57 S. Y. Chou, C. Keimel, J. Gu: Ultrafast and direct
imprint of nanostructures in silicon, Nature 417,
835–837 (2002)

7.58 H. Cao, Z. Yu, J. Wang, J. O. Tegenfeldt, R. H. Austin,
E. Chen, W. Wu, S. Y. Chou: Fabrication of 10 nm
enclosed nanofluidic channels, Appl. Phys. Lett. 81,
174–176 (2002)

7.59 L. R. Bao, X. Cheng, X. D. Huang, L. J. Guo, S. W. Pang,
A. F. Yee: Nanoimprinting over topography and mul-
tilayer three-dimensional printing, J. Vacuum. Sci.
Tech. B 20, 2881–2886 (2002)

7.60 L. J. Guo: Recent progress in nanoimprint technology
and its applications, J. Phys. D 137, R123–R141 (2004)

7.61 M. A. Herman: Molecular Beam Epitaxy: Fundamen-
tals and Current Status (Springer, Berlin Heidelberg
1996)

7.62 J. S. Frood, G. J. Davis, W. T. Tsang: Chemical Beam
Epitaxy and Related Techniques (Wiley, New York
1997)

7.63 S. Mahajan, K. S. Sree Harsha: Principles of Growth
and Processing of Semiconductors (McGraw-Hill,
New York 1999)

7.64 S. Kim, M. Razegi: Advances in quantum dot struc-
tures. In: Processing and Properties of Compound
Semiconductors, ed. by Willardson, Navawa (Aca-
demic, New York 2001)

7.65 D. Bimberg, M. Grundmann, N. N. Ledentsov: Quan-
tum Dot Heterostructures (Wiley, New York 1999)

7.66 G. Seebohm, H. G. Craighead: Lithography and pat-
terning for nanostructure fabrication. In: Quantum
Semiconductor Devices and Technologies, ed. by
T. P. Pearsall (Kluwer, Boston 2000)

7.67 E. Kapon: Lateral patterning of quantum well het-
erostructures by growth on nonplanar substrates.
In: Epitaxial Microstructures, ed. by A. C. Gossard
(Academic, New York 1994)

7.68 F. Guffarth, R. Heitz, A. Schliwa, O. Stier,
N. N. Ledentsov, A. R. Kovsh, V. M. Ustinov, D. Bim-
berg: Strain engineering of self-organized InAs
quantum dots, Phys. Rev. B 64, 085305(1)–085305(7)
(2001)

7.69 M. Sugawara: Self-Assembled InGaAs/GaAs Quantum
Dots (Academic, New York 1999)

7.70 B. C. Lee, S. D. Lin, C. P. Lee, H. M. Lee, J. C. Wu,
K. W. Sun: Selective growth of single InAs quantum
dots using strain engineering, Appl. Phys. Lett. 80,
326–328 (2002)

7.71 K. Brunner: Si/Ge nanostructures, Rep. Prog. Phys
65, 27–72 (2002)

7.72 F. S. S. Chien, W. F. Hsieh, S. Gwo, A. E. Vladar,
J. A. Dagata: Silicon nanostructures fabricated by
scanning probe oxidation and tetra-methyl am-
monium hydroxide etching, J. Appl. Phys. 91,
10044–10050 (2002)

7.73 M. Calleja, J. Anguita, R. Garcia, K. Birkelund,
F. Perez-Murano, J. A. Dagata: Nanometer-scale
oxidation of silicon surfaces by dynamic force micro-
scopy: reproducibility, kinetics, nanofabrication,
Nanotechnology 10, 34–38 (1999)

7.74 E. S. Snow, P. M. Campbell, F. K. Perkins: Nanofabri-
cation with proximal probes, Proc. IEEE 85, 601–611
(1997)

7.75 H. Sugimura, T. Uchida, N. Kitamura, H. Masuhara:
Tip-induced anodization of titanium surfaces by
scanning tunneling microscopy: a humidity effect
on nanolithography, Appl. Phys. Lett. 63, 1288–1290
(1993)

7.76 N. Kramer, J. Jorritsma, H. Birk, C. Schonenberger:
Nanometer lithography on silicon and hydrogenated
amorphous silicon with low energy electrons, J. Vac-
uum Sci. Tech. B 13, 805–811 (1995)

7.77 H. T. Soh, K. W. Guarini, C. F. Quate: Scanning Probe
Lithography (Kluwer, Boston 2001)

7.78 C. A. Mirkin: Dip-pen nanolithography: automated
fabrication of custom multicomponent, sub-100-
nanometer surface architectures, MRS Bull. 26,
535–538 (2001)

7.79 P. E. Sheehan, L. J. Whitman, W. P. King, B. A. Nel-
son: Nanoscale deposition of solid inks via thermal
dip pen nanolithography, Appl. Phys. Lett. 85, 1589–
1591 (2004)

7.80 L. L. Sohn, R. L. Willett: Fabrication of nanostructures
using atomic force microscope-based lithography,
Appl. Phys. Lett. 67, 1552–1554 (1995)

7.81 H. J. Mamin, B. D. Terris, L. S. Fan, S. Hoen, R. C. Bar-
rett, D. Rugar: High-density data storage using
proximal probe techniques, IBM J. Res. Dev. 39,
681–699 (1995)

7.82 K. Bessho, S. Hashimoto: Fabricating nanoscale
structures on Au surface with scanning tunneling
microscope, Appl. Phys. Lett. 65, 2142–2144 (1994)

7.83 I. W. Lyo, P. Avouris: Field-induced nanometer- to
atomic-scale manipulation of silicon surfaces with
the STM, Science -253, 173–176 (1991)

7.84 M. F. Crommie, C. P. Lutz, D. M. Eigler: Confinement
of electrons to quantum corrals on a metal surface,
Science 262, 218–220 (1993)

7.85 A. de Lozanne: Pattern generation below 0.1 mi-
cron by localized chemical vapor deposition with the
scanning tunneling microscope, Jpn. J. Appl. Phys.
33, 7090–7093 (1994)

7.86 L. A. Nagahara, T. Thundat, S. M. Lindsay: Nano-
lithography on semiconductor surfaces under an
etching solution, Appl. Phys. Lett. 57, 270–272 (1990)

Part
A

7



236 Part A Nanostructures, Micro/Nanofabrication and Materials

7.87 T. Thundat, L. A. Nagahara, S. M. Lindsay: Scan-
ning tunneling microscopy studies of semiconductor
electrochemistry, J. Vacuum Sci. Tech. A 8, 539–543
(1990)

7.88 S. C. Minne, S. R. Manalis, A. Atalar, C. F. Quate: Inde-
pendent parallel lithography using the atomic force
microscope, J. Vacuum Sci. Tech. B 14, 2456–2461
(1996)

7.89 M. Lutwyche, C. Andreoli, G. Binnig, J. Brugger,
U. Drechsler, W. Haeberle, H. Rohrer, H. Rothuizen,
P. Vettiger: Microfabrication and parallel operation
of 5*5 2D AFM cantilever arrays for data storage and
imaging, Proc. MEMS, 8–11 (1998)

7.90 G. M. Whitesides, B. Grzybowski: Self-assembly at all
scales, Science 295, 2418–2421 (2002)

7.91 P. Kazmaier, N. Chopra: Bridging size scales
with self-assembling supramolecular materials, MRS
Bull. 25, 30–35 (2000)

7.92 R. Plass, J. A. Last, N. C. Bartelt, G. L. Kellogg: Self-
assembled domain patterns, Nature 412, 875 (2001)

7.93 Y. A. Vlasov, X-Z. Bo, J. G. Sturm, D. J. Norris: On-chip
natural self-assembly of silicon photonic bandgap
crystals, Nature 414, 289–293 (2001)

7.94 C. Gigault, K. Dalnoki-Veress, J. R. Dutcher: Changes
in the morphology of self-assembled polystyrene
microsphere monolayers produced by annealing, J.
Colloid Interf. Sci. 243, 143–155 (2001)

7.95 J. C. Hulteen, P. Van Duyne: Nanosphere lithography:
a materials general fabrication process for periodic
particle array surfaces, J. Vacuum Sci. Tech. A 13,
1553–1558 (1995)

7.96 J. D. Joannopoulos, P. R. Villeneuve, S. Fan: Photonic
crystals: putting a new twist on light, Nature 386,
143–149 (1997)

7.97 T. D. Clark, R. Ferrigno, J. Tien, K. E. Paul,
G. M. Whitesides: Template-directed self-assembly
of 10-µm-sized hexagonal plates, J. Am. Chem. Soc.
124, 5419–5426 (2002)

7.98 S. A. Sapp, D. T. Mitchell, C. R. Martin: Using
template-synthesized micro- and nanowires as
building blocks for self-assembly of supramolecular
architectures, Chem. Mater. 11, 1183–1185 (1999)

7.99 Y. Yin, Y. Lu, B. Gates, Y. Xia: Template assisted self-
assembly: a practical route to complex aggregates
of monodispersed colloids with well-defined sizes,
shapes and structures, J. Am. Chem. Soc. 123, 8718–
8729 (2001)

7.100 J. L. Wilbur, G. M. Whitesides: Self-assembly and
self-assembled monolayers in micro and nanofab-
rication. In: Nanotechnology, ed. by G. Timp
(Springer, Berlin Heidelberg 1999)

7.101 S. R. Wasserman, Y. T. Tao, G. M. Whitesides: Struc-
ture and reactivity of alkylsiloxane monolayers
formed by reaction of alkyltrichlorosilanes on silicon
substrates, Langmuir 5, 1074–1087 (1989)

7.102 C. P. Tripp, M. L. Hair: An infrared study of the reac-
tion of octadecyltrichlorosilane with silica, Langmuir
8, 1120–1126 (1992)

7.103 D. R. Walt: Nanomaterials: top-to-bottom func-
tional design, Nature 1, 17–18 (2002)

7.104 J. Noh, T. Murase, K. Nakajima, H. Lee, M. Hara:
Nanoscopic investigation of the self-assembly
processes of dialkyl disulfides and dialkyl sul-
fides on Au(111), J. Phys. Chem. B 104, 7411–7416
(2000)

7.105 M. Himmelhaus, F. Eisert, M. Buck, M. Grunze: Self-
assembly of n-alkanethiol monolayers: a study by
IR-visible sum frequency spectroscopy (SFG), J. Phys.
Chem. 104, 576–584 (1999)

7.106 A. K. Boal, F. Ilhan, J. E. DeRouchey, T. Thurn-
Albrecht, T. P. Russell, V. M. Rotello: Self-assembly of
nanoparticles into structures spherical and network
aggregates, Nature 404, 746–748 (2000)

7.107 A. Ulman: An Introduction to Ultrathin Organic
Films: From Langmuir-Blodgett to Self-Assembly
(Academic, New York 1991)

7.108 E. Winfree, F. Liu, L. A. Wenzler, N. C. Seeman: Design
and self-assembly of two-dimensional DNA crystals,
Nature 394, 539–544 (1998)

7.109 J. H. Reif, T. H. LaBean, N. C. Seeman: Programmable
assembly at the molecular scale: self-assembly of
DNA lattices, Proc. 2001 IEEE Int. Conf. Robotics and
Automation, Seoul, 966–971 (2001)

7.110 A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson,
C. J. Loweth, M. P. Bruchez Jr, P. G. Schultz: Organi-
zation of nanocrystal molecules using DNA, Nature
382, 609–611 (1996)

7.111 C. Y. Cao, R. Jin, C. A. Mirkin: Nanoparticles with
Raman spectroscopic fingerprints for DNA and RNA
detection, Science 297, 1536–1540 (2002)

7.112 H. Masuda, H. Yamada, M. Satoh, H. Asoh: Highly
ordered nanochannel-array architecture in anodic
alumina, Appl. Phys. Lett. 71, 2770–2772 (1997)

7.113 R. L. Fleischer: Nuclear Tracks in Solids: Principles
and Applications (Univ. California Press, Berkeley
1976)

7.114 R. E. Packard, J. P. Pekola, P. B. Price, R. N. R. Spohr,
K. H. Westmacott, Y. Q. Zhu: Manufacture observa-
tion and test of membranes with locatable single
pores, Rev. Sci. Instrum. 57, 1654–1660 (1986)

7.115 L. Sun, P. C. Searson, C. L. Chien: Electrochemical
deposition of nickel nanowire arrays in single-
crystal mica films, Appl. Phys. Lett. 74, 2803–2805
(1999)

7.116 Y. Du, W. L. Cai, C. M. Mo, J. Chen, L. D. Zhang,
X. G. Zhu: Preparation and photoluminescence of
alumina membranes with ordered pore arrays, Appl.
Phys. Lett. 74, 2951–2953 (1999)

7.117 M. Guowen, C. Anyuan, C. Ju-Yin, A. Vijayaragha-
van, J. J. Yung, M. Shima, P. M. Ajayan: Ordered Ni
nanowire tip arrays sticking out of the anodic alu-
minum oxide template, J. Appl. Phys. 97, 64303
(2005)

7.118 S. Yang, H. Zhu, D. Yu, Z. Jin, S. Tang, Y. Du: Prepa-
ration and magnetic property of Fe nanowire array,
J. Magn. Magn. Mater. 222, 97–100 (2000)

Part
A

7



Introduction to Micro/Nanofabrication References 237

7.119 M. Sun, G. Zangari, R. M. Metzger: Cobalt island ar-
rays with in-plane anisotropy electrodeposited in
highly ordered alumina, IEEE Trans. Magnetics 36,
3005–3008 (2000)

7.120 P. V. Braun, P. Wiltzius: Electrochemically grown
photonic crystals, Nature 402, 603–604 (1999)

7.121 S. R. Nicewarner-Pena, R. G. Freeman, B. D. Reiss,
L. He, D. J. Pena, I. D. Walton, R. Cromer, C. D. Keat-
ing, M. J. Natan: Submicrometer metallic barcodes,
Science 294, 137–141 (2001)

7.122 D. Almalawi, C. Z. Ziu, M. Moskovits: Nanowires
formed in anodic oxide nanotemplates, J. Mater.
Res. 9, 1014 (1993)

7.123 J. C. Hulteen, C. R. Martin: A general template-based
method for the preparation of nanomaterials, J.
Mater. Chem. 7, 1075–1087 (1997)

7.124 B. R. Martin, D. J. Dermody, B. D. Reiss, M. Fang,
L. A. Lyon, M. J. Natan, T. E. Mallouk: Orthogonal self-
assembly on colloidal gold-platinum nanorods, Adv.
Mater. 11, 1021–1025 (1997)

Part
A

7


	Start
	Search
	Titel Pages
	Prefaces
	List of Authors
	Contents
	List of Abbreviations
	1 Introduction to Nanotechnology
	1.1 Nanotechnology - Definition and Examples
	1.2 Background and Research Expenditures
	1.3 Lessons from Nature (Biomimetics)
	1.4 Applications in Different Fields
	1.5 Various Issues
	1.6 Research Training
	1.7 Organization of Handbook
	References

	A Nanostructures, Micro/Nanofabrication and Materials
	2 Nanomaterials Synthesis and Applications: Molecule-Based Devices
	2.1 Chemical Approaches to Nanostructured Materials
	2.1.1 From Molecular Building Blocks to Nanostructures
	2.1.2 Nanoscaled Biomolecules: Nucleic Acids and Proteins
	2.1.3 Chemical Synthesis of Artificial Nanostructures
	2.1.4 From Structural Control to Designed Properties and Functions

	2.2 Molecular Switches and Logic Gates
	2.2.1 From Macroscopic to Molecular Switches
	2.2.2 Digital Processing and Molecular Logic Gates
	2.2.3 Molecular AND, NOT, and OR Gates
	2.2.4 Combinational Logic at the Molecular Level
	2.2.5 Intermolecular Communication

	2.3 Solid State Devices
	2.3.1 From Functional Solutions to Electroactive and Photoactive Solids
	2.3.2 Langmuir-Blodgett Films
	2.3.3 Self-Assembled Monolayers
	2.3.4 Nanogaps and Nanowires

	2.4 Conclusions and Outlook
	References

	3 Introduction to Carbon Nanotubes
	3.1 Structure of Carbon Nanotubes
	3.1.1 Single-Wall Nanotubes
	3.1.2 Multiwall Nanotubes

	3.2 Synthesis of Carbon Nanotubes
	3.2.1 Solid Carbon Source-Based Production Techniques for Carbon Nanotubes
	3.2.2 Gaseous Carbon Source-Based Production Techniques for Carbon Nanotubes
	3.2.3 Miscellaneous Techniques
	3.2.4 Synthesis of Carbon Nanotubes with Controlled Orientation

	3.3 Growth Mechanisms of Carbon Nanotubes
	3.3.1 Catalyst-Free Growth
	3.3.2 Catalytically Activated Growth

	3.4 Properties of Carbon Nanotubes
	3.4.1 Overview
	3.4.2 General Properties of SWNTs
	3.4.3 Adsorption Properties of SWNTs
	3.4.4 Electronic and Optical Properties
	3.4.5 Mechanical Properties
	3.4.6 Reactivity

	3.5 Carbon Nanotube-Based Nano-Objects
	3.5.1 Heteronanotubes
	3.5.2 Hybrid Carbon Nanotubes
	3.5.3 Functionalized Nanotubes

	3.6 Applications of Carbon Nanotubes
	3.6.1 Current Applications
	3.6.2 Expected Applications Related to Adsorption
	3.6.3 Expected Applications Related to Composite Systems

	3.7 Concluding Remarks
	References

	4 Nanowires
	4.1 Synthesis
	4.1.1 Template-Assisted Synthesis
	4.1.2 VLS Method for Nanowire Synthesis
	4.1.3 Other Synthesis Methods
	4.1.4 Hierarchical Arrangement and Superstructures of Nanowires

	4.2 Characterization and Physical Properties of Nanowires
	4.2.1 Structural Characterization
	4.2.2 Mechanical Properties
	4.2.3 Transport Properties
	4.2.4 Optical Properties

	4.3 Applications
	4.3.1 Electrical Applications
	4.3.2 Thermoelectric Applications
	4.3.3 Optical Applications
	4.3.4 Chemical and Biochemical Sensing Devices
	4.3.5 Magnetic Applications

	4.4 Concluding Remarks
	References

	5 Template-Based Synthesis of Nanorod or Nanowire Arrays
	5.1 Template-Based Approach
	5.2 Electrochemical Deposition
	5.2.1 Metals
	5.2.2 Semiconductors
	5.2.3 Conductive Polymers
	5.2.4 Oxides

	5.3 Electrophoretic Deposition
	5.3.1 Polycrystalline Oxides
	5.3.2 Single Crystal Oxide Nanorod Arrays Obtained by Changing the Local pH
	5.3.3 Single-Crystal Oxide Nanorod Arrays Grown by Homoepitaxial Aggregation
	5.3.4 Nanowires and Nanotubes of Fullerenes and Metallofullerenes

	5.4 Template Filling
	5.4.1 Colloidal Dispersion (Sol) Filling
	5.4.2 Melt and Solution Filling
	5.4.3 Centrifugation

	5.5 Converting from Reactive Templates
	5.6 Summary and Concluding Remarks
	References

	6 Three-Dimensional Nanostructure Fabrication by Focused Ion Beam Chemical Vapor Deposition
	6.1 Three-Dimensional Nanostructure Fabrication
	6.1.1 Fabrication Process
	6.1.2 Three-Dimensional Pattern-Generating Systems

	6.2 Nanoelectromechanics
	6.2.1 Measuring Young's Modulus
	6.2.2 Free Space Nanowiring
	6.2.3 Nanomechnical Switch
	6.2.4 Nanoelectrostatic Actuator

	6.3 Nanooptics: Brilliant Blue from a Morpho Butterfly Scale Quasi-Structure
	6.4 Nanobiology
	6.4.1 Nanoinjector
	6.4.2 Nanomanipulator
	6.4.3 Nanonet

	6.5 Summary
	References

	7 Introduction to Micro/Nanofabrication
	7.1 Basic Microfabrication Techniques
	7.1.1 Lithography
	7.1.2 Thin Film Deposition and Doping
	7.1.3 Etching and Substrate Removal
	7.1.4 Substrate Bonding

	7.2 MEMS Fabrication Techniques
	7.2.1 Bulk Micromachining
	7.2.2 Surface Micromachining
	7.2.3 High Aspect Ratio Micromachining

	7.3 Nanofabrication Techniques
	7.3.1 E-Beam and Nanoimprint Fabrication
	7.3.2 Epitaxy and Strain Engineering
	7.3.3 Scanning Probe Techniques
	7.3.4 Self-Assembly and Template Manufacturing

	7.4 Summary and Conclusions
	References

	8 Nanoimprint Lithography
	8.1 Emerging Nanopatterning Methods
	8.1.1 Next-Generation Lithography
	8.1.2 Molding Resists for Lithography

	8.2 Nanoimprint Process
	8.2.1 Limits of Molding
	8.2.2 Squeeze Flow of Thin Films
	8.2.3 Residual Layer Thickness Homogeneity
	8.2.4 Demolding
	8.2.5 Curing of Resists
	8.2.6 Pattern Transfer
	8.2.7 Mix-and-Match Methods
	8.2.8 Multilayer and Multilevel Systems
	8.2.9 Reversal Imprint

	8.3 Tools and Materials for Nanoimprint
	8.3.1 Resist Materials for Nanoimprint
	8.3.2 Stamp Materials
	8.3.3 Stamp Fabrication
	8.3.4 Anti-Adhesive Coatings
	8.3.5 Imprint Machines

	8.4 Applications
	8.4.1 Types of Nanoimprint Applications
	8.4.2 Patterned Magnetic Media for Hard-Disk Drives
	8.4.3 Sub-Wavelength Metal-Strip Gratings
	8.4.4 Polymer Optics
	8.4.5 Bio Applications

	8.5 Conclusion and Outlook
	References

	9 Stamping Techniques for Micro- and Nanofabrication
	9.1 High-Resolution Stamps
	9.2 Microcontact Printing
	9.3 Nanotransfer Printing
	9.4 Applications
	9.4.1 Unconventional Electronic Systems
	9.4.2 Lasers and Waveguide Structures

	9.5 Conclusions
	References

	10 Material Aspects of Micro- and Nanoelectromechanical Systems
	10.1 Silicon
	10.1.1 Single-Crystal Silicon
	10.1.2 Polycrystalline and Amorphous Silicon
	10.1.3 Porous Silicon
	10.1.4 Silicon Dioxide
	10.1.5 Silicon Nitride

	10.2 Germanium-Based Materials
	10.2.1 Polycrystalline Ge
	10.2.2 Polycrystalline SiGe

	10.3 Metals
	10.4 Harsh-Environment Semiconductors
	10.4.1 Silicon Carbide
	10.4.2 Diamond

	10.5 GaAs, InP, and Related III-V Materials
	10.6 Ferroelectric Materials
	10.7 Polymer Materials
	10.7.1 Polyimide
	10.7.2 SU-8
	10.7.3 Parylene
	10.7.4 Liquid Crystal Polymer

	10.8 Future Trends
	References

	11 Complexity and Emergence as Design Principles for Engineering Decentralized Nanoscale Systems
	11.1 Definitions
	11.1.1 Rules
	11.1.2 Engineering Principles

	11.2 Examples and Experimental Analysis of Decentralized Systems in Nature
	11.2.1 Termite Mounds as Macroscale Decentralized Systems
	11.2.2 Slime Molds as Decentralized Systems
	11.2.3 The Complex Adaptation of Cellular Behavior
	11.2.4 Protein Folding as an Emergent Process

	11.3 Engineering Emergent Behavior into Nanoscale Systems: Thematic Examples of Synthetic Decentralized Nanostructures
	11.3.1 Engineering Composite Nanosystems for Biomotility Applications
	11.3.2 Self-Directed Supramolecular Assembly from Synthetic Materials as a Model for Emergent Behavior
	11.3.3 Engineered Bioenergy Transduction as a Decentralized Process
	11.3.4 Emergent Behavior from "Smart Dust"

	11.4 Conclusion
	References

	12 Nanometer-Scale Thermoelectric Materials
	12.1 The Promise of Thermoelectricity
	12.1.1 Cooling Applications
	12.1.2 Power Generation

	12.2 Theory of Thermoelectric Transport in Low-Dimensional Solids
	12.2.1 Density of States and Energy Bands in Three, Two, One, and Zero Dimensions
	12.2.2 Electronic Transport in the Relaxation-Time Approximation
	12.2.3 Beyond Band Conduction: Weak Localization
	12.2.4 Phonon Transport in Low Dimensions

	12.3 Two-Dimensional Thermoelectric Transport in Quantum Wells
	12.4 One-Dimensional Thermoelectric Transport in Quantum Wires
	12.4.1 Bismuth Nanowires
	12.4.2 Carbon Nanotubes

	12.5 Quasi-Zero-Dimensional Systems, Solids Containing Quantum Dots
	12.5.1 Lead-Salt Quantum-Dot Superlattices
	12.5.2 AgPb_mSbTe_{2+m}
	12.5.3 Nanometer-Scale Inclusions in Bulk Solids

	12.6 Conclusions
	References

	13 Nano- and Microstructured Semiconductor Materials for Macroelectronics
	13.1 Classes of Semiconductor Nanomaterials and their Preparation
	13.1.1 Nanoparticles
	13.1.2 Nanowires/Nanoribbons
	13.1.3 Single-Walled Carbon Nanotubes

	13.2 Generation of Thin Films of Ordered Nanostructures on Plastic Substrates
	13.2.1 Assembly of Solution-Based Nanowires/Nanoribbons Using External Forces
	13.2.2 "Dry Transfer Printing" of Wire/Ribbon Arrays Derived from Wafers
	13.2.3 Transfer Printing of Thin Films of Single-Walled Carbon Nanotubes

	13.3 Applications for Macroelectronics
	13.3.1 Bottom Gate TFTs
	13.3.2 Top Gate MESFETs Formed with GaAs Wire Arrays
	13.3.3 Complementary Metal-Oxide-Semiconductor (CMOS) Circuits

	13.4 Outlook
	References


	B MEMS/NEMS and BioMEMS/NEMS
	14 Next-Generation DNA Hybridization and Self-Assembly Nanofabrication Devices
	14.1 Electronic Microarray Technology
	14.1.1 400 Test Site CMOS Microarray
	14.1.2 Electric Field Technology Description
	14.1.3 Electronic DNA Hybridization and Assay Design
	14.1.4 DNA Genotyping Applications
	14.1.5 On-Chip Strand Displacement Amplification
	14.1.6 Cell Separation on Microelectronic Arrays

	14.2 Electric Field-Assisted Nanofabrication Processes
	14.2.1 Electric Field-Assisted Self-Assembly Nanofabrication

	14.3 Conclusions
	References

	15 MEMS/NEMS Devices and Applications
	15.1 MEMS Devices and Applications
	15.1.1 Pressure Sensor
	15.1.2 Inertial Sensor
	15.1.3 Optical MEMS
	15.1.4 RF MEMS

	15.2 Nanoelectromechanical Systems (NEMS)
	15.2.1 Materials and Fabrication Techniques
	15.2.2 Transduction Techniques
	15.2.3 Application Areas

	15.3 Current Challenges and Future Trends
	References

	16 Nanomechanical Cantilever Array Sensors
	16.1 Technique
	16.1.1 Cantilevers
	16.1.2 History of Cantilever Sensors

	16.2 Cantilever Array Sensors
	16.2.1 Concept
	16.2.2 Compressive and Tensile Stress
	16.2.3 Disadvantages of Single Microcantilevers
	16.2.4 Reference and Sensor Cantilevers in an Array

	16.3 Modes of Operation
	16.3.1 Static Mode
	16.3.2 Dynamic Mode
	16.3.3 Heat Mode
	16.3.4 Further Operation Modes

	16.4 Microfabrication
	16.5 Measurement Set-Up
	16.5.1 Measurements in Gaseous or Liquid Environments
	16.5.2 Readout Principles

	16.6 Functionalization Techniques
	16.6.1 General Strategy
	16.6.2 Functionalization Methods

	16.7 Applications
	16.8 Conclusions and Outlook
	References

	17 Therapeutic Nanodevices
	17.1 Definitions and Scope of Discussion
	17.1.1 Design Issues
	17.1.2 Utility and Scope of Therapeutic Nanodevices

	17.2 Synthetic Approaches: "Top-Down" Versus "Bottom-Up" Approaches for Nanotherapeutic Device Components
	17.2.1 Production of Nanoporous Membranes by Microfabrication Methods: A Top-Down Approach
	17.2.2 Synthesis of Poly(amido) Amine (PAMAM) Dendrimers: A Bottom-Up Approach
	17.2.3 The Limits of Top-Down and Bottom-Up Distinctions with Respect to Nanomaterials and Nanodevices

	17.3 Technological and Biological Opportunities
	17.3.1 Assembly Approaches
	17.3.2 Targeting: Delimiting Nanotherapeutic Action in Three-Dimensional Space
	17.3.3 Triggering: Delimiting Nanotherapeutic Action in Space and Time
	17.3.4 Sensing Modalities
	17.3.5 Imaging Using Nanotherapeutic Contrast Agents

	17.4 Applications of Nanotherapeutic Devices
	17.4.1 Nanotherapeutic Devices in Oncology
	17.4.2 Cardiovascular Applications of Nanotherapeutics
	17.4.3 Nanotherapeutics and Specific Host Immune Responses

	17.5 Concluding Remarks: Barriers to Practice and Prospects
	17.5.1 Complexity in Biology
	17.5.2 Dissemination of Biological Information
	17.5.3 Cultural Differences Between Technologists and Biologists

	References

	18 G-Protein Coupled Receptors: Surface Display and Biosensor Technology
	18.1 The GPCR:G-Protein Activation Cycle
	18.2 Preparation of GPCRs and G-proteins
	18.3 Measurement of GPCR Signaling
	18.3.1 Flow Cytometry
	18.3.2 Surface Plasmon Resonance
	18.3.3 Plasmon Waveguide Resonance Spectroscopy
	18.3.4 Atomic Force Microscopy
	18.3.5 Total Internal Reflection Fluorescence (TIRF)

	18.4 GPCR Biosensing
	18.4.1 Level 1 Biosensing - Ligand Binding
	18.4.2 Level 2 Biosensing - Conformational Changes in the GPCR
	18.4.3 Level 3 Biosensing - GTP Binding
	18.4.4 Level 4 Biosensing - GPCR, G-Protein Dissociation

	18.5 Protein Engineering in GPCR Signaling
	18.5.1 Concept
	18.5.2 GPCR:Galpha Fusion Proteins
	18.5.3 Engineering of Promiscuous Galpha Proteins
	18.5.4 Expression Systems for Recombinant GPCRs/G-proteins
	18.5.5 Fluorescent Proteins

	18.6 The Future of GPCRs in Nanobiotechnologies
	References

	19 Microfluidics and Their Applications to Lab-on-a-Chip
	19.1 Materials for Microfluidic Devices and Micro/Nanofabrication Techniques
	19.1.1 Silicon
	19.1.2 Glass
	19.1.3 Polymer

	19.2 Active Microfluidic Devices
	19.2.1 Microvalves
	19.2.2 Micropumps

	19.3 Smart Passive Microfluidic Devices
	19.3.1 Passive Microvalves
	19.3.2 Passive Micromixers
	19.3.3 Passive Microdispensers
	19.3.4 Microfluidic Multiplexer Integrated with Passive Microdispenser
	19.3.5 Passive Micropumps
	19.3.6 Advantages and Disadvantages of the Passive Microfluidic Approach

	19.4 Lab-on-a-Chip for Biochemical Analysis
	19.4.1 Magnetic Micro/Nano-Bead-Based Biochemical Detection System
	19.4.2 Disposable Smart Lab-on-a-Chip for Blood Analysis

	References

	20 Centrifuge-Based Fluidic Platforms
	20.1 Why Centripetal Force for Fluid Propulsion?
	20.2 Compact Disc or Micro-Centrifuge Fluidics
	20.2.1 How it Works
	20.2.2 Some Simple Fluidic Functions Demonstrated on a CD

	20.3 CD Applications
	20.3.1 Two-Point Calibration of an Optode-Based Detection System
	20.3.2 CD Platform for Enzyme-Linked Immunosorbant Assays (ELISA)
	20.3.3 Multiple Parallel Assays
	20.3.4 Cellular-Based Assays on CD Platform
	20.3.5 Integrated Nucleic-Acid Sample Preparation and PCR Amplification
	20.3.6 Sample Preparation for MALDI MS Analysis
	20.3.7 Modified Commercial CD/DVD Drives in Analytical Measurements
	20.3.8 Microarray Hybridization for Molecular Diagnosis of Infectious Diseases
	20.3.9 Cell Lysis on CD
	20.3.10 CD Automated Culture of C. Elegans for Gene Expression Studies

	20.4 Conclusion
	References

	21 Micro/Nanodroplets in Microfluidic Devices
	21.1 Active or Programmable Droplet System
	21.1.1 Electrowetting on Dielectric (EWOD)-Based Droplet Microfluidic Devices
	21.1.2 Operational principle of EWOD
	21.1.3 Reagent Mixing in EWOD
	21.1.4 Improvements in EWOD
	21.1.5 Droplet Manipulation via Dielectrophoresis (DEP)

	21.2 Passive Droplet Control Techniques
	21.2.1 Generation of Monodispersed Droplets
	21.2.2 Devices Based on Microcapillary Arrays
	21.2.3 Double Emulsions
	21.2.4 Satellite Droplets

	21.3 Applications
	21.3.1 Droplets as Microtemplate and Encapsulation Agents
	21.3.2 Droplets as Real-Time Chemical Processors and Combinatorial Synthesizers
	21.3.3 Droplets as Micromechanical Components

	21.4 Conclusion
	References


	C Scanning Probe Microscopy
	22 Scanning Probe Microscopy - Principle of Operation, Instrumentation, and Probes
	22.1 Scanning Tunneling Microscope
	22.1.1 The STM Design of Binnig et al.
	22.1.2 Commercial STMs
	22.1.3 STM Probe Construction

	22.2 Atomic Force Microscope
	22.2.1 The AFM Design of Binnig et al.
	22.2.2 Commercial AFMs
	22.2.3 AFM Probe Construction
	22.2.4 Friction Measurement Methods
	22.2.5 Normal Force and Friction Force Calibrations of Cantilever Beams

	22.3 AFM Instrumentation and Analyses
	22.3.1 The Mechanics of Cantilevers
	22.3.2 Instrumentation and Analyses of Detection Systems for Cantilever Deflections
	22.3.3 Combinations for 3-D Force Measurements
	22.3.4 Scanning and Control Systems

	References

	23 Probes in Scanning Microscopies
	23.1 Atomic Force Microscopy
	23.1.1 Principles of Operation
	23.1.2 Standard Probe Tips
	23.1.3 Probe Tip Performance
	23.1.4 Oxide-Sharpened Tips
	23.1.5 FIB tips
	23.1.6 EBD tips
	23.1.7 Carbon Nanotube Tips

	23.2 Scanning Tunneling Microscopy
	23.2.1 Mechanically Cut STM Tips
	23.2.2 Electrochemically Etched STM Tips

	References

	24 Noncontact Atomic Force Microscopy and Related Topics
	24.1 Atomic Force Microscopy (AFM)
	24.1.1 Imaging Signal in AFM
	24.1.2 Experimental Measurement and Noise
	24.1.3 Static AFM Operating Mode
	24.1.4 Dynamic AFM Operating Mode
	24.1.5 The Four Additional Challenges Faced by AFM
	24.1.6 Frequency-Modulation AFM (FM-AFM)
	24.1.7 Relation Between Frequency Shift and Forces
	24.1.8 Noise in Frequency Modulation AFM: Generic Calculation
	24.1.9 Conclusion

	24.2 Applications to Semiconductors
	24.2.1 Si(111)-(7x7) Surface
	24.2.2 Si(100)-(2x1) and Si(100)-(2x1):H Monohydride Surfaces
	24.2.3 Metal Deposited Si Surface

	24.3 Applications to Insulators
	24.3.1 Alkali Halides, Fluorides and Metal Oxides
	24.3.2 Atomically Resolved Imaging of a NiO(001) Surface

	24.4 Applications to Molecules
	24.4.1 Why Molecules and Which Molecules?
	24.4.2 Mechanism of Molecular Imaging
	24.4.3 Perspectives

	References

	25 Low-Temperature Scanning Probe Microscopy
	25.1 Microscope Operation at Low Temperatures
	25.1.1 Drift
	25.1.2 Noise
	25.1.3 Stability
	25.1.4 Piezo Relaxation and Hysteresis

	25.2 Instrumentation
	25.2.1 A Simple Design for a Variable-Temperature STM
	25.2.2 A Low Temperature SFM Based on a Bath Cryostat

	25.3 Scanning Tunneling Microscopy and Spectroscopy
	25.3.1 Atomic Manipulation
	25.3.2 Imaging Atomic Motion
	25.3.3 Detecting Light from Single Atoms and Molecules
	25.3.4 High-Resolution Spectroscopy
	25.3.5 Imaging Electronic Wave Functions
	25.3.6 Imaging Spin Polarization: Nanomagnetism

	25.4 Scanning Force Microscopy and Spectroscopy
	25.4.1 Atomic-Scale Imaging
	25.4.2 Force Spectroscopy
	25.4.3 Atomic Manipulation
	25.4.4 Electrostatic Force Microscopy
	25.4.5 Magnetic Force Microscopy

	References

	26 Higher-Harmonic Force Detection in Dynamic Force Microscopy
	26.1 Modeling of Tip-Sample Interaction Forces in Tapping-Mode AFM
	26.1.1 Tip-Sample Forces as a Periodic Waveform
	26.1.2 Frequency Spectrum of the Tip-Sample Force
	26.1.3 Dependence of Force Harmonics on Elastic Properties

	26.2 Enhancing a Specific Harmonic of the Interaction Force Using a Flexural Resonance
	26.2.1 Cantilever Response to Higher Harmonic Forces
	26.2.2 Improving the Mechanical Response of the AFM Cantilever
	26.2.3 Implementation of Harmonic Cantilevers

	26.3 Recovering the Time-Resolved Tip-Sample Forces with Torsional Vibrations
	26.3.1 Torsional Response of Coupled Torsional Cantilevers
	26.3.2 Time-Resolved Force Measurements

	26.4 Application Examples
	26.4.1 Time-Resolved Force Measurements on Different Materials
	26.4.2 Quantitative Comparison of Material Properties
	26.4.3 Imaging the Glass Transition of a Binary Polymer Blend with a Single Harmonic Force
	26.4.4 Detailed Analysis with Time-Resolved Forces

	26.5 Higher Harmonic/Atomic Force Microscopy with Small Amplitudes
	26.5.1 Principle
	26.5.2 Application Examples
	26.5.3 Conclusion

	References

	27 Dynamic Modes of Atomic Force Microscopy
	27.1 Motivation: Measurement of a Single Atomic Bond
	27.2 Harmonic Oscillator: A Model System for Dynamic AFM
	27.3 Dynamic AFM Operational Modes
	27.3.1 Amplitude-Modulation/Tapping-Mode AFM
	27.3.2 Self-Excitation Modes

	27.4 Q-Control
	27.5 Dissipation Processes Measured with Dynamic AFM
	27.6 Conclusion
	References

	28 Molecular Recognition Force Microscopy: From Simple Bonds to Complex Energy Landscapes
	28.1 Ligand Tip Chemistry
	28.2 Immobilization of Receptors onto Probe Surfaces
	28.3 Single-Molecule Recognition Force Detection
	28.4 Principles of Molecular Recognition Force Spectroscopy
	28.5 Recognition Force Spectroscopy: From Isolated Molecules to Biological Membranes
	28.5.1 Forces, Energies, and Kinetic Rates
	28.5.2 Complex Bonds and Energy Landscapes
	28.5.3 Live Cells and Membranes

	28.6 Recognition Imaging
	28.7 Concluding Remarks
	References


	D Nanotribology and Nanomechanics
	29 Nanotribology, Nanomechanics and Materials Characterization
	29.1 Description of AFM/FFM and Various Measurement Techniques
	29.1.1 Surface Roughness and Friction Force Measurements
	29.1.2 Adhesion Measurements
	29.1.3 Scratching, Wear and Fabrication/Machining
	29.1.4 Surface Potential Measurements
	29.1.5 In Situ Characterization of Local Deformation Studies
	29.1.6 Nanoindentation Measurements
	29.1.7 Localized Surface Elasticity and Viscoelasticity Mapping
	29.1.8 Boundary Lubrication Measurements

	29.2 Surface Imaging, Friction and Adhesion
	29.2.1 Atomic-Scale Imaging and Friction
	29.2.2 Microscale Friction
	29.2.3 Directionality Effect on Microfriction
	29.2.4 Surface-Roughness-Independent Microscale Friction
	29.2.5 Velocity Dependence on Micro/Nanoscale Friction
	29.2.6 Nanoscale Friction and Wear Mapping
	29.2.7 Adhesion and Friction in a Wet Environment
	29.2.8 Separation Distance Dependence of Meniscus and van der Waals Forces
	29.2.9 Scale Dependence in Friction

	29.3 Wear, Scratching, Local Deformation, and Fabrication/Machining
	29.3.1 Nanoscale Wear
	29.3.2 Microscale Scratching
	29.3.3 Microscale Wear
	29.3.4 In Situ Characterization of Local Deformation
	29.3.5 Nanofabrication/Nanomachining

	29.4 Indentation
	29.4.1 Picoindentation
	29.4.2 Nanoscale Indentation
	29.4.3 Localized Surface Elasticity and Viscoelasticity Mapping

	29.5 Boundary Lubrication
	29.5.1 Perfluoropolyether Lubricants
	29.5.2 Self-Assembled Monolayers
	29.5.3 Liquid Film Thickness Measurements

	29.6 Closure
	References

	30 Surface Forces and Nanorheology of Molecularly Thin Films
	30.1 Introduction: Types of Surface Forces
	30.2 Methods Used to Study Surface Forces
	30.2.1 Force Laws
	30.2.2 Adhesion Forces
	30.2.3 The SFA and AFM
	30.2.4 Some Other Force-Measuring Techniques

	30.3 Normal Forces Between Dry (Unlubricated) Surfaces
	30.3.1 Van der Waals Forces in Vacuum and Inert Vapors
	30.3.2 Charge-Exchange Interactions
	30.3.3 Sintering and Cold Welding

	30.4 Normal Forces Between Surfaces in Liquids
	30.4.1 Van der Waals Forces in Liquids
	30.4.2 Electrostatic and Ion Correlation Forces
	30.4.3 Solvation and Structural Forces
	30.4.4 Hydration and Hydrophobic Forces
	30.4.5 Polymer-Mediated Forces
	30.4.6 Thermal Fluctuation Forces

	30.5 Adhesion and Capillary Forces
	30.5.1 Capillary Forces
	30.5.2 Adhesion Mechanics
	30.5.3 Effects of Surface Structure, Roughness, and Lattice Mismatch
	30.5.4 Nonequilibrium and Rate-Dependent Interactions: Adhesion Hysteresis

	30.6 Introduction: Different Modes of Friction and the Limits of Continuum Models
	30.7 Relationship Between Adhesion and Friction Between Dry (Unlubricated and Solid Boundary Lubricated) Surfaces
	30.7.1 Amontons' Law and Deviations from It Due to Adhesion: The Cobblestone Model
	30.7.2 Adhesion Force and Load Contribution to Interfacial Friction
	30.7.3 Examples of Experimentally Observed Friction of Dry Surfaces
	30.7.4 Transition from Interfacial to Normal Friction with Wear

	30.8 Liquid Lubricated Surfaces
	30.8.1 Viscous Forces and Friction of Thick Films: Continuum Regime
	30.8.2 Friction of Intermediate Thickness Films
	30.8.3 Boundary Lubrication of Molecularly Thin Films: Nanorheology

	30.9 Effects of Nanoscale Texture on Friction
	30.9.1 Role of the Shape of Confined Molecules
	30.9.2 Effects of Surface Structure

	References

	31 Interfacial Forces and Spectroscopic Study of Confined Fluids
	31.1 Hydrodynamic Force of Fluids Flowing in Micro- to Nanofluidics: A Question About No-Slip Boundary Condition
	31.1.1 How to Quantify the Amount of Slip
	31.1.2 The Mechanisms that Control Slip in Low-Viscosity Fluids
	31.1.3 Experimental
	31.1.4 Slip Can Be Modulated by Dissolved Gas
	31.1.5 Slip Past Wetted Surfaces
	31.1.6 The Purposeful Generation of Slip
	31.1.7 Outlook

	31.2 Hydrophobic Interaction and Water at a Hydrophobicity Interface
	31.2.1 Experimental
	31.2.2 Hydrophobic Interaction
	31.2.3 Hydrophobicity at a Janus Interface

	31.3 Ultrafast Spectroscopic Study of Confined Fluids: Combining Ultra-Fast Spectroscopy with Force Apparatus
	31.3.1 Challenges
	31.3.2 Principles of FCS Measurement
	31.3.3 Experimental Set-up

	31.4 Contrasting Friction with Diffusion in Molecularly Thin Films
	31.5 Diffusion of Confined Molecules During Shear
	31.6 Summary
	References

	32 Scanning Probe Studies of Nanoscale Adhesion Between Solids in the Presence of Liquids and Monolayer Films
	32.1 The Importance of Adhesion at the Nanoscale
	32.2 Techniques for Measuring Adhesion
	32.3 Calibration of Forces, Displacements, and Tips
	32.3.1 Force Calibration
	32.3.2 Probe Tip Characterization
	32.3.3 Displacement Calibration
	32.3.4 Cantilever Tilt

	32.4 The Effect of Liquid Capillaries on Adhesion
	32.4.1 Theoretical Background and Approximations
	32.4.2 Experimental Studies of Capillary Formation with Scanning Probes
	32.4.3 Theoretical Issues Revisited
	32.4.4 Future Directions

	32.5 Self-Assembled Monolayers
	32.5.1 Adhesion at SAM Interfaces
	32.5.2 Chemical Force Microscopy: General Methodology
	32.5.3 Adhesion at SAM-Modified Surfaces in Liquids
	32.5.4 Impact of Intra- and Interchain Interactions on Adhesion
	32.5.5 Adhesion at the Single-Bond Level
	32.5.6 Future Directions

	32.6 Concluding Remarks
	References

	33 Friction and Wear on the Atomic Scale
	33.1 Friction Force Microscopy in Ultrahigh Vacuum
	33.1.1 Friction Force Microscopy
	33.1.2 Force Calibration
	33.1.3 The Ultrahigh Vacuum Environment
	33.1.4 A Typical Microscope Operated in UHV

	33.2 The Tomlinson Model
	33.2.1 One-Dimensional Tomlinson Model
	33.2.2 Two-Dimensional Tomlinson Model
	33.2.3 Friction Between Atomically Flat Surfaces

	33.3 Friction Experiments on the Atomic Scale
	33.3.1 Anisotropy of Friction

	33.4 Thermal Effects on Atomic Friction
	33.4.1 The Tomlinson Model at Finite Temperature
	33.4.2 Velocity Dependence of Friction
	33.4.3 Temperature Dependence of Friction

	33.5 Geometry Effects in Nanocontacts
	33.5.1 Continuum Mechanics of Single Asperities
	33.5.2 Dependence of Friction on Load
	33.5.3 Estimation of the Contact Area

	33.6 Wear on the Atomic Scale
	33.6.1 Abrasive Wear on the Atomic Scale
	33.6.2 Contribution of Wear to Friction

	33.7 Molecular Dynamics Simulations of Atomic Friction and Wear
	33.7.1 Molecular Dynamics Simulations of Friction Processes
	33.7.2 Molecular Dynamics Simulations of Abrasive Wear

	33.8 Energy Dissipation in Noncontact Atomic Force Microscopy
	33.9 Conclusion
	References

	34 Velocity Dependence of Nanoscale Friction, Adhesion and Wear
	34.1 Bridging Science and Engineering for Nanotribological Investigations
	34.2 Instrumentation
	34.2.1 Extending the Capabilities of AFM for High Sliding Velocity Studies
	34.2.2 Friction Force and Adhesive Force Measurements
	34.2.3 Wear
	34.2.4 Materials, Coatings and Lubricants for Nanotechnology Applications

	34.3 Velocity Dependence of Nanoscale Friction and Adhesion
	34.4 Dominant Friction Regimes and Mechanisms
	34.4.1 Comprehensive Model for Nanoscale Friction
	34.4.2 Molecular Spring Model for Compliant SAMs
	34.4.3 Adhesion and Deformation Hysteresis Model for Polymers
	34.4.4 Dominant Friction Force Regimes for Various Samples

	34.5 Nanoscale Friction Mapping
	34.6 Wear Studies at High Sliding Velocities
	34.6.1 Effect of Sliding Velocity on Friction and Wear Initiation
	34.6.2 Effect of Continuous Sliding on Friction at High Sliding Velocities
	34.6.3 Mapping Wear on the Nanoscale

	34.7 Identifying Materials with Low Friction and Adhesion for Nanotechnological Applications
	34.8 Closure
	References

	35 Computer Simulations of Nanometer-Scale Indentation and Friction
	35.1 Computational Details
	35.1.1 Energies and Forces
	35.1.2 Important Approximations

	35.2 Indentation
	35.2.1 Surfaces
	35.2.2 Thin Films

	35.3 Friction and Lubrication
	35.3.1 Bare Surfaces
	35.3.2 Decorated Surfaces
	35.3.3 Thin Films

	35.4 Conclusions
	References

	36 Nanoscale Mechanical Properties - Measuring Techniques and Applications
	36.1 Local Mechanical Spectroscopy via Dynamic Contact AFM
	36.1.1 Variable Temperature SLAM (T-SLAM)
	36.1.2 Example 1: Local Mechanical Spectroscopy of Polymers
	36.1.3 Example 2: Local Mechanical Spectroscopy of NiTi

	36.2 Static Methods - Mesoscopic Samples, Shear and Young's Modulus
	36.2.1 Carbon Nanotubes - Introduction to Basic Morphologies and Production Methods
	36.2.2 Measuring the Mechanical Properties of Carbon Nanotubes by SPM
	36.2.3 Microtubules and Their Elastic Properties

	36.3 Scanning Nanoindentation as a Tool to Determine Nanomechanical Properties of Biological Tissue Under Dry and Wet Conditions
	36.3.1 Scanning Nanoindentation
	36.3.2 Application of Scanning Nanoindentation
	36.3.3 Example 1: Study of the Mechanical Properties of Bone Lamellae using SN
	36.3.4 Example 2: Nanoindentation of Human Dry and Wet Hair: Indentation Depth Issues
	36.3.5 Conclusion

	36.4 General Summary and Perspectives
	References

	37 Nanomechanical Properties of Solid Surfaces and Thin Films
	37.1 Instrumentation
	37.1.1 AFM and Scanning Probe Microscopy
	37.1.2 Nanoindentation
	37.1.3 Adaptations of Nanoindentation
	37.1.4 Complimentary Techniques
	37.1.5 Bulge Tests
	37.1.6 Acoustic Methods
	37.1.7 Imaging Methods

	37.2 Data Analysis
	37.2.1 Elastic Contacts
	37.2.2 Indentation of Ideal Plastic Materials
	37.2.3 Adhesive Contacts
	37.2.4 Indenter Geometry
	37.2.5 Analyzing Load/Displacement Curves
	37.2.6 Modifications to the Analysis
	37.2.7 Alternative Methods of Analysis
	37.2.8 Measuring Contact Stiffness
	37.2.9 Measuring Viscoelasticity

	37.3 Modes of Deformation
	37.3.1 Defect Nucleation
	37.3.2 Variations with Depth
	37.3.3 Anisotropic Materials
	37.3.4 Fracture and Delamination
	37.3.5 Phase Transformations

	37.4 Thin Films and Multilayers
	37.4.1 Thin Films
	37.4.2 Multilayers

	37.5 Developing Areas
	References

	38 Scale Effect in Mechanical Properties and Tribology
	38.1 Nomenclature
	38.2 Introduction
	38.3 Scale Effect in Mechanical Properties
	38.3.1 Yield Strength and Hardness
	38.3.2 Shear Strength at the Interface

	38.4 Scale Effect in Surface Roughness and Contact Parameters
	38.4.1 Scale Dependence of Roughness and Contact Parameters
	38.4.2 Dependence of Contact Parameters on Load

	38.5 Scale Effect in Friction
	38.5.1 Adhesional Friction
	38.5.2 Two-Body Deformation
	38.5.3 Three-Body Deformation Friction
	38.5.4 Ratchet Mechanism
	38.5.5 Meniscus Analysis
	38.5.6 Total Value of Coefficient of Friction and Transition from Elastic to Plastic Regime
	38.5.7 Comparison with the Experimental Data

	38.6 Scale Effect in Wear
	38.7 Scale Effect in Interface Temperature
	38.8 Closure
	38.A Statistics of Particle Size Distribution
	38.A.1 Statistical Models of Particle Size Distribution
	38.A.2 Typical Particle Size Distribution Data

	References

	39 Mechanics of Biological Nanotechnology
	39.1 Science at the Biology-Nanotechnology Interface
	39.1.1 Biological Nanotechnology
	39.1.2 Self-Assembly as Biological Nanotechnology
	39.1.3 Molecular Motors as Biological Nanotechnology
	39.1.4 Molecular Channels and Pumps as Biological Nanotechnology
	39.1.5 Biologically Inspired Nanotechnology
	39.1.6 Nanotechnology and Single-Molecule Assays in Biology
	39.1.7 The Challenge of Modeling the Bio-Nano Interface

	39.2 Scales at the Bio-Nano Interface
	39.2.1 Spatial Scales and Structures
	39.2.2 Temporal Scales and Processes
	39.2.3 Force and Energy Scales: The Interplay of Deterministic and Thermal Forces

	39.3 Modeling at the Nano-Bio Interface
	39.3.1 Tension Between Universality and Specificity
	39.3.2 Atomic-Level Analysis of Biological Systems
	39.3.3 Continuum Analysis of Biological Systems

	39.4 Nature's Nanotechnology Revealed: Viruses as a Case Study
	39.5 Concluding Remarks
	References

	40 Structural, Nanomechanical and Nanotribological Characterization of Human Hair Using Atomic Force Microscopy and Nanoindentation
	40.1 Human Hair, Skin and Hair Care Products
	40.1.1 Human Hair and Skin
	40.1.2 Hair Care: Cleaning and Conditioning Treatments and Damaging Processes

	40.2 Experimental Techniques
	40.2.1 Experimental Procedure
	40.2.2 Hair and Skin Samples

	40.3 Structural Characterization Using an AFM
	40.3.1 Structure of Cross-Sections and Longitudinal Sections of Hair
	40.3.2 Structures of Various Cuticle Layers
	40.3.3 Summary

	40.4 Nanomechanical Characterization Using Nanoindentation and Nanoscratch
	40.4.1 Hardness, Young's Modulus and Creep
	40.4.2 Scratch Resistance
	40.4.3 Summary

	40.5 Macroscale Tribological Characterization
	40.5.1 Friction and Wear Studies of Various Hair Types
	40.5.2 Effects of Temperature and Humidity on Hair Friction
	40.5.3 Summary

	40.6 Nanotribological Characterization Using an AFM
	40.6.1 Roughness, Friction and Adhesion
	40.6.2 Conditioner Thickness Distribution and Binding Interactions on the Hair Surface
	40.6.3 Summary

	40.7 Closure
	40.A Conditioner Thickness Approximation
	References

	41 Mechanical Properties of Nanostructures
	41.1 Experimental Techniques for Measurement of Mechanical Properties of Nanostructures
	41.1.1 Indentation and Scratch Tests Using Micro/Nanoindenters
	41.1.2 Bending Tests of Nanostructures Using an AFM
	41.1.3 Bending Tests of Micro/Nanostructures Using a Nanoindenter

	41.2 Experimental Results and Discussion
	41.2.1 Indentation and Scratch Tests of Various Ceramic and Metals Using a Micro/Nanoindenter
	41.2.2 Bending Tests of Ceramic Nanobeams Using an AFM
	41.2.3 Bending Tests of Metallic Microbeams Using a Nanoindenter
	41.2.4 Indentation and Scratch Tests of Polymeric Microbeams Using a Nanoindenter
	41.2.5 Bending Tests of Polymeric Microbeams Using a Nanoindenter

	41.3 Finite Element Analysis of Nanostructures with Roughness and Scratches
	41.3.1 Stress Distribution in a Smooth Nanobeam
	41.3.2 Effect of Roughness in the Longitudinal Direction
	41.3.3 Effect of Roughness in the Transverse Direction and Scratches
	41.3.4 Effect on Stresses and Displacements for Materials Which are Elastic, Elastic-Plastic or Elastic- Perfectly Plastic

	41.4 Closure
	References


	E Molecularly Thick Films for Lubrication
	42 Nanotribology of Ultrathin and Hard Amorphous Carbon Films
	42.1 Description of Common Deposition Techniques
	42.1.1 Filtered Cathodic Arc Deposition
	42.1.2 Ion Beam Deposition
	42.1.3 Electron Cyclotron Resonance Chemical Vapor Deposition
	42.1.4 Sputtering Deposition
	42.1.5 Plasma-Enhanced Chemical Vapor Deposition

	42.2 Chemical and Physical Coating Characterization
	42.2.1 EELS and Raman Spectroscopy
	42.2.2 Hydrogen Concentrations
	42.2.3 Physical Properties
	42.2.4 Summary

	42.3 Micromechanical and Tribological Coating Characterization
	42.3.1 Micromechanical Characterization
	42.3.2 Microscratch and Microwear Studies
	42.3.3 Macroscale Tribological Characterization
	42.3.4 Coating Continuity Analysis

	42.4 Closure
	References

	43 Self-Assembled Monolayers (SAMs) for Controlling Adhesion, Friction, and Wear
	43.1 A Brief Organic Chemistry Primer
	43.1.1 Electronegativity/Polarity
	43.1.2 Classification and Structures of Organic Compounds
	43.1.3 Polar and Nonpolar Groups

	43.2 Self-Assembled Monolayers: Substrates, Spacer Chains; and End Groups in the Molecular Chains
	43.3 Tribological Properties of SAMs
	43.3.1 Measurement Techniques
	43.3.2 Hexadecane Thiol and Biphenyl Thiol SAMs on Au(111)
	43.3.3 Alkylsilane and Perfluoroalkylsilane SAMs on Si(100) and Alkylphosphonate SAMS on Al
	43.3.4 Degradation and Environmental Studies

	43.4 Closure
	References

	44 Nanoscale Boundary Lubrication Studies
	44.1 Lubricants Details
	44.2 Nanodeformation, Molecular Conformation, and Lubricant Spreading
	44.3 Boundary Lubrication Studies
	44.3.1 Friction and Adhesion
	44.3.2 Rest Time Effect
	44.3.3 Velocity Effect
	44.3.4 Relative Humidity and Temperature Effect
	44.3.5 Tip Radius Effect
	44.3.6 Wear Study

	44.4 Closure
	References

	45 Kinetics and Energetics in Nanolubrication
	45.1 Background: From Bulk to Molecular Lubrication
	45.1.1 Hydrodynamic Lubrication and Relaxation
	45.1.2 Boundary Lubrication
	45.1.3 Stick-Slip and Collective Phenomena

	45.2 Thermal Activation Model of Lubricated Friction
	45.3 Functional Behavior of Lubricated Friction
	45.4 Thermodynamical Models Based on Small and Nonconforming Contacts
	45.5 Limitation of the Gaussian Statistics - The Fractal Space
	45.6 Fractal Mobility in Reactive Lubrication
	45.7 Metastable Lubricant Systems in Large Conforming Contacts
	45.8 Conclusion
	References


	F Industrial Applications
	46 The "Millipede" - A Nanotechnology-Based AFM Data-Storage System
	46.1 The Millipede Concept
	46.2 Thermomechanical AFM Data Storage
	46.3 Array Design, Technology, and Fabrication
	46.4 Array Characterization
	46.5 x/y/z Medium Microscanner
	46.6 First Write/Read Results with the 32x32 Array Chip
	46.7 Polymer Medium
	46.7.1 Writing Mechanism
	46.7.2 Erasing Mechanism
	46.7.3 Overwriting Mechanism

	46.8 Read Channel Model
	46.9 System Aspects
	46.9.1 PES Generation for the Servo Loop
	46.9.2 Timing Recovery
	46.9.3 Considerations on Capacity and Data Rate

	46.10 Conclusions
	References

	47 Nanotechnology for Data Storage Applications
	47.1 Current Status of Commercial Data Storage Devices
	47.1.1 Nonvolatile Random-Access Memory

	47.2 Opportunities Offered by Nanotechnology for Data Storage
	47.2.1 Motors
	47.2.2 Sensors
	47.2.3 Media and Experimental Results

	47.3 Conclusion
	References

	48 Microactuators for Dual-Stage Servo Systems in Magnetic Disk Files
	48.1 Design of the Electrostatic Microactuator
	48.1.1 Disk Drive Structural Requirements
	48.1.2 Dual-Stage Servo Configurations
	48.1.3 Electrostatic Microactuators: Comb Drives versus Parallel Plates
	48.1.4 Position Sensing
	48.1.5 Piezoelectric Sensing
	48.1.6 Electrostatic Microactuator Designs for Disk Drives

	48.2 Fabrication
	48.2.1 Basic Requirements
	48.2.2 Electrostatic Microactuator Fabrication Example 1
	48.2.3 Electrostatic Microactuator Fabrication Example 2
	48.2.4 Other Fabrication Processes
	48.2.5 Suspension-Level Fabrication Processes
	48.2.6 Actuated Head Fabrication

	48.3 Servo Control Design of MEMS Microactuator Dual-Stage Servo Systems
	48.3.1 Introduction to Disk Drive Servo Control
	48.3.2 Overview of Dual-Stage Servo Control Design Methodologies
	48.3.3 Servo Control and Vibration Attenuation of a MEMS Microactuator Dual-Stage Servo System with an Instrumented Suspension
	48.3.4 Multi-Rate Robust Track-Following Control: A Direct Approach
	48.3.5 Dual-Stage Seek Control Design

	48.4 Conclusions and Outlook
	References

	49 Nanorobotics
	49.1 Overview of Nanorobotics
	49.2 Actuation at Nanoscales
	49.2.1 Electrostatics
	49.2.2 Electromagnetics
	49.2.3 Piezoelectrics
	49.2.4 Other Techniques

	49.3 Nanorobotic Manipulation Systems
	49.3.1 Overview
	49.3.2 Nanorobotic Manipulation Systems

	49.4 Nanorobotic Assembly
	49.4.1 Overview
	49.4.2 Carbon Nanotubes
	49.4.3 Nanocoils

	49.5 Applications
	49.5.1 Robotic Biomanipulation
	49.5.2 Nanorobotic Devices

	References


	G Micro/Nanodevice Reliability
	50 Nanotribology and Materials Characterization of MEMS/NEMS and BioMEMS/BioNEMS Materials and Devices
	50.1 Introduction
	50.1.1 Introduction to MEMS
	50.1.2 Introduction to NEMS
	50.1.3 BioMEMS/BioNEMS
	50.1.4 Tribological Issues in MEMS/NEMS and BioMEMS/BioNEMS

	50.2 Tribological Studies of Silicon and Related Materials
	50.2.1 Virgin and Treated/Coated Silicon Samples
	50.2.2 Tribological Properties of Polysilicon Films and SiC Film

	50.3 Lubrication Studies for MEMS/NEMS
	50.3.1 Perfluoropolyether Lubricants
	50.3.2 Self-Assembled Monolayers (SAMs)
	50.3.3 Hard Diamond-Like Carbon (DLC) Coatings

	50.4 Tribological Studies of Biological Molecules on Silicon-Based Surfaces and of Coated Polymer Surfaces
	50.4.1 Adhesion, Friction, and Wear of Biomolecules on Si-Based Surfaces
	50.4.2 Adhesion of Coated Polymer Surfaces

	50.5 Nanopatterned Surfaces
	50.5.1 Analytical Model and Roughness Optimization
	50.5.2 Experimental Validation

	50.6 Component-Level Studies
	50.6.1 Surface Roughness Studies of Micromotor Components
	50.6.2 Adhesion Measurements of Microstructures
	50.6.3 Microtriboapparatus for Adhesion, Friction, and Wear of Microcomponents
	50.6.4 Static Friction Force (Stiction) Measurements in MEMS
	50.6.5 Mechanisms Associated with Observed Stiction Phenomena in Digital Micromirror Devices (DMD) and Nanomechanical Characterization

	50.7 Conclusion
	50.A Appendix Micro/Nanofabrication Methods
	50.A.1 Top-Down Methods
	50.A.2 Bottom-Up Fabrication (Nanochemistry)

	References

	51 Experimental Characterization Techniques for Micro/Nanoscale Devices
	51.1 Motivation
	51.2 Applications Utilizing Dynamic MEMS/NEMS
	51.3 Test/Characterization Techniques
	51.3.1 Optical Methods for Dynamic Characterization
	51.3.2 Static and Quasi-Static Measurements for Characterizing MEMS/NEMS
	51.3.3 SEM-Based Testing
	51.3.4 Actuation Methods

	51.4 Example: Characterizing an In-Plane MEMS Actuator
	51.4.1 Determining the Quality Factor
	51.4.2 Determining Spring Constants
	51.4.3 Error Analysis

	51.5 Design for Test
	References

	52 Failure Mechanisms in MEMS/NEMS Devices
	52.1 Failure Modes and Failure Mechanisms
	52.2 Stiction and Charge-Related Failure Mechanisms
	52.2.1 Stiction Due to Surface Forces
	52.2.2 Stiction Due to Electrostatic Attraction

	52.3 Creep, Fatigue, Wear, and Packaging-Related Failures
	52.3.1 Creep
	52.3.2 Fatigue
	52.3.3 Wear
	52.3.4 Packaging

	52.4 Conclusions
	References

	53 Mechanical Properties of Micromachined Structures
	53.1 Measuring Mechanical Properties of Films on Substrates
	53.1.1 Residual Stress Measurements
	53.1.2 Mechanical Measurements Using Nanoindentation

	53.2 Micromachined Structures for Measuring Mechanical Properties
	53.2.1 Passive Structures
	53.2.2 Active Structures

	53.3 Measurements of Mechanical Properties
	53.3.1 Mechanical Properties of Polysilicon
	53.3.2 Mechanical Properties of Other Materials

	References

	54 Thermo- and Electromechanical Behavior of Thin-Film Micro and Nanostructures
	54.1 Thermomechanics of Multilayer Thin-Film Structures
	54.1.1 Basic Phenomena
	54.1.2 A General Framework for the Thermomechanics of Multilayer Films
	54.1.3 Nonlinear Geometry
	54.1.4 Surface Stress: Scaling From Micro- to Nanostructures
	54.1.5 Nonlinear Material Behavior
	54.1.6 Other Issues

	54.2 Electromechanics of Thin-Film Structures
	54.2.1 Applications of Electromechanics
	54.2.2 Electromechanical Analysis
	54.2.3 Electromechanics - Parallel-Plate Capacitor
	54.2.4 Electromechanics of Beams and Plates
	54.2.5 Electromechanics of Torsional Plates
	54.2.6 Leveraged Bending
	54.2.7 Electromechanics of Zipper Actuators
	54.2.8 Electromechanics for Test Structures
	54.2.9 Electromechanical Dynamics: Switching Time
	54.2.10 Electromechanics Issues: Dielectric Charging
	54.2.11 Electromechanics Issues: Gas Discharge

	54.3 Summary and Topics not Covered
	References

	55 High Volume Manufacturing and Field Stability of MEMS Products
	55.1 Manufacturing Strategy
	55.1.1 Volume
	55.1.2 Standardization
	55.1.3 Production Facilities
	55.1.4 Quality
	55.1.5 Environmental Shield

	55.2 Robust Manufacturing
	55.2.1 Design for Manufacturability
	55.2.2 Process Flow and its Interaction with Product Architecture
	55.2.3 Microstructure Release
	55.2.4 Wafer Bonding
	55.2.5 Wafer Singulation
	55.2.6 Particles
	55.2.7 Electrostatic Discharge and Static Charges
	55.2.8 Package and Test
	55.2.9 Quality Systems

	55.3 Stable Field Performance
	55.3.1 Surface Passivation
	55.3.2 System Interface

	References

	56 Packaging and Reliability Issues in Micro/Nano Systems
	56.1 Introduction to Micro-/Nano-Electromechanical (MEMS)/(NEMS) Packaging
	56.1.1 MEMS/NEMS Packaging Fundamentals
	56.1.2 Contemporary MEMS/NEMS Packaging Approaches
	56.1.3 Bonding Processes for MEMS/NEMS Packaging Applications

	56.2 Hermetic and Vacuum Packaging and Applications
	56.2.1 Integrated Micromachining Processes
	56.2.2 Post-Packaging Processes
	56.2.3 Localized Heating and Bonding

	56.3 Thermal Issues and Packaging Reliability
	56.3.1 Thermal Issues in Packaging
	56.3.2 Packaging Reliability
	56.3.3 Long-Term and Accelerated MEMS Packaging Tests

	56.4 Future Trends and Summary
	References


	H Technological Convergence and Governing Nanotechnology
	57 Technological Convergence from the Nanoscale
	57.1 Nanoscience Synergy
	57.1.1 Organizational Background
	57.1.2 Goal of Improving Human Performance

	57.2 Dynamics of Convergence from the Nanoscale
	57.3 Ethical, Legal and Social Implications
	57.3.1 Motivating Principles
	57.3.2 Research Approaches
	57.3.3 Regulatory Challenges

	57.4 Transformative Synthesis
	57.4.1 Common Languagesand Communication Tools
	57.4.2 The Example of Statistical Variation
	57.4.3 Proposed Higher-Level Concepts

	57.5 Cultural Implications of Convergence
	57.5.1 Education
	57.5.2 Weltanschauung
	57.5.3 Policy Implications

	57.6 Conclusion
	References

	58 Governing Nanotechnology: Social, Ethical and Human Issues
	58.1 Social Science Background
	58.1.1 The Scope of Societal Implications Research
	58.1.2 Technological Determinism Theory
	58.1.3 Organization Theory

	58.2 Human Impacts of Nanotechnology
	58.2.1 Economic Impacts
	58.2.2 Health and Environment
	58.2.3 Social Scenarios

	58.3 Regulating Nanotechnology
	58.3.1 Ethics
	58.3.2 Law and Governance

	58.4 The Cultural Context for Nanotechnology
	58.4.1 Science Fiction
	58.4.2 Public Perceptions
	58.4.3 Education

	58.5 Conclusions
	References


	Acknowledgements
	About the Authors
	Subject Index


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




