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Nanofabrication: Conventional and
nonconventional methods

Nanofabrication is playing an ever increasing role in science and technology on the

CNRS nanometer scale and will soon allow us to build systems of the same complexity as

Bagneux, France

found in nature. Conventional methods that emerged from microelectronics are now

used for the fabrication of structures for integrated circuits, microelectro-mechanical
systems, microoptics and microanalytical devices. Nonconventional or alternative ap-
proaches have changed the way we pattern very fine structures and have brought
about a new appreciation of simple and low-cost techniques. We present an overview
of some of these methods, paying particular attention to those which enable large-
scale production of lithographic patterns. We preface the review with a brief primer on
lithography and pattern transfer concepts. After reviewing the various patterning tech-
niques, we discuss some recent application issues in the fields of microelectronics,
optoelectronics, magnetism as well as in biology and biochemistry.
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Nanofabrication commonly refers to an ensemble of tech-
nologies used to fabricate very small structures (at scales
ranging from 1 to 100 nm) which can be integrated into
complex hierarchic systems. Sophisticated lithographic
methods have origins in the microelectronics world [1].
For several decades, the semiconductor industry has
been able to maintain a continuous increase of the inte-
gration rate with the number of transistors on a chip being
doubled every 18 months [2]. Today, it is possible to inte-
grate more than 100 million transistors on one square
inch of a silicon wafer, which corresponds to a miniaturi-
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zation level of making 100 nm structures and integrating
them into complex circuits. To extend the current CMOS
(complementary metal oxide semiconductor field effect
transistor) technology to the generation of 30 nm and
below, new lithographic techniques are under extensive
investigation [2, 3]. Beyond this limit, quantum effects will
most likely be used, and ultimately, electronic circuits
working at molecular levels will be possible [3].

Nanofabrication is also a technological driver for other
research and industry segments. Modern telecommunica-
tion systems, for example, employ enormous optoelec-
tronic devices based on semiconductor processing. Even
though these devices rely on similar technologies, they do
not follow the integrated-circuit paradigm of size down-
scaling. Chemical and biological chips are other examples
of areas which are in rapid progress toward a high degree
of functionality and integration [4—7]. The challenges of
applying nanofabrication technology to these and other
new areas are formidable from the point of view of both
basic and applied researches.

The standard fabrication process used by the semicon-
ductor industry involves electron beam lithography for the
formation of designed patterns on a set of masks and next
optical projection lithography for the reproduction of the
mask patterns at a high throughput level, combined to
various material pattern transfer techniques. For applica-
tions in biology, new technological ingredients must be
added to meet requirements such as size, power and bio-
compatibility. The design and engineering of micro- and
nanostructures are specific to a given application, and we
will concentrate in this review article on more generic
issues such as pattern formation. We provide an outlook
on various lithography methods, including both conven-
tional and nonconventional techniques as well as nonli-
thographic pattern formation. Pattern transfer techniques
are briefly discussed, together with a number of microsys-
tem issues. Finally, application examples and current
trends in information technology and biosystems are pre-
sented.

2 Preliminary concepts

A typical lithographic process consists of three succes-
sive steps: (i) coating a substrate with irradiation-sensitive
polymer layer (resist), (ii) exposing the resist with light,
electron or ion beams, (iii) developing the resist image
with a suitable chemical. Exposures can be done by either
scanning a focused beam pixel by pixel from a designed
pattern, or exposing through a mask for parallel replica-
tion. Serial beam scanning is used for mask fabrication
and single component fabrication, but it does not supply
adequate throughput for manufacturing. Industrial tech-
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niques must be fast, reliable and cost-effective. Optical
projection lithography with deep UV light is now used for
large-scale fabrication. As next generation lithographies,
several nonoptical techniques have been developed,
including extreme UV lithography, X-ray lithography and
projection lithography with either electrons or ions [2, 8,
9]. These methods, generally referred to as top-down
methods, are very expensive but insufficiently flexible for
new development out of the traditional microelectronic
industry. In contrast, a number of new and nonconven-
tional lithographic techniques such as nanoimprint, soft-
lithography, near-field optical lithography and a number of
proximity probe techniques are low cost and much more
accessible [3]. In particular, these techniques not only
conserve the lithographic printing strategy but also allow
pattern processing at molecular levels. More generally,
the so-called bottom up approaches involve self-assem-
bly and self-organization in which molecular building
blocks will automatically link together to form desired
nanostructures. Much effort is currently being devoted to
these new and exciting areas because they are very
promising for the fabrication of future electronic devices
[10, 11].

Conventional lithographic exposures involve the interac-
tion of an incident beam with a solid substrate. Absorption
of light or inelastic scattering of particles can affect the
chemical structure of the resist by changing its solubility.
The response of the resist to image-wise exposure can
be either positive or negative, depending on whether the
exposed or unexposed portions will be removed from the
substrate after development. The next step after lithogra-
phy is the pattern transfer from the resist to the substrate
(Fig. 1). There are a number of pattern transfer tech-
niques: selective growth of materials in the trenches of
the resist, etching of the unprotected areas, and doping
through the open areas of the resist by diffusion or
implantation [12]. Both wet chemical etching and dry
plasma etching can be used. For a high-resolution pattern
transfer, dry etching is more suitable, and often requires a
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Figure 1. Schematic representation of lithography and
pattern transfer techniques.
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metallic layer as a mask. This metal mask is obtained by
lift-off, i.e., by first depositing a thin metallic layer over the
developed resist pattern and then dissolving the resist in
order to leave only the metal portions that are directly in
contact with the substrate [1].

For multilevel fabrication, lithography and pattern transfer
are used for each level. To increase productivity, optical
projection lithography is performed on a large wafer in a
step-and-repeat fashion by accurately controlling the
sample stage with laser interferometry. The performance
of lithography for production thus depends on a number
of factors: resolution, throughput, pattern placement, over-
lay alignment accuracy, etc. However, the control of criti-
cal dimensions and, in turn, the microscopic properties of
individual nanostructures, are the most important issues.
Fabrication of semiconductor integrated circuits is a well-
established technology. More specialized topics on nano-
fabrication are collected in recent books [13-15] and
some dedicated issues [16, 17]. Discussion on general
concepts of nanotechnology and molecular engineering
can be found in [18-20]. Moreover, a number of conferen-
ces and workshops are dedicated every year to lithogra-
phy and nanofabrication technologies [21-23].

3 Conventional lithographic methods

3.1 Electron beam lithography

Electron beam (e-beam) lithography is used for primary
patterning directly from a computer-designed pattern [1,
24]. It is the essential basis for nanofabrication in addition
to mask and prototype device manufacturing. The scan-
ning technique is, however, not suitable for mass produc-
tion because of the limited writing speed. A typical e-
beam system consists of a column of electron optics for
forming and controlling the electron beam, a sample
stage, and control electronics. The column includes prin-
cipally an electron source, magnetic lenses, a beam
blanker and a mechanism for deflecting the beam [24].
The electron source can be either a thermoionic emitter
or thermal field emission. Depending on the design, e-
beam energy varies in the range of 1-200 keV with a spot
size down to a few nanometers. The beam current and
the scanning field size are determined according to the
experimental requirements. The sample position is pre-
cisely controlled with a laser interferometer feedback and
thus a large area pattern can be exposed by decompos-
ing the whole pattern into a number of scanning fields.

The resolution of e-beam lithography depends on the
beam size and several factors related to the electron-solid
interaction [24, 25]. In a resist, electrons undergo small
angle forward scattering and some back-scattering
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events coming from the substrate. The forward scattering
tends to broaden the initial beam diameter, whereas the
back-scattering can spread over a large volume (proxim-
ity effects). During this process, the electrons are continu-
ously slowing down, providing a cascade of low-energy
electrons (secondary electrons) which are responsible for
the resist reaction. Finally, the dose distribution looks like
a sharp peak of the forward contribution superimposed
with a back-scattered fog. The secondary electron-
induced resist reaction can be polymerization, polymer
cross-linking or chain scission as well as more complex
processes such as chemical amplification involving acid-
base reaction. The proximity effects can be corrected by
dose variation and/or sophisticated software. In principle,
low energy electrons (~1 keV) yield very limited proximity
effects because of their short penetration depths. Corre-
spondingly, thin resist layers or surface imaging tech-
niques have to be used. Another advantage of using low
energy electrons is the possibility of high-speed writing,
because of the increased resist sensitivity.

The resolution of electron beam lithography is essentially
defined by the e-beam spot size and the forward-scatter-
ing range of the electrons. The higher the energies, the
smaller the minimum feature size obtainable. Commercial
systems generally work at 50-100 keV energy, and are
routinely used to produce sub-100 nm features [26].
Smaller feature sizes can be obtained with even higher
electron energies [27]. Figure 2 shows scanning electron
micrographs (SEM) of patterns defined by (a) 50 keV and
(b) 200 keV electrons, followed by lift-off and subsequent
reactive ion etching of SiO,. Figure 3 shows two other
examples of patterns equally defined by (a) 50 keV and
(b) 200 keV electrons, but followed by reactive ion etching
of tungsten (50 nm linewidth) or electroplating of gold
(30 nm linewidth), respectively. These features were fab-
ricated as nanoimprint molds (Fig. 2) and X-ray masks
(Fig. 3) for one-by-one pattern replications (see below).
Under optimal conditions, 10 nm [28] and sub-10 nm fea-
tures [29, 30] can be obtained but particular attention has
to be paid to the resist development and the pattern trans-
fer processes (Fig. 4). Moreover, it is not possible to pro-
duce continuous metal lines at sub-10 nm scale by lift-off
due to grain formation [30].

Electron beam lithography has also been used for hole
drilling [31], contamination-induced growth [32], surface
modification of inorganic materials (SiO,, AlF3, etc.) as
well as Langmuir-Blodgett or self-assembled films [33,
34]. Finally, miniaturized electron beam systems have
been prepared by microfabrication. Here, electrostatic
lenses constructed from a series of parallel planar elec-
trodes, each with a precision circular bore in the center,
are used for the electron beam manipulation. The system
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Figure 2. SEM of imprint molds obtained by e-beam lith-
ography and reactive ion etching of SiO,; minimum pitch
size in (a) 120 nm; (b) 40 nm, respectively.

also includes an electron source consisting of a cathode
with one or more electrodes to extract and accelerate the
emitted electrons to the desired energy (1 keV), an objec-
tive lens, and a deflector unit for beam scanning. Large
arrays of such microcolumns were fabricated, showing a
parallel writing feasibility [35-37].

3.2 Focused ion beam lithography

Focused ion beam lithography is analogous to e-beam
lithography [38, 39], but here magnetic lenses are
replaced by electrostatic lenses because of the much
heavier ion masses. The ion source is typically made of a
sharp W-tip coated with liquid metal, Ga for example. In
addition, a mass separator is used as an aperture to
select one type of ion. Focused ion beams operate in the
range of 10-200 keV. As the ions penetrate the material,
they loose their energy at a rate several orders of magni-
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Figure 3. Absorber features for X-ray lithography. (a)
Reactive ion etched tungsten (50 nm linewidth); (b) elec-
troplated gold (50 nm linewidth).

Figure 4. Typical Coulomb blockade device made by lift-
off of a monogranular line between two metallic elec-
trodes [30].

tude higher than that of electrons because of their
masses. As a consequence, the penetration of ions, and
thus the back-scattering-caused proximity effects, are
much reduced compared to that of electrons. The heavier
the ions, the smaller the penetration depth. Very thin layer
resists are generally required for heavy ions. In practice,
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light ions such as H*, He*", Li* and Be™ are employed
for lithography. The drawback of the focused ion beam
lithography is its limited writing speed, due to the fact that
the ion beam current density is 1 or 2 orders of magnitude
smaller than that of the electron beams, although resists
are generally more sensitive to ions.

On the other hand, focused ion beams have proven to be
an essential tool for highly localized implantation doping,
mixing, micromachining, controlled damage as well as
ion-induced deposition [38]. Figure 5 displays two exam-
ples of ion beam micromachined structures on (a) GaAs
and (b) a multilayer sample of 50 nm thick AlF; on GaAs
[40, 41]. A large number of experiments have been per-
formed to demonstrate the viability of the technique,
including optical and X-ray msk repairing, quantum de-
vices fabrication, scanning probe tip modification and,
more recently, biomolecule microsurgery and analysis
[42].

3.3 Optical projection lithography

Optical projection lithography is used for mass production
of integrated circuits [43, 44]. Deep UV light is applied to
expose a photoresist through a mask containing alternat-
ing opaque and clear features, made of a chromium
absorber on a glass substrate. Current projection systems
used by the semiconductor industry work with a glass lens
system with a demagnification factor of 5 or 6 and a step-
and-repeat exposure capability over 8 inch silicon wafers.
The resolution of optical projection lithography is defined
by the Rayleigh criterion R = kyA/NA, where A is the wave-
length, NA the numerical aperture of the optical system,
and k; an empirical factor depending on the details of the
experimental conditions. In practice, the image contrast
goes to zero rapidly for k; <0.5 [1, 44]. The depth of
focus, DOF = kANA?, is an important parameter to
define the process latitude in optical lithography. A large
NA provides a better resolution but the corresponding
DOF decreases rapidly as NA increases. Sophisticated
masks (e.g., phase-shifting, optical proximity correction),
off-axial illumination and top surface image techniques
are used but reducing the exposure wavelength appears
to be the main issue for the improvement of the resolution
[2, 43, 44]. The previous projection systems worked with
mercury-rare gas discharge lamps with radiation between
350- and 450 nm. Now, the production systems employ
the 248 or 193 nm radiation produced by krypton fluoride
(KeF) or argon fluoride (ArF) excimer lasers, respectively.
The research efforts are being shifted to the 157 nm radi-
ation produced by F, laser [45]. For this short wavelength,
the quartz optics now in use are no longer transparent so
that new optical materials such as calcium fluorine (CaFy)
have to be used for the lens and mask fabrication [45].

Nanofabrication 191

(b)

Figure 5. (a) Micromachined GaAs membrane and (b)
fine lines on a multilayer AlF; (50 nm thick)/GaAs, ob-
tained by direct focused ion beam lithography [40, 41].

Other issues including mask fabrication and repair, sensi-
tive high resolution resists, overlay, efc., are also under
investigation.

3.4 Extreme UV lithography

Extreme UV lithography refers to the exposure technique
developed with 13.4 nm radiation and a reflective reduc-
tion system [46]. For this selective wavelength, the radia-
tion is obtained from laser-induced plasmas or synchro-
tron radiation. For instance, it can be produced with a
supersonic jet of xenon gas as the target, converting a
few percent of laser energy into required radiation. The
projection system can operate with a 4 X reduction by
means of a set of high quality multilayer mirrors and a
reflective mask. The radiation is first projected on the
reflective mask with a couple of mirrors acting as the con-
denser. Then, it is focused with another mirror system
onto the wafer. All mirrors are made of alternating molyb-
denum and silicon or beryllium multilayers that provide
constructive interference in the direction of reflection.
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The advantage of extreme UV lithography relies on its
projection configuration and its high potentiality for sev-
eral generation manufacturing. Fabrication of 100 nm
line-and-space and 70 nm isolated lines has already been
demonstrated [47]. In principle, the reflective masks are
robust and the mask pattern can be made easily because
the minimum feature size required is four times larger
than that on a chip. However, there are still many techno-
logical challenges to be overcome, including mask optimi-
zation, fabrication of high precision optical elements as
well as engineering issues such as alignment, system
metrology and feedback control [2, 46]. In particular, the
roughness of the surface and the interfaces of the mirrors
and the reflective masks has to be minimized with an
accuracy better than 0.25 nm. They must also be zero-
stress and show robustness to thermal effects.

3.5 X-ray lithography

For smaller wavelengths ranging from 0.5 to 4 nm (soft-X
rays), no material can be used for the construction of a
projection system but a shadow technique is relevant
[48-50]. A typical X-ray mask consists of 2 um thick mem-
brane of silicon carbide and absorber features of heavy
metals such as Au, W, or Ta. Exposures can be done at a
mask-to-wafer distance of ~10 um with synchrotron radia-
tion or laser-induced plasma source. The resolution of
proximity X-ray lithography is defined by the Fresnel dif-
fraction and the diffusion of photoelectrons in the resist.
Increasing the X-ray wavelength decreases the diffusion
range of the photoelectrons but increases the diffraction
limited linewidth, estimated by Wp = ky vAg, g being the
mask-to-wafer gap. It has been shown that the photoelec-
tron scattering in polymethylmethacrylate (PMMA) is lim-
ited to a few nanometers [49] and the k, factor is approxi-
mately 0.6 [51]. Experimentally, 50 nm lines were
reproduced at a typical gap of 5 um [51], and sub-30 nm
structures were obtained at smaller gaps [52]. Figure 6
shows examples of the replicated resist patterns at very
small gaps.

The X-ray lithography is nearly ready for industrial use
[563-55], but some technical issues remain open, such as
the mechanical and radiation stability of the masks, the
availability of high throughput e-beam systems for mask
making, and the reliability of high accuracy alignment.
Soft X-rays can be also used to expose relatively thick
resist. High aspect ratio features were thus obtained. Fig-
ure 7 shows one example of the fabrication of a 1.3 um
period and 6 um thick photonic crystal template by three
consecutive exposures of PMMA resist through a mask
consisting of triangular lattice of holes [56]. Deep X-rays
(A~0.1 nm) are used to expose much thicker resist for
micromachining with the LIGA (lithography, electroform-
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ing and molding) process [57]. Figure 8 shows one exam-
ple of the fabricated 100 um thick PMMA resist struc-
tures.

3.6 Electron and ion projection lithography

Electron and ion projection lithography techniques are
similar to optical projection lithography. A step-and-scan
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Figure 6. PMMA resist profiles of (a) a 20 nm linewidth
and (b) 60 nm linewidth (aspect ratio >10), produced by
proximity X-ray lithography.

Det WD P &pm
SE 197 CNRS/JL2M

Figure 7. Sub-um resolution three-dimensional photonic
crystal fabricated high-resolution X-ray exposures.
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Figure 8. High aspect ratio PMMA structures produced
by hard X-ray exposure.

exposing strategy is generally used for high-throughput
production. A recent version of the electron projection lith-
ography is the so-called scattering with angular limitation
projection electron-beam lithography, referred to as Scal-
pel [58]. A comparable method called Prevail (projection
reduction exposure with variable axis immersion lenses)
has also been investigated, showing an 80 nm resolution
ability [59]. By Scalpel, high-energy electrons (~100 keV)
are projected onto a substrate passing successively
through a scattering mask and two focusing lenses. A
back-focal plane aperture is placed between the two
lenses, allowing only nonscattered electrons to pass
through. The Scalpel mask consists of heavy metal struc-
tures (Cr/W) for strong scattering and a very thin SiN
membrane for weak scattering, all supported by a frame-
work of silicon struts. The advantage of Scalpel relies on
its 4 X image reduction enabling an easy mask technol-
ogy. The problem is that the energetic electrons signifi-
cantly heat the wafer, possible leading to expansion and
some distortion of the pattern. In addition, the interaction
among the scattered electrons themselves can cause a
blurring of the image. This limits the maximum achievable
current and thus the rate of production.

lon projection lithography uses accelerated hydrogen or
helium ions at energies in the 70-150 keV range [60-62].
Now, ions are projected onto the wafer through a stencil
mask and electrostatic lenses with a 4 X reduction. The
ion stencil mask consists of an ion absorbing layer on a
2-3 um thick silicon membrane in which ions are either
stopped or pass through holes. Two complementary
masks are generally required with extremely tight align-
ment to produce, for example, line arrays. Although a
sub-100 nm resolution has been demonstrated [61], prob-
lems such as source uniformity, space charge, wafer
heating, and energy deposition in stencil masks remain to
be studied. lon beam lithography can also be performed
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as for shadow printing. The approach is similar to proxim-
ity X-ray lithography except that ion source and stencil
masks are now used as described above.

4 Nonconventional methods

4.1 Nanoimprint lithography

Nanoimprint is a nonconventional and low-cost technique
for high resolution pattern replication [63, 64]. A rigid mold
is used to physically deform a heated polymer layer
coated on a substrate. The imprint mold can be made of
metal or thermal silicon dioxide produced on a silicon sub-
strate. The imprint can be done by applying a typical pres-
sure of 50 bar in the temperature range of 100°C—200°C
depending on the polymer in use. After imprinting, the
resist pattern is followed by reactive ion etching in order
to produce a useful profile for the subsequent hard mate-
rial pattern transfer. The mold can be re-used many times
without damage. The imprint temperature for PMMA is
typically 170°C and the resist thickness can vary in the
range of 50-200 nm. Structures as small as 6 nm could
be produced [64]. For PMMA, the lower the molecular
weight, the easier the polymer flow because of the
reduced viscosity. Other types of polymers such as stand-
ard optical resist S1805 [65] and newly developed
hybrane, and hydrogen-bonded polymers were studied at
lower imprint temperatures. In particular, the hybrane pol-
ymer shows a better etching resistance than PMMA and
thus an easier process control [66].

Features with high aspect ratios can be obtained using tri-
layer techniques [67]. Now, the pattern is first imprinted
into the top layer and then transferred to the middle and
the bottom layers by sequential reactive ion etching with
O, and SFg gases. Because of the high aspect ratio, lift-
off and other techniques such as electroplating and direct
etching can be applied for hard material pattern transfer.
Trilayer nanoimprint lithography can have a large process
latitude, an easy control of critical dimensions, and a good
pattern homogeneity over large areas. Pattern placement
accuracy is also acceptable, showing no significant ther-
mal derivation. Until now, the problem of fine alignment
has not yet been resolved. The fabrication of ultrahigh
resolution molds is also a difficult task. Moreover, the
whole process duration is still too long for mass produc-
tion. Fabrication of reliable and cheap imprint devices is
clearly another challenge. A wide range of applications
has been studied, including GaAs photodetectors [68],
waveguide polarizers [69], high-density magnetic struc-
tures [70, 71], silicon field-effect transistors [72], GaAs
quantum devices [73], efc. Figure 9 shows SEM images
of (a) a 60 nm pitch magnetic dot array and (b) a pattern
of Fresnel zone plate obtained by a trilayer process and
lift-off.
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Figure 9. Magnetic dot array of (a) 60 nm period and (b)
X-ray Fresnel zone plate fabricated by nanoimprint and
lift-off.

There are several related techniques involving thermody-
namic molding of polymers. Injection molding, for exam-
ple, is now capable of replicating 100 nm features [74,
75]. Metallic molds for both nanoimprint and mold injec-
tion can be fabricated by first sputtering a thin Ni film on a
patterned resist master and then increasing the metal
thickness by electroplating, followed by a master and
mold separation [76]. When a heated polymer thin film is
in close proximity of the mold (<1 um), the electrostatic
interaction between the two can result in a spatial redis-
tribution of the quantity of the polymer. This phenomenon
has been recently studied as a new patterning technique,
referred to as lithographically induced self-construction of
polymer [77, 78].

4.2 Soft-lithography

Soft-lithography, or microcontact printing, is based on the
use of an elastomeric stamp to ink a solid substrate with
the help of molecular self-assembly [79-82]. Stamps are
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obtained by casting and curing of polydimethylsiloxane
(PDMS) against a master patterned by electron beam lith-
ography. Solutions of thiols in ethanol are used as inks for
gold substrates [83, 84] and octadecyltrichlorosilane
(OTS) in toluene for silicon substrates [85, 86]. A molecu-
lar transfer occurs when an inked stamp is in contact with
the substrate, resulting in a self-assembled monolayer
(SAM) deposited on the touched portions which then is
used as a mask for wet etching. The resolution of soft-lith-
ography is limited by the mold feature size and the diffu-
sion of the ink molecules around the contact portions. In
practice, the PDMS stamps provide a minimum feature
size of ~200 nm. Smaller features can be obtained by
using stamps of a higher stiffness such as a mixture of
vinylmethyl-dimethylsiloxane copolymers, trimethylsiloxy
terminated (VDT) and methylhydrosiloxane-dimethylsilox-
ane copolymers (HMS) polymer mixture [85, 86]. The
commonly used thiol is hexadecanethiol (C4¢H33SH), but
it can be replaced by eicosanethiol (CooH41SH) because
of the reduced molecular diffusion [86].

A trilayer technique can be applied for an easier hard
material pattern transfer including reactive ion etching,
lift-off and ion implantation [87, 88]. A PMMA layer is first
spin-coated on a substrate before gold deposition. Then,
the etch-defined gold pattern serves as a mask for reac-
tive ion etching of PMMA. Finally, the resulting PMMA
pattern is used for lift-off or other hard material pattern
transfer. Figure 10 shows patterns defined by (a) soft-lith-
ography after wet etching of gold and (b) a trilayer proc-
ess followed by lift-off of 40 nm thick Co.

Soft-lithography has been applied to the fabrication of
field effect transistors [89, 90], magnetic structures [91]
and optical devices [81]. Patterning on substrates such as
SiO,, glass, Ag, is also possible. More generally, SAMs
were used as resists for lithography with UV light, X-rays,
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Figure 10. (a) Soft-lithography-defined 0.4 um pitch dot
array of gold after wet etching and (b) 1 um pitch dot array
of cobalt after a trilayer process followed by lift-off.
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electron or ion beam, proximity probes, for passivation of
surfaces and for fabrication of colloids, etc. [81]. Similarly,
modification of the surface hydrophobicity can be done in
a precise way. Finally, biological species such as proteins
can be printed directly [92]. Based on the use of PDMS
stamps with relief patterns on their surface, other tech-
niques such as molding in capillaries [93], microtransfer
molding [94] and replica molding [95] were developed. In
particular, molding of organic polymer was obtained by
casting and curing an UV-curable polymer against an
elastomeric PDMS master. Polymer waveguide [96],
blazed diffraction gratings [97], waveguide interferome-
ters/coupler [98], suspended carbon microresonator [99],
and interdigitated carbon capacitors [100] have been fab-
ricated as demonstration examples.

4.3 Near-field optical lithography

Near-field optical lithography is derived from conventional
optical contact printing. The commonly used contact print-
ing is performed with a mask made of chromium as an
absorber on thick glass plates. For ideal optical contact
printing, optical flat and dust-free mask and wafer have to
be used. In practice, this is not possible because of the
nonflatness of both mask and wafer and/or the presence
of defects between the two. For gratings, the transferable
period is limited by pmin = VA(g + h), Where g is the gap
and h is the resist layer thickness. This gives rise to a
minimum feature size of the order of 1 um. In intimate
contact, periods of 0.6 um were achievable [101]. With a
deep-UV F, excimer layer and a trilayer resist stack on a
substrate, a linewidth of 0.15 um has been obtained
[102].

Conformable masks or substrates can be used to obtain a
better contact. One solution is to use a thin flex glass
mask coupled with a vacuum exposure device [103].
More recently, a conformable embedded-amplitude mask
together with a trilayer resist stack on the substrate and
200 nm deep-UV radiation was used to replicate 100 nm
features [104]. With highly flexible polymeric masks such
as PDMS, a conformable contact can be easily made.
With a PDMS phase mask (relief pattern without ab-
sorber), for example, 100 nm features could be produced
over a large area [105, 106]. When the noncontact por-
tions of such a PDMS mask are covered with a thin film of
metal, the mask becomes a light-coupling mask, in which
light is differentially guided by the structures from its back-
side towards the substrate [107]. Pattern replication with
100 nm minimum feature size could be achieved with a
relatively thick resist layer and 256 nm light irradiation.
Amplitude masks were also made from SiN membranes,
which resulted in a replication in vacuum of 140 nm period
gratings with a broadband light source (365600 nm)
[108].
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Similarly, near-field optical lithography has been studied
with mold-assisted polymerization. In this method, an
etched silica plate is pressed into a light curable monomer
and then UV light is used for photopolymerization [109].
After curing, the liquid monomer is solidified which pro-
vides a copy of the mold relief. Alternatively, an improved
mask configuration was proposed to create a high con-
trast aerial image at the downstream of the mold. Here,
the top portions of the mold are coated with a thin layer of
absorber, which is sufficient to stop the light but allows
optical tunneling through a small opening. Features as
small as 50 nm could be obtained in addition to the possi-
bility of a better resist ‘profile’ [110].

4.4 Proximity probe lithography

Proximal probe lithography refers to a new class of sur-
face modification techniques, based on either scanning
tunneling microscope (STM), atomic force microscope
(AFM), or scanning near-field optical microscope (SNOM)
[111-114]. All these techniques employ a sharp probe tip
placed in the close proximity of the sample surface with a
feedback loop for distance regulation. Tunneling current
across the tip and the sample surface is used for STM
whereas optical methods are employed to monitor the
vertical movement of the AFM cantilever. For SNOM,
either a tunneling current or a shear force monitor can be
applied for the distance regulation.

A great diversity of material modification mechanisms can
be involved in proximity probe lithography. In STM lithog-
raphy, short current pulses are generated for atomic dep-
osition, extraction or displacement. In AFM lithography, a
metallized AFM tip can be used for current pulse genera-
tion, allowing selective oxidation, resist exposure, field
ionization, field-induced evaporation, indentation, chemi-
cal etching, as well as precursor decomposition [114].
Individual atoms or molecules can also be displaced or
repositioned [115, 116], thereby providing a way of build-
ing a true ‘atomic circuit’.

Implementation of the probe techniques in actual device
fabrication has motivated considerable efforts on Si-
based technology [117]. With a metallized AFM tip, for
example, an H-passivated Si-surface can be anodically
oxidized selectively with a high spatial resolution. Al-
though these oxide patterns are a few monolayers thick,
they form a robust mask for selective etching. Finally, an
AFM tip can be used as a pen to plot molecular ink for
self-assembling over a surface [118, 119]. For high-
throughput patterning, many scanning probes must oper-
ate simultaneously over a sample surface. Fabrication of
probe arrays containing up to 50 tips have been recently
demonstrated [120], but their applicability as a true paral-
lel lithography tool remains to be proven.
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4.5 Other lithographic methods

A number of alternative methods can be used for the for-
mation of more regular patterns. For example, holo-
graphic lithography produces periodic structures in a thin
film resist. Typically, the optical standing waves used in
holographic lithography are obtained by splitting a laser
beam into two or more beams and then intersecting them
via mirrors. With deep UV light, gratings of periods less
than 200 nm were produced over large surface areas with
a multilayer resist process [121]. More dense structures
can be produced using an achromatic interferometric
technique, with two-phase grating plates for the manipula-
tion of the diffraction orders of a normal incident laser. By
using two 200 nm period phase gratings for example, 100
nm period structures could be obtained [121, 122]. More
recently, the interferometric technique has been used to
pattern nonlinear optical polymers in order to create
three-dimensional networks [123, 124].

Atom beam lithography is another example of the use of
optical standing waves. When a coherent atom beam pro-
duced by laser cooling meets an optical standing wave
just above a substrate, the atomic dipole interaction with
the field gradient gives rise to a spatial redistribution of
the atomic density, thereby producing a modulated atomic
deposition on the substrate [125, 126]. Without using opti-
cal waves, atomic beam lithography can also be done
through a mask [127].

In contrast, optical scanning lithography is a simple tech-
nique for direct patterning of a photo-resist film with a
focused laser beam. Other kinds of material processing
such as laser-induced polymerization [128] or etching and
deposition [129] have also been demonstrated. The reso-
lution of the optical scanning lithography is limited by dif-
fraction [130]. If a laser beam is focused and a very short
depth of focus is obtained, stereolithography can be per-
formed [131, 132]. Moreover, by scanning an array of cir-
cular Fresnel zone plates (FZP) under UV light irradiation,
parallel writing can be done [133]. An FZP is basically a
diffractive grating consisting of concentric zones such that
positive first order diffraction from all zones will add con-
structively at the focal point. The resolution of an FZP-
produced light spot is determined by the smallest zone
width of the FZP. Particularly interesting is that movable
deflecting micromirrors can be used to address individual
light beams [133]. A similar technique has also been pro-
posed for X-rays, in which multiplexed micromechanical
shutters should be used to turn individual X-ray beamlets
on or off in response to commands from a control com-
puter [134]. The first demonstration of this technique has
been done with synchrotron radiation, without individual
beam control, showing the possibility of parallel writing at
large exposure gaps [135].
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With more laser power, scanning optical lithography can
be used as an ablation tool for micromachining with mate-
rials like polymer, glass, ceramics, and metals [136, 137].
Now hard and brittle materials can also be machined by
ultrasonic impact grinding. Deep cavities with a feature
size down to a hundred um can be obtained [138]. Finally,
for metal and alloys, electrochemical machining can be
done with a fine electrolytic jet for scanning etching, a
resist pattern for parallel dissolution, or ultrashort voltage
pulses between a tool electrode and a work-piece in an
electrochemical environment for three-dimensional fabri-
cation [139, 140].

4.6 Chemical and biological approaches

Numerous possibilities of nanostructure formation exist
based on chemical and biological approaches relying on
self-assembling and self-organization. The advantage of
these techniques is to realize specific nanostructures
without having to construct them atom by atom “by hand”.
Chemical processing in which self-assembly takes place
in organic or inorganic materials can be used for forming
aggregates and colloidal assemblies. For example, high-
quality semiconductor CdS and CdSe nanocrystals could
be produced chemically with narrow size distribution
[141]. Other nanocrystals such as ZnO, TiO, and porous
Si films were also obtained, offering electronic and optical
properties not present in bulk crystalline semiconductors
[142]. Because of their very small sizes, tunable emission
spectrum and good photochemical stability, semiconduc-
tor nanocrystals can be used as fluorescent biological
labels [143, 144]. Another example is the regular periodic
structure formation from colloids that can be used as new
materials or templates. Many recent research works on
the fabrication of three-dimensional photonic crystals
were based on templates made of monodisperse opals
and infiltration with silicon, metal, polymer and other
materials [145-149]. Now, it is also possible to create par-
ticular patterns of colloidal crystals with the help of
focused UV light [150]. More general application of nano-
particles can be found in metallurgy, catalyst, magnetic
storage, drug delivery as well as in quantum device fabri-
cation [142]. Another example is the self-organized
growth of nanostructures on a strained substrate. By mol-
ecule beam epitaxy [151], InAs quantum dots were pro-
duced by depositing a fraction of InAs monolayer on a
GaAs substrate, followed by another GaAs layer [152].
Metallic quantum particles were also obtained by deposit-
ing a Cu bilayer on a strain-relief pattern of the (111) Pt
surfaces [153].

Carbon nanotubes are new quantum materials discov-
ered recently [154, 155]. The electronic properties of
these tiny and hollow cylinders show particular electronic
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properties which can be used for future nanoelectronics
[156] or molecular computing [157]. Other physical prop-
erties of carbon nanotubes are also interesting because
of their caged architecture which can receive various for-
eign atoms. The challenge is to integrate them into large
structures in a controllable and efficient way. Organic
nanostructure patterns can be obtained by interactive
coupling of selectively activated monomers. Block copoly-
mers, for example, were used to create honeycomb mor-
phologies of star-polymer polystyrene fiims [158]. More
recently, supramolecular networks could be created from
nano-scale rods in binary, phase-separating mixtures
[159]. Fabrication of more general organic nanostructures
involves the association of individual molecular compo-
nents into desired architectures by molecular and supra-
molecular assembly [160—164]. Many researchers are
now turning to biocatalytic synthesis with template-
directed polymerization or more general genetic engineer-
ing [165]. For example, this approach is typically
employed for the synthesis of artificial proteins, in which
the template is a DNA sequence and the polypeptide
chain is obtained through the intermediacy of a comple-
mentary mRNA sequence [166].

The integration of functional organic building blocks with
the outside world can be done by assembling them on
patterned inorganic structures with or without biomole-
cules and their recognition properties [167]. Based on
silica surfactant self-assembling [168], several litho-
graphic techniques such as pen-lithography, ink-jet print-
ing and dip coating have been used to create hierarchi-
cally organized structures [169]. The selective binding of
peptides to metal, metal-oxide and/or semiconductor
structures can also be used to link inorganic building
blocks [170].

5 Other nanofabrication issues

Conventional lithography methods result in patterned
resist profiles serving as masks for subsequent material
processing. Selective etching, doping, ion implantation or
regrowth can then be performed [12]. Semiconductors,
metals and dielectric materials are commonly used in
microelectronics. Other materials such as polymers,
glasses, ceramics, magnetic and superconducting materi-
als now are used in nanofabrication. Selected pattern
transfer methods are discussed in this section.

5.1 Thin-film deposition

Basically, thin-film deposition is concerned with adhesion
onto the substrate, stress, stoichiometry, defect, impurity,
and homogeneity. A deposition method is chosen accord-
ing to the material type and deposition characteristics [1].
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Usually polymer thin films are deposited by spin-coating.
Metallic thin films can be obtained by thermal deposition
based on the Joule effect or electron-beam assisted
evaporation, sputtering or electroplating. Dielectric layers
are grown by gas or liquid phase epitaxy, chemical vapor
deposition, molecular beam epitaxy, organometallic epi-
taxy, efc. In particular, thermal oxidation of silicon yields a
thin film of silicon dioxide, which is used as an excellent
dielectric layer.

Multilayers of alternative light (Si, C...) and heavy (W,
Mo...) elements can be obtained for extreme UV and X-
ray reflection. In semiconductor physics, the association
of llI-V, 1I-VI, and IV-IV compounds results in various
heterostructures such as quantum wells and super-latti-
ces [171] which are now widely used for rapid electronic
circuits and optoelectronic devices (laser diodes, modula-
tors and receptors). More recently, multilayers of alternat-
ing magnetic (Fe, Co, efc.) and nonmagnetic (Au, Pt, Cu,
Al,O3, efc.) metals is making a new generation of mag-
netic head and storage media possible for high-density
magnetic recording [172]. Further exploration of different
combinations will provide new structures with designed
properties [173, 174]. Lateral structures are obtained by
lithography and one of the pattern transfer techniques.
For high-resolution fabrication, lift-off of a thin metallic
layer is often used to produce dry etching masks. The
quality of a lift-off is affected by resist profile, angle of
deposition, and resist removal.

5.2 Wet and dry etching techniques

Wet chemical etching is often used for cleaning, polishing,
and resist stripping. The etching performance through a
mask of patterned resist is characterized by resist adhe-
sion, minor contamination, and etching uniformity control
[170]. Wet etching involves three steps: the transportation
of the reactants to the reacting surfaces, the chemical
reaction at the surface and the transportation of the prod-
ucts away from the surface. The chemical reactivity, i.e.,
the etching rate, is affected by both agitation and the tem-
perature of the etching solution [1, 175, 176]. In most
cases, wet etch is isotropic, i.e., the etching rate is the
same in all directions. A notable exception is silicon etch-
ing, carried out with a hot solution of KOH and water, eth-
ylenediaminepyrocatechol, or tetramethylammonium hy-
droxide. Typically, the etching rate is 0.6 um/min in the
(100)-plane, 0.1 um in the (110)-plane and 0.006 um in
the (111)-plane. This can be understood by considering
that the (111)-plane is more closely packed than the other
planes. The silicon wet-etching is widely used for micro-
machining such objects as thin membranes as well as
scanning proximity probes.
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Dry etching utilizes fluxes of energetic particles to remove
target materials [177, 178]. lon beam etching (IBE), for
example, is simply a sputtering etching technique in which
atoms are ejected from a solid target as a result of ion
bombardment. IBE can be applied to a large range of
materials but the problems of surface damage and rede-
position of the etched material on the resist side-walls
make this technique less useful. IBE involving chemical
species is referred to as reactive ion beam etching (RIBE)
and chemical assisted ion-beam etching (CAIBE). Reac-
tive ion etching is based on simultaneous exposure of the
sample to chemical reaction species and fluxes of ener-
getic particles. One or several types of reactive gases are
introduced into an evacuated process chamber in which a
radio-frequency-induced plasma is applied to create reac-
tive ion species. Etching occurs by a chemical reaction
between the substrate and atoms or radicals produced in
the plasma, and etched materials are pumped away as
volatile gaseous species. The dry etching performance is
qualified by a number of factors: etch rate, etching direc-
tionality, etching selectivity, mask resistance, environ-
ment, cost, etc.

Particular attention also has to be paid to the damage at
surfaces and side-walls, which may deteriorate the elec-
trical and optical performances of the device. For poly-
mers, silicon, silicon-based dieletric layers and some met-
als, SFeg, CHF3 O, gas mixtures are commonly used.
Figure 11 shows examples of reactive ion-etched SiO,
structures. For compound semiconductors such as GaAs,
GaN, InP, etc., Cl-based gases or a Chy/H, gas mixture
can be used. Several types of etching reactors are com-
mercially available. They consist of two parallel plates
(anode and cathode), an radio-frequency (RF) generator,
impedance regulators, a vacuum pump, and a water cool-
ing system. A few techniques are used for increasing the
plasma density. In magnetron ion etching (MIE) reactors,
a magnetic field is applied for electron confinement. In
electron cyclotron resonance (ECR) reactors, power is
fed by microwaves at cyclotron resonance condition and
an electromagnet is used for electron confinement.
Finally, in inductively coupled plasma (ICP) reactors high-
density plasmas are generated with an inductive coil,
which provides an optimized etching speed for high-
aspect ratio experiments.

5.3 Micromachining

Current efforts are devoted to the fabrication of so-called
microelectro-mechanical systems (MEMS) [179-181].
The most essential elements of MEMS consist of minia-
turized stationary and moving structures capable of realiz-
ing micromechanical actions with high precision and good
repeatability. A capacitive microactuator, for example, is
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Figure 11. Etched silicon dioxide structures of 30 nm
linewidth and 450 nm thickness.

made of two chargeable plates, one of them being sus-
pended. The electrostatic attractive force is used to move
the structure by biasing one of the plates [180]. Various
mechanical components such as micromotors, micro-
pumps, microreactors, and microvalves can be produced
on the same substrate. Micromachining techniques are
currently used in the fabrication of accelerometers, ink jet
printer heads, arrays of movable mirrors for color projec-
tion displays, and probes for atomic force imaging. Efforts
are also made towards a full integration of microsensors,
microactuators and microfluidic elements.

The fabrication of MEMS commonly involves bulk or sur-
face machining. Bulk machining defines microstructures
by etching directly into the bulk material such as single
crystal silicon [182]. Both wet chemical etching or reactive
ion etching can be applied to obtain suspended micro-
structures with a high-aspect ratio. The advantage of bulk
machining is that it allows the integration of active devices
and the use of integrated circuit technologies. Surface
machining defines the release and movable structures in
a polysilicon film on a sacrificial layer of silicon dioxide,
both deposited on bulk silicon [183]. More complex micro-
chips including multilayer interconnections can be ob-
tained by bonding together and laser drilling of several
layers of the components. Silicon, glasses and metals
can be wet-etched. Oxides like alumina, quartz and rubi-
dium molybdenum oxide can by machined by etching or
ablation with electron, ion or laser beams. Polymers can
be molded by imprint, injection molding or soft-lithogra-
phy. LIGA process can be used for a large-scale produc-
tion [184—186].

Elastomers can also be used in MEMS where rigidity is a
drawback. The PDMS stamps are known for their low
interfacial free energy, low reactivity and the possibility of
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conformal contacting and easy releasing. Moreover, they
are optically transparent and mechanically compressible,
which makes the PDMS structures very attractive as
building blocks for micro-optical components. Photother-
mal detectors [187], devices for measuring displacement,
strain, stress, force, torque, and acceleration [188], opti-
cal modulators and display devices [189] were fabricated.
In these devices, the active optical elements are blocks of
PDMS with a relief of a binary diffraction grating on their
surface. Mechanical compression/extension can be used
for controlling the relative optical path of light passing
through the grating. Fabrication of light valves [190] has
also been achieved. Other applications include phase-
shifting masks for near-field optics [105], and three-
dimensional fabrication [191].

For biological applications, particular attention has to be
paid to system stability, reliability, size, power, biocompat-
ibility and also the functionality requirements. Microcom-
ponents for biosystems are now mainly fabricated with
the silicon technology. Remarkable efforts are also
devoted to glass and polymers because of their optical
and insulating properties. A typical microsystem for biol-
ogy may contain a number of fluid control elements:
microactuator, micropumps, microvalves and sensors
[192, 193]. One may also include functional devices such
as heat exchangers, mixers, separators and reaction
units on the same chip [194]. Microactuators and active
valves are based on electrostatic, electromagnetic, piezo-
electric or thermopneumatic operation. Shape memory
alloys and bias spring properties can also be used. Micro-
fluidic pumping systems can be realized based on their
electroosmotic, travelling wave (ultrasonic) and thermal
capillary properties. Finally, microsensors are fabricated
by miniaturizing mechanical, thermodynamic, electronic
and optical devices. Electrochemical sensor arrays and
gas sensor systems can also be included.

6 Applications in information technology

Information processing is based on electronic computing,
optical communication and magnetic data storage. There-
fore, the main concerns are the computing speed, the
communication bandwidth and the storage capacity. Each
of these subfields is undergoing rapid progress and all of
them need nanofabrication for further development. Be-
cause of the growing interplay between these research
and development areas, it should soon be possible to
integrate electronic, optical as well as magnetic modules
on the same chip and thus create optimal performance
and functionality. In this section, the most important
aspects of nanofabrication in information technology are
presented.
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6.1 Microelectronics

Microelectronics has been developed based on silicon
technology. Since many years, the performance of elec-
tronic computing has been increased mainly by decreas-
ing the size of circuit features. It is predicted that the mini-
mum feature sizes of all involved critical components,
including dynamic access memory, microprocessing units
as well as application-specific integrated circuits will be
continuously scaled down and that the current CMOS
technology will be extended at least to a 50 nm genera-
tion by the year 2012 [2, 192-197]. New architectures
such as massively parallel processing and three-dimen-
sional transistor networks will probably further increase
the CMOS capability. In the quantum regime, effects such
as localization, electron wave-guide diffraction, coulomb
blockade, resonant tunneling and many others can be
used for data processing [3, 198, 199]. The fabrication
efforts are now concentrated on single-electron transis-
tors (SET) [200—202], resonant tunneling diodes (RTDs)
[203, 204], and spin devices [205, 206]. Algorithms for
quantum computer and artificial neural network comput-
ing are also under investigation [207—210]. Molecular
electronics is still at a preliminary stage but has deserved
vigorous investigation because of its huge potential. Mo-
lecular switching, for example, has recently been demon-
strated, and may be used for memory elements [160,
211, 212]. The top down fabrication technologies de-
scribed in previous sections can be equally applied to
CMOS technology and quantum devices, whereas more
elegant bottom-up approaches will be used for molecular
electronics. It is clear that a total control over the emerg-
ing structures in terms of wiring and interconnections of
the molecular devices will present enormous challenges.

6.2 Optoelectronics and optics

Optical communication is used for medium and long dis-
tance data transportation because of the ultimate light
speed and the optical wavelength-broad bandwidths.
Besides optical fibers, the most essential components for
optical communication are optoelectronic and optical de-
vices such as laser diodes, photodetectors, modulators,
multiplexers, and demultiplexers. In addition to the me-
dium and long-distance communication, optoelectronic
devices will also be required for board-to-board or com-
puter-to-computer connections. It is known that the per-
formance of conventional laser diodes will be improved by
using quantum wires and dots [213].

Semiconductor nanocrystals as well as organic materials
can also be considered as the building blocks of new
optoelectronic devices. More generally, nanoscale engi-
neering of both optical and electronic waves will lead to
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important improvements of the all optoelectronic compo-
nents [213]. For example, photonic band gap structures
[213-216] can be designed and fabricated to fully control
the spontaneous emission, thereby providing a way of real-
izing the so-called threshold-less semiconductor lasers
[218]. In addition, the engineered waveguide channels
and specified point defect through which light can flow will
be realized precisely. In optics, much has to be done for
system integration. The development of new sources,
binary diffractive elements, as well as new spectroscopy
methods is now in rapid progress. Finally, more conven-
tional devices such as compact disks for information stor-
age, CCD cameras, thin-film transistor (TFT)-LCDs, as
well as plasma display panels will benefit from the nano-
fabrication developments [217]. Nanofabrication techno-
logy is clearly a key for the improvement of existing de-
vices and the implementation of new optoelectronic
devices. This particularly includes nonconventional litho-
graphic methods such as soft-lithography and micromold-
ing in capillaries for the fabrication of flexible light circuits.

6.3 Magnetism

Micromagnetism is the main concern for high-density data
storage. It is predicted that the bit size will be continuously
scaled down from 1 to 0.1 um and smaller during the next
fex years. Both the magnetic support (hard disk, mag-
neto-optical bands and disks) and the recording head will
be fabricated based on new technologies. In particular,
ultrathin multilayers, in which the interface quality is con-
trolled at the atomic level, and various lateral structures
are fabricated for various applications [218-221]. Record-
ing heads based on giant magneto-resistance and spin
valves are used for compact disk recording. Proximity
probe techniques are studied for ultimate high-density
recording. In parallel, spin electronics are developed in
such devices as magnetic random access memories
(MRAM), etc.

7 Applications in biology

The fabrication technologies, initially developed for micro-
electronics and MEMS, are now penetrating the biotech-
nology and biomedical industry. Compared to silicon-
based electronic devices, the fabrication challenges are
much more diverse in biochips, because of the large vari-
ety of biomaterials, fluids, and chemicals. On the other
hand, the reduction in sizes and in volumes in miniatur-
ized biosystems such as “labs-on-a-chip” can lead to
drastic improvements in performance, throughput, and
cost. These would be greatly helpful for biomedical appli-
cations, such as diagnostics and drug screening, and
research on genomics and proteomics. The question of
interest is how to meld the well-established nanofabrica-
tion technology with the required biological functionalities.
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The research frontiers in nanofabrication are on a
scale that is much smaller than the size of a typical cell
(~10 um). And without using powerful nanofabrication
tools, micromachining has already resulted in a very excit-
ing area [4-7]. Improvements are expected in many de-
vices by either further scaling down dimensions or includ-
ing nanostructured elements. Moreover, by addressing
the molecular level, novel biodevices will be fabricated.
The contribution of nanofabrication to biology covers a
wide range of applications. In this section, we give
selected examples in which nanofabrication has already
allowed important progress, or is currently undergoing
active research.

7.1 Microfluidics and analysis systems

Microfluidics is a fundamental research area which can
be applied to advanced chemical and biological analysis.
Large efforts are being devoted to the development of
individual components for fluid injection, pumping, con-
trolled delivery of samples and reagents, mixing, reaction,
separation, and detection. The system integration should
result in the so-called miniaturized total analysis systems
(LTAS) that are capable of performing simple or multiple
biochemical tasks. A large number of research laborato-
ries around the world are developing such strategic activi-
ties [4, 5] and several companies are involved in a com-
mercial exploration (Caliper, Agilent, Microcosm Techno-
logies, Gamera Bioscience, Cepheid, etc.). uTAS devices
are typically fabricated in silicon, glass or plastic, and
often comprise a large variety of components including
optical, electrical, and mechanical elements. Some areas
can particularly benefit from the use of nanofabrication.
Integrated separation systems, for instance, such as cap-
illary electrophoresis, dielectrophoresis, and chromato-
graphy devices, are under intensive study.

The first effort on u'TAS appeared almost a decade ago
[222]. Since then, the development of chip-integrated
capillary electrophoresis has received increasing interest
[223]. Recently, size-dependent separation of long DNA
molecules in a nanofluidic channel device consisting of a
series of entropic traps was achieved [224]. This device
was fabricated using standard photolithography and etch-
ing of silicon to create alternating deep and shallow (75—
100 nm) regions in a 30 um wide channel fixed over a flat
glass substrate to allow fluorescence microscopy obser-
vation. Patterning the surface of electrophoresis micro-
channels with an array of posts in order to create station-
ary obstacles for DNA molecules, and thus improve
separation, has been investigated for some years [225],
and new improvements are expected for small biomole-
cules from reducing the size of the pillars down to the
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nano-scale range. Alternative approaches including soft
material molding or porous composite materials are prom-
ising for large-scale manufacturing.

The detailed understanding of electrohydrodynamics phe-
nomena on micro- and nano-structured surfaces of vary-
ing geometries and surface properties is important for bio-
analysis and separation applications. A wide range of
studies on electroosmotic flow have recently been
launched. For example, measurement of electroosmotic
flows in microchannels containing patterned surface
charges was recently performed with the help of soft-lith-
ography methods, i.e., laminar flow patterning and micro-
molding [226]. Superpositions of patterned surface
charge and periodic asymmetrical patterns have also
been considered [227] but need experimental observa-
tion. Most of these studies deal with patterns in the range
of one to a hundred um, and the promising sub-um scale
remains to be tackled.

In parallel, dielectrophoresis, or the use of AC electric
fields via multiple electrodes is widely used. Separation of
proteins was reported in electric fields created in micro-
meter-sized interdigitated electrodes [228]. Sub-um parti-
cles, such as viruses and protein-covered latex spheres,
could be manipulated and separated in castellated micro-
electrodes [229] and scaling down to achieve separation
of smaller particles of biological relevance is now consid-
ered. The interdigitated micro- and nano-electrodes and
asymmetrical patterns in sequential flow, in order to dis-
place fluid droplets, is also very promising. The use of
lithographically patterned stationary phase supports
instead of bead-packed microchannels is also of great
interest in chromatography for the separation of neutral
analytes.

Of course, in all these integrated bioseparation tech-
niques, proper detection systems are needed. Fluores-
cence is the main optical tool used by biologists and bio-
chemists for characterization, and such techniques as
confocal fluorescence detection now allow to probe
volumes in the femtoliter range. Integration with optoelec-
tronic or other detection components for high-throughput
and high-resolution analysis is indeed highly desirable.
Very recently, a microfluidic/integrated optics device was
built in Cornell, allowing fluorescence correlation spectro-
scopy of sub-femtoliter volumes [230]. Other integrated
detection systems such as laser-induced fluorescence
detection with integrated vertical cavity surface emitting
diode lasers as the light source are also considered [231].
Finally, a distinctive and expanding field, e.g., plastic CD-
based centrifugal microfluidics, could also gain from the
contribution of nanofabrication via such higher resolution
and low cost techniques as nanoimprint.
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7.2 Microarrays and gene chips

One of the main contributions of microtechnologies to
biology is of course the development of gene chips, e.g.,
DNA microarray chips for genetic sequence analysis
[232]. These two-dimensional arrays of small reaction
cells (each on the order of 100 X 100 um), each contain-
ing a different set of bound known DNA sequences, are
microfabricated on either silicon wafers, thin sheets of
glass, plastic or a nylon membrane and are now revolu-
tionizing such applications as diagnosis of genetic dis-
eases, drug design and toxicology. A number of industrial
companies are now commercializing gene chips (Affyme-
trix, Nanogen, Packard Instruments, Synteni, Motorola,
etc.). Given that proper readout tools and data processing
via bioinformatics can be developed, further reducing the
sizes of the reaction cells to the sub-um range via nano-
fabrication techniques like soft-lithography would there-
fore increase array density and be very beneficial by
allowing a larger variety of probes and thus increasing
parallel hybridization and speed of identification. Biomo-
lecular assembly at the nanoscale, through polymer and
supramolecular chemistry including self-assembled mon-
olayers with a variety of functional groups are now areas
in full bloom [141-146]. In particular, direct microcontact
printing of proteins on solid substrates was recently car-
ried out [233].

7.3 Nano-MEMS

Another area where impressive progress had been made
in the past few years is nano-electromechanical systems.
An example of nanomechanical achievement is the recent
realization of microfabricated silicon cantilevers function-
alized with a selection of biomolecules in order to provide
molecular recognition [234]. Studies on nanomachines
powered by molecular motors is another fascinating sub-
ject currently under study in several laboratories [235].
Biocompatible implantable nanodevices for in vivo opera-
tion, such as neural probes or multifunctional catheters
containing microsensors and microactuators of a variety
of types, have also opened a new future of medical appli-
cations [236]. In another area, sensitive analysis of pro-
teins could recently be obtained through a nanomachined
nanoelectrospray tip for mass spectrometry coupled to an
integrated microchannel system [237].

7.4 Nanobiochemistry

Nanobiochemistry in picoliter volumes obtained by nano-
fabrication allows high concentration and increased
throughput for combinatorial chemistry and diagnostics.
Polymerase chain reaction (PCR) amplification in nano-



202 Y. Chen and A. Pépin

fabricated nanovials was recently achieved [238]. Specific
nanorobotics tools such as piezoelectric fluid dispensers
are necessary and under development.

7.5 Nanomaterials for biological applications

A large effort is also being dedicated to the engineering of
nanomaterials, especially nanoparticles, nanotubes and
colloids suitable for biological purposes, with again a wide
range of applications: bioencapsulation, bioanalytical
chemistry, bioseparation, bioimaging, etc. As an example,
arrays of magnetic nanoparticles could be used for the
electrophoresis of large DNA molecules [239]. Specific
gold nanoparticles can also induce colorimetric DNA
detection [240] or be used for staining in biological elec-
tron microscopy. More striking is the very recent demon-
stration of direct observation of single-nucleotide polymor-
phism in kilobase-sized DNA achieved via single-wall
carbon nanotube capping of a conventional silicon AFM
tip [241]. The use of an array of such nanotube tip AFMs
could indeed allow unprecedented ultrafast genetic haplo-

typing.

7.6 Bioelectronics

Finally, the contribution of biology to nanofabrication for
novel electronics is altogether a different field. So-called
bioelectronics and molecular electronics are receiving
ever growing attention from the physics and electronics
scientific communities. Promising results have been ob-
tained recently with DNA molecules, in particular on DNA-
templated assembly and electrode attachment of a con-
ducting silver wire [242]. Arrays of nanoelectrodes have
also been developed to examine the molecular basis for
electron transport processes between redox proteins and
metal surface, and biological molecules are being incor-
porated into conducting polymers during the polymeriza-
tion process to provide a possible mechanism for localiz-
ing proteins at a microelectrode. If the correct polymers
are used, there is the possibility of creating a bioelectronic
interface by providing molecular wires between the elec-
trode and the biomolecular material [243]. Another exam-
ple of melding between biology and electronics is the use
of semiconductor field-effect transistors to sense a charge
change during DNA hybridization [244].

8 Conclusions

We have attempted to review some of the current topics
in nanofabrication. The starting point was the pattern for-
mation technology, including the most expensive but reli-
able industrial approaches and a number of nonconven-
tional methods. Other fabrication issues have also been
briefly discussed. It appears that all lithography methods
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presented are useful in enabling certain applications. The
semiconductor industry will continue to use optical projec-
tion lithography for one or more CMOS generations.
Then, one of the next generation lithographies will be
employed to scale down further the CMOS critical dimen-
sions. Following this, quantum devices as well as molecu-
lar computing will most likely be developed based on new
fabrication technologies with the help of molecular self-
assembling and self-organization. In parallel, nanofabri-
cation techniques will be involved in many other research
and industry segments.

Information processing and biological microsystems are
two well-identified areas of top research priority. In partic-
ular, the challenges of fabricating nano-scaled biodevices
are formidable from the point-of-views of system design,
material choice, electric contacts, lithography and pattern
transfer. An optimal strategy is to employ electrons, ions,
X-rays or other nonconventional methods wherever they
are most effective in solving the problem at hand. Never-
theless, nonconventional methods open more opportuni-
ties for engineering nanostructures and molecular sys-
tems. One should take care of the coming of new
materials, algorithms, architectures and other innovative
ways to overcome technological barriers in order to create
designed functionalities. Due to the too many aspects of
nanofabrication and the too rapid development of bioap-
plications today, it was not possible to cover the topic in
an exhaustive manner, and a selection of the most impor-
tant issues was thus chosen by the authors. Neverthe-
less, we hope that the stimulating conjunctures contained
in this article will encourage new exploration of this excit-
ing area.
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