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To overcome the diffraction constraints of traditional optical lithography, the next gen-
eration lithographies (NGLs) will utilize any one or more of EUV (extreme ultraviolet),
X-ray, electron or ion beam technologies to produce sub-100 nm features. Perhaps the
most under-developed and under-rated is the utilization of ions for lithographic pur-
poses. All three ion beam techniques, FIB (Focused Ion Beam), Proton Beam Writing
(p-beam writing) and Ion Projection Lithography (IPL) have now breached the techno-
logically difficult 100 nm barrier, and are now capable of fabricating structures at the
nanoscale. FIB, p-beam writing and IPL have the flexibility and potential to become
leading contenders as NGLs.

The three ion beam techniques have widely different attributes, and as such have
their own strengths, niche areas and application areas. The physical principles underlying
ion beam interactions with materials are described, together with a comparison with
other lithographic techniques (electron beam writing and EUV/X-ray lithography). IPL
follows the traditional lines of lithography, utilizing large area masks through which a
pattern is replicated in resist material which can be used to modify the near-surface

properties. In IPL, the complete absence of diffraction effects coupled with ability to
tailor the depth of ion penetration to suit the resist thickness or the depth of modification
are prime characteristics of this technique, as is the ability to pattern a large area in a
single brief irradiation exposure without any wet processing steps. p-beam writing and
FIB are direct write (maskless) processes, which for a long time have been considered
too slow for mass production. However, these two techniques may have some distinct
advantages when used in combination with nanoimprinting and pattern transfer. FIB
can produce master stamps in any material, and p-beam writing is ideal for producing
three-dimensional high-aspect ratio metallic stamps of precise geometry. The transfer
of large scale patterns using nanoimprinting represents a technique of high potential
for the mass production of a new generation of high area, high density, low dimensional
structures. Finally a cross section of applications are chosen to demonstrate the potential
of these new generation ion beam nanolithographies.

Keywords: Focused ion beam; proton beam writing; ion projection lithography; ion beam
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1. Introduction

Next generation lithographies (NGLs) are being actively developed to take over from
the highly successful optical lithography. As feature sizes shrink well below 100 nm,
several key challenges for optical lithography have arisen that make it increasingly
difficult to remain in step with Moore’s Law.1 The 2002 International Technology
Roadmap for Semiconductors2 lists optical mask fabrication, together with yield,
cost and quality of calcium fluoride lenses amongst the difficult challenges that
need to be overcome in the next few years as semiconductor manufacturers move
towards the 65 nm node. Slower than expected technical development has recently
prompted Intel to skip the 157nm generation of lithography in favor of EUV. Other
key challenges include the development of resist materials for 157 nm lithography
and beyond, coupled with the escalating cost of lithography tools. Each of the
potential NGLs (which include EUV, X-ray, electron and ion lithographies) are
based on fundamentally different physical principles (see Box 1) implying that each
lithographic technique will exhibit unique properties, and only in the next few years
will we know which will be adopted as the prevailing technology of the future.
Although the two front runners for the next generation lithographies are EUV and
Electron Projection Lithography (EPL), increasing attention is being paid to the
high potential of ion beam lithography as a serious alternative contender.

Box 1. The different physical interactions of fast light ions, slow heavy ions, electrons

and electromagnetic radiation (EUV and X-rays) with matter.

Fast light ions: The primary interaction is that of ion/electron collisions, and therefore

many thousands of collisions will occur before an ion comes to rest. Trajectories and

energy loss profiles can be accurately simulated by means of Monte Carlo calculations

(for example using the computer code SRIM3). As an example, for 2MeV protons, the

penetration depth in PMMA is 60.8 µm, with a 2 µm lateral broadening of the beam

at the end of range. However, the beam broadening is only 3 nm at 1 µm depth in the

PMMA and 30 nm at 5 µm so beam broadening of fast protons in a thin resist layer is

minimal.

Slow heavy ions: The primary mechanism is that of high momentum transfer between

the slow moving incident heavy ions and the atoms on the surface of the material.

The surface atoms are re-arranged, resulting in chemical and structural changes as

well as sputtering of atomic and molecular species from the surface. The sputtering

mechanism can be calculated using Monte Carlo techniques (e.g., SRIM3) to show that

the sputtering rate for a 30 keV gallium ion is around 1–10 atoms per incident ion for

a wide variety of materials.

Electrons: The primary interaction is that of electron/electron collisions, and this

results in large angle multiple scattering of the electron beam leading to the classic

“pear shaped” ionization volume around the point of entry into the material. The

(Continued)
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Box 1. (Continued)

trajectories can be simulated using Monte Carlo techniques such as Casino4: As an

example, 50 keV electrons penetrate up to depth of 40 µm in PMMA, with a 20 µm

spread in the beam. Sub-100 nm e-beam writing therefore can only be realized in very

thin resist layers, and high aspect ratio structures fabricated using additional steps e.g.,

reactive ion etching.

EUV and X-rays: Photons react with the atomic electrons through the photoelectric

effect, where the incident photon is completely absorbed by an atomic electron leading

to the ejection of the electron from the atom, and by Rayleigh (elastic) scattering where

the photon is scattered without an energy change. These processes can be simulated by

computer software (see for example GEANT45). A photon beam penetrating a resist

material therefore does not have a defined range, and has an exponentially decreasing

dose distribution with penetration depth.

There are currently three separate and distinct ion beam processes capable of
fabricating structures at the sub-100 nm level: The focused ion beam (FIB) tech-
nique where a slow focused heavy ion beam (with energies typically around 30 keV)
is written over a surface to create a pattern through modification, deposition or
sputtering; proton beam writing, where fast (typically MeV) protons are used to
direct-write deep precise 3D patterns into resist, and ion projection lithography
(IPL), where medium energy ions (typically 100keV) are projected through a pat-
terned mask for rapid fabrication. Schematic diagrams of the operating principles
of these three processes are shown in Fig. 1 (Focused Ion Beam), Fig. 2 (p-beam
writing) and Fig. 3 (Ion Projection Lithography). These three ion beam techniques
are not only capable of fabricating structures below the technologically important
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Fig. 1. A schematic diagram of a FIB system. The ion beam (usually gallium) is generated from a
liquid metal source (LMIS) and the Ga+ ions are focused down a column, similar in principle to
that of a scanning electron microscope, on to the substrate. For focused ion beam chemical vapor
deposition (FIBCVD), provision is usually made for a gas nozzle assembly next to the sample so
as to provide a flow of gas molecules to the sample surface during irradiation.
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Fig. 2. A typical set-up for a proton beam writer. MeV protons are produced in a proton accelera-
tor, and a demagnified image of the beam transmitted through an object aperture is focused onto
the substrate material (resist) by means of a series of strong focusing magnetic quadrupole lenses
(e.g., quadrupole triplet). Beam scanning takes place using magnetic or electrostatic deflection
before the focusing lenses, and is driven by a feedback signal derived from the proton interactions
with the resist. This feedback mechanism ensures a constant beam exposure per pixel as the beam
is scanned across the resist, resulting in high quality structures.
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Fig. 3. Schematic diagram of the Ion Projection Lithography system (PROFIB) developed at IMS
(reproduced with kind permission of H. Loeschner). The multi-cusp ion source produces a He, Ar
or Xe ion beam which is passed through a stencil mask, and the ion-optical system with a 200x
reduction projects the highly parallel transmitted ions on to the substrate.

100 nm barrier (see Fig. 4), but all three processes have highly appropriate and
complementary application areas.

1.1. Physical properties of ion beams

Lithography using ion beams has several unique characteristics, primarily due to the
physical nature of the ion (a charged particle is at least three orders of magnitude
heavier than the electron). For slow heavy ions (e.g., 30 keV Ga+), the interaction
process is that of altering the surface structure of a material, modifying surface
chemistry, and removing atoms from the surface through sputtering. In contrast,
the primary interaction of fast lighter ions (e.g., 100keV–3 MeV protons) is that of
deep penetration into the material, with a minimal amount of surface disruption.
For both light and heavy ions, diffraction effects are not an issue (the wavelength
of a 100-keV proton is around 10−4 nm). For fast lighter ions, the interaction with
matter provides some interesting properties: (a) The ion beam travels in a straight
line apart from some end of range broadening. This offers a considerable advantage
over e-beam writing for fabricating high aspect ratio 3D structures since a finely
focused electron beam spreads rapidly as it enters the resist material (see Box 1).
(b) The dose exposure as the ions penetrate the material is relatively constant
(apart from an increase at the end of range). This feature offers an advantage over
EUV or X-ray lithography, which exhibit an exponential reduction in dose with
depth (see Box 1). (c) The penetration depth of the ion beam is well defined and
can be varied by changing the ion energy. This is a unique characteristic which
allows multi-level structures to be formed in one layer of resist. (d) Lithography
with light ions offers a virtual absence of high energy secondary electrons which
could otherwise give rise to unwanted exposure of resist (proximity effects). In
e-beam writing for example, a small but significant fraction of secondary electrons
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(a) (b)

(c)

Fig. 4. Sub-100 nm ion beam fabricated structures: (a) 8 nm lines written into a multi layer sample
of AlF3/GaAs using FIB,6 (b) 50 nm walls fabricated in PMMA using p-beam writing with 2MeV
protons,7 and (c) 70 nm slots fabricated in 50 nm Infineon resist using IPL operating with 45 keV
He+ ions.8

are generated with energies which can contribute to the proximity effect in the
range of a few tenths of microns.

2. Ion Beam Techniques

2.1. Focused ion beam (FIB)

The FIB technique, the most mature of the ion beam nanolithographies, was
developed in the late 1970s with instruments becoming commercially available
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some 10 years later. FIB utilizes a direct-write focused beam of slow heavy ions
(e.g., 30 keV Ga+ ions), see Fig. 1, to sputter atoms or structurally modify the
surface of a material to produce topographically or structurally modified surface
patterns. A recent excellent review by Reyntjens and Puers outline the oper-
ating principles and application areas of FIB.9 FIB is unique in that patterns
can be produced in virtually any material, unlike other nanolithographies which
are limited to patterning resist materials. Unfortunately, the process is relatively
slow. For most materials, the material removal rate for a 30 keV gallium ion is
around 1–10 atoms per incident ion, corresponding to a machining rate of around
0.1–1µm3 per nC of incident ions. By utilizing gas assisted etching (GAE) how-
ever, where the scanned area is simultaneously exposed to reactive gas molecules
such as chlorine, the etching rate can be significantly enhanced.10,11 More recently,
FIB sputtering with poly-methylmethacrylate (PMMA) has produced a surface
enhancement of the sputtering rate by several orders of magnitude.12 A variation
of FIB topographic patterning is 3D nanostructure fabrication using FIB chemical
vapor deposition (CVD).13–15 In FIBCVD, ambient gaseous molecules which are
adsorbed on the surface are fragmented by the incident ion beam and deposited
at the ion beam focus. The deposition rate is higher than for CVD using elec-
trons, and the small penetration depth of heavy ions into the substrate allows
complex high resolution 3D structures to be fabricated (e.g., see Figure (6b) and
Refs. 13–15).

2.2. Proton beam writing

p-beam writing is a new technique that utilizes a focused beam of fast (MeV) pro-
tons written directly into a resist. The relatively high energy of the incident protons
produces high penetration into the resist (e.g., a 2-MeV proton will penetrate 60µm
into PMMA). p-beam writing, pioneered at the Centre for Ion Beam Applications
(CIBA), National University of Singapore, has the unique ability to direct write
precise high-aspect-ratio 3D nanopatterns in conventional resists such as PMMA.
When the resist is developed, material removal rates of around 106 µm3 per nC of
incident protons are observed, making the process up to one million times more effi-
cient than conventional FIB for 3D patterning. Recent work has shown that p-beam
writing is very effective in fabricating high aspect ratio and multi-level structures7

(see also Figs. 5(b) and 6(c)) and also high aspect ratio structures in silicon, where
the silicon is used as a negative resist material (see Fig. 7). A drawback of p-beam
writing is that it is a new technology with no commercial instruments available as
yet. Technical and commercial development has been hampered in the past by the
difficulties encountered in focusing MeV ions to sub-100nm dimensions. However,
with the advent of compact magnetic quadrupole lens systems, these difficulties
have recently been overcome16 and the first prototype p-beam writer has recently
been designed and constructed at CIBA.7
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(a)

(b)

Fig. 5. High aspect ratio structures: (a) 20 nm trench (depth 400 nm) written in diamond using
FIB27 and (b) high-aspect-ratio test structures fabricated using p-beam writing in SU8 negative
resist, showing 60 nm wall structures 10 micron deep.

2.3. Ion Projection Lithography (IPL)

The techniques of FIB and p-beam writing have distinct advantages over other
lithographies for fabricating flexible and precise 3D nanostructures, but being
direct-write techniques they lack the rapidity of fabrication for cost effective mass



July 14, 2005 10:3 WSPC/175-IJN 00313

Ion Beam Lithography and Nanofabrication 277

1 micron

(a) (b)

(c)

Fig. 6. Complex shapes: (a) Custom made diamond tool fabricated using FIB sputtering,58 (b) dia-
mond like carbon micro-wine glass (2.75 micron external diameter and 12 micron height) fabricated
using FIBCVD operating with 30 keV Ga and an aromatic hydrocarbon precursor.13 (c) Micro-
sized copy of the Stonehenge monument in the UK, fabricated using p-beam writing in SU8 resist
(CIBA, Singapore). By utilizing the different depth exposure of two different proton energies:
500 keV for fabricating the horizontal slabs, and 2MeV for exposing the vertical supports, the
complete structure can be fabricated in one layer of resist.

production of components and devices compared with conventional masked lithog-
raphy. Ion projection lithography (IPL)17 utilizes medium energy (50–150keV) ions
(e.g., protons, H+

2 , He+, Ar+, etc.) and combines the bulk fabrication advantages of
masked lithography with the unique properties of ions. IPL is pioneered at the Ion
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Fig. 7. An array of high aspect ratio silicon tips fabricated using p-beam writing (CIBA,
Singapore). The silicon tips were fabricated by point irradiations with a 2-MeV proton beam,
focused to a spot size of 200 nm, with a dose of 5 × 1016/cm2. The proton beam induces damage
along its track as it penetrates the silicon. The silicon is then subjected to electrochemical etching
in hydrofluoric acid to produce porous silicon. However, the local production of porous silicon is
retarded where the silicon is damaged, and subsequent removal of the porous silicon using KOH
leaves behind silicon pillars several microns high, with tip radii of about 10 nm.

Microfabrication Systems GmbH (IMS) in Vienna. A beam of ions uniformly illu-
minates a large-area, robust, patterned stencil mask, and the transmitted beam is
projected using electrostatic lenses, at an image reduction factor of one or two orders
of magnitude, on to the workpiece surface. Working in a European consortium with
combined expertise in ion projections optics,8 stencil mask production,18 and high
contrast resist development,19 IMS have succeeded in patterning at 50 nm resolution
in parts of the exposure field, and 75 nm over the full field of 12.5 × 12.5 sqmm,19

in a single beam exposure. The same group has also developed a variation to IPL
which they call ion projection direct structuring (IPDS). Here, they use ions in
order to modify the local magnetic anisotropy of the storage medium20–23 thereby
producing sub-100nm bit patterns at extremely high densities24 with no significant
disturbance of surface topography, and no wet processing steps. For the future, the
IMS design of a new generation PROjection Focused Ion multiBeam (PROFIB)
tool with 200× reduction optics (Fig. 3) promises to be a powerful step forward in
this technology.25

A further variation of IPL is the recently tested high energy (MeV) heavy ion
projection system at Bochum in Germany.26 Heavy ions (e.g., 28Si and 12C) are
projected through a stencil mask onto a substrate to produce a patterned modifica-
tion of the substrate through buried ion implantation. Even though this technology
is relatively complex due to the problems involved in mask stability coupled with
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producing and projecting heavy mass ions up to MeV energies, a creditable 300 nm
resolution has been reached in initial tests.

3. Applications

The three ion beam processes are complementary and potentially cover a wide vari-
ety of application areas. The technical maturity and commercial availability of FIB
has meant that the majority of ion beam applications to date have been carried out
in this area. The distinctive feature of FIB is that it is capable of machining any
material by surface erosion, and FIB has been widely applied to micro-technology
and metrology, where great success has already been achieved in semiconductor
failure analysis.9 p-beam writing is much faster, and because of its deep penetra-
tion and straight trajectories into resist materials, is ideally suited for producing
dimensionally accurate high aspect ratio 3D structures. However, with no commer-
cial p-beam writing instruments yet available, the application areas have not been
explored to the same extent as FIB. Both FIB and p-beam writing are eminently
suitable for producing structures of high aspect ratio (Fig. 5) with a high degree
of geometrical flexibility (Fig. 6), and being direct-write processes are very useful
for rapid prototyping. IPL on the other hand is a masked process, and therefore
is suitable for mass production, either for surface topographical patterning, or for
nontopographic modification of the working material. Similar to p-beam writing,
IPL is in its early developmental phase, and as such the application areas are mainly
limited to performance testing and prototype structuring.

3.1. Topographical patterning

Much of the recent work so far on topographical patterning has been carried out by
the well developed FIB technique, including patterning of diamond-like films,27,28

and fabrication of nanoscale titanium honeycomb arrays.29 FIB patterning coupled
with in-situ etching,30 fabrication of ordered nanochannels in alumina by growth
guidance through FIB patterns,31 carbon nanopillars grown by FIB assisted chem-
ical vapor deposition (FIBCVD)32 indicate the wide variety of applications in this
area of nanotechnology. FIB has also been used in the fabrication of 3D stamps
in silicon for micro-contact printing,33–35 and micromolds and intricate 3D shapes
in diamond-like-carbon have also been fabricated using FIBCVD.13–15 Interesting
applications using p-beam writing and FIB fabrication of micro and nanoscale 3D
confinement environments for cells36 and single molecule studies37 have extended
the use of topographical patterning into the biomedical field.

3.2. Surface patterning through ion beam modification

of surface properties

In addition to surface sputtering, heavy ions such as Ga+ can also cause atom
intermixing and chemical disruption of the surface or subsurface. This effect can be
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used to alter localized magnetic properties in a wide variety of magnetic materials
for magnetic storage applications,20–24,38–43 alter surfaces for self-assembled island
nucleation through induction of defects,44 produce oriented nanocrystals in amor-
phous alloys45 and create ion induced localized surface amorphization.46 Recent
work using p-beam writing on carbon substrates has indicated that a high energy
proton beam can also leave a trail of magnetic ordering due to hydrogen induced
ferri-magnetism.47

3.3. 3D patterning for optical and micro-photonic applications

The ability of FIB and p-beam writing to construct 3D structures of flexible geom-
etry allows the rapid fabrication of micro-photonic components and systems. Both
p-beam writing and FIB have been used to fabricate multiple lens arrays,48–50 and
waveguides of precise geometry coupled with low transmission loss51 have been fab-
ricated by p-beam writing using the negative resist SU8. Fabricating scaffolds of
precise geometry for photonic band gap materials lends itself to techniques which
can fabricate 3D structures in a precise manner, and both FIB and p-beam writing
have the capability of fabricating these types of structures.48,52–56 In particular,
in an excellent demonstration of 3D micromachining (see Fig. 8), near infrared

Fig. 8. Yablonovite-like crystal obtained by ion milling.52 The milled surface corresponds to the
(111) plane of the photonic crystal. The rectangular section on the sample side shows 25 periods
in width and five periods in height. The FIB etching directions are indicated by arrows A and B.
Some residual glue used for sample fixing can be seen on the sample sides.
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three-dimensional Yablonovite-like photonic crystals have been fabricated using FIB
etching of porous silicon.52 Here potential problems of sputtered material clogging
up machined channels are alleviated due to the dispersal of the sputtered material in
the porous silicon pores, thereby leading to high aspect ratios. In a further recent
development, the CIBA group in Singapore have extended their work on proton
beam micromachining of semiconductors to studying patterned porous silicon.53

Proton beam writing in silicon results in damage to the irradiated regions. Dur-
ing a subsequent electrochemical etch, the resulting porous silicon is formed at
different rates and with different porosity in the damaged regions. Since porous
silicon comprises an interconnected network of nanometer size silicon regions, the
energy band gap within porous silicon is larger than that in bulk silicon owing to
quantum confinement of the electron wavefunction, enabling the emission of visible
light. The resultant photoluminescence intensity is proportional to the irradiated
dose, being more intense where the dose is greatest. Figure 9 shows an example of

Fig. 9. Proton beam irradiation induced photoluminescence.53 Photoluminescence (PL) image of
a 0.02Ohm.cm p-type silicon wafer which has been proton beam irradiated with different doses
in a grid type pattern. Ion beam irradiation results in damage to the irradiated regions of the
semiconductor, which results in porous silicon being formed at different rates and with different
porosity when electrochemically etched. The resultant PL intensity is proportional to the irradiated
dose, being more intense where the dose is greatest.
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this proton-induced luminescence, where orthogonal lines have been irradiated with
different proton doses, in a checkerboard pattern. For optoelectronic applications
such as full-color display and optical interconnection, this process could provide
tunable controlled light emission from adjacent, micron size areas of porous silicon
with utilizable efficiency across the whole visible light range. Finally, the fabrica-
tion of high resolution diffractive optics48,57–59 represents a growing interest in the
application of ion beam fabrication techniques in the micro-photonics field.

3.4. Rapid prototyping and one-off components

As would be expected of the direct-write ion beam techniques where prefabricated
masks are not required, the ability to rapidly fabricate prototypes is an area of
high potential. FIB fabricated diamond and tungsten carbide microtools have been
made in a variety of shapes that cannot be produced using conventional grind-
ing and polishing techniques, e.g., microtools exhibiting triangular, rectangular or
trapezoidal features.60 These tools, which can be fabricated with dimensions in the
15–100µm range, have been shown to have a radius of curvature cutting edge down
to 40 nm (see for example Fig. 6(a)). Nanoscale planar superconductor–insulator–
superconductor Josephson junctions61,62 and a directly coupled superconducting
quantum interference device (SQUID) magnetometer fabricated in magnesium
diboride have been made using FIB.63 In an interesting project involving the fabri-
cation of devices for direct magnetic imaging, bismuth nano-Hall probes have been
manufactured,64 again using FIB. Other examples include the FIB fabrication of
submicron cantilevers,65 aperture probes for near-field optical microscopy,66 and
magnetic recording devices.67

In a new approach to producing high density storage devices, FIB has been
used to nano-engrave a 2D array of defects in highly orientated pyrolitic graphite
(HOPG). These defects, which can take the form of nanoholes or nanobumps, etc,
can then act as traps for gold nanoclusters which have been preformed in the gas
phase, thereby creating a high density pattern of quantum dots on the HOPG68

compatible with TBit per cm2 storage. Similarly, FIB implantation of micron-wide
crossed p- and n-doped stripes into a pin-diode has resulted in good quality quantum
dots being produced between the stripes, resulting in a micro-led array.69

A recent and a novel technique for the development of prototype quantum
computers is the implantation of individual 31P atoms in a solid matrix,70,71

where various information extraction techniques have been proposed to address
and manipulate the electrons and/or nuclear spins of adjacent implanted atoms.

4. Discussion and Outlook

FIB, p-beam writing and IPL can now attain sub-100nm resolutions, and therefore
must be serious contenders to play a major role in the next generation lithogra-
phies. The interesting feature of all these ion-based technologies is that diffraction
problems are currently not an issue, and there is no fundamental diffraction limit
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to hinder further development. For cheap and competitive mass production, IPL
follows the traditional lines of lithography, utilizing large area masks through which
a pattern is replicated in resist material or which are used to locally modify the
near-surface properties. In IPL, the complete absence of diffraction effects coupled
with ability to tailor the depth of ion penetration to suit the resist thickness or
the depth of modification, are prime characteristics of this technique, as is the abil-
ity to pattern a large area in a single brief irradiation exposure without any wet
processing steps.

One of Moore’s corollaries to his now famous law suggests that the cost of man-
ufacturing technology increases geometrically with time. The increased technical
complexities and predicted increased cost of producing smaller feature sizes may
call into question the traditional role of masked processes as the universal method of
mass production. In particular, the advent of MEMS, nanophotonics, nanomagnet-
ics, molecular nanotechnology devices and lab-on-a-chip systems, may benefit from
radical new departures from established technologies. The direct-write processes,
which for a long time have been considered too slow for mass production, may have
some distinct advantages when used in combination with nanoimprinting.31–34,72,73

Nanoimprinting technology (NIL) relies on the multiple transfer of a pattern into a
substrate, and has high potential as a fast and cost effective solution of producing
sub-100nm features. This prime feature has been recognized in the latest Inter-
national Technology Roadmap for Semiconductors 2003 Edition,74 where imprint
lithography has for the first time been added to the potential list of next generation
lithographies, and direct-write techniques have been mentioned as possible avenues
of high potential “Direct-write lithography has been applied to niche applications
in development and low volume ASIC production, but its role could be expanded.
Breakthroughs in direct-write technologies that achieve high throughput will be a
significant paradigm shift. It will eliminate the need for masks, offering inherent
cost and cycle-time reduction”.

The success of nanoimprint lithography depends crucially on the quality of
stamps that can be fabricated, and the use of ions have distinct advantages in
this respect. FIB can produce master stamps in any material, and p-beam writing
is ideal for producing high aspect ratio metallic stamps of precise geometry.75 The
transfer of large scale patterns using nanoimprinting represents a technique of high
potential for the mass production of a new generation of high area, high density,
low dimensional structures.

Finally, the unique properties of ions could also prove to be a useful adjunct to
other developing lithographies. It is generally recognized that the development of
conventional lithography below 100nm requires improvements in mask technology.
p-beam writing, which has the ability to construct sub-100nm high aspect ratio
structures, is ideally suited for advanced mask fabrication where relatively thick or
robust masks are required (e.g., X-ray or Ion Beam Projection lithography). There is
also an increasing interest in the use of STM/AFM tips for nanolithography, through
the deposition and positioning of atoms or molecular clusters.76 The flexibility of
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p-beam writing for the fabrication of multiple tip assemblies in silicon for parallel
writing could prove to be a very interesting development (Fig. 7).

In conclusion, the ion beam techniques FIB, p-beam writing, and IPL, offer a
wide range of complementary techniques for the efficient production of sub-100nm
features and patterns. These techniques are in an ideal position to play a role in the
next generation lithographies; IPL as a masked technique for bulk production, and
FIB and p-beam writing as direct-write techniques with high potential for rapid
prototyping and in the fabrication of precision stamps for nanoimprint lithography.
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