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polishing the surface of a rotating wafer with counter-rotating felt pads
soaked with especially loaded slurries. Like dry etching, CMP too is a
synergistic process where both chemical and physical abrasion effects
are involved in removing material from the surface of a wafer. Unlike
dry etching, however, CMP operates to remove material from all over the
wafer with protruding points experiencing a faster removal rate than
other locations. This way, the wafer gets increasingly planarised with the
passage of time. Different slurry mixes and different slurry
concentrations could be used to customise the process to satisfy different
planarisation requirements. Slurry mixes often contain an oxidising agent
to oxidise the material that needs to be removed and an abrasive agent,
such as silica particles, to remove the oxidised material through a
mechanical grinding action. With proper wafer balancing on the CMP
platen, even dies close to the wafer edge can be planarised thus lifting the
overall yield. Being a ‘dirty’ process, CMP is usually carried out in a
different part of the fab than the rest of the wafer foundry. A thorough
cleaning is needed after the process in order to remove all traces of slurry
particles and abraded wafer material. This process is capable of
achieving astonishing across-the-wafer planarisation — values of 10
nanometre RMS flatness being quite common. The following process
could then start from a flat wafer — with consequent gains in
photolithography latitude. CMP is one example of a radical process that
has made complex IC fabrication possible. Figure 1.8 here shows a
planarised wafer ready for subsequent processing.

Figure 1.8 Mirror-like surface of a post-CMP wafer.
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Advances in virtually all aspects of chip manufacturing has helped
keep the semiconductor industry remain profitable over the years. While
lithography, dry etching and CMP have received the most coverage,
other processes — both fabrication and metrological had to be tweaked to
keep to the semiconductor industry roadmap. There have been advances
in ion implantation, rapid thermal processing, deposition of dielectric
layers, monitoring of on-wafer particulates, wet cleaning of sub-micron
features and measurement of ultra-thin film thicknesses, to name a few.
Most of these enhanced processes are developed by tool manufacturers
and supplied to chip manufacturers as comprehensive tool/process
packages. Major foundry-owning chip manufacturers do perform their
own technology development research, however, much of that is focused
at process integration rather than the development of individual process
modules.

While device fabrication tools and techniques play central roles in
the production of commercial semiconductor chips, the industry will not
be able to function without the existence of equally complex process
monitoring and diagnostic tools. In order to maintain acceptable die
yields, the many dozens of individual processes that constitute an IC
process flow have to be diligently monitored. Typically, every major
process is paired with a suitable process characterization step. Thus, for
example, etches may be monitored by Atomic Force Microscopy (AFM)
and thermal silicon oxide growth may be monitored by ellipsometry.
There are also machine vision-based optical inspection and scanning
electron microscopy-based inspection tools that verify pattern fidelity
after each lithography step to make sure that all expected features are in
their right places. Typically, such tools are loaded with a master pattern
file and acceptable tolerance information and then they scan either all
wafers passing through certain processing steps or a selection of random
wafers. Departure from statistical tolerance levels is then flagged by the
equipment and is transmitted to production control systems. Similar tools
are also employed to monitor the distribution of particulate debris
emanating from etching and deposition processes. The resolution of these
systems has increased dramatically in recent years to keep pace with
miniaturization trends. Results from such inspections come in useful
when chip yields are being improved or process failures are being
addressed. In many cases, timely intervention can avert a potentially
catastrophic manufacturing problem. Figure 1.9 shows a multifunction
optical metrology tool from Zygo Corporation that can measure critical
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Figure 1.9 A multifunction optical metrology tool (Courtesy: Zygo Corporation).

3-dimensional features on production wafers for highly reliable process
control.

In the next few years we are going to see further advances in
miniaturization. These will be driven both by improvements in existing
processes and by the development of radical new technologies. When
combined with better circuit designs and the use of such new
technologies as chip stacking, we shall witness new generation of
increasingly sophisticated ICs whose power could not even be imagined
a few years ago.

By the third decade of this century semiconductor industry as we
know it today will no longer exist. Its demise will be brought about by
fundamental limitations of the same physics and materials science that
have been so successfully exploited throughout its evolution. Once
device dimensions get around 10 nm the physics of their operation
changes drastically. Ballistic carrier transport and quantum mechanical
effects such as carrier tunneling become increasingly important.
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Statistical fluctuations in parameters such as channel doping —
unimportant for larger devices — assume increased significance. Current
leakage through extremely thin gate dielectrics begin to seriously affect
device performance. These and other effects will combine to herald the
end of the Complementary Metal Oxide Semiconductor (CMOS) era in
its present form. Novel device architectures and fundamentally new
device operating principles will have to be explored for the post-CMOS
era. While we don’t know what form these new technologies will take,
we do know that at least some of them will be the derivatives of present
day research into nanostructures — both electronic and photonic.
Contemporary nanotechnology research is throwing a lot of light on the
behaviour of both matter and structures at the smallest scales possible.
Science carried out at the nanometer scale is fundamental because here
we come face to face with the graininess of matter itself. Structures
smaller than 100 nm in any dimension possess only a few dozen atoms in
that dimension and can display behaviour that is far removed from what
is seen in larger structures. A lot of what is going on in current
nanotechnology research is the investigation of this novel behaviour. On
another front, new nanometer scale fabrication technologies are being
developed. Some like advanced photolithography are extensions of well
established techniques whereas others such as nanoimprint lithography
are relatively recent developments. Both fundamental research at the
nano scale and the development of nanoscale fabrication techniques are
essential for exploring possibilities for future technology choices.

Matter can be structured on the very small scale by a number of
techniques that depend on the particular direction in which the
structuring takes place. Vertical layers can be very precisely placed by a
variety of epitaxial and non-epitaxial growth techniques. Both Chemical
Vapour Deposition (CVD) and Physical Vapour Deposition (PVD)
processes are employed for this purpose. Molecular beam techniques
such as Molecular Beam Epitaxy (MBE) are especially powerful non-
equilibrium growth techniques that are capable of producing epitaxial
growth on appropriate substrates to the accuracy of just a single
monolayer of atoms. Its CVD analogue — Metal Organic Chemical
Vapour Deposition (MOCVD) which also goes by the name of Metal
Organic Molecular Beam Epitaxy (MOMBE) is now the standard
industrial process for growing layered compound semiconductor
structures for devices such as semiconductor lasers, LEDs and
transistors. Computer controlled growth sequencing in MBE and
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MOCVD allows very complex heterostructures to be grown with very
high repeatability. Lateral structures are not as easy to form and require
elaborate lithographic processes. While high resolution photolithography,
as described earlier, is capable of routinely patterning sub-100 nm
features the most widely used technique for research purposes is electron
beam lithography, also referred to as e-beam lithography.

Electron beam lithography that was developed in the nineteen fifties
and sixties into an extremely high resolution patterning technique has
remained the ultimate nano-patterning technology. Its conceptual
simplicity combined with impressive capability has made it the favourite
of researchers all over the world. The technique itself developed directly
from Scanning Electron Microscope (SEM) technology. Thus it uses
much of the same hardware and indeed SEMs could be modified fairly
easily to convert them into e-beam lithography tools. The main
modification that is needed is the addition of a beam blanker to the
electron beam column that can switch the beam on or off as needed.
Figure 1.10 shows an electron beam lithography system within a clean
room environment.

Figure 1.10 An electron beam lithography system inside a clean room environment.
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The idea behind electron beam lithography is quite simple: a beam
of electrons accelerated to around 50 keV is made to impinge on a resist
coated sample held on a stage in vacuum. The special resist responds to
the electron bombardment in one of two ways. Either the resist gets
cleared from the exposed locations after a subsequent development step
or it is cleared from areas that were not exposed to electrons. The former
are positive tone resists whereas the latter are negative tone resists.
Polymethyl Methacrylate (PMMA) is the most widely used positive tone
e-beam resist. Electron bombardment causes PMMA molecular chains to
fragment into shorter chains in a process called ‘chain scission’. The
shorter chains are very much more soluble in organic solvents used as
developers. Methyl isobutyl ketone (MIBK) is a widely used developer
(in practice it is usually diluted with isopropyl alcohol). It should be
mentioned here that at very high dosage of electron beam exposure
PMMA cross-links to form an extremely high molecular weight resin
that is almost completely insoluble in organic solvents. Thus at high
exposure doses PMMA acts as a negative tone resist. However, as the
cross-linked resist gels when soaked in solvents so used in this fashion
PMMA provides much inferior resolution and is, therefore, seldom used
as a negative tone resist. Until recently PMMA was the highest
resolution positive tone resist known. Its sensitivity depends on its
molecular weight distribution with high molecular weight dominant
samples being less sensitive than low molecular weight samples. This
and other e-beam resists are coated onto substrates using a spin coater
and then baked at around 90°C to remove any solvent trapped in the
resist film. During the lithography process PMMA is exposed not only
by the incident electron beam but also by electrons that are backscattered
from the substrate. The higher the mean atomic weight of the substrate
material the higher is this secondary exposure which serves to spoil the
achievable resolution somewhat. Very closely spaced features are the
ones that are most affected by this ‘proximity effect’. Both experimental
techniques and electron beam dose correction algorithms have been
developed to reduce the impact of proximity effect on lithographed
patterns. Higher electron beam accelerating voltages move the maximum
scattering zone to deeper inside the substrate and thus reduce proximity
effect. Thin resist and substrate layers, where practicable, are also
effective in reducing proximity exposure. Modern state-of-the-art e-beam
lithography tools can write structures less than 10 nm wide and several
microns long over a one square millimeter field. A commercial electron
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beam lithography system capable of directly writing features narrower
than 10 nm is shown in Figure 1.11 here.

Figure 1.11 A high resolution electron beam lithography system (Courtesy: Raith GmbH).

The dynamics of electron beam scattering leads to a pattern of resist
exposure that results in an undercut profile. This is opposite to what
happens in photolithography. An undercut resist profile makes it easier to
pattern material through additive i.e. post lithography blanket deposition
processes. This is a very significant advantage of e-beam lithography that
enables the fabrication of ultra-small metal structures. On the other hand,
PMMA does not perform so well when it comes to subtractive patterning
processes because of its rather limited resistance to dry etch ambients.
Acrylic polymers are easily attacked by reactive species in dry etching
plasmas. As stated earlier, photoresists based on novolac resins that are
based on aromatic hydrocarbons are comparatively much more resistant
to dry etching plasmas. Presence of aromatic ring groups confers dry etch
resistance to resists, whether optical or electron beam. Another class of
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resists that is now widely used for e-beam lithography is based on
poly(silsesquioxane) organo-silicon materials such as Hydrogen
SilsesQuioxane (HSQ). In contrast to acrylic-based resists such as
PMMA, this is a negative tone resist. On electron beam exposure and
subsequent thermal treatment HSQ changes from a cage-network
combination structure to a completely network permeated structure of Si-
O bonds. This silicate material is hard and resistant to many chemicals
and consequently can be used as a good hard mask. Modern HSQ resists
have resolutions that are comparable to that of PMMA. Because these
resists also have good dry etch resistance so their use is growing rapidly
and within a few years they have replaced conventional acrylic resists for
many patterning processes.

While electron beam lithography is excellent for making one or a
few prototype devices it is not a suitable production tool for volume
manufacture. The benefits of e-beam lithography could be retained in a
commercial production environment through the use of contact pressure
stamping tools in a technique called Nano Imprint Lithography (NIL). At
first, the idea is similar to that of photolithography in that a volume
manufacturing patterning tool is made using e-beam lithography.
However, instead of an image in chrome, NIL makes use of a special
stamp that carries structures to be patterned as an image in relief. Once
such a stamp has been satisfactorily fabricated it could be used to stamp
patterns on special thermoplastic or thermosetting resins. The
topographical image in resist could subsequently be transferred to the
substrate using dry etch processes. Not being an optical technique, NIL
avoids the use of any radiation for imaging, although some variants do
use UV radiation for resist curing. Nano imprint lithography has been
shown to be capable of deep sub-100 nm resolution and is a serious
contender for the commercial production of a variety of nanostructures in
the near future. Nano imprinting is performed in several ways. An NIL
stamp in a hard material such as diamond-like carbon, quartz or silicon
carbide could be pressed on to a resist-covered substrate. Under the
influence of heat and pressure the resist cures and takes the inverse shape
of the NIL stamp. In another technique, a stamp is made on a UV
transparent material such as quartz and impressed on to a UV-curable
resist coated on top of a substrate. The arrangement is then illuminated
with UV radiation that passes through the stamp and cures the polymer
into a hardened, cross-linked state. All NIL processes create a relief
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image in speciality NIL resists. This image is subsequently transferred to
the substrate or a hard mask through a dry etch process.

Another optical lithographic technique that has found use in the
replication of strictly periodic patterns is interferometric lithography. The
idea here is to create a periodic pattern of electromagnetic standing
waves by making two coherent light beams, usually from a laser source,
interfere with each other. Coherency ensures that a stable fringe pattern
is formed. If the process is carried out on a photosensitive resist then the
pattern of interference fringes could be recorded in the resist material as
a real image. After development, this image could be transferred to the
substrate using usual dry etch processes.

While lithographic methods can be used to sculpt matter precisely
these begin to lose steam as patterned structures get smaller and smaller.
Lithography also gets progressively less useful as the number of
structures to be produced increases to billions or more at a time. When
occasion demands the replication of exceedingly large numbers of very
small structures then use is made of the so-called self-organization or
self-assembly techniques. These get their remarkable power from
stereochemical effects that are evident on the surfaces of textured
substrates and specifically-shaped molecules. DNA molecules have been
frequently used to compose intricate structures in the recent past and
other similar giant molecules have also been investigated in this role.
Self-organized structures are naturally less perfect than lithographed
structures but in situations where large numbers of identical structures is
the main requirement self-organization proves to be a very viable and
powerful technique. This is mainly because in such cases the
imperfections of individual structural elements get statistically evened
out. Often a combination of lithography and self-assembly can produce
desired structures that would be impossible to fabricate using just
lithography or self-assembly alone.

A combination of the nanostructuring processes and characterization
described above together with other similar fabrication technologies will
lead to advances in nanotechnology that will form the basis of
tomorrow’s commercial technologies. The rest of this book is comprised
of a selection of chapters adapted from published papers on
nanotechnology by a varied group of scientists and engineers in both
industry and the academia. These chapters are divided into two main
groups. The first set of nine chapters is mainly focused on applications
where electrons play a significant role. Whereas the next set of six

26



From Microstructures to Nanostructures

chapters deals mainly with optical themes. This collection is
representative of contemporary research in nanostructure science and
technology and illustrates the wide range of materials and processing
techniques that are under development for future applications in
electronic and photonic technologies.
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