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1.1
Introduction

The top-down approach to nanofahcation involves the creation of
nanostructures from a large parent entity. This type of fabrication is based on
a number of tools and methodologies which consist of three major steps:

1) The deposition of thin Ims/coatings on a substrate.
2) Obtaining the desired shapes via photolithography.
3) Pattern transfer using either a lift-off process or selective etching of thiens

Compared with general chemical fabrication and processing methods, top-down
fabrication techniques for the creation of nanostructures are derived mainly from the
techniques applied for the fabrication of microstructures in the semiconductor
industry. In particular, the fundamentals and basic approaches are mostly based on
micro-fabrications. In this chapter, methods of top-down nanofabrication will be
discussed, with attention being focused primarily on methods of lithography,
especially optical, electron-beam, X-ray and focused ion beam lithography. A brief
introduction will also be provided on how to create nanostructures using various
methods of thin Im deposition and etching materials. Finally, the methods for
pattern transfer through etching and lift-off techniques will be discussed.

In the past, top-down fabrication techniques have represented an effective
approach for nanostructures and, when complemented with bottom-up approaches
during the past few decades, have led to amazing progress having been made with
a variety of nanostructures. The traditional top-down technology used to create
nanostructures and nanopatterns is discussed in the following sections.

1.2
Lithography

Lithography, which is also often referred to as photoengraving, was invented in
1798 in Germany by Alois Senefelder. It is the process of deng useful shapes on
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described according to the following sequence of steps: (i) the material to be
deposited is converted into a vapor by physical means; (i) the vapor is transported
across a region of low pressure from its source to the substrate; and (iii) the vapor
undergoes condensation on the substrate to form the thinm. Typically, PVD
processes are used to deposims with thicknesses in the range of a few nanometers
to thousands of nanometers. However, they can also be used to form multilayer
coatings, graded composition deposits, very thick deposits, and freestanding
structures.

PVD thin Im technology covers a rather broad range of deposition techniques,
including electron-beam or hot-boat evaporation, reactive evaporation, and ion
plating. PVD techniques also include processes based on sputtering, whether by
plasma or by an ion beam of some sort. PVD is also used to describe the deposition
from arc sources which may or may not beltered. In general, the methods can be
divided into two groups, namelgvaporation andsputtering. Evaporation refers to thin

Ims being deposited by thermal means, whereas in sputtering mode the atoms or
molecules are dislodged from the solid target through the impact of gaseous ions
(plasma). Both methods have been further developed into a number of speci
techniques.

1.3.2.1 Vacuum Evaporation

The formation of thin Ims by evaporation was rst recognized about 150 years
ago [75], and has since acquired a wide range of applications, notably in the pi@gt
years since industrial-scale vacuum techniques were developed [76]. Many excellent
books and reviews have been produced describing evaporatias [77]. Vacuum
evaporation (or vacuum deposition) is a PVD process in which the atoms or
molecules from a thermal vaporization source reach the substrate without colliding
with residual gas molecules in the deposition chamber. Vacuum deposition normally
requires a vacuum of better than 10" Torr; however, even at such low pressure there
will still be a large amount of concurrentimpingement on the substrate by potentially
undesirable residual gases that can contaminate thin. If Im contamination is
problematic, a high (107 Torr) or ultrahigh (< 10 ° Torr) vacuum environment can

be used to produce alm with the desired purity, depending on the deposition rate,
the reactivities of the residual gases and the depositing species, and the tolerable
impurity level in the deposit. The evaporation of elemental metals is fairly straight-
forward: heated metals have high vapor pressures, and in a high vacuum (HV) the
evaporated atoms will be transported to the substrate. A schematic image of a typical
evaporation system is shown in Figure 1.13.

A typical evaporation system will consist of an evaporation source to vaporize the
desired material, and a substrate located at an appropriate distance, facing the
evaporation source. Both, the source and the substrate, are located in a vacuum
chamber.

The saturation or equilibrium vapor pressure of a material is daed as the vapor
pressure of that material in equilibrium with the solid or liquid surface, in a closed
container. At equilibrium, as many atoms return to the surface as leave the surface,
such that the equilibrium vapor pressure of an element can be estimated as:
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Figure 1.13  Schematic image of a typical evaporation system.
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where DH; is the molar heat of evaporationR is the gas constant,T is the
temperature, andC is a constant.

Although most elements vaporize as atoms, somesuch as Sb, Sn, C, and Se
have a signi cant portion of the vaporized species as clusters of atoms. For materials
which evaporate as clusters, special vaporization sources (caiftt sources) can be
used to ensure that the depositing vapor is in the form of atoms. The evaporation of
compounds is more complicated, as compounds may undergo chemical reactions
such as pyrolysis, decomposition and dissociation, and the resultant vapor compo-
sition may often differ from the source composition during evaporation at elevated
temperatures. It should be noted that, as a material is heated, thiet components to
be volatilized are the high-vapor-pressure surface contaminates, absorbed gases, and
high-vapor-pressure impurities.

A material vaporizes freely from a surface when the vaporized material leaves the
surface with no collisions above the surface. The free surface vaporization rate is
proportional to the vapor pressure, and is given by the HerAgnudsen vaporization
equation [78, 79]:

dN Y%C® pkab} & pbs !t

dt 2

wheredN is the number of evaporating atoms per cfrof surface areaC is a constant
that depends on the rotational degrees of freedom in the liquid and the vapoiis the

vapor pressure of the material at temperatufe p is the pressure of the vapor above
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Figure 1.16 Schematic diagram of the principles of (a) direct current (DC) and (b) radiofrequency
(RF) sputtering systems.

a negative potential with respect to the plasma. At higher pressures, the ions suffer
physical collisions and charge-exchange collisions, so that there is a spectrum of
energies of the ions and neutrals bombarding the target surface. Atlow pressures, the
ions reach the target surface with an energy which is given by the potential drop
between the surface and the point in the electriceld where the ion is formed. In
vacuum-based sputtering, however, an ion or plasma beam is formed in a separate
ionization source, accelerated, and then extracted into a processing chamber which is
maintained under good vacuum conditions. In this process, the mean bombarding
energy is generally higher than in the plasma-based bombardment, and theagted
high-energy neutrals are more energetic.

Sputter deposition could be used to depositms of elemental materials, and also
to deposit alloy Ims and maintain the composition of the target material. This is
possible by virtue of the fact that the material is removed from the target in a layer-by-
layer fashion, which is one of the main advantages of the process. This allows the
deposition of some rather complex alloys such as W: Ti for semiconductor metal-
lization [90], Al: Si: Cu for semiconductor metallization [91], and Met&r-Al-Y
alloys for aircraft turbine blade coatings.

The deposition of Ims of compound materials by sputtering can be achieved
either by sputtering from a compound target, or by sputtering from an elemental
targetin apartial pressure of areactive gas (i.e., reactive sputter deposition ). Inmost
cases, the sputter deposition of a compound material from a compound target results
in a loss of some of the more volatile material (e.g., oxygen from Sj(however, this
loss is often made up by deposition in an ambient containing a partial pressure of the
reactive gas- a process known as quasi-reactive sputter deposition. In the latter
case, the partial pressure of reactive gas that is needed is less than that used for
reactive sputter deposition.
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The advantages of sputter deposition include:

Any material can be sputtered and deposited, including elements, alloys, or
compounds.

The sputtering target provides a stable, long-lived vaporization source.
Vaporization is from a solid surface and can occur up, down, or sideways.
Insome con gurations, the sputtering target can provide alarge-area vaporization
source.

In some con gurations, the sputtering target can provide sped vaporization
geometries, forexample, aline source from a planar magnetron sputtering source.
The sputtering target can be made conformal to a substrate surface, such as a cone
or sphere.

Sputtering conditions can easily be reproduced from run to-run.

There is little radiant heating in the system compared to vacuum evaporation.
In a reactive deposition, the reactive species can be activated in a plasma.
When using chemical vapor precursors, the molecules can be either fully or
partially dissociated in the plasma.

The utilization of sputtered material can be high.

In situ surface preparation is easily incorporated into the processing.

1.3.3
Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a method of forming a thin solidim on a
substrate by the reaction of vapor-phashemicals which contain the required
constituents. The decomposition of source gases is induced by various energy
forms such as chemical, thermal, plasma or photon, and reacted on and/or above
the temperature-controlled surface to form the thinlm. Thermal CVD is the
deposition of atoms or molecules by the high-temperature (range from 300 to
900 C) reduction or decomposition of chemical vapor precursor species which
contain the material to be deposited [994]. Normally, the reduction is accom-
plished by hydrogen at an elevated temperature, while the decomposition is
accomplished by thermal activation. The deposited material may react with other
gaseous species in the system to produce compounds (e.g., oxides, nitrides). In
general, CVD processing is accompanied by volatile reaction byproducts and
unused precursor species. The CVD prosg has been studied extensively and is
very well documented [9597], largely due to the close association with solid-state
microelectronics.

In CVD the source materials are brought in a gas phasew into the vicinity of the
substrate, where they decompose and react to deposit the onto the substrate. Any
gaseous byproducts are then pumped away, as shown schematically in Figure 1.17.

The CVD process can be generalized in a sequence of steps:

Reactants are introduced into reactor;
The gas species are activated and/or dissociated by mixing, heat, plasma or other
means.
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Figure 1.17 The chemical vapor deposition deposit film on the substrate. Both, gas-phase
(CVD) process. The source materials are transport and surface chemical reactions are
brought in gas phase flow into the vicinity of the  important for film deposition.

substrate, where they decompose and react to

The reactive species are adsorbed on the substrate surface.

The adsorbed species undergo chemical reaction or react with other incoming
species to form a solid Im.

The reaction byproducts are desorbed from the substrate surface.

The reaction byproduct is removed from the reactor.

Due to the versatile nature of CVD, the number of potential chemistries leading to
the commonly used Imsis huge; details of those chemistries that have been, and still
are, widely used are listed in Table 1.2. The gas-phase (homogeneous) reactions and
surface (heterogeneous) reactions are intricately mixed, but with increasing temper-
ature and partial pressure of the reactants the gas-phase reactions will become
progressively more important. Extremely high concentrations of the reactants will
cause the gas-phase reactions to become predominant, resulting in homogeneous
nucleation. The wide variety of chemical reactions involved can be grouped into:
pyrolysis; reduction; oxidation; compound formation; disproportionation; and revers-
ible transfer, depending onthe precursors used and the deposition conditions applied.

1.3.3.1 Reaction Kinetics
CVD is a nonequilibrium process that is controlled by chemical kinetics and
transport phenomena, with the reaction rates obeying Arrhenius behavior. In case
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chemicals, or by dry etching in a vacuum system with the assistance of ions formed by
an electrical discharge in a gas. Although the resist pattern can always be removed if
found to be faulty on inspection, once the pattern has been transferred onto a solid
material by etching, then any reworking is much more difcult, and often impossible.

1.4.1
Etch

Etching is the process of removing regions of the underlying material that are no
longer protected by photoresist after development. There are two major types of
etching: wet etching and dry etching.

1.4.1.1 Wet Etching

In wet etching, liquid chemicals or etchants are used to remove materials from the
wafer, during which time the substrates are immersed in a reactive solution (etchant).
Asthe layerto beremovedis etched away by chemical reaction or by dissolution, the
reaction products must be soluble so that they can be carried away by the etchant
solution.

Abasic wet etching process may be broken down into three basic steps: (i) diffusion
of the etchant to the surface for removal; (ii) reaction between the etchant and the
material being removed; and (iii) diffusion of the reaction byproducts from the
reacted surface. The mechanisms fall into two major categories:

metal etching (electron transfer):
M3&b! M"P dage pne

insulator etching (aciebase reaction):
SiO, p 6HF! H,SiOR; dagp p2H,0

Wet etching has found widespread use because of its special advantages of: (i) low
cost; (ii) high reliability; (i) high throughput; (iv) excellent selectivity in most cases
with respect to both mask and substrate materials; (v) greater ease of use; (vi) higher
reproducibility; and (vii) better ef ciency in the use of etchants. Many of the materials
used in microelectronics can be etched using wet etching methods.

Silicon Dioxide Etch HF-based etchants are widely used for etching silicon dioxide;
hence, for pure HF-etching the overall reaction could be described as [124, 125]:

SiO,p 6HF! Hy,p SiFsp 2H,0:

Here, a 5: 1 buffered hydrouoric acid (BHF) solution (also known as buffered
oxide etch, BOE) is a commonly used Sj@tchant formulation, and the reaction
involved in the process is:

SiO, b 4HF b 2NH4F!8 NH4BSiFsp 2H,0
SiO,p 3HF, p HP I SiF2 p 2H,0:
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is, it only etches away materials that are not covered by mask material (and are
therefore exposed to its etching species), while leaving areas covered by the masks
almost (but not perfectly) intact. These masks were previously deposited on the wafer
using a wafer fabrication step known as lithography.

Dry etching may be accomplished by any of the following: (i) through chemical
reactions that consume the material, using chemically reactive gases or plasma; (ii)
by physical removal of the material, usually by momentum transfer; or (iii) by
a combination of both physical removal and chemical reactions.

In a plasma discharge, a number of different mechanisms for gas-phase reactions
are operative. Discharge generates both ions and excited neutrals, and both are
important for etching.

lonization: e p Ar! 2e p ArP
Excitation: e p O;! e p O,
Dissociation: e p SK! e p Sk p F

Silicon Dioxide Etch  Fluorocarbor-Plasma (Cz p CHF3 b He) is used for silicon
dioxide dry etching. In this case, it appears that the CRx 3) radicals are
chemisorbed onto the SiQ and become dissociated; the radicals then supply
carbon to form CO, CQ, and COR gases from the oxygen in thelm. They also
supply uorine to form SiF, gas [141]. The overall reactions that occur are as
followings [124]:

3Si0,p 4CF;! 2COp CO; P 3SiF

SiO;p 2CHF,! 2COp H,p SiFs

Plasma HF-vapor is another method using for the dry etching of silicon dioxide.

As with liquid-based HF etches, the HF vapor etches silicon dioxide and has been
used to remove native oxide from silicon before the growth of epitaxial silicon and
other processes, such as the XgEtching of silicon. In the process, the HFHO
vapor condenses into droplets on the surfaces of the oxide samples during a 1-minute
etch, such that a faster etching is caused where the droplets had formed. The related
reaction in this process is [142]:

SiO,p 4HF! SiF4p H0:

Silicon Etch  Fluorine-, chlorine-, and bromine-based processes represent standards
for silicon etching, and result in reaction products of Sif SiCl, and SiB,
respectively. Fluorine-based processes are safer to use, but are seldom fully aniso-
tropic, while chlorine-based processes result in vertical sidewalls inherently (the
same applies to bromine-based processes). Importantly, both chlorine and bromine
are highly toxic, and it is essential that the equipment used for Qir HBr etching

must be equipped with a loadlock.






