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Abstract 

One-dimensional nanostructures have attracted significant attention in the last 
years, due to their potential in exhibiting new physical and chemical properties that could 
lead to novel devices in electronics, chemistry and biomedical applications. The objective 
of this project is to grow Nanowires of Silicon, analyze the growth pattern by employing 
various catalysts, and to characterize the nanowires formed by commonly used 
characterization techniques like Scanning and Transverse Electron Microscopy. The 
growth mechanism that is used here is the Vapour-Liquid-Solid (VLS) mechanism, where 
atoms from the precursor gas get adsorbed onto the nano-droplets of metal-substrate 
interface. Metallic catalysts play an important role in facilitating the growth of nanowires. A 
wide variety of catalysts are employed for the growth of Silicon Nanowires. Metallic thin 
films deposited using methods like Electron Beam Evaporation, Sputtering and Thermal 
Evaporation are discussed. Also, growth of Silicon Nanowires using Gold, Aluminium and 
Indium catalysts are highlighted. The process that is employed here to grow Silicon 
nanowires is the Plasma Enhanced Chemical Vapour Deposition. Characterization is done 
by the conventional SEM & TEM before and after the growth of nanowires. The formation 
of metallic nano-droplets by annealing the metallic layer and silicon nanowire growth are 
clearly shown in the SEM and TEM images. Applications of Silicon Nanowires in various 
fields, with Photo-voltaics sector as an application of primary importance, is highlighted.
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1. Introduction 

Semiconductor nanowires are semiconductor filamentary crystals, with diameters in the 
nanometer range. With respect to other nanostructures, they present several advantages, 
like a large surface-to-volume ratio, a relative ease of fabrication, a large variety of 
materials combinations and a large variety of potential novel properties available through 
the control of size and structure. Potential applications of Silicon Nanowires are found in 
fabrication of next-generation Photo-voltaic cells, Silicon Nanowire batteries and microchip 
fabrication industry is discussed in detail in Chapter 5. 

VLS mechanism is one of the most common methods of fabrication of Silicon 
Nanowires. Silane is used as the precursor gas. Metallic nano-particles assist the growth 
of Silicon Nanowires by adsorbing silicon atoms from the precursor gas until a super-
saturated solution is formed. These nano-droplets of metals are formed by annealing the 
deposited metallic layer at temperatures higher than eutectic temperature of the metal-
substrate alloy. Once the solution gets super-saturated, silicon atoms are forced to 
precipitate out of the solution and thus, pure crystalline silicon nanowires are formed. This 
process is called nucleation of Silicon Nanowires.

Here, this nucleation process is carried out by PECVD process, while the other 
processes include Chemical Vapour Deposition, Silicon Monoxide evaporation etc. PECVD 
has several advantages over ordinary thermal CVD processes, as the presence of plasma 
facilitates greater reaction rates, and lesser amounts of activation energy requirements. 
The energy of Plasma that is produced by ionizing the carrier gas atoms is made effective 
use of in this process, to activate the reactant gases and the surface. Silane (SiH4) is used 
as the precursor gas, from where Silicon atoms get adsorbed to the reactant surface. Thus 
experiments can be performed at relatively lower temperatures compared to Thermal 
Chemical Vapour Deposition technique. 
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2. Why Nano? 

Over the past decade,  nanomaterials  have been the subject of enormous interest. 
These materials, notable for their extremely small feature size, have the potential for wide-
ranging industrial, biomedical, and electronic applications. As a result of recent 
improvement in technologies to see and manipulate these materials, the nanomaterials 
field has seen a huge increase in funding from private enterprises and government, and 
academic researchers within the field have formed many partnerships.

Nanomaterials can be metals, ceramics, polymeric materials, or composite materials. 
Their defining characteristic is a very small feature size in the range of 
1-100nanometers (nm). The unit of nanometer derives its prefix nano from a Greek word 
meaning dwarf or extremely small. One nanometer spans 3-5 atoms lined up in a row. By 
comparison, the diameter of a human hair is about 5 orders of magnitude larger than a 
nanoscale particle. Nanomaterials are not simply another step in miniaturization, but a 
different arena entirely; the nano-world lies midway between the scale of atomic and 
quantum phenomena, and the scale of bulk materials. At the nanomaterial level, some 
material properties are affected by the laws of atomic physics, rather than behaving as 
traditional bulk materials do.

Although widespread interest in nanomaterials is recent, the concept was raised over 
40 years ago. Physicist Richard Feynman delivered a talk in 1959 entitled "There's Plenty 
of Room at the Bottom", in which he commented that there were no fundamental physical 
reasons that materials could not be fabricated by maneuvering individual atoms. 
Nanomaterials have actually been produced and used by humans for hundreds of years - 
the beautiful ruby red color of some glass is due to gold nanoparticles trapped in the glass 
matrix. The decorative glaze known as luster, found on some medieval pottery, contains 
metallic spherical nanoparticles dispersed in a complex way in the glaze, which give rise to 
its special optical properties. The techniques used to produce these materials were 
considered trade secrets at the time, and are not wholly understood even now.

Development of nanotechnology has been spurred by refinement of tools to see the 
nanoworld, such as more sophisticated electron microscopy and scanning tunneling 
microscopy. By 1990, scientists at IBM had managed to position individual xenon atoms on 
a nickel surface to spell out the company logo, using scanning tunneling microscopy 
probes, as a demonstration of the extraordinary new technology being developed. In the 
mid-1980s a new class of material - hollow carbon spheres - was discovered. These 
spheres were called buckyballs or fullerenes, in honor of architect and futurist Buckminster 
Fuller, who designed a geodesic dome with geometry similar to that found on the 
molecular level in fullerenes. The C60  (60 carbon atoms chemically bonded together in a 
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ball-shaped molecule) buckyballs inspired research that led to fabrication of carbon 
nanofibers, with diameters under 100 nm. In 1991 S. Iijima of NEC in Japan reported the 
first observation of carbon nanotubes1, which are now produced by a number of 
companies in commercial quantities. The world market for nanocomposites (one of many 
types of nanomaterials) grew to millions of pounds by 1999 and is still growing fast.

What makes these nanomaterials so different and so intriguing? Their extremely small 
feature size is of the same scale as the critical size for physical phenomena - for example, 
the radius of the tip of a crack in a material may be in the range 1-100 nm. The way a 
crack grows in a larger-scale, bulk material is likely to be different from crack propagation 
in a nanomaterial where crack and particle size are comparable. Fundamental electronic, 
magnetic, optical, chemical, and biological processes are also different at this level. Where 
proteins are 10-1000 nm in size, and cell walls 1-100 nm thick, their behavior on 
encountering a nanomaterial may be quite different from that seen in relation to larger-
scale materials. Nanocapsules and nanodevices may present new possibilities for drug 
delivery, gene therapy, and medical diagnostics.

Surfaces and interfaces are also important in explaining nanomaterial behavior. In bulk 
materials, only a relatively small percentage of atoms will be at or near a surface or 
interface (like a crystal grain boundary). In nanomaterials, the small feature size ensures 
that many atoms, perhaps half or more in some cases, will be near interfaces. Surface 
properties such as energy levels, electronic structure, and reactivity can be quite different 
from interior states, and give rise to quite different material properties.

Scientists have also examined the electrical properties of nanocomposites, with an eye 
to developing new conductive materials. The use of polymer-based nanocomposites has 
been expanded to anti-corrosion coatings on metals, and thin-film sensors. Their 
photoluminescence and other optical properties are being explored. Polymer-matrix 
nanocomposites can also be used to package films, an application which exploits their 
superior barrier properties and low permeability.

Although some nanomaterials require rather exotic approaches to synthesis and 
processing, many polymer-matrix nanocomposites can be prepared quite readily. Clay/
polymer nanocomposites have been made by subjecting a clay such as montmorillonite to 
ion exchange or other pretreatment, then mixing the particles with polymer melts. There 
are also a number of other ways to fabricate the materials, including reactive processes 
involving in situ polymerization. The low volume fraction of reinforcement particles allows 
the use of well-established and well-understood processing methods, such as extrusion 
and injection molding. Ease of processing and forming may be one explanation for the 
rapidly expanding applications of the materials. Automotive companies, in particular, have 

http://www.csa.com/discoveryguides/nano/overview.php#n1
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quickly adopted nanocomposites in large scale applications, including structural parts of 
vehicles.

The most energetic research probably concerns carbon nanotubes. Nanoparticles of 
carbon - rods, fibers, tubes with single walls or double walls, open or closed ends, and 
straight or spiral forms - have been synthesized in the past 10 years. There is good reason 
to devote so much effort to them: carbon nanotubes have been shown to have unique 
properties, stiffness and strength higher than any other material, for example, as well as 
extraordinary electronic properties. Carbon nanotubes are reported to be thermally stable 
in vacuum up to 2800 degrees Centigrade, to have a capacity to carry an electric current a 
thousand times better than copper wires, and to have twice the thermal conductivity of 
diamond (which is also a form of carbon). Carbon nanotubes are used as reinforcing 
particles in nanocomposites, but also have many other potential applications. They could 
be the basis for a new era of electronic devices smaller and more powerful than any 
previously envisioned. Nanocomputers based on carbon nanotubes have already been 
demonstrated.

Nanowires are considered as building blocks for the next generation of electronics, 
photonics, sensors and energy applications. One-dimensional nanostructures offer unique 
opportunities to control the density of states of semiconductors, and in turn their electronic 
and optical properties. Nanowires allow the growth of axial heterostructures without the 
constraints of lattice mismatch. This provides flexibility to create heterostructures of a 
broad range of materials and allows integration of compound semiconductor based 
optoelectronic devices with silicon based microelectronics. Elements tend to differ very 
much in their properties when they are sliced down to a size several times their regular 
operating dimensions. This change in properties of materials is attributed to a 
phenomenon called “Quantum-confinement”[2]. 

Bulk Semiconductors (as opposed to nano-structures) have fixed band-gap (or 
forbidden energy gap) between the valence and conduction bands. Because this gap is 
fixed and also because the size of the bulk semiconductor material is large enough, 
removing few atoms from the material does not affect the band-gap. The band-gap is a 
function of crystal size (and consequently, the no. of atoms) – greater the size of the 
crystal, smaller is the band-gap and vice-versa. Thus, in case of very small crystal 
dimensions (of the order of ‘nano-dots’), the band-gap becomes larger and the electrons in 
the valence band require extra energy to jump into the conduction band. This implies that, 
control of conductivity can be established with change in the dimensions of the crystal.

In case of nano-structures (1nm houses 5 atoms), a very minute dimensional 
change, or change in the no. of atoms, can cause larger variations in the band-gap. Thus, 
due to variable band-gap control, the light emitted by the electrons falling from the 
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conduction band to valence band, also differ in the energy levels, and hence, different 
colors of light are obtained when different dimensions of nano-dots (all in nano-scale only) 
are irradiated. 

Bulk Semiconductors are said to be ‘unconfined’, in the sense, the electron-hole 
pair separation (called the exciton pair radius) is much smaller than dimensions of the 
crystal, thus allowing excitons to extend to their natural limits. Whereas, in nano-structures 
like Quantum dots, the crystal size is of the order of, or smaller than exciton Bohr radius. 
Under this condition, the energy levels cease to be continuous and are discrete. That is, 
there is a very small but finite separation between each energy level. This condition is 
called Quantum Confinement.

Nanowires, in general, have two quantum confined directions and the remaining 
one direction is left free for electrical conduction. This enables Nanowires to be used for 
applications involving electrical conduction where ballistic transport rather than tunneling 
transport is employed. Ballistic transport implies greater electron Mobilities and hence 
greater rate of flow of charges, as the resistance offered to the path of charge flow, hitherto 
offered by electrons of other atoms themselves becomes negligible. Hence, reduced 
amounts of collisions occur and consequently, effective electron flow through the 
nanowires is facilitated. 
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3. Silicon 

Silicon is the 6th abundant element on earth, with Atomic No: 14, Mass No: 28. As a 
metalloid, it exhibits characteristics of both metals and non-metals under diff temperatures 
& pressures. A typical Silicon atom has 4 valence electrons in its outermost orbit, capable 
of forming co-valent bonds with other non-metals and/or electronegative elements. Thus, 
pure silicon is an insulator as all the free electrons are involved in bond formation and 
there aren’t free electrons available to conduct electricity. Pure Si behaves as a conductor 
only at 700K. But, in the presence of p or n type impurities (eg. Boron & Phosphorous), 
they become good conductors of electricity even at room temperature. [3]

Silicon lies below Carbon (C6) in the periodic table and hence, the crystal structure of 
Si resembles very much, the crystal structure of Diamond, an allotrope of Carbon. Thus, 
an array of Si is formed. Impurities added can make the hole or the electron move around 
this entire crystal lattice.

Thus, Silicon is preferred for its 'semiconducting' ability to make Integrated Circuits and 
microchips. The semiconducting ability here refers to the ability of Si to conduct only when 
favourable conditions like doping amount, voltage applied are met. Since among 
metalloids, Si is the most abundant, (when compared to Ge, Ga etc.) it becomes the 
natural choice for manufacturing electronic components with Si.[4]

One major drawback of Si is that, it exhibits poor opto-electronic properties. That is, 
emission of light from silicon junctions when properly biased is very rare.

Silicon is widely used worldwide in the manufacture of electronic components & ics. 
When silicon used in the present generation is 'nano-scaled', the possibility of 
incorporating millions of transistors within ICs becomes possible which will lead to the 
production of super-fast computers and extremely efficient solar cells.

Types of Silicon 

Silicon or other semiconductor materials used for solar cells can be single 
crystalline, multicrystalline, polycrystalline or amorphous. The key difference between 
these materials is degree to which the semiconductor has a regular, perfectly ordered 
crystal structure, and therefore semiconductor material may be classified according to the 
size of the crystals making up the material.
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Table1: Different types of Silicon [5] 

Monocrystalline Silicon 

Monocrystalline (or single-crystal) silicon is the base material of the electronic 
industry. It consists of silicon in which the crystal lattice of the entire solid is continuous, 
unbroken (with no grain boundaries) to its edges. It may can be prepared intrinsic, i.e. 
made of exceedingly pure silicon alone, or doped, containing very small quantities of other 
elements added to change in a controlled manner its semiconducting properties. Most 
silicon monocrystals are grown by the Czochralski process, in the shape of cylinders up to 
2 m long and 30 cm in diameter (figure at left), which, cut in thin slices, give the wafers 
onto which the microcircuits will be fabricated. Single-crystal silicon is perhaps the most 
important technological material of the last decades (the "silicon era") [6], because its 
availability at an affordable cost has been essential for the development of the electronic 
devices on which the present day electronic and informatic revolution is based.

The monocrystalline form is used in the semiconductor device fabrication since 
grain boundaries would bring discontinuities and favor imperfections in the microstructure 
of silicon, such as impurities and crystallographic defects, which can have significant 
effects on the local electronic properties of the material. On the scale that devices operate 
on, these imperfections would have a significant impact on the functionality and reliability 
of the devices. Without the crystalline perfection, it would be virtually impossible to build 
Very Large-Scale Integration (VLSI) devices, in which millions (up to billions, today [7]) of 
transistor-based circuits, all of which must reliably be working, are combined into a single 
chip to get e.g. a microprocessor. Therefore, electronic industry has invested heavily in 
facilities to produce large single crystals of silicon.

Single crystal is opposed to amorphous silicon, in which the atomic order is limited to short 
range order only. In between the two extremes there is polycrystalline silicon, which is 
made up of small crystals, known as crystallites.

Description Symbol Grain Size Common Growth Techniques

Single crystal sc-Si >10cm Czochralski (CZ) float zone (FZ)

Multicrystalline mc-Si 1mm-10cm Cast, sheet, ribbon

Polycrystalline pc-Si 1µm-1mm Chemical-vapour deposition

Microcrystalline µc-Si <1µm Plasma deposition
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Monocrystalline silicon is also used in the manufacturing of high performance solar 
cells. Since, however, solar cells are less demanding than microelecronics for as concerns 
structural imperfections, today single crystal is often replaced by the cheaper 
polycrystalline silicon.[8]

Polycrystalline Silicon 

Polycrystalline silicon, also called polysilicon, is a material consisting of small silicon 
crystals. It differs from single-crystal silicon, used for electronics and solar cells, and from 
amorphous silicon, used for thin film devices and solar cells.

In single crystal silicon, the crystalline framework is homogenous, which can be 
recognized by an even external coloring. In single crystal silicon, also called monocrystal, 
the crystal lattice of the entire sample is continuous and unbroken with no grain 
boundaries. Large single crystals are exceedingly rare in nature and can also be difficult to 
produce in the laboratory (see also recrystallisation). In contrast an amorphous structure 
where the atomic position is limited to short range order.

Polycrystalline and paracrystalline phases (see Polycrystal) are composed of a 
number of smaller crystals or crystallites. Polycrystalline silicon (or semicrystalline silicon, 
polysilicon, poly-Si, or simply "poly") is a material consisting of multiple small silicon 
crystals. Polycrystalline cells can be recognized by a visible grain, a “metal flake effect”. 
Semiconductor grade (also solar grade) polycrystalline silicon is converted to "single 
crystal" silicon – meaning that the randomly associated crystallites of silicon in 
"polycrystalline silicon" are converted to a large "single" crystal. Single crystal silicon is 
used to manufacture most Si-based microelectronic devices. Polycrystalline silicon can be 
as much as 99.9999% pure. Ultra-pure poly is used in the semiconductor industry, starting 
from poly rods that are five to eight feet in length. In microelectronic industry 
(semiconductor industry), poly is used both at the macro-scale and micro-scale 
(component) level. Single crystals are grown using the Czochralski process, float-zone 
and Bridgman techniques.
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Polysilicon is a key component for integrated circuit and central processing unit 
manufacturers such as AMD and Intel. At the component level, polysilicon has long been 
used as the conducting gate material in MOSFET and CMOS processing technologies. For 
these technologies it is deposited using low-pressure chemical-vapour deposition 
(LPCVD) reactors at high temperatures and is usually heavily doped n-type or p-type.

More recently, intrinsic and doped polysilicon is being used in large-area electronics 
as the active and/or doped layers in thin-film transistors. Although it can be deposited by 
LPCVD, plasma-enhanced chemical vapour deposition (PECVD), or solid-phase 
crystallization (SPC) of amorphous silicon in certain processing regimes, these processes 
still require relatively high temperatures of at least 300 °C. These temperatures make 
deposition of polysilicon possible for glass substrates but not for plastic substrates. The 
deposition of polycrystalline silicon on plastic substrates is motivated by the desire to be 
able to manufacture digital displays on flexible screens. Therefore, a relatively new 
technique called laser crystallization has been devised to crystallize a precursor 
amorphous silicon (a-Si) material on a plastic substrate without melting or damaging the 
plastic. Short, high-intensity ultraviolet laser pulses are used to heat the deposited a-Si 
material to above the melting point of silicon, without melting the entire substrate. The 
molten silicon will then crystallize as it cools. By precisely controlling the temperature 
gradients, researchers have been able to grow very large grains, of up to hundreds of 
micrometers in size in the extreme case, although grain sizes of 10 nanometers to 1 
micrometer are also common. In order to create devices on polysilicon over large-areas 
however, a crystal grain size smaller than the device feature size is needed for 
homogeneity of the devices. Another method to produce poly-Si at low temperatures is 
metal-induced crystallization where an amorphous-Si thin film can be crystallized at 
temperatures as low as 150C if annealed while in contact of another metal film such as 
aluminium, gold, or silver.[9]

Polysilicon has many applications in VLSI manufacturing. One of its primary uses is 
as gate electrode material for MOS devices. A polysilicon gate's electrical conductivity may 
be increased by depositing a metal (such as tungsten) or a metal silicide (such as 
tungsten silicide) over the gate. Polysilicon may also be employed as a resistor, a 
conductor, or as an ohmic contact for shallow junctions, with the desired electrical 
conductivity attained by doping the polysilicon material.

One major difference between polysilicon and a-Si is that the mobility of the charge 
carriers of the polysilicon can be orders of magnitude larger and the material also shows 
greater stability under electric field and light-induced stress. This allows more complex, 
high-speed circuitry to be created on the glass substrate along with the a-Si devices, 
which are still needed for their low-leakage characteristics. When polysilicon and a-Si 
devices are used in the same process this is called hybrid processing. A complete 
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polysilicon active layer process is also used in some cases where a small pixel size is 
required, such as in projection displays.

Polycrystalline silicon is also a key component of solar panel construction. Growth 
of the photovoltaic solar industry is limited by the supply of the polysilicon material. For the 
first time, in 2006, over half of the world's supply of polysilicon is being used for production 
of renewable electricity solar power panels. Only twelve factories are known to produce 
solar-grade polysilicon in 2008. Monocrystalline silicon is higher priced and more efficient 
than multicrystalline.
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4. Silicon Nanowires 

Semiconductor nanowires and nanotubes exhibit novel electronic and optical 
properties owing to their unique structural one-dimensionality and possible quantum 
confinement effects in two dimensions. With a broad selection of compositions and band 
structures, these one-dimensional semiconductor nanostructures are considered to be the 
critical components in a wide range of potential nanoscale device applications. Nanowires 
are considered as building blocks for the next generation of electronics, photonics, 
sensors and energy applications. One-dimensional nanostructures offer unique 
opportunities to control the density of states of semiconductors, and in turn their electronic 
and optical properties. Nanowires allow the growth of axial heterostructures without the 
constraints of lattice mismatch. This provides flexibility to create heterostructures of a 
broad range of materials and allows integration of compound semiconductor based 
optoelectronic devices with silicon based microelectronics. Nano-structures of Si have 
their diameters in the range 1-10nm and they do change in properties from regular Si. In 
general, though Si is a metalloid, it exhibits high luster, just like other metals, but being an 
insulator under room temperature. Whereas, when reduced to nanoscale, it is seen that 
the color of the element itself changes. This change in appearance, is attributed to 
“Quantum-confinement” of electrons. Quantum-Confinement effect is observed when the 
size of the particle becomes equal to the electron wave function.  When materials are this 
small, drastic change in optical and electronic properties are observed.[2] Electrons in 
nano-wires occupy energy levels that are different from those occupied by electrons in 
bulk materials. It is found that, not only physical, but several properties of the element gets 
modified in nanoscale. Thus, conventionally, conductance in SiNW is drastically reduced 
owing to the restraint on the No. Of electrons that can travel through the wire at the 
nanometer scale. Every conductor has its own value of mean-free-path. For example, the 
mean-free-path of Copper is 40nm. If the diameter of the Cu wire is less than 40nm, 
reduction in conductivity is observed.[10]

Conduc(vity Enhancement 

Silicon atoms, being tetravalent, always tend to attain stability by forming bonds 
with four other atoms. But, in Silicon Nanowires, the atoms at the surface of the nanowire, 
aren't really bonded to four atoms. Because of the presence of free electrons, they tend to 
cling themselves on to atmospheric oxygen, forming a thin layer of Silica (SiO2) over the 
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surface of the nano-wires. Now, if the formation of Silica is prevented, then the surface 
layer of SiNW(less than 100nm) are found to have free electrons that enhance conductivity 
to around 10 times the regular conductivity of bulk Silicon. As the thickness shrunk, 
conductivity increases to around 6 ORDERS of magnitude. Silica formation can be 
prevented by growing SiNW at 700 deg C, under ultra-high vacuum. Thus, at nanoscale, 
the properties of silicon itself become immaterial. The atoms in the surface do the job of 
enhancing conductivity. This process of 'cleaning' the outer layer (from Silica) provides 
new electronic states on the surface, where more number of electrons can reside.[11]

Also, the mobility of electrons (and hence the conductivity) can be improved, in the 
nano-wires, by “Phonon engineering”. Phonons are quanta (or packets) of crystal lattice 
vibrations that carry heat. When the size of the materials becomes very small, there is 
increase in resistance for current flow and affects thermal conductivity too, causing 
complication of heat flow out of the electronic devices. But, by engineering phonon 
spectrum, enhancement in conductivity can be attained. Electron mobility at room 
temperature has been found to increase two fold (as compared to free-standing SiNW), 
when the SiNW is embedded within diamond and ten times, at 10 Kelvin.[12]
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5. Applications of Silicon Nanowires 

5.1 Introduc(on 

Nanowires, compared to other low dimensional systems have two quantum confined 
directions and the remaining one direction is left free for electrical conduction. This 
enables Nanowires to be used for applications involving electrical conduction where 
ballistic transport rather than tunneling transport is employed [1].

Silicon nanowires are particularly special as Silicon is the most preferred element for 
manufacturing microchips, PV cells by the entire semiconductor industry owing to its 
variable bang-gap and abundant availability. Due to its small size, they have potential 
applications in the microchip industry where silicon nanowires could reduce the size of 
transistors. Moreover, ballistic transport implies faster electronic transport inside the 
microchip, faster the performance of the machine. 

Reduced size property is also used in energy storage. Li-ion batteries that use Carbon 
anode can be replaced by Silicon Nanowires, where Silicon nanowires ‘house’ these Li-
ions. This helps in maintaining the size of the Li-ion batteries that does not ‘swell’ or 
undergo physical deformation as in conventional Li-ion batteries made out of bulk silicon 
[2].

Recently, data storage technologies are also being developed with Silicon nanowires. 
‘Flash’ memory chips, a class of non-volatile memory devices have been developed using 
a Silicon Nanowires. This technology reduces the production costs of memory devices and 
also, faster data retrieval [3].

Besides all of the above mentioned benefits, use of Silicon nanowires in manufacturing 
PV cells becomes the most important advantage of all, as it is being researched all over 
the world, for its relative simplicity and high degree of light absorption [4].

5.2 Silicon Nanowires in PV Cells  

As said, Silicon nanowires are extremely attractive candidates in Photo Voltaic 
applications. Reduced size, increased absorbtivity and reduced reflectivity and efficient 
electron transport inside the silicon nanowires makes it suitable for new generation PV 
cells manufacture.
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5.3 Reduced Recombination 

Solar cells manufactured out of bulk silicon provide very poor efficiencies, around 
20%. One of the major reasons behind such poor efficiency may be attributed to the 
problem of recombination within the bulk silicon element. When a photon strikes the p-n 
junction formed with bulk silicon, it produces an electron-hole pair. Electron and hole thus 
obtained must travel along the wire to produce current. Instead, they tend to recombine 
with other oppositely charged charge carrier, resulting in heat generation rather than 
electrical energy. Silicon nanowires can be used to overcome this recombination problem, 
by making use of their small diameters. SiNWs grown vertical, perpendicular to the surface 
of the substrate will have electrons striking them on the surface of their cylindrical body. 
Since the diameter is very small (~100nm), the distance the hole/electron has to travel is 
minimized. Since the distance is of the order of nanometers, chances of interrupting any 
other charge carrier in its path is remote and thus undesirable phenomena like collision or 
recombination is completely ruled out in case of nanowire based solar cells.

5.4 Light Trapping 

Both, high efficiency and reduced cost of Solar PV cells can be obtained by 
employing suitable substrates for nanowire growth. Silicon Nanowires grown on glass 
substrates with a very thin film of nc-Si will be one effective method of producing highly 
efficient and reduced cost PV cells. Glass layer and the nc-Si layer grown over it, together 
provide a very reflective substrate that houses Silicon nanowires. Thus, light falling on the 
substrate gets reflected and once again gets absorbed by silicon nanowires. Whereas, 
opaque substrates like crystalline silicon wafers tend to absorb much of the light falling 
over them. This method of enhancing light absorption by using reflective substrates will 
increase the path length of the incident solar radiation upto a factor of 73 [5].  Thus, 
excellent efficiencies can be obtained out of Silicon Nanowire based PV Cells.
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5.5 Increased Surface Area 

Silicon nanowires grow over the substrate as very narrow pointed structures with 
diameter in nanometers and length in micrometers. Presence of these pointed structures 
enables greater area made of p-n junctions to be exposed to sunlight, which consequently 
increases absorbtivity. Thus, increased surface area of exposure to sunlight increases 
efficiency.

5.6 Co-axial structure 

Nanowires themselves are tiny PV cells that are composed of 3 layers: inner P 
region, intrinsic or pure silicon in the middle and outer N region, forming a p-i-n structure 
[6]. When a photon strikes the outer shell, an electron-hole pair is created that travels in the 
radial direction towards the P layer (core) before recombination. Thus, such a co-axial wire 
structure acts as a PV cell by itself with better efficiency and absorbtivity owing to small 
dimensions and ballistic transport of charge carriers. This scraps the use of expensive hi-
grade bulk silicon to manufacture high quality PV cells to yield better results. With 
nanowires, even relatively low grade silicon can be employed to perform better as PV 
cells, thus making it inexpensive. Metallic contacts required can also be established with 
the metallic tip found in silicon nanowires grown through VLS mechanism.

5.7 Re-engineering 

None of the PV cells, till date has succeeded in absorbing the complete solar 
spectrum. PV cells made out of Silicon nanowires too, though comparatively better than 
bulk silicon, does not absorb solar energy entirely. Silicon nanowires, combined with 
Quantum dots can be one extremely effective solution for this as the band gap of quantum 
dots can be varied easily. This helps in re-engineering the region of absorption of selective 
areas of silicon nanowires + quantum dots assembly, leading to development of highly 
efficient solar cells.
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6. Methods of fabrication of Silicon Nanowires 

6.1 Silicon Monoxide Evapora(on 

A cost-effective method to produce Si nanowires is silicon monoxide, SiO, 
evaporation. For this, a simple tube furnace connected to an inert gas supply can be used. 
For the successful nanowire synthesis, it is important that the tube furnace exhibits a 
temperature gradient and that the inert gas flows from the hotter to the colder part of the 
furnace. Some amount of SiO is then placed in the hotter zone, where it evaporates. The 
evaporated SiO is carried away by the gas stream to the cooler end of the tube, where it 
undergoes a disproportionation reaction into Si and SiO2, thereby forming the nanowires. 
Due to the disproportionation reaction, the Si nanowires are covered by a thick SiOx shell, 
with x having a value between 1.5 and 2[1]. Another implication of the disproportionation 
reaction is that the diameter ratio between crystalline core and amorphous shell remains 
approximately constant[2]. Typical growth parameters involve pressures in the 100 Torr 
range, flow rates of 50 sccm of inert gas or an inert gas hydrogen mixture, temperatures of 
1100-1350 °C for SiO evaporation, and temperatures of 900-1000 °C for Si nanowire 
growth[3].

The main disadvantage of Si nanowire growth via SiO evaporation is clearly its lack 
of controllability of nanowire diameters and lengths. Also, a controlled doping of the 
nanowires seems difficult. Another main drawback is that epitaxial growth on Si substrates 
is impossible, as the substrate would oxidize rapidly under the prevailing oxygenrich 
conditions. The main advantage is clearly its technical simplicity, as a tube furnace is the 
only equipment required. Together with the solution based approach, Si nanowire growth 
via SiO evaporation presumably represents the most cost-efficient way of producing Si 
nanowires.

6.2 Laser Abla(on 

The template simply serves as a scaffold around which a different material is 
generated and shaped into a nanostructure with its morphology complementary to that of 
the template. When the template is only involved physically it is often necessary to 
selectively remove the template using post-synthesis treatment such as chemical etching 
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and calcinations. In a chemical process, the template is usually consumed as the reaction 
proceeds and it is possible to directly obtain the nanostructures as a pure product.

Channels in porous membranes provide templates for use in the synthesis of 1D 
nanostructure [4]. Two types of porous membranes are commonly used in such synthesis: 
polymer films containing track-etched channels and alumina films containing anodically 
etched pores. For track-etching, a polymer film (6-20 microns) is irradiated with heavy ions 
to generate damage spots in the surface of this film. The spots are amplified by chemical 
etching which facilitates the penetration of cylindrical pores into the films. [5] A variety of 
materials have been examined for use with this class of templates. The requirement for 
this method is that the material can be loaded into the pores using liquid phase or solution-
phase chemical or electrochemical deposition. Although the nanowires synthesized by this 
method are usually polycrystalline, the major advantage associated with membrane-based 
templates is that both the dimension and composition of nanowires can be easily 
controlled by varying experimental conditions.

6.3 VLS Mechanism 

The vapor-liquid-solid method (VLS) is a mechanism for the growth of one-
dimensional structures, such as nanowires, from chemical vapor deposition. Growth of a 
crystal through direct adsorption of a gas phase on to a solid surface is generally very 
slow. The VLS mechanism circumvents this by introducing a catalytic liquid alloy phase 
which can rapidly adsorb a vapor to supersaturation levels, and from which crystal growth 
can subsequently occur from nucleated seeds at the liquid-solid interface. The physical 
characteristics of nanowires grown in this manner depend, in a controllable way, upon the 
size and physical properties of the liquid alloy[6].

The VLS process takes place as follows:

1. A thin (~1-10  nm) Metal film is deposited onto a silicon (Si) wafer substrate by 
sputter deposition or thermal evaporation.

2. The wafer is annealed at temperatures higher than the Metal-Si eutectic point, 
creating Metal-Si alloy droplets on the wafer surface (the thicker the Metal film, the 
larger the droplets). Mixing Metal with Si greatly reduces the melting temperature of 
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the alloy as compared to the alloy constituents. For eg, The melting temperature of 
the Au-Si alloy reaches a minimum (~363 °C) when the ratio of its constituents is 
4:1 Au-Si, also known as the Au-Si eutectic point.

3. Lithography techniques can also be used to controllably manipulate the diameter 
and position of the droplets (and as you will see below, the resultant nanowires).

4. One-dimensional crystalline nanowires are then grown by a liquid metal-alloy 
droplet-catalyzed chemical or physical vapor deposition process, which takes place 
in a vacuum deposition system. Metal-Si droplets on the surface of the substrate 
act to lower the activation energy of normal vapor-solid growth. For example, Si 
can be deposited by means of a SiCl4:H2 gaseous mixture reaction (chemical vapor 
deposition), only at temperatures above 800 °C, in normal vapor-solid growth. 
Moreover, below this temperature almost no Si is deposited on the growth surface. 
However, Au particles can form Au-Si eutectic droplets at temperatures above 363 
°C and adsorb Si from the vapor state (due to the fact that Au can form a solid-
solution with all Si concentrations up to 100%) until reaching a supersaturated state 
of Si in Metal. Furthermore, nanosized Metal-Si droplets have much lower melting 
points due to the fact that the surface area-to-volume ratio is increasing, becoming 
energetically unfavorable, and nanometer-sized particles act to minimize their 
surface energy by forming droplets (spheres or half-spheres).

5. Si has a much higher melting point (~1414 °C) than that of the eutectic alloy, 
therefore Si atoms precipitate out of the supersaturated liquid-alloy droplet at the 
liquid-alloy/solid-Si interface, and the droplet rises from the surface.

Typical features of the VLS method 

▪ Greatly lowered reaction energy compared to normal vapor-solid growth.

▪ Wires grow only in the areas activated by the metal catalysts and the size and 
position of the wires are determined by that of the metal catalysts.

▪ This growth mechanism can also produce highly anisotropic nanowire arrays from a 
variety of materials.
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6.4 VLS by CVD 

Chemical vapor deposition (CVD) is a chemical process used to produce high-
purity, high-performance solid materials. The process is often used in the semiconductor 
industry to produce thin films. In a typical CVD process, the wafer (substrate) is exposed 
to one or more volatile precursors, which react and/or decompose on the substrate surface 
to produce the desired deposit.

In chemical vapor deposition (CVD), the necessary silicon for wire growth is 
provided by an oxygen-free precursor. The most frequently used precursors are silane, 
SiH4, disilane, Si2H6, dichlorosilane (silicon dichloride), SiH2.Cl2, and tetrachlorosilane 
(silicon tetrachloride), SiCl4. Replacing hydrogen atoms by chlorine mainly comes with two 
effects. The first, almost trivial, effect is that the use of a chlorinated silane precursor in the 
presence of hydrogen will lead to the creation of hydrochloric acid during nanowire 
processing; and hydrochloric acid usually causes some desirable or undesirable etching of 
the substrate, the nanowires, and the equipment. The second is related to the fact that 
chlorinated silanes are, generally speaking, chemically more stable than their non-
chlorinated counterparts. Consequently, higher temperatures need to be applied to 
thermally crack the precursor. For tetrachlorosilane, SiCl4, growth temperatures typically 
range from about 800 °C to well beyond 1000 °C, compared to temperatures of about 
400-600 °C, typical for Si wires grown in the presence of silane. In view of this difference in 
process temperature, which, for example, affects the choice of the catalyst material, the 
discussion on chemical vapor deposition is split into a high temperature and a low 
temperature part; with high temperature being defined as covering temperatures higher 
than about 700 °C. CVD Si wire growth experiments are often performed in tubular hot 
wall reactors. As schematically depicted in, a gas flows typically hydrogen or a hydrogen/
inert gas mixtures is directed through an externally heated quartz tube held at about 
atmospheric pressure. Prior to entering the reactor, a part of the gas is led through a 
bubbler filled with SiCl4 (SiCl4 is liquid at room temperature and atmospheric pressure), 
thereby supplying SiCl4 to the reactor. If a Si sample, onto which some amount of the 
catalyst metal has been deposited beforehand, is placed in the hot zone of the reactor, 
silicon wires will commence growing.
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Figure 1: VLS Mechanism of single crystal growth 

6.4.1 CVD Process[7] 

A basic CVD process consists of the following steps:  

1) A predefined mix of reactant gases and diluent inert gases are introduced at a specified 
flow rate into the reaction chamber 

2)  The gas species move to the substrate  

3) The reactants get adsorbed on the surface of the substrate 

4) The reactants undergo chemical reactions with the substrate to form the film; and 

5) The gaseous by-products of the reactions are desorbed and evacuated from the 
reaction chamber.  
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During the process of chemical vapor deposition, the reactant gases not only react 
with the substrate material at the wafer surface (or very close to it), but also in gas phase 
in the reactor's atmosphere.  Reactions that take place at the substrate surface are known 
as heterogeneous reactions, and are selectively occurring on the heated surface of the 
wafer where they create good-quality films. 

      

Reactions that take place in the gas phase are known as homogeneous reactions.  
Homogeneous reactions help in the formation of gas phase aggregates of the depositing 
material, which adhere to the surface poorly and at the same time form low-density films 
with lots of defects.  In short, heterogeneous reactions are much more desirable than 
homogeneous reactions during chemical vapor deposition.  

A typical CVD system consists of the following parts[8]:  

1) Sources of and feed lines for gases 

2) Mass flow controllers for metering the gases into the system; 

3) A reaction chamber or reactor 

4) A system for heating up the wafer on which the film is to be deposited and 

5) Temperature sensors

 
Figure 2: Chemical Vapour DeposiBon of second dioxide from silane
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7.  The PECVD Process 

7.1 Introduction 

Plasma Enhanced Chemical Vapour Deposition (PECVD), is nothing but, the 
conventional CVD process, ‘enhanced’ by Plasma that is formed out of the carrier gas, 
sent into the chamber. It is a process used to deposit thin films from a gas state (vapor) to 
a solid state on a substrate. Chemical reactions are involved in the process, which occur 
after creation of plasma of the reacting gases. The plasma is generally created by RF (AC) 
frequency or DC discharge between two electrodes, the space between which is filled with 
the reacting gases. Plasma Enhanced Chemical Vapor Deposition is an excellent 
alternative for depositing a variety of thin films at lower temperatures than those utilized in 
CVD reactors without settling for a lesser film quality. For example, high quality silicon 
dioxide films can be deposited at 300 to 350 degrees centigrade while CVD requires 
temperatures in the range of 650 to 850 degrees centigrade to produce similar quality 
films.

7.2 Plasma Processing[1] 

Plasma is a gas in which a certain portion of the particles are ionized. The presence 
of a non-negligible number of charge carriers makes the plasma electrically conductive so 
that it responds strongly to electromagnetic fields. Plasma, therefore, has properties quite 
unlike those of solids, liquids, or gases and is considered to be a distinct state of matter. 
Like gas, plasma does not have a definite shape or a definite volume unless enclosed in a 
container; unlike gas, in the influence of a magnetic field, it may form structures such as 
filaments, beams and double layers. Low pressure Plasma Enhanced Chemical Vapor 
Deposition (PECVD) is the major CVD method currently used in the industry. Although the 
atmospheric pressure chemical vapor deposition was used, the uniformity of the deposited 
film was found to be bad due to the gradient of species concentration across the wafer. 
The industry has hence moved to the low-pressure process at a pressure of about 1 torr. 
Lowering the pressure increases the diffusion, decreases the species gradient across the 
wafer, and hence improves the wafer uniformity. For several reasons, plasma helps the 
deposition process in the lower pressure PECVD method. First, plasma makes the 
chemical reaction possible in much lower temperature than non- plasma CVD by supplying 
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additional energy from the plasma to the neutrals. This is especially important for film that 
cannot endure the high temperature (800-l000K) in non-plasma CVD. Second, the ion 
bombardment from the plasma to the film allows more easily altering the film’s properties 
such as composition, density and stress for particular applications.

 Fractional ionization in plasmas used for deposition and related materials 
processing varies from about 10−4 in typical capacitive discharges to as high as 5–10% in 
high density inductive plasmas. Processing plasmas are typically operated at pressures of 
a few millitorr to a few torr, although arc discharges and inductive plasmas can be ignited 
at atmospheric pressure. Plasmas with low fractional ionization are of great interest for 
materials processing because electrons are so light, compared to atoms and molecules, 
that energy exchange between the electrons and neutral gas is very inefficient. Therefore, 
the electrons can be maintained at very high equivalent temperatures – tens of thousands 
of kelvins, equivalent to several electron volts average energy—while the neutral atoms 
remain at the ambient temperature. These energetic electrons can induce many processes 
that would otherwise be very improbable at low temperatures, such as dissociation of 
precursor molecules and the creation of large quantities of free radicals.

A second benefit of deposition within a discharge arises from the fact that electrons 
are more mobile than ions. As a consequence, the plasma is normally more positive than 
any object it is in contact with, as otherwise a large flux of electrons would flow from the 
plasma to the object. The voltage between the plasma and the objects in its contacts is 
normally dropped across a thin sheath region. Ionized atoms or molecules that diffuse to 
the edge of the sheath region feel an electrostatic force and are accelerated towards the 
neighboring surface. Thus, all surfaces exposed to the plasma receive energetic ion 
bombardment. The potential across the sheath surrounding an electrically-isolated object 
(the floating potential) is typically only 10–20 V, but much higher sheath potentials are 
achievable by adjustments in reactor geometry and configuration. Thus, films can be 
exposed to energetic ion bombardment during deposition. This bombardment can lead to 
increases in density of the film, and help remove contaminants, improving the film's 
electrical and mechanical properties. When a high-density plasma is used, the ion density 
can be high enough that significant sputtering of the deposited film occurs; this sputtering 
can be employed to help planarize the film and fill trenches or holes.

Process Advantages[2] 

1. Low operation temperature

2. Lower chances of cracking deposited layer

3. Good dielectric properties of deposited layer
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4. Less temperature dependent

7.3 PECVD Process[3] 

PECVD uses electrical energy to generate a glow discharge (plasma) in which the 
energy is transferred to a gas mixture. This transforms the gas mixture into reactive 
radica ls , ions, neutra l a toms and 
molecules, and other highly excited 
species. These atomic and molecular 
fragments interact with a substrate and, 
depending on the nature of these 
interactions, either etching or deposition 
processes occur at the substrate. Inside a 
PECVD reactor, a strong electric field 
i gn i t es t he p lasma be tween two 
electrodes, one of which holds the 
substrate.  This plasma ignition cracks the 
molecular bonds of the process gas, which 
in turn are able to crack more process gas 
molecules before reaching the surface of 
the substrate.  Eventually a new layer is deposited on the substrate[4].  For example, when 
silane is used as precursor, plasma ignition frees up Si and SiH radicals, which also crack 
more silane molecules on their way to the surface of the substrate, where silicon is 
deposited. Since the formation of the reactive and energetic species in the gas phase 
occurs by collision in the gas phase, the substrate can be maintained at a low 
temperature. Hence, film formation can occur on substrates at a lower temperature than is 
possible in the conventional CVD process, which is a major advantage of PECVD.

7.3.1 The Reac(on[4] 

✓ Gas is introduced

✓ Ionized by plasma

✓ Diffusions of particles through sheath

✓ Electron bombardment onto substrate
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✓ Absorption of particles

✓ Layer formation

7.4 Types of PECVD Reactors[3] 

A simple direct-current (DC) discharge can be readily created at a few torr between 
two conductive electrodes, and may be suitable for deposition of conductive materials. 
However, insulating films will quickly extinguish this discharge as they are deposited. It is 
more common to excite a capacitive discharge by applying an alternating-current (AC) or 
radio-frequency (RF) signal between an electrode and the conductive walls of a reactor 
chamber, or between two cylindrical conductive electrodes facing one another. The latter 
configuration is known as a parallel plate reactor. Frequencies of a few tens of Hz to a few 
thousand Hz will produce time-varying plasmas that are repeatedly initiated and 
extinguished; frequencies of tens of kilohertz to tens of megahertz result in reasonably 
time-independent discharges. 
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Figure 4: A Typical PECVD Reactor

Excitation frequencies in the low-frequency (LF) range, usually around 100 kHz, 
require several hundred volts to sustain the discharge. These large voltages lead to high-
energy ion bombardment of surfaces. High-frequency plasmas are often excited at the 
standard 13.56 MHz frequency widely available for industrial use; at high frequencies, the 
displacement current from sheath movement and scattering from the sheath assist in 
ionization, and thus lower voltages are sufficient to achieve higher plasma densities. Thus 
one can adjust the chemistry and ion bombardment in the deposition by changing the 
frequency of excitation, or by using a mixture of low- and high-frequency signals in a dual-
frequency reactor. Excitation power of tens to hundreds of watts is typical for an electrode 
with a diameter of 200 to 300 mm.

Capacitive plasmas are usually very lightly ionized, resulting in limited dissociation 
of precursors and low deposition rates. Much denser plasmas can be created using 
inductive discharges, in which an inductive coil excited with a high-frequency signal 
induces an electric field within the discharge, accelerating electrons in the plasma itself 
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rather than just at the sheath edge. Electron cyclotron resonance reactors and helicon 
wave antennas have also been used to create high-density discharges. Excitation powers 
of 10 kW or more are often used in modern reactors.

Table 2: Atmospheric Pressure, Low Pressure, Plasma Enhanced CVD Processes Comparison[5,6]

8. Role of Catalysts 

CVD Process Advantages Disadvantages Applications

APCVD

Simple,
Fast 
Deposition,
Low 
Temperature

Poor Step 
Coverage,
Contamination

Low-
temperature 
Oxides

LPCVD

Excellent 
Purity,
Excellent 
Uniformity,
Good Step 
Coverage,
Large Wafer 
Capacity

High 
Temperature,
Slow Deposition

High-
temperature 
Oxides, 
Silicon 
Nitride, Poly-
Si, W, WSi2

PECVD

Low 
Temperature,
Good Step 
Coverage

Chemical and 
Particle 
Contamination

Low-
temperature 
Insulators 
over Metals, 
Nitride 
Passivation
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The metal nano-particle has a major role in vapor-liquid-solid assisted nanowire 
growth. The metal particle plays the act of the catalyst and determines the diameter of the 
nanostructures. Consequently, the choice of the metal, based on its physical and chemical 
properties, determines many of the nanowire properties. To be processed via the VLS 
growth mechanism, the metal has to be physically active, but chemically stable. To find an 
eligible metal, the phase diagram is first consulted to choose a material that forms a liquid 
alloy with the nanowire material of interest.

Au has been the catalyst material of choice for Si wire growth[1-4]. It is therefore 
instructive to take a closer look at the Au-Si system and figure out what it is that makes Au 
such a favorable catalyst material. 
The main reason why Au is used for 
Si wire growth, however, lies in its 
binary phase diagram with Si, shown 
in Figure 5. One can see that the Au-
Si phase diagram is of the simple 
eutectic type, with its dominant 
feature being a eutectic point at a 
composition of about 19 atom % Si 
and a temperature of 363 °C. The 
eutectic temperature is about 700 K 
lower than the melting point of pure 
Au and about 1050 K below the 
melting point of pure Si, which 
signifies a quite remarkable reduction 
of melting temperature. The phase 
within the V-shaped region, visible in 
Figure, is the liquid phase, the actual 
composition of which depends on the amount of Si supplied. For Au-Si alloy droplets on a 
Si substrate, Si is abundant, and the composition of such Au-Si droplets is therefore given 
by the position of the liquidus line on the Si side, i.e. the phase boundary on the right-hand 
side (rhs) of the liquid phase. If such Au-Si droplets on a Si substrate, held at temperatures 
above the eutectic temperature, are exposed to a Si precursor such as silane, SiH4, silane 
molecules will crack at the surface of the droplets, thereby supplying additional Si to the 
droplet. This additional Si supply causes an increase of the Si concentration in the droplet 
to a value greater than the equilibrium concentration. Considering the Au-Si phase 
diagram shown in Figure, this means that, by switching on the silane, the Au-Si droplet 
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system is pushed over the liquidus line; and the only way for the droplet to reduce the Si 
concentration is to precipitate a Si-rich solid. In general, the composition of such a Si-rich 
solid would be given by the nearest phase boundary on the Si side of the liquidus. In the 
Au-Si case, the Si-rich solid happens to be pure Si. Consequently, the droplet precipitates 
Si, which with time results in the growth of a wire.

In general, any metallic catalyst that is used in the growth of silicon nanowires should 
satisfy the following requirements, just like how gold does.

Requirements for catalyst par(cles [5] 

✓ It must form a liquid solution with the crystalline material to be grown at the 
nanowire growth temperature.

✓ The solid solubility of the catalyzing agent is low in the solid and liquid phases of 
the substrate material.

✓ The equilibrium vapor pressure of the catalyst over the liquid alloy be small so that 
the droplet does not vaporize, shrink in volume (and therefore radius), and 
decrease the radius of the growing wire until, ultimately, growth is terminated.

✓ The catalyst must be inert (non-reacting) to the reaction products (during CVD 
nanowire growth).

✓ The vapor-solid, vapor-liquid, and liquid-solid interfacial energies play a key role in 
the shape of the droplets and therefore must be examined before choosing a 
suitable catalyst; small contact angle between the droplet and solid are more 
suitable for large area growth, while large contacts angles result in smaller 
(decreased radius) whisker formations.

✓ The solid-liquid interface must be well-defined crystallographically in order to 
produce highly directional growth of nanowires.

However, because of the incompatibility of Au with CMOS production standards, strong 
efforts have been made in the past to identify an alternative, non-Au catalyst material for Si 
nano wire growth. Metal impurities in semiconductors are generally known to affect the 
charge carrier lifetimes by facilitating charge carrier recombination. The maximal 
recombination rate associated with a particular metal impurity, however, strongly depends 
on the energetic positioning of the corresponding impurity level within the band gap of the 
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semiconductor. To be more precise, the recombination rate critically depends on the 
energy difference between the impurity level and the band gap middle; the closer the 
impurity level is to the band gap middle, the more efficient it is as a recombination center. 
The use of metals with impurity levels close to the band gap middle (Au), so-called deep 
levels, is therefore to be avoided. Concerning the use of Au, the problem is further 
aggravated by the high chemical stability of Au that makes a cleaning of Au contaminated 
samples or Au contaminated equipment difficult, to say the least.

Thus there are several other catalysts employed in this process of growing silicon 
nanowires. Depending on the properties of the nanowires obtained, the catalysts have 
been categorized into the following types: Type A, B and C[6].

Type-A catalysts are the Au-like metals. Their phase diagram is of the simple eutectic 
type (ie), it is dominated by a single eutectic point. This eutectic point is located at a Si 
composition of more than 10 atom % Si. Furthermore, type-A catalysts do not possess any 
metal-silicide phases. There are only three ‘type-A’ metals: Al, Ag, and Au. 

Type-B catalysts are the low Si solubility metals. Their phase diagrams also show a 
single dominant eutectic point but no silicide phases. In contrast to the type-A catalysts, 
the eutectic point is located at much lower Si concentrations, less than 1 atom % Si. 
Typical type-B catalysts are In, Ga, or Zn. Eutectics of Si-Pb and Si-Bi are: 328C & 271C. 
But, CVD growth of SiNW provided disappointing results which may be attributed to either 
Surface-tension or Very Low solubility, for which the clear answer is unknown yet. 
Successful growth of SiNWs has been reported with use of Trisilane, a very reactive gas.

Type-C catalysts are the silicide forming metals. Their phase diagram indicates the 
presence of one or more silicide phases. In addition, the lowest eutectic temperature is 
higher than 800 °C. Typical type-C catalysts are Cu, Pt, or Ti. The following table shows 
melting points and Si-Metal eutectic temperatures of different metals.

 
Table 3: Comparison of MelBng point and Si EutecBc Point of various metallic catalysts
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9. Experimentation 

9.1 Introduction 

The objective of our experiment is to grow Silicon Nanowires over 4 inch N-type 
(111) Recycled Silicon Substrates of resistivity less than 0.5 ohm m, and over glass slides 
coated with amorphous silicon (a-Si:H) and to study the growth characteristics and the 
morphology of the nanowires grown using different catalysts like Gold, Aluminium and 
Indium. The glass slides and one of the Silicon substrates is coated with Au/Cr layer via 
Electron Beam Evaporation. Chromium coating was done for a depth of 10.6nm over 
which 2.5nm of Au was also evaporated. Chromium coating is done only because of the 
non-adherence of Au film over silicon. Aluminium and Indium, owing to their good adhering 
nature with Silicon, were deposited by thermal evaporation method. 
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9.2 Process Flowchart 
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9.3 Substrate Cleaning:  

9.3.1 Introduc(on 

Wafer cleaning is the most frequently repeated step in IC manufacturing and is one 
of the most important segment in the semiconductor-equipment business, and it looks as if 
it will remain that way for some time. Each time device-feature sizes shrink or new tools 
and materials enter the fabrication process, the task of cleaning gets more complicated.

9.3.2 Types and sources of contamina(on 

Par(cles: dust, pollen, clothing particles, bacteria, etc. In ordinary room there are as 
much as 10 6 particles more than 0.5 micron in diameter per cu.ft. Particles with diameter 
more than 20 micron will settle down readily. Particles of diameter from 0.1 to 20 micron 
are the main problem. 

Inorganic contaminants: salts, positive and negative ions in solution, heavy metal 
atoms. Inorganic impurities are removed by cleaning the wafer in water recirculation 
systems and using special solutions. 

Organic contaminants: smog, skin oil, fluxes, lubricants, solvent vapors, monomers 
from plastic tubing and storage boxes that can condense on substrate. They usually 
removed using strong oxidizers, gaseous or liquid. 

Impuri(es: incorporated during the formation of substrates or overlayer films. 
Generally, they cannot be removed. 
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Figure 6: Figure depicBng impuriBes on silicon substrate

9.3.3 Cleaning methods 

Most cleaning methods can be loosely divided into two big groups: wet and dry 
methods. Liquid chemical cleaning processes are generally referred to as wet cleaning. 
They rely on combination of solvents, acids and water to spray, scrub, etch and dissolve 
contaminants from wafer surface. Dry cleaning processes use gas phase chemistry, and 
rely on chemical reactions required for wafer cleaning, as well as other techniques such as 
laser, aerosols and ozonated chemistries. Generally , dry cleaning technologies use less 
chemicals and less hazardous for environment but usually do not perform as well as wet 
methods, especially for particle removal. 

  

9.3.4 Wet-chemical cleaning methods 

Although no single procedure is perfect for all process steps, typical wet cleaning 
sequence includes: 

1. Piranha Cleaning: Sulfuric acid/hydrogen peroxide/ deionized water (SPM, H2SO4/
H2O2/H2O@110- 130 degrees C) . SPM usually used to remove organic contaminations 
(often called "piranha clean"). 
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2. Hydrofluoric acid: or diluted hydrofluoric acid (HF or DHF @ 20-25 degrees C). It 
removes oxides from area of interest, etches silicone oxides and dioxides, and reduces 
metals contamination of the surface. Sometimes buffered oxide etch,(BOE or BHF,/ NH4/
HF/H2O @60-80degrees C ) is used in place of DHF in some processes, but exposure to 
it can lead to NH4F precipitation and contamination. 

3. RCA1: Ammonium hydroxide/ hydrogen peroxide/ DI water mixture (APM, NH4OH/
H2O2/H2O@60-80degrees C ). APM oxidizes and slightly etches to undercut and remove 
particles from the surface; it also removes organic and metal contaminants. 

4. RCA2: Hydrochloric acid/hydrogen peroxide/DI water (HPM, HCL/H2O2/
H2O@60-80degrees C) HPM removes metallic contaminants from silicone substrate and 
acts as oxidizing agent. 

5. Ultra-pure water (UPW). Commonly called as DI water, it dilutes chemicals, and rinses 
solutions after chemical cleans.

9.4 Thin Film Deposi(on 

  

Thin film deposition refers to the deposition of thin metallic films over Silicon 
substrate. Metallic films of thickness in the order of nanometers are deposited over the 
substrates to catalyze growth of Silicon Nanowires. When sintered, these thin films tear 
apart, forming nano-droplets.

Many thin film deposition techniques are known, namely, Electron beam 
evaporation, Sputtering, Thermal evaporation etc. Sophisticated equipments that are used 
to carry out these operations nowadays have been equipped with so much precision, that 
accurate deposition of thin films in nm range thickness is now achievable. 
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9.4.1 Electron Beam Evapora(on 

Electron beam evaporation is yet another of the several process that are available for thin 
film deposition[1].

Principle: This is a Physical Vapour Deposition(PVD) technique. In this method, the source 
element (anode) is bombarded by high energy electrons, to produce immense heat at its 
surface causing the anode material to melt. The process is carried out at very low 
pressures (<10-5 torr).  Since the vapour pressure of the source material will be much 
higher at such low values of pressure, it vapourizes and this vapour is made to condense 
over the substrate. Low pressure is also very essential as mean free path of atoms at low 
pressure becomes longer and scattering is reduced[2]. 

Process[3]: The setup consists of an electron gun(tungsten filament generally) that is kept 
outside the evaporation zone to prevent it from getting contaminated by the evaporant. 
The energy supplied to this is of the order of 10-30kV DC. The electrons emitted by it are 
then deflected by the electron deflection system that employs Permanent or Electro 
magnets. This is particularly essential because, the electrons that are emitted in random 
directions are focused using Deflection system. 

This highly focused electron beam is then made to strike the surface of the source 
material (like Au). During this collision, the very high kinetic energy possessed by the 
striking electrons is converted to heat energy on the surface of the source material. The 
energy level achieved is often more than some several million watts per square inch. The 
source material melts and consequently gets vapourized due to low working pressure.   

This vapour is then made to condense over the substrate finally resulting in the 
deposition of thin film of the source material over the target.

Shortcomings: High capital requirements and production of X-rays when electrons strike the 
metal surface are the only demerits of this method. 

Advantages: Does not require high temperatures as in CVD process.
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9.4.2 SpuVering 

Sputtering is a process of forcing atoms to get ejected from a source element 
(target) by ion or electron bombardment. This technique is widely used in the deposition of 
thin films of required material over desired substrates. [eg. Deposition of Al over Compact 
Disc surfaces, Au over Si surfaces etc.]

SpuVering Deposi(on[2]: 
As said earlier, sputtering technique can be employed for depositing thin layers of source 
material onto the substrate. 

The process discussed here is “DC sputtering” process. Here, a sputtering gas is used, 
which acts as a moderator, and helps to obtain excellent sputtering efficiency. The 
chamber is maintained at a very low pressure of the order of 0.1 torr [1].

In this process:

a. Source material is given high magnitude of negative potential. This makes the 
existing free electrons accelerate at a very high energy, away from the source 
material (eg. Au)

b. The sputtering gas atoms (eg. Ar gas atoms) are bombarded by these high energy 
electrons, resulting in the formation of Ar+ (ions). Thus, a plasma of Argon is formed 
due to this bombardment inside the chamber.

c. These positive ions of Argon (Ar+), accelerate towards the –vely charged source 
material, and thus initiating a collision of Ar+ ions on the surface atoms of the 
source material (Au). This collision yields Au+ ion and more electrons.

d. Because of this high-energy collision, Au+ ions get deposited onto the surface layer 
of the substrate. Thus, deposition is accomplished.

e. The electrons formed during the collision of Ar+ over Au metal surface, can:

(i) Initiate further collisions with Ar atoms forming Ar+ ions and thus enhance the 
process     (or)

(ii) Can combine with Ar+ ions to from Ar atoms. The energy released during this 
process, results in the emission of a photon, which makes the plasma glow.



 | P a g e41

Shortcomings:  In this method, deposition rate is slow and due to high energy 
bombardment, the substrate is subjected to overheating and liable to structural damage.

Magnetron SpuVering: This is just an improvement in the DC sputtering process. By placing 
magnets underneath the source material, the bombardment is controlled by the magnetic 
field and hence, heating is prevented. Also, since the electrons get trapped in a magnetic 
path, probability of the electron striking the Ar atoms gets increased, thus increasing the 
rate-of-deposition. The shortcomings of diode sputtering is overcome by Magnetron 
Sputteting. 

RF SpuVering[3]: 

Here, the DC Source is replaced with High Frequency RF Source in this method. DC 
sputtering is done only with conducting materials. If the material is non-conducting, 
charges build up on the surface and this will stop sputtering. RF sputtering can be 
employed for both conducting and non-conducting materials, but this method is quite 
expensive as impedance matching networks have to be employed as well.

9.4.3. Annealing 

Annealing is a process of heating the metal thin film deposited to form nano-
droplets. The temperature at which the metal is heated should be greater than the Metal-
Silicon eutectic, so that the metal-silicon interface melts and forms nano-droplets. 
Typically, Au thin film is heated to ~580 degrees C, at a pressure of 10-7 bar for duration of 
10mins. The temperature that is required to anneal the thin film is a function of the 
thickness of the thin film deposited. The above mentioned parameters are for a gold layer 
of 2nm thickness. Greater the thickness, greater should the annealing temperature be.  
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As already discussed in Chapter 7, the PECVD process is the final step done to 
grow silicon nanowires. In our experiment, Hydrogen and Argon are used to produce 
plasma, which ‘enhances’ the nucleation of nanowires. Silane gas is passed at around at a 
high temperature and at a low pressure, enabling the physisorption process to happen, 
whereby Silicon atoms from Silane gas gets adsorbed onto the Metal-Silicon alloy 
structure (formed at a temperature that is higher than the eutectic temperature), forms a 
solution, which eventually gets supersaturated. This marks the beginning of the growth of 
Silicon nanowires.

In our experiment, the influence of Temperature, Pressure and the role of Catalysts 
in the nucleation and growth of Silicon nanowires is analyzed. The preliminary set of 
experiments was carried out on N-type Silicon wafers coated with Cr/Au thin films. The 
process table is given below.

Table 4: Process table  

Silicon Nanowires are expected to grow after the above process. All the five 
samples along one more annealed sample was sent for Scanning Electron Microscopy 
analysis. Characterization is an important process as it is from the results of 
characterization, all conclusions are obtained. SEM, TEM and X-Ray diffraction are some 
of the popular methods of characterization.

No

Temp Pressure
Hydrogen Silane 

Flow Power Time Argon Flow Flow Power Time Argon Flow

1 380˚ 300mT 100 sccm 200W 5 mins. 100 sccm 50 sccm 10W
30 mins. 100 sccm

2 480˚ 1500mT 100 sccm 200W 5 mins. 500 sccm 50 sccm 10W
30 mins. 100 sccm

3 520˚ 1500mT 100 sccm 200W 5 mins. 500 sccm 50 sccm 10W
30 mins. 500 sccm

4 570˚ 1000mT 100 sccm 200W 5 mins. 500 sccm 50 sccm 10W
30 mins. 500 sccm

5 
600˚ 1500mT 100 sccm 200W 5 mins. 500 sccm 50 sccm 10W 30 mins. 500 sccm
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10. Characterization 

Structural and geometric factors play an important role in determining the various 
attributes of nanowires, such as their electrical, optical and magnetic properties. Therefore, 
various novel tools have been developed and employed to obtain this important structural 
information at the nanoscale. At the micron scale, optical techniques are extensively used 
for imaging structural features. Since the sizes of nanowires are usually comparable to or, 
in most cases, much smaller than the wavelength of visible light, traditional optical 
microscopy techniques are usually limited in characterizing the morphology and surface 
features of nanowires. Therefore, electron microscopy techniques play a more dominant 
role at the nanoscale. Since electrons interact more strongly than photons, electron 
microscopy is particularly sensitive relative to x-rays for the analysis of tiny samples.

For applications, characterization of the nanowire structural properties is especially 
important so that a reproducible relationship between their desired functionality and their 
geometrical and structural characteristics can be established. Due to the enhanced 
surface to volume ratio in nanowires, their properties may depend sensitively on their 
surface condition and geometrical configuration. Even nanowires made of the same 
material may possess dissimilar properties due to differences in their crystal phase, 
crystalline size, surface conditions, and aspect ratios, which depend on the synthesis 
methods and conditions used in their preparation. Figure 7 shows the successful growth of 
silicon nanowires through PECVD process.

Figure 7: SEM image showing the successful growth of Silicon Nanowires
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10.1 Scanning Electron Microscope (SEM) 

10.1.1 Introduc(on 

SEM is an electron microscope that makes use of high energy electron beam to 
study the surface of the specimen and to interpret it pictorially. The electron beam that 
strikes the specimen’s surface is reflected back in many forms (like back-scattered 
electrons, secondary electrons, X-rays etc.) and some parts of it may be absorbed by the 
specimen too. Using the intensities of the reflected electron beam at different parts on the 
surface of the specimen, the final image is formed.

Here, just as in television, scanning is done. The electron beam from the source is focused 
on one particular spot and it is moved over the entire area of the specimen at high 
frequencies (usually of the order of MHz) to produce the final image, either on phosphor 
screen or on the computer screen.

2. Working: 

1. The Electron gun made usually of tungsten filament is heated to release 
electrons by thermionic emission.

2. There are two condenser lenses that are responsible for condensing and 
focusing the electron beam. The first condenser lens is used to fix the size of 
the beam and the second for the intensity of the beam.

3. After each lens, condenser aperture is placed to eliminate high-angle 
electrons from the beam.

4. A set of coils then ‘scan’ or ‘sweep’ the specimen with the electron beam at a 
scanning speed that is fixed by the level of magnification set.

5. When the electron beam strikes the surface of the specimen, interactions 
occur with the electron beam and the specimen surface.
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6. These ‘interactions’ are responsible for generation of different kinds of signals 
– back-scattered electrons, secondary electrons, X-rays.

7. These signals are then read by various detectors and then the final image is 
interpreted.

10.1.3 Magnifica(on: 

Magnification of 1- 200,000 times can be obtained using SEM. Magnification is a function 
of diameter of the electron beam and the scanning speed. Thus, by setting the required 
value of magnification, the scanning speed and the diameter of the spot are calculated 
automatically and the final image is delivered.

10.2 Transmission Electron Microscope 

10.2.1 Introduc(on 

This is very similar to the operation of Over-Head-Projector. Electron beam takes 
the place of the light source, the specimen is the slide, followed by the screen. The 
focused monochromatic electron beam interacts and is transmitted through the sample, 
and then projected on to a phosphor screen.

10.2.2 Working:

1. The Electron gun made usually of tungsten filament is heated to release electrons 
by thermionic emission.

2. There are two condenser lenses that are responsible for condensing and focusing 
the electron beam. The first condenser lens is used to fix the size of the beam and 
the second for the intensity of the beam.
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3. After each lens, condenser aperture is placed to eliminate high-angle electrons from 
the beam.

4. A set of coils then ‘scan’ or ‘sweep’ the specimen with the electron beam at a 
scanning speed that is fixed by the level of magnification set.

5. When the electron beam strikes the surface of the specimen, interactions occur with 
the electron beam and the specimen surface.

6. The beam is then passed through ‘intermediate’ and ‘projector’ lenses and enlarged 
on its way towards the screen.

7. The darker areas of the image that is formed on the screen represent regions 
where fewer electrons have passed through and vice-versa.

10.2.3 Magnifica(on 

TEM can magnify upto 500,000 times. By setting the required value of magnification, the 
scanning speed and the diameter of the spot are calculated automatically and the final 
image is delivered.

10.3 TEM vs SEM 

The main difference between TEM and SEM is that In SEM (Scanning Electron 
Microscopy) you look at either backscattered or secondary electrons whereas in TEM 
(Transmission Electron Microscopy) you look how much of your electron beam makes it 
through the sample onto your phosphor screen or film camera. Usually SEM is used for 
surface analysis and TEM for analyzing sections. 
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Thus, electron microscopes can be used to study the topography (external surface 
appearance), morphology (size, shape and arrangement of particles) and crystallographic 
info (arrangement of atoms).

10.4 X-ray diffraction 

The structure of crystals can be studied by using X-ray diffraction methods.  X-rays 
are short wavelength electromagnetic rays that emanate out when an electron beam 
strikes a metallic object. The melting point of the target should be high enough so that, 
heat generated due to the impact of the electron beam should not melt the metal. In 
crystallography studies, this metal is generally Copper or Cobalt. 

The crystal whose structure has to be studied is placed on a ‘goniometer’. A 
goniometer is an instrument that allows an object to be rotated to a precise angular 
position. The crystal is now bombarded with x-rays while the crystal on the goniometer is 
gradually rotated, with the values of the angle of rotation noted precisely.

When x-rays are incident on an atom, they make the electronic cloud move as does 
any electromagnetic wave. The movement of these charges re-radiates waves with the 
same frequency. This phenomenon is known as Rayleigh scattering (or elastic scattering). 
These re-emitted waves interfere with each other either constructively or destructively 
(overlapping waves either add together to produce stronger peaks or subtract from each 
other to some degree), producing a diffraction pattern on a detector or film. The resulting 
wave interference pattern is the basis of diffraction analysis.

When the x-rays strike the crystal, diffraction pattern corresponding to the position 
of atoms in the crystal is formed. Thus, with a collection of diffraction patterns (called 
‘reflections’) for various angles of rotation and with the physical & chemical properties of 
the crystal known, using Fourier transforms, the 3D model of the crystal with the density of 
atoms inside the crystal structure can be learnt.

Bragg’s law governs the relationship between the wavelength of the incident x-rays 
and the distance (d) between the atomic layers inside the crystal.

nλ = 2d sinΘ

where:  n - integer, Θ - angle of incidence.

There are also other methods of understanding the crystal structure by Diffractometer, 
small angle x-ray scattering etc. In all these methods, elastic collision of electrons with the 
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metal is followed.  Inelastic X-ray scattering methods are useful in studying excitations of 
the sample rather than distribution of atoms.
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11. Challenges in Fabrication 

There are several hindrances faced during the growth of Silicon Nanowires. The 
parameters ought to be very precise so as to observe nanowire growth. These challenges 
can be overcome by precisely sticking to the parameters during the VLS process. They are 
complied below.

Catalyst: A variety of catalysts can be used in the synthesis of nanowires by the VLS 
mechanism. But each catalyst has atleast one undesirable quality, which has inspired 
research on further analysis of efficient catalysts used and also easy methods to grow 
silicon nanowires. The most favorable catalyst, Gold, though totally non-reactive, can 
create deep level defects in silicon, making it unsuitable for applications of Nanowire in 
Microchip industry & CMOS technology. Catalysts like Cu, Ag require high temperatures, 
while those like Pb, Sb, Bi have very low surface tensions in their liquid form and hence 
makes nanowire catalysis impossible. Gallium is toxic and is a liquid at room temperature 
and hence requires Chemical methods of thin film deposition. Thus, by far, Au, Al, In & Sn 
seem to be the most popularly employed catalysts in the growth of silicon nanowires. 

Oxide Layer: The Catalyst used in the VLS growth mechanism is as discussed earlier in 
Chapter 8, is a great source of trouble, as metals, being capable of existing in a variety of 
ionic states most of the time, are electron starved and hence they readily accept electrons 
donated to them by oxygen in air, forming oxide layer. This oxide layer formed during 
nanowire synthesis prevents further adsorption of Silicon atoms into the metal-silicon alloy, 
thus ceasing nanowire synthesis altogether. Only Au seems non-reactive, while metals like 
Al are extremely reactive. The oxide of Aluminium, called Alumina (Al2O3) is extremely 
difficult to remove in case it forms over the nanowires or the substrate.

Chamber Contamina(on: Since thin films are heated at or close to their melting points at 
very low pressures, chances of metallic thin films melting is extremely high. And since this 
process takes place inside the PECVD chamber, scattering of metallic droplets all over the 
chamber is inevitable. This makes Plasma Cleaning a must, making the maintenance 
costs high. 



 | P a g e50

Process Parameters: One has to be extremely careful about the process parameters 
involved in the growth of Silicon nanowires. The Plasma power that is used to produce 
plasma should be of the order of 10-20 W. Silicon Nanowires processed at a plasma 
power of 100W gave no nanowire growth as the nucleation was inhibited by a-Si 
deposition over surface. To use higher plasma power for high growth rate, Silane must be 
diluted by etchants like Hydrogen. 

Hydrogen passivation (a-Si:H) is also very important in order to seal dangling bonds 
of Silicon. Otherwise, these dangling bonds result in crystallographic defects in the 
nanowire growth, which is known as kinking.

 Process pressure has a direct influence over the crystallinity and growth rate of 
Silicon Nanowires. 

Temperature also plays a very important role in the synthesis of nanowires. The 
temperature has to be greater than the Metal-Silicon eutectic temperature during 
nucleation. Variation in temperature directly influences nano-particle size during the 
annealing process. Greater the annealing temperature, smaller is the nano-particle size, 
consequently, smaller is the diameter of the nanowire. Thickness of thin film, deposited 
over the silicon wafer also determines the nano-particle and hence the nanowire diameter. 
Au thin films of over 3nm thickness result in thicker nanowires whose outer structure is 
found to be amorphous. 

Metallic Tip: VLS Mechanism is characterized by metallic catalyst found at the tip of the 
nanowire. Though this does not have any implications in the synthesis of nanowires, they 
actually are a source of challenge during industrial applications. PV Cells require light to 
pass through the nanowires but presence of metallic tip might considerably reflect the light 
photons entering. Yet, these metallic ends are converted into metallic contacts for PV cells 
using lithographic methods. Research is still being done in the application part of Silicon 
Nanowires.
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