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Abstract

Well aligned Silicon (Si) nanowires (NWs) are successfully fabricated by metal induced etching
(MIE) technique. Effect of etching time on the porosification of Si has been studied. The effect of
Silver nanoparticles (AgNPs) deposition time on the the porosification of Si has also been studied.
Image J software is used to estimate the porosity of different samples. It is observed that porosity of
samples (containing SINWS) increases as AgNPs deposition time (prior to porosification) increases.
The optimized parameter for the fabrication of SINWSs has been discussed. Photoluminescence (PL)
has been carried out to see quantum confinement effect in SINWs samples. Raman spectroscopy has
been utilized to confirm the presence of nanostructures in the samples. Asymmetrically broadened
Raman spectra are observed from SiNWs samples. Bond polarizability model (BPM) is used to
estimate the SiINWs size present in the samples from Raman scattering data. This study is important

to understand the mechanism of fabrication of SINWs and their properties.
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Chapter 1

Introduction

Silicon nanostructures (SiNs) are very important mostly due to its light
emission properties [1, 2]. SiNs are still of research interest due to its unique
properties and applications [1-7]. Literatures reports applications of SiNs in
advanced sensing [8-11], in making electrodes for batteries [12,13], in carrying
out mass spectroscopy[14] and in field effect transistors [15,16]. SiNWSs
configured as field effect transistors have been demonstrated to detect explosives
including TNT and RDX [17]. Based on confinement, SiNs are of mainly three
type which includes Si nano sheet (one dimensional confined), nanowires (two

dimensional confined) and nanodots (three dimensional confined).

Si nanowires (NWs) are one of the most attractive nanostructure which is
drawing more attention of researchers looking for application in nanotechnology
[15,18]. SINWs are 1D nanostructures i.e. it is two dimensionally quantum
confined which leaves one unconfined direction for electrical conduction which
makes it a possible candidate to be used in applications where electrical
conduction is required. Their unique optical, electrical, thermal and magnetic
properties make them quite significantly different from their 3D bulk counterpart
[19]. In comparison with bulk Si, SINWSs have greater surface to volume ratio. As
a result on reducing the size, the number of surface atom increases. Optical
absorbance depends on surface atoms and so increment in number of surface
atoms increases its optical absorbance which implies that SINWs have more
optical absorbance than bulk Si. The optical absorbance of SINWSs is highest in
larger wavelengths [20]. Band gap increases with the decrease in the size of SiNs
as it depends on the diameter of the nanowire. When there is less neighboring
atoms, there will be less cohesive energy between them so cohesive energy of the
SINWs is less than its bulk counterpart because as a result of reduction of size,

number of surface atoms decreased. These various aspects of physical, chemical



and mechanical properties of SINWs make them a promising candidate for
optoelectronics. Si optoelectronics devices can be made due to strong
photoluminescence (PL) in optical region is observed at room temperature from

nanowires.

It is known that when the diameter of a semiconductor is reduced to the same
order as the Bohr’s exciton radius, quantum confinement effect occurs and the
exciton properties get modified. In a quantum wire or nano-wire, excitons are
confined in two dimensions and are free in only one dimension. In case of
Quantum well the excitons are confined in only one directions and so free to
move in any two directions. Basically, the bandgap increases in all cases because
the allowed energies are pushed up by quantum confinement effectively. As the
nanoparticle size becomes smaller the up-shift of the quantum confined bandgap
also increases. Having such tremendous promise it is important to understand the
formation of SINWSs, investigate its different optical and electronic properties, so
with the help of this information its potential for industrial applications could be

exploited

Fabrication of SINWSs to a dimension where quantum confinement effect occurs is
very important in order to explore its properties and morphology. Various
methods are available by which we can fabricate SiNS/SINWSs. Various
fabrication techniques to fabricate SINWSs and the properties of fabricated NWs

have been discussed in following chapters.



CHAPTER 2

Theoretical background

2.1 Overview of Silicon

This era may be called as the “Nano age” because of the numerous amount of
research going on in nanotechnology. SiNWs are the part of this age whose
promises are profound. The impact of SINWs on different fields may improve the
society and our future for good. As discussed earlier, the properties of SINWSs are
very much different from their bulk counterpart. In this section we will broadly

discuss about the properties of Si and different synthesis method of SINWs.

Being the second most abundant element on earth, Si is most used material in
electronic devices. It occurs naturally as oxides and silicates. Silicon crystallizes
in the same pattern as diamond, in a structure known as "two interpenetrating
face-centered cubic™" primitive lattices as shown in Fig. 2.1. The lines between
silicon atoms in the Fig 2.1 indicate nearest neighbor bonds. Different properties

of Si are listed in the Appendix-I.

Fig.2.1 Silicon Crystal structure
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As discussed above, the electronics’ market is ruled by Si and the whole
microelectronics industry is dominated by Si. It has a band gap of 1.1 eV and the
essential and best dielectric required for device formation is possessed by Si.
Moreover, Si is non-toxic, relatively inexpensive, easy to process, and has good
mechanical properties. Because of all these reasons, it is considered the best
material in electronic systems. But due to its inefficiency in emitting light, bulk
Si is not ideal for use in optoelectronic applications. The reason behind its
inability to use for optoelectronic applications is its indirect energy band gap.
Indirect energy bandgap in a semiconductor means, the maximum of the valence
band and the minimum of the conduction band do not occur in the same value of
k in the k-space. Fig. 2.2 and Fig. 2.3 shows the indirect band gap and the direct
band gap transitions respectively in semiconductors. In an indirect semiconductor
momentum conservation does not allow the recombination by a single photon
which possesses negligible momentum. Therefore, momentum conservation takes
place via phonon. Light emission efficiency is very less in bulk because non
radiative process dominates over the phonon assisted optical transition. Bulk

silicon is therefore not suitable for the fabrication of optoelectronic devices.

Conduction
band

photon

Energy

Direct recombination

Valence band

Momentum

Fig 2.2 E-k diagram showing direct band gap
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Fig 2.3 E-k diagram showing indirect band gap
2.2 Quantum Confinement Effect

Quantum confinement effect occurs when size of crystal becomes less than the
corresponding Bohr exciton radius as already discussed in chapter 1. NSs
properties change with the change in degree and dimensionality of confinement.
Three types of confined structures have been defined based upon the dimensions
which are Quantum well, Quantum wire and Quantum dot. Quantum well,
Quantum wire and Quantum dot shows confinement in two, one and zero

dimensions respectively.

Indirect band gap can be changed into direct band gap with the help of quantum
confinement. Si have indirect band gap and hence does not give any luminescence
at room temperature. But nanostructures of Si due to quantum confinement gives
PL at room temperature. With the help of uncertainty principle the conversion of
indirect band gap to direct band gap can be understood. Let the uncertainties in
the position and wave vector be Ax and Ak respectively. According to uncertainty
principle, Ak. Ax ~ 1. Ax is infinity in bulk materials because of its crystalline
nature. Hence, by uncertainty principle only possible transitions is Ak= 0.

Suppose the size of a NS is L then there will be an uncertainty of 1/L in the
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momentum due to uncertainty in position being ‘L’. When Ak lies in the range of
1/L all the transitions are possible. Thus, optical recombination occurs in suitable
low dimensional materials. Consequently, for optical transitions to take place,
band gap can be said to be effectively a direct type in nature.

2.3 Synthesis of SINWSs

SiNWSs was first synthesized successfully in 1950's [21] by Treuting et al. of
unknown diameter. Different approaches have been tried since then. Numerous
ways have been developed to synthesize SiNWSs, including both the bottom-up
and the top-down approaches.

Most commonly used methods are described below:
2.3.1 Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a cost effective method [22] in which the
source material used to grow SiNWs is SiO. SiO granules are taken in crucible of
a tube furnace and inert gas supply is given to the tube furnace. The furnace is
maintained at 1350°C. Si gets evaporated at this temperature in the furnace and
flows from hotter end to the cooler part which leads to the formation of
SiNWs. The disadvantage of this technique is the byproduct of CVD reactions
which can be hazardous and the requirement of high temperature.

2.3.2 Molecular Beam Epitaxy

Molecular Beam Epitaxy uses highly pure Si source and is heated till Si
evaporates [22]. Ultrahigh Vacuum is required to reduce the contamination and
easy evaporation. After heating a gaseous beam of Si atoms is obtained which is
directed towards the substrate and SiNWs are fabricated. The main disadvantage

of this method is that it requires expensive experimental setup.



2.3.3 Laser Ablation Method

In laser ablation method a pulsed laser is used. By this process ultra-thin SINWs
is obtained [22]. Heat is applied to the target material placed in a tube furnace.
Now the pulsed laser source is used to ablate the target material. After that
cooling down of the ablated Si material occurs when it collides with the inert gas
molecule. Si nano droplets are formed when Si vapor condenses. Consequently, Si
nanowires are formed when these Si nano droplets falls on the substrate.

2.3.4 Metal Induced Etching

Metal Induced Chemical Etching [23] is a simple and low-cost method for the
fabrication of various Si nanostructures with the ability to control various
parameters. It is a novel wet-etching technique. The elements commonly used in
this etching method for deposition in Si substrate are Ag, Au, Pt etc. SINWSs are
prepared by this method by dipping Si wafer in AgNO3 and HF solution for the
deposition. Si gets oxidized by the Ag® ion present in the solution by taking
electron and produces SiO,. Due to HF the SiO, is etched away and the Si under
Ag particles are etched away faster. Ag particles are then removed from the
substrate using HNOj3 leaving SiNWSs. This technique can be used to fabricate

SiNWs in both n and p type Si substrate.

2.4 Characterizing Techniques

2.4.1 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is an instrument that produces a largely
magnified image by using electrons instead of light to form an image. It can

magnify objects upto 300,000 times the size of the object studied.
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Fig. 2.4 A schematic diagram of an SEM [24]

An SEM consists of electron gun, vacuum chamber, lenses, detectors and sample
chamber as shown in Fig . The electron gun is the filament which is the source of
the beam of the electrons. The filament is made of tungsten and is heated to
generate a high beam of electrons. Generally, it is of VV-shaped. High electric field
at the very sharp tip causes electrons to tunnel through the barrier. If the filament

is overheated or too old, it will break.

The lenses used in SEM are not made of glasses instead they are actually made of
magnets. These magnets have the capability to bend the path of electons and
control the flow of electrons and makes sure that the electron beam falls on the
right area where it is needed. It actually works like the focusing lenses of an
optical microscope. Then comes the sample chamber which is kept still. SEM



images can get deteriorate if sample chamber is not steady since SEM’s are

sensitive to vibrations. So to get clear images they are insulated from vibrations.

The vacuum chamber is an utmost necessary for an SEM. Without vacuum there
will be air particles inside the chamber. When the electron beam is fired by the
electron gun , the air particles will come in their way and block their path due to
which electron beam will get scattered before reaching the sample. The surface of
the sample may also get distorted due to knocking down of the air particles from

the air and onto the sample.

Incident Beam

primary backscattered
H-rays electrons

secondary electrons
Auger electrons

Sample

Fig. 2.5 Schematic of the components coming out of sample.

The electron beam produced by the electron gun at the top of the microscope is
made to travel through the vacuum focused by the electromagnetic lenses and
allowed to fall on the sample. When the beam strikes the sample, electrons and X-
rays are scattered as shown in Fig 3. These X-rays, primary backscattered and
secondary electrons are collected by the detectors attached to the SEM. The
detectors convert this analog signal into digital through an analog to digital
convertor and send to the computer. The computer then converts this digital signal
into grayscale pixels which produces the final image. It is called scanning electron
microscope because dot by dot, row by row, an image of the original object is
scanned onto a monitor for viewing. To magnify an image only a small portion of

the image is to be scanned.



2.4.2 Photoluminiscence

Luminescence is the radiative emission process from a  solid.
Photoluminescence (PL) is a process of emission of light from a material when it
is subjected to UV light. The process involves excitation of photon and hence
known as photoluminescence. In general, the PL involves excitation and

relaxation processes during the absorption and emission of photons.

The excitation energy and intensity are chosen to probe different regions and
excitation concentrations in the sample. PL investigations can be used to
characterize a variety of material parameters. PL spectroscopy provides an
extremely sensitive probe of discrete electronic states. Features of the emission
spectrum can be used to identify surface, interface, impurity levels and interface
roughness. The intensity of the PL signal provides information on the quality of

surfaces and interfaces.

When light of sufficient energy is incident on a material, photons are absorbed
and electronic excitations are created. Eventually, these excitations relax and the
electrons return to the ground state. If radiative relaxation occurs, the emitted light
is called PL. This light can be collected and analyzed to yield a wealth of
information about the photoexcited material. The PL spectrum provides the
transition energies, which can be used to determine electronic energy levels. The
PL Intensity gives a measure of the relative rates of radiative and nonradiative
recombination. Variation of the PL intensity with external parameters like
temperature and applied voltage can be used to characterize further the underlying

electronic states and bands [25].

PL depends on the nature of the optical excitation. The excitation energy selects
the initial photoexcited state and governs the penetration depth of the incident
light. The PL signal often depends on the density of photoexcited electrons, and
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the intensity of the incident beam can be adjusted to control this parameter. When
the type or quality of material under investigation varies spatially, the PL signal
will change with excitation position. In addition, pulsed optical excitation
provides a powerful means for studying transient phenomena. Short laser pulses
produce virtually instantaneous excited populations, after which the PL signal can
be monitored to determine recombination rates. PL analysis is an important tool
for the characterization of surfaces, because the PL signal is often originated near
the surface of a material. The presence of surface adsorbates alters the intensity of
the PL signal. When the states serves long-lived traps, then the depth of the trap
can be determine by the temperature dependent PL. If interface states are
nonradiative, which is usually the case, the states alter the time-resolved PL of
radiative transitions in the material. Nonradiative traps dominate the transient PL
signal at low carrier density.

The schematic of the set up for photoluminescence detection is shown in fig4. The
carriers are excited in the sample using suitable laser beam. The
photoluminescence coming out from the sample is detected as shown in Fig. 3.4.

Laser

<7
Spectrograph —

Lens

Fig. 2.6 Experimental set-up for PL measurements.
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2.4.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. It can be used to study solid,
liquid and gaseous samples. It is named after the nobel laureate Sir Chandrasekhar
Venkata Raman who discovered Raman effect in 1928. This discovery was quite
remarkable because he detected this feeble phenomenon with sunlight as source,
telescope as collector and his own eyes as detector.

When a monochromatic light beam is deflected by molecules or crystal lattices
intense spectral line occurs corresponding to the wavelength of incident light.
However, besides these lines, additional lines occurs through spectral analysis
which are weaker but corresponding to wavelengths different from the incident
light. These lines are known as Raman lines and the phenomenon due to which
these weaker lines are observed is called Raman effect. The lines corresponding

to the wavelength of incident light are known as Rayleigh lines.

A classical explanation of Raman effect can be given based on molecular
deformations in electric field E due to the molecular polarizability a. The light
source which is generally a laser beam can be considered as an oscillating
electromagnetic wave with electrical vector E. When the light is made to fall upon
the sample an electric dipole moment is induced due to the interaction which
deforms molecules. Let the dipole moment be P = oE. Now due to this

deformation, vibration of molecules results with a particular frequency, say vm.

Molecules of the samples illuminated by light source gets excited with a
frequency vo and is transformed into oscillating dipoles. Three different
frequencies of light can be emitted by such oscillating dipoles which are

mentioned below:

1. Emmision of light can happen when a photon with the frequency vy IS

absorbed by a molecule with no Raman-active modes. This molecule after getting

excited comes back to the same basic vibrational state. Thus, light with the same
12



frequency vo is emitted as an excitation source. This type of scattering is called

an elastic Rayleigh scattering.

2. A Raman-active molecule absorbs a photon with frequency vy which was in
the basic vibrational state while interacting. Part of the photon’s energy is
transferred to the Raman-active mode with frequency vy, and the resulting
frequency of scattered light is reduced to vo - vy. This Raman frequency is called

Stokes frequency, or just “Stokes”.

3. A Raman-active molecule absorbs a photon with frequency vo, but it was
already in the excited vibrational state while interacting with the sample.
Molecules while returning to the basic vibrational state releases excessive energy,
and scattered light gives a frequency of vg + vy,. This type of Raman frequency

are called Anti-Stokes.
Two discrepancies has been seen in the classical explanation of Raman effect:

(1) According to the this theory, the Raman frequencies above and below the
Rayleigh line must be of the same intensity, but this is not consistent with

the experimental observation.

(2) It cannot explain the independence of Raman shift from incident laser

wavelength

The major components that make up the Raman spectrometer are the following
[14]:

Q) Excitation Source

2 Sample illumination and collection system
3 Wavelength selector

4 Detector and computer control system

13



Excitation sources: Ideal excitation source for Raman Spectroscopy are lasers
because it can produce laser beams in wide wavelength and also provide power
upto 1-2W. Moreover, laser beams being completely linearly polarized add to its
advantage. Earlier in 1960s mercury lamp was used as an excitation source. The
main lasers that are used in raman spectrometer are Continuous wave gas lasers,

Neodymium-YAG lasers, Diode lasers and Tunable lasers.

Wavelength selector: In order to obtain a certain wavelength or a narrow band
of wavelengths, wavelength selectors are used. For this reason this instrumental
component is very important. It can be classified into several categories eg. filters,
prisms etc. Raman Spectra is measured extensively using both prism and grating
monochromators and spectrographs. However, acoustic and liquid-crystal tunable

filters have also been used recently with success.

Detection: The most used detector in Raman spectroscopy is charge-coupled
devices (CCDs). A CCD is a silicon based multichannel array of photosensitive
elements, each one of which generates photoelectrons and store them as a small
charge. It is mainly used because of its sensitivity to light which makes it suitable

for inherently weak Raman signal analysis.
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CHAPTER 3

Experimental Details

3.1 Sample Preparation

The method adopted for fabricating SINWSs for the project work is metal induced
chemical etching. It is one of the simple and low cost methods for this purpose. In

this method , the materials and chemicals used are Si wafer, HF, AgNO3, H,0,

and HNO3 [23,26].The steps involved in sample preparation are discussed below.

Step 1: The silicon wafer is cut into pieces with a diamond cutter and then these
silicon wafers are ultrasonicated in IPA for 10 minutes and then again for another

10 minutes in acetone to remove the organic contaminants on the surface.

Step 2: The cleansed Si wafer are dissolved in a 5% HF solution. This process is
done to remove the thin oxide layer that is formed on the surface of the silicon

wafer due to exposure with air.

Step 3: After removing the oxide layer it is dipped into the solution containing
4.8M HF and 0.005M AgNOs; for 1 minute at room temperature for the deposition
of Ag nanoparticles and then it is rinsed with deionized water to remove the extra

silver ions.

Step 4: The AgNPs deposited samples were then kept for etching in an etching
solution containing 4.6 M HF & 0.5 M H,0, .The samples were kept for different

times.

Step 5: The Ag metal was dissolved with nitric acid which was immersed into
5% HF solution to remove the oxide layer induced by the nitric acid. Finally, the

wafers were cleaned with water.

Detailed mechanism and reactions resulting in SINWSs are discussed in the next

section.
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Ag nano particle

coated si Wafer Etchingin HF + H,0, Etchingin HF + H,0,

Fig. 3.1 Schematic diagram of the formation of SINWs
3.2 Mechanism for the formation of SINWs

Mechanism for the formation of SINWs are discussed below:

A) The etching of Si wafer in a solution containing HF and H,0, is a redox

reaction. The cathode reaction is given by:
H,O, + 2H" — 2H,0 + 2H"

B) Another cathode reaction happens simultaneously which is reduction of

protons into hydrogen. It was proposed by Li and Bohn and Harade et.al [27].
2H"—H,1+2h" (hole)

C) The anode reaction proposed in this method can be divided into three groups:
1) Direct dissolution of Si in tetravalent state

Si+4h" +4HF — SiF, + 4H"

SiF4+ 2HF — H,SiFg

2) Direct dissolution of Si in divalent state

Si+4HF, — SiFs" +2HF +H, +2¢

3) Si oxide formation followed by dissolution of oxide

Si+2H,0 — SiO,+ 4H"+ 4¢

16



SiO, + 6HF — H,SiFg + 2H,0

Because of catalytic activity of the noble metal (silver in our case) , the oxidant is
reduced at the surface of the noble metal. Now due to the reduction of the oxidant
holes are generated. These generated holes then diffuse through the noble metal
and are injected into the Si that is in contact with the noble metal. At the Si/metal
interface, the injected hole oxidizes the Si and gets dissolved by HF. The reactant
and the byproducts diffuse along the interface between the Si and the noble metal.
The etching of Si by HF is much faster in the case where Si is in contact with the
Si as the concentration of holes is maximum at the Si/metal interface than bare

silicon without metal coverage.

Since the Fermi energy of Si substrate is less than the potential of Ag*/Ag so
when a silicon substrate was immersed into the HF/AgNO3 solution, a galvanic
cell was created. The injection of holes into valence band of Si from Ag" starts.
Consequently, the Ag” was reduced to elemental Ag. The Ag nuclei size grew
with increase in etching time while at the same time the local oxidation and
dissolution of Si atoms is promoted by the holes injection into the valence band of
Si with the help of Ag particles. The particles sank into the Si substrate with the
dissolution of Si atoms underneath the Ag particles. At the interface between Si
and the deposited Ag particle, the charge transfer happens and the Ag particles
were formed by the reduction of Ag" at the bottom of the etched pores. Therefore,
dendrite structures of Ag nuclei were formed. The diameter of the Si nanowire

can be controlled by changing the concentration of the AQNO3 and HF.

The metal taken as a catalyst has great influence upon the morphology of the
etched structures [27]. It is reported that straight pores are formed if isolated Ag
or Au particles are used as catalyst for etching the Si substrate but if Pt particles is

used then defined straight pores or helical pores are formed. The type of noble

17



metal chosen may also affect the etching rate. Pt if used then the etching rate is

more as compared to the etching rate if Au particles are used.

3.3 Raman and PL Spectroscopies

Raman experiments were carried out using Integrated Raman system that includes
a confocal microscope, a large focal length (~800mm) having spectral resolution
of 0.4 cm™/pixel operating at the spectral range of 200-1050 nm and the source of
excitation is 632.8 nm, air cooled He-Ne laser. The PL from MIE sample were
recorded with 325 nm He-Cd laser excitation source using Dong Woooptron 80K
PL system at room temperature.
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CHAPTER 4

Results and Discussion

This chapter deals with study of fabrication of SINWSs and pore characteristics of
the samples prepared with the method of metal induced etching (MIE). Various
types of analysis have been done for the better understanding of the pore

formation and its dependence on different resistivity of Si.
4.1 SEM image analysis

As discussed earlier in section 2.2.4 PS/SINWSs of both type (n and p) can be
fabricated by MIE and well aligned Si NWs can be formed. Important parameters
like length, diameter, density and spacing can be controlled. As discussed earlier,
two steps are involved in fabrication of PSi/SINWs through MIE. Firstly,
nanoparticles (NPs) of noble metal (in our case it is Ag) are deposited on Si
substrate (wafer). Secondly, AgNPs deposited samples are dipped in the etching
solution containing HF and H,O,. The area of Si substrate covered with Ag NPs is
etched much faster due to catalysis effect, while the uncovered surface etches

little slowly. Consequently, porous Si containing arrays of Si NWs are formed.

Fig. 4.1 shows an SEM image of Si Wafer. In MIE process, Ag is used as a
catalyst to fasten up the etching process by dipping the Si substrate in the HF and
H,0, solution. An SEM image of that substrate has been taken and Fig. 4.2 clearly
shows the deposition of AgNPs on the Si substrate when Si Wafer is kept in
HF+AgNO3 solution for 1 minute.
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Fig. 4.2 Ag deposited on n-type Si substrate

The AgNPs deposited Si wafers have been used to prepare SINWs using MIE
technique. Nano walls like structures can be seen surrounding the AgNPs. SEM
images after the removal of Ag particle of the sample were also taken for the
same resistivity (Fig. 4.3). AgNPs seems to disappear completely from the Si

substrate leaving behind only nanostructures of Si.
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Fig. 4.3 SEM image of porosified Ag deposited Si-wafer.

Fig. 4.3 shows the porosified Ag deposited Si wafer. For this sample the etching
time was 60 minute. To confirm wire like structure we have also done cross-
sectional SEM. Fig 4.4 shows cross-sectional SEM image. The image clearly
shows that wires of the order of few tens of nanometers have been formed.

i

Fig. 4.4 Cross-sectional view of SINWSs prepared from n-type Si
wafer.

The method of MIE is suitable not only to produce nanowires from n-type Si
substrate but also in p-type. We have also prepared SiNWs in p-type Si substrate.
Fig. 4.5 shows the top view of the prepared sample with etching time of 60
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minute. Cross-sectional SEM image was also taken to confirm the formation of

SiNWs in p-type wafer as shown in Fig 4.6.
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Fig. 4.6 Cross- Sectional SEM image of SINWS formed on p-type Si

substrate
4.2 Effect of etching time on porosification of Si

Surface morphologies of the sample have been studied using SEM in top/plane

view as well as cross-sectional view to understand the progress of etching of Si
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wafer and effect of etching time on porosity. Fig. 4.7 shows an SEM image
corresponding to the porous Si samples fabricated from wafers with resistivity 1—
20 Qcm. Fig. 4.7 shows the top view, while Fig. 4.8 shows their corresponding
cross-sectional images. These images indicate the formation of vertically aligned
Si NWs arrays. The formation of such SINWs is observed because H,0, partially
oxidises Ag NPs during etching to create a localized Ag* cloud. This Ag"* cloud
reacts quickly with Si and eject electrons near the Ag/Si interface. This is how the
etching process initiates. After the starting of the process small pits are formed at
the sites where Ag NPs are present and they get trapped in this pit. So, there is
continued etching in vertical direction at the sites leading to the formation of the
Si NWs array [28].

To study the effect of etching on porosifiction following samples have been

prepared which are listed in table I.

Table I: Specification of samples for studying effect of etching on porosification
of Si

Sample name Etching time
El 45 minutes
E2 60 minutes
E3 75 minutes
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The effect of etching time on Si wafer in the same environment (other than
etching time) can be understood from the SEM results which are shown in
Fig.4.7- 4.8. The pore diameter and pore depth is expected to increase with
increase in etching time [28]. But, as shown in Fig. 4.7-4.8, we have obtained
quite an opposite result. In sample E1 (Fig. 4.7(a)), the diameter of Si NW arrays
formed is found to be in range of few hundred nanometers after examining the
planar view of SEM images. In the case of sample E3 the diameter of SINW is
bigger than sample E1. This indicates that after a particular etching time the
diameter of SiINWSs increase with the increasing etching time. Furthermore, from
the observation of the X-section SEM images, the length of these Si NW arrays
for the sample E1 (Fig. 4.8(a)) is found around 60 um which is decreased upto a
value 40 pm for E3 (Fig. 4.8(c)). Therefore, it can be asserted that after a
particular etching time (60 minute in our case) breaking of the Si NWs started and
results in blunt surface. On the contrary to our observation, it is reported [28] that
length of the NWs increases from few nano-meters to several micrometers with
increase in etching time from 0 to 120 minute and the increase in the length of Si
NWs with the etching time is linear [28]. Hence, it can be concluded that in order
to form well aligned SiNWs the optimum etching must be 45 minute for n-type Si
wafer with 1-20 Qcm resistivity. If duration of etching is elongated beyond this,

NW arrays formed may get break.
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Fig. 4.7 Top view SEM image of sample (a) E1, (b) E2 and (c) E3
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Fig. 4.8 Cross-sectional view of sample (a) E1 (b) E2 and (c) E3
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4.3 Spectroscopic Investigation of SINWs samples

4.3.1 Photoluminescence study of the samples

Photoluminescence (PL) measurements have been performed at room temperature
using an excitation wavelength of 325 nm from He-Cd laser to see the
luminescence properties of these formed Si nano-wire arrays. It has been observed
that PL peak appears around 1.96 eV for the samples E1, E2 and E3 (Fig. 4.9).
The variation in PL peak positions has been observed to be very little
corresponding to a function of etching time. As we increase the etching time from
45 minute to 60 minute, a shift in PL peak position to higher energy is seen.
Furthermore, if we increase etching time to 75 minute the PL energy gets reduced.
It is in agreement with the SEM results which show that SINWSs with bigger
diameter is formed in sample E3. Fig. 4.13 shows the PL peak positions for the
samples E1, E2 and E3 appears to be at 1.95 (635.9 nm), 1.97 (629.4 nm) and
1.96 eV (632.6 nm) respectively. If we compare the diameter of nanowires in the
sample E1 and E3, it is observed that diameter in case of sample E3 is bigger than

that of sample E1 which is due to broken NW arrays.

As a consequence, for sample E3 a little red-shift in PL peak is observed
compared to sample E1. As etching time is increasing from 45 to 60 minute PL
intensity is increasing as more etching produce more luminescence sites but for
the sample E3 intensity decrease because of broken SiNWSs which reduces the

number of luminescence sites.
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Fig. 4.9 PL spectra for (a) sample E1 (b) sample E2 (c) sample E3
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4.3.2 Raman study of the Silicon

In order to estimate the average size of semiconductor nanostructures Raman
spectroscopy has been done which is a popular tool for the characterization of
nano materials [29]. In the case of crystalline bulk material only zone centre
phonons (q=0) contribute to first-order Raman scattering as a result symmetric
Raman spectrum is achieved whereas =0 rule get relaxed in the case of quantum
confined system. This implies that not only the zone centre optical phonons but
the phonon away from the zone center (q>0) can also contribute to the Raman
scattering process. As a result of this, broaden asymmetric Raman spectra are
achieved for nanostructures [29]. There are various models like phonon
confinement model (PCM) [30], Bond-polarizability model (BPM) [31] etc. for
fitting of Raman Spectra to find the important parameter to analyze the material
properties. BPM is one of the simple methods to estimate the average size of
nanostructures. Here we have used BPM due to its simplicity to estimate the

average diameter of SINWs of sample E1, E2, and E3.

Qualitative estimation of size of SINWs by BPM can be obtained by the following
relationship [31]:

Aw = w(L) - wy = -20.92(a/L)"%®
In the above formula,
1) Aw represents Red shift in Raman peak position.
2) w(L) represents the frequency of Raman phonon of nanocrystal having size L.

3) wo represents the frequency of the optical phonon corresponding to the zone

centre.

4) ‘a’ represents the lattice constant of c-Si.
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Fig. 4.10 shows the Raman Spectra for sample E1, E2 and E3. Raman spectra
shown in fig. 4.10 are red shifted, broad and asymmetric in nature as compared to
its bulk counterpart (for C-Si 521 cm™ shown by dotted lines). The Raman peak
position for sample E1, E2 and E3 are 517.5, 515 and 517 nm respectively. These
peak positions have been used to estimate the average diameter of SINW present
in the sample E1, E2 and E3 and found to be 2.8, 1.8, and 2.5 nm respectively

which are in the agreement with SEM and PL results.
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Fig. 4.10 Raman spectra for sample (a) E1 (b) E2 and (c) E3
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4.4 Effect of AgNPs deposition time on porosification of Si

As already discussed in section 4.2 the Ag NPs plays a very significant role in the
etching process because it initiates the porosification wherever Ag NPs get
deposited. During the etching process these Ag NPs gets converted to Ag® ion .
But these Ag” ions may get converted to Ag NPS again by accepting electrons
from the wafer. Therefore, it is anticipated that resistivity of the Si wafer might
have something to do with this. It has been reported that deposition of thicker Ag
film results in the formation of columnar structures whereas fine pore structures
has been observed with a layer of Ag film with nominal thickness [32]. To
understand the effect of AgNPs size on porosification, following samples given
on table Il are prepared by varying AgNP deposition time. These AgNPs
deposited Si Wafers are used for porosification to get a quantitative analysis of

Ag sized dependent porosity.

TABLE II: Specification of the porous silicon samples prepared with n type
(0.01Qcm) Si substrate.

Sample Time of Ag Time of
Name deposition etching
(se0) (min)
A 15 0
B 30 0
C 45 0
D 60 0
AB0 15 60
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Sample Time of Ag Time of
Name deposition etching
(se0) (min)
B60 30 60
C60 45 60
D60 60 60

The top view SEM image of the samples (Fig. 4.11) lucidly shows the Ag NPs
being deposited on the substrate. As it can be seen from the SEM images (Fig.
4.11) that the density of Ag is increasing with deposition time. After dipping the
samples in the etching solution and keeping the etching time constant for each
sample SiNWSs were prepared. SEM images of the etched samples with new series
of sample (A60 to D60) are shown in Fig 4.12 and summarized in table IV. The

porosity of these samples was calculated using ImageJ software.

32




AN
N o A ‘o
| : IRRRALe
Wy’ 8 B e ;} ‘-"J»-"‘
e e
... o2 — ’ @f{:ﬁ@?ﬁ?’ |
P AR (L3 T S e
e Ao SR

Fig. 4.11 SEM images of n (0.01Qcm) type Si substrate. Sample A

to D showing variation in AgNPs.

Fig.4.12 shows the top view image of our sample. It can be observed from the
SEM results that the pores have been formed in Si substrate. The sites where Ag
NPs were deposited got etched significantly as discussed in section 4.1. It can be
seen from the SEM results that pore formation is increasing from A60 to D60.
Pore size in sample A60 is small and less dense. But in B60 the number of pores
has increased leading to increase in porosity. Porosity has increased more in C60
as compared to B60 due to the increase in pore size as we can see big pores in the
sample. Now in sample D60 more no of pores is formed which are comparatively
larger in size and also denser than other samples (Fig 4.12 (d)).
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Fig. 4.12 SEM image of (a) A60, (b) B60, (c) C60 and (d) D60.

TABLE IlI: Specification of the porous silicon samples prepared with n type
(0.01 Qcm) Si substrate with only AgNPs deposition.

Sample Uncovered | Covered Area
name Area (%) (%)
A 44 56
B 36 64
C 31 69
D 27 73
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TABLE IV: Specification of the porous silicon samples prepared n type (0.01

Qcm) Si substrate after etching.

Sample name porosity (%)
ABO 22
B60 30
C60 35
D60 46

Process for obtaining the results is given in Appendix B.

Using Image-J software we have obtained percentage area which is not covered
by AgNPs as summarized in Table Ill. It is evident from the table that the Ag
deposition time is affecting the formation of pores in the Si substrate. The area
covered by the Ag NPs in sample D is highest while in sample A it’s the lowest.
We observe here that in our samples deposition of Ag NPs in the Si substrate

increases with time.

From table Il, one can clearly see that the porosity is dependent on the Ag
deposition time. As the etching time is constant, the porosity in n-type Si substrate
with resistivity 0.01 Qcm is increasing with Ag deposition time. In MIE technique
Ag is used as catalyst to fasten the etching process and it is expected that greater
the deposition of Ag greater should be the porosity which has been observed with
our samples. Since, area covered by Ag was 56% in A60 sample which is the
minimum as compared to B60, C60 and D60 sec the porosity of the same sample

was the lowest among all other samples.

A plot of covered area vs. AgNPs deposition time has been plotted for the n type
sample having resistivity 0.01Qcm with the help of Table Ill. The coverage area

of the AgNPs is not varying linearly but is increasing slowly with time.
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Fig. 4.13 Variation of covered area with Ag NPs deposition time.

Now the graph of porosity vs. AgNPs for the same samples has been plotted
under the same conditions with the help of Table IV. Here also it is found that the

porosity is increasing with AgNPs time but is not a linear increase.
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Fig. 4.14 Variation of porosity with Ag NPs deposition time
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CHAPTERS

Conclusion

A preliminary investigation on the formation of SiNWs has been presented.
Optimization of initial surface pre-treatment is very significant such as cleaning
and removing oxides, as well as post etching process. Well Aligned SiNWs are
successfully fabricated by metal induced etching. Mechanism behind fabrication
of SINWs has been understood. A brief description about the method involved in
the fabrication of SiNWs has been presented here. Surface morphology of
different samples has been studied by SEM and cross-sectional. Effect of etching
time on porosification of Si has been studied and shows after a particular etching
time, SINWs break that has been confirmed by cross-sectional SEM results. The
effect of AgNPs deposition time on porosification of Si has been studied. Image J
software is used to calculate the porosity of various samples. Porosity calculation
provides the dependence of AgNPs deposition time on porosification of Si and
shows that the porosity of different samples increases as AgNPs deposition time
increases. Visible PL at room temperature shows the quantum confinement effect
in the prepared samples which is the signature of nanostructures. Asymmetric and
broad Raman spectra confirm the presence of nanostructures in the samples. Bond
polarizability model is used to calculate the average size of nanostructures present
in the samples. Particle size estimation shows the size of nanostructures decreases
as etching time increases.
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APPENDIX-A

Property Value Units
Atomic weight 28.09
Atomic density 4.995x10" atoms/cm®
Boiling point 2,878 °c
Breakdown field 3x10° Viem
Bulk modulus 7.7x10" dynes/cm?
Compliance<111> 5.32x107% cm’/dyne
Covalent radius 0.118 Nm
Critical density 0.1207 glem®
Critical pressure 530 Atm
Critical temperature 4,886 °c
Critical volume 232.6 cm’/g.mol
Crystal plane spacing
(100) 0.543 nm
(110) 0.383 nm
(111) 0.313 nm
Crystal structure Diamond
Density 2.33 glem?
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Property Value Units
Density of surface atoms
(100) 6.78x10™ atoms/cm?
(110) 9.59x10™ atoms/cm?
(111) 7.83x10™ atoms/cm?
Dielectric constant 11.8
Effective density of states
Conduction band 3.22x10" n/cm?
Valence band 1.83x10" n/cm?
Elastic constant
Cu 1.29x10%
Ci 0.483x10%
Cu 0.671x10"
Electron affinity(111) 4.85 eV
Electron effective mass at 4°K®
Longitudinal (m,/my) 0.98
Traverse (m/my) 0.19
Density of states(m/my) 1.08
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Property Value Units
Energy gap 1.12 eV
Hardness 7 Moh
Heat capacity 4.78 cal/g.mol°C
Heat of fusion 264 callg
Heat of sublimation 4,075.0 cal/g
Heat of vaporization 3,812.0 cal/g
Hole of effective mass at 4°K’
Heavy (m./my) 0.537
Light (m,/m) 0.153
Density of states (m*/my) 0.591
Intrinsic carrier concentration
n 1.38x10% n/cm?
n? 1.90x10% n/cm®
Intrinsic Debye length
L 28.7 pm
Ln; 4.0x10”7 n/cm?
Intrinsic resistivity 2.3x10° Q.cm
Lattice constant 0.543 Nm
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Property Value Units
Liquid density 2.533 g/cm3
Liquid heat capacity 6.755 cal/g.mol’C
Liquid thermal capacity 1.025x10° cal/sec.cm’C
Liquid viscosity 0.88 Centipoises
Melting point 1,412+2 °c
Minority carrier lifetime 2.5x10° S
Nearest neighbor distance 0.235 Nm
Percent expansion on freezing 10%
Poisson’s ratio 0.27
Refractive index 3.4
Scattering limited velocity
Electron ~1.0x10’ cm/s
Hole ~8.4x10° cm/s
Shear modulus 7.55x10™ dyne/cm?
Surface tension 736 dynes/cm
Symbol Si
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Property Value Units
Thermal conductivity 0.353 cal/sec.cm’C
Torsion modulus 3.97x10" dynes/cm?
Vapor pressure 2.8x10™ mm Hg
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APPENDIX B

ImageJ software was used to calculate the results given in Table Il. The SEM
image for which porosity is to be estimated is selected and ‘Threshold’ command
is  clicked. This ~ command is available  via  the menu
command Image>Adjust>Threshold. Slider bars are available so that threshold
can be set manually. The pixels within the threshold range are displayed in
red.After satisfication with the threshold settings, Apply the settings. The image
gets converted to binary after the threshold settings are applied permanently. It

then measures the porosity of the image using Measure command.
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