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ABSTRACT

Fabrication of Silicon Nanowires and Effects of Different Parameters on

The Fabrication Results

Nassim Mashayekh

In today’s world everything is going toward speed and comfort. This includes different
technologies which their improvement leads to an easier life for human beings. One of these
technologies is nanotechnology that deals with fabrication and structures of objects in nanometer

scale.

Today’s technology and science has proved that nanowires are excellent candidates for
fabrication of many different devices and their components. These devices take less space while
having high performance. Nanowires are one-dimensional structures that have many applications
including a variety of sensors, transistors as well as energy-storage devices like solar cells and

Li-ion batteries.

Fabrication of nanowires is still under research and many universities and institutes are trying to
find methods that are both time- and cost-efficient. This is a challenging subject since there are
many parameters involved in the process and each of these parameters affect the final results of

fabrication.
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The concentration of this work is on fabrication of silicon nanowires. Silicon is the second-most
abundant element on the earth and therefore has a more reasonable price compare to other

elements.

There are many different techniques to fabricate silicon nanowires but most of these methods are

expensive and time consuming.

In this work we have used a top-down method which is time and cost efficient compare to other
fabrication methods. There are three main steps in our work; anisotropic etching to texture the
surface of the silicon wafer, electrochemical etching to produce the nanowires and a post-etching
process in order to clean the surface of the sample. Wafer type, etching duration, temperature,
and the applied current are the parameters that are studied during the experiments. The fabricated

nanowires are captured and characterized using scanning electron microscopy.
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Chapter 1: Introduction

1.1. Whatis Nanotechnology?

As Jack Uldrich and Deb Newberry said, “The next big thing is really small”. [1]

By reducing the size of materials to nano scale, their properties change. This includes their
physical, chemical and mechanical properties. Nanotechnology is the technology that deals with
fabrication and structures of nanometer dimensional objects in the length scale of approximately
1 -100 nanometer. Research and development at the atomic, molecular or macromolecular level
is the objective of this technology. Sciences related to the systems structured by nanotechnology

are known as Nanoscience.

Nanotechnology is not a future technology anymore and has already been used in some
industries and technologies. Chemistry, physics, biology, material science, and different

engineering fields are some fields that are attracted to nanoscience and nanotechnology.

Progresses of this technology plays an important role for those who believe in the golden rules;

smaller size, faster speed, larger functionality, less cost, and less heat.

1.2. Why Silicon?
In this work silicon (Si) is chosen as the main material of fabrication and the fabricated
nanowires are made from pure Si. Si is the second-most abundant element in our world and

builds more than 27% of the chemicals on the Earth.



In the nature silicon which is a semiconductor can be found in form of dioxide (SiO2) and

carbide mostly in sand and can be used in the electronics industry. [2]
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Figure 1.1. Silicon electron configuration [2]

Some properties of this material are its chemical stability, being an indirect semiconductor, the
small mobility of electrons/holes, and small electronic band gaps. Also it can grow easily in high

temperatures in the form of crystal structures (used in most micro/optoelectronic devices). [3]

Considering the above explanations, scientists have been searching the benefits and consumption

of Si in other forms like porous silicon (PS) and silicon nanowires.



Chapter 2: Literature Review

2.1. Nanowires

Nanowires, also known as quantum wires, are structures that are extremely thin, and their
diameters can be as little as only a few nanometers or less. These tiny structures can be made of
different materials, including metals, insulators and semiconductors. Nanowires are considered
as one- dimensional (1-D) nanostructures with diameters in the range of 1-100nanometers. This
new technology will bring many new opportunities to the future of the world of devices and their

components.

There are many different methods for the fabrication of different nanowires. It is important to

choose the best method that result in nanowires with those characteristics we are looking for.

The production of nanostructures including nanowires can be divided into two methods. One is
the top-down method and the other is the bottom-up. In the top-down method, bulk material will

be used, and the desired nanostructure will be obtained using lithographic techniques.

g “ﬁi = éﬂ%
(2) (3)
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Figure 2.1. Top-down etching method
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Figure 2.1 illustrate both two-dimensional and three-dimensional schematic view of the top
down process used in this work to fabricate silicon nanowires. As it can be seen, the fabrication
process starts with bulk material and by passing through two etching processes we obtain the

nanowires.

The main purpose of this method, which has been used for many years, is to fabricate nano scale
structures from the bulk materials. However, using bulk materials to reach the nano size structure

might result in lots of waste and difficulty of structure and uniformity control. [4, 5]

In the bottom-up method, the atoms will be self-assembled and at the end they will form a larger
but still nanosize structure. This is a controllable method that results in a uniform structure. The
structures will be formed from a controllable crystallization of material available in a liquid or
vapor. Although there will be less wasted material, the fabrication cost is higher than top-down

method. [4, 6]

In general, the growth process of nanowires, especially silicon nanowires, have two parts: The
growth technique and the growth mechanism. The growth technique is related to the material
transportation or production in the defined area. The Chemical Vapor Deposition (CVD), the
Molecular Beam Epitaxy (MBE), and Plasma Enhanced CVD (PECVD) are three growth
techniques. As growth mechanisms, Vapor Liquid Solid (VLS) and Vapor Solid Solid (VSS) can

be mentioned. [7] In this chapter the CVD technique and VLS mechanism will be explained.

The CVD technique is usually used in fabrication of high purity or solid materials, as well as in
the production of micro-size devices made from carbon fiber, such as silicon, tungsten, and

filaments [8].



There are different types of CVD techniques, such as atmospheric pressure CVD, ultrahigh
vacuum CVD, and low pressure CVD, and each of them are suitable for different aims and
materials. Each of these techniques can preferable depending on the experiment condition and
specifications we are looking for. Figure 2.3 is an example of CVD technique in fabrication of

carbon nanotubes [9].
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Figure 2.2. Schematic view of the CVD method [10]

VLS is a mechanism to fabricate one-dimensional structures including nanowire. A catalyst is
required for this method and the suitable catalyst for nanowires fabrication is liquid metal. The
process starts simply when the saturation begins by turning on the source, and it ends when the
source is disconnected [11-13]. In this method the growth area and size of the wires are
controllable. However, the catalyst should have some required conditions for the best results. As

an example, the catalyst should consist of crystalline material and it should not react to the



reaction products while the growth is in process [12, 13]. Figure 2.3 illustrates the ZnO nanowire

growth using the VLS mechanism.

Figure 2.3. a) Vapor Liquid Solid growth method of ZnO nanowires on copper substrate. b) and

¢) SEM images of nanowires generated on a copper grid [14]

The method used in this project in order to fabricate silicon nanowires is known as anodization.
This method includes electrochemical etching of a silicon wafer in the presence of a current
source, an electrode, and the etching solution. The fabrication steps are explained with more

detail in the next chapters.



Nanowires are divided into different types including metallic nanowires, non-metallic nanowires,
and semiconductor nanowires. In this chapter metallic and semiconductor nanowires are

explained.

2.1.1. Metallic Nanowires

Metallic nanowires have unique mechanical, catalytic, and electronic properties. One method to
fabricate metal nanowires is seed-mediated approach developed by Murphy’s group on 2001.
[15] On 2003, scientists from Zurich Laboratory fabricated metal nanowires using a micro
contract printing method. As per their results, this method is applicable for gold, silver, copper,
and palladium nanowires. [16] Another method developed by Xia et al. [15] is the wispily

synthesis method which has resulted in uniformity of shape and size of the gold nanowires.

350 450 550 650 750 850
Wavelength (nm)

Figure 2.4. Left: SEM images of longer pentagonal faceted silver nanorods with the aspect ratios

of (a) 8.7 and (b) 10.2; as well as (c) and (d) longer 2 « m pentagonal faceted silver rods

regrown from ca. 0.5 « m rods. The scale bar is 100 nm for (a) and (b) and 2 « m for (c) and
7



(d). Right: Optical properties of synthesized pentagonal faceted silver nanorods. (e)
Photographs of aqueous dispersions and (f) UV-vis spectra of pentagonal faceted silver
nanorods with thickness of 49.5 + 2.5 nm and length of (1) 62 = 3nm, (2) 75 3£ nm; (3) 108 £5

nm; (4)142 7+ nm; (5) 158 £ 8 nm. From Ref (Pietrobon et all 2009) [15]

In general there are few basic techniques in order to develop metal nanowires. However there is
always a possibility of a new method of development by making any changes to these basic
techniques. Each technique will cause specific properties and characteristics. Therefore different
methods are suitable for different tasks and targets. Lithographic techniques, templating, and
chemistry and self-assembly methods are at the base of most of metal nanowire fabrication

techniques [17].

The application of metal nanowires application is a wide topic. One application for the metal
nanowires is the perpendicular magnetic data storage media. The one-dimensional structure of
metal nanowires facilitates the magnetization to saturation by longitudinal field [18]. Another
example from metal nanowires applications is high resolution scanning probe microscopy tips.
As we know the resolution and accuracy of these kinds of microscopes depends on the sharpness
and geometry of their tips. The metal nanowires are used as the metal tip in microscopes such as

electrical force microscopy (EFM) and scanning surface potential microscopy (SSPM) [19].

Some other applications of metal nanowires are biological tags, meta-materials, field emission

electron emitters, and gas sensors. [18- 20]



2.1.2. Semiconductor Nanowires

The functionality and performance of micro and nano-size device can be increased by using
semiconductors in their fabrications. Among all existed materials, semiconductors are the most
searched nanostructures. This includes controllable conductivity, doping, and morphology over
large areas. Chemical vapor deposition and Molecular Beam Epitaxy are two out of the many
methods for fabrication of semiconductor nanowires [21]. As an example of semiconductor
nanowires silicon nanowires, indium phosphide nanowires, and gallium nitride nanowires can be

mentioned. In the next section Si nanowires and its applications will be discussed.



2.2. Silicon Nanowires and Their Applications

As mentioned before, Silicon nanowires (Si NW) like other nanowires are one-dimensional
structures in the scales of nano. They have attracted the attention of many researchers due to
their specific characteristic including their strong broadband optical absorption as well as their

high compatible structures among all semiconductors. [4, 22]

On 2003 the Electrical Engineering and Computer Sciences and the Chemistry departments of
the University of California at Berkeley used the photolithography-based method in order to

fabricate a sub-10-nm silicon nanowires arrays. [23]

On 2004 G. Zheng et al. studied fabrication of n-type silicon nanowires. In their work they
synthesized a single crystal n-type silicon nanowire that had controlled phosphorus dopant
concentrations. Their result was later used in the fabrication of field effect transistor (FET)
devices. [24] Later on in 2006, F. Patolsky et al. used silicon nanowires to make an ultra-
sensitive, label-free sensor for real-time detection of biological and chemical species including

proteins, small molecules, viruses and nucleic acids. [25]

In 2007, Z. Huang et al. published a paper about controlled fabrication of silicon nanowire
arrays. During their experiments they developed a template catalytic etching process in order to

have a large area of silicon nanowire arrays with controlled density and diameter. [26]

In 2009, researchers demonstrated a novel method using molecular beam epitaxy technique in

order to fabricate silicon nanowire p-n junctions. [27]

Later on another group of researcher used one-step etching method in order to fabricate n-type

mesoporous silicon nanowires. [28] In this work, they explained the possibility of n-type

10



mesoporous silicon nanowires production using one-step metal-assisted chemical etching in HF

and AgNO3 method.

In 2012, a group of scientists from National Sun Yat-sen University of Taiwan performed an
experiment to produce p-type silicon nanowires that were suitable for biosensor applications.
They used a silver assistant chemical etching method. Study of their method proves that this is a

very time consuming method since their etching time was 3 hours. [29]

There are various applications for silicon nanowires such as solar cells, memories, Li-ion
batteries, and in biological and chemical sensors. [30, 31] in the next two sections two of these

applications are discussed.

2.2.1. Lithium-ion Batteries

Silicon nanowires are a candidate for the improvement of battery technologies. As said by
Amprius, a lithium-ion battery development company, the developed a battery on 2010 that is
made from nanostructure silicon and is capable of storing twice the energy compared to the

regular batteries available in the market.

Table 2.1 shows a comparison between the capacities of different elements that can be used in

battery fabrication. [32, 33]

According to Amprius, vertical arrays of silicon nanowires are used to fabricate this battery.
These nanowires, which are flexible and thundered, are used to play the anode role in the battery.

[33]

11



Elements Capacity
(mAh/g)
Carbon 370
Antimony 660
Aluminum 990
Tin 994
Germanium 1600
Silicon 4200

Table 2.1. Comparison of the capacity of different elements [33]

Figure 2.6 illustrates the results of cycling on the anode part of the battery.

FILM PARTICLES NANOWIRES

INITIAL SUBSTRATE u

Figure 2.5. Silicon deposition types illustration [33]
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2.2.2. Silicon Nanowire Sensors

As the name indicates, gas sensors are devices which are used to detect the presence of gas,
especially toxic and combustible gases. The main concentration in gas sensor researches is to
manufacture smaller, lighter, and more accurate devices with longer life time and performance.
Different types of gas sensor have different life time. There are four major types of gas sensor

known as “Electrochemical,” “Semiconductor,” “Catalytic,” and “Infrared (IR).” [34]

Electrochemical gas sensors have two, three, or maximum four electrodes, and measure the gas
concentration by gas oxidization or by verifying the current resulting from gas reduction at the

electrode. [35, 36]

The semiconductor gas detectors operate by chemical reactions upon presence of gas. The most

common material is Tin dioxide. [37]

The catalytic and infrared sensors gas sensors are mostly used to detect the combustible gases

and oxygen level. This device was invented in the mid-1960s. [34, 38]

The traditional infrared gas sensors are complicated, expensive, and heavy devices, however they
do not need to be placed directly in contact with the gas. The new developed versions of IR

sensors are simpler and more reliable compared to the old ones. [39]

Studies show that high surface-to-volume ratio in one-dimensional nanostructures such as carbon
nanotubes and metal oxide nanowires make them suitable for catalytic gas sensor applications.
Although these devices are dominant because of their sensitivity, they have selectivity and

reversibility weaknesses due to the similar changes in device when the gas is present. [40]

13
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Figure 2.6. Response of the sensor to ammonia and incense smoke exposure [42]

The first chemical and biological application of silicon nanowires in gas sensors was discovered
in 2001 by Leiber’s group. [41, 42] One kind of these gas sensors are silicon nanowire-based
resistors. These sensors have a low manufacturing cost. As shown in figure 2.7, in the presence
of ammonia or smoke the resistivity of the silicon nanowires decreases while in a vacuum
situation it increases. In this situation, the atoms of the ammonia and smoke acts as a donor of

electrons, also known as reducing agents. [42]

14



2.1. Porous Silicon
Porous silicon (PS) is a form of silicon crystal that has a network of nano voids or nanoporous
holes on its surface. The word “porous” in this context refer to billions of nano-holes in a single

silicon crystal substrate. The structure size of the pores on the silicon substrate varies between 1-

100nm. [3, 43]

PS was accidentally discovered in 1956 by Arthur Uhlir and Ingeborg Uhlir while they were
performing the Si electro-polishing process. The experiments showed that during the process
when the applied current is above certain value, Si rather than get polished will be etched and

produced a structure called PS. [44]

During the 1980s and 1990s, PS attracted more attention due to its excellent properties such as
light emission and large surface-area-to-volume ratio. Leigh Canham, who was working in
England’s Defence Research Agency, discovered that PS might display quantum confinement
effects. Later, he published his red luminescence experiment results from PS, which illustrates
that if a Si wafer is subjected to electrochemical and chemical dissolution, light emission can be

obtained. [45, 46]

Knowing that PS can behave as a visible light emitter has led to the idea of creating Si-based
optoelectronic devices, such as LEDs, optical memories, lasers, switches, and displays. On the
other hand, unlike bulk Si, PS is biocompatible and is suitable for biomedical applications in
both vivo (external) and vitro (internal) experiments. As the example of the biomedical
applications the biological sensing devices, electronic sensing devices such as hearing, viewing,
checking body chemistry in order to monitor pain, disease, or drug dosage, as well as the

replacement of damaged tissue in the ear, eye and skin can be mentioned. [46- 48]

15



Figure 2.7. SEM image of porous silicon [49]

PS fabrication is a simple and easy process. However, the fact that PS is a disordered material
causes difficulty in having a controlled structure. The main concern of researchers in PS
production is having the maximum possible control on their thickness, porosity, as well as the
reproducibility. [46] There are different techniques to produce PS, such as stain-etching methods

or anodization.

In this work, solution of HF acid and ethanol is used to create porosity on the silicon surface.

This process will be explained in details in the next chapters.

According to pore sizes, PS is divided into three groups. If the pore size exceeds 50nm, it will be
microporous. PS with a pore size between 5Snm and 50nm are mesoporous, and those with pores

smaller than 5Snm are nanoporous.
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Figure 2.8. SEM image of different pore types: a) and b): branched or tree structure; c) sponge;

d) closed; e) pyramidal; f, g, and h) filament or cylindrical pores [50]

The porosity of materials can be determined by measuring their weight in different steps of the
experiment, and is defined as the ratio of the volume of pores over the total or bulk volume.

Knowing the porosity will help us to calculate the thickness of the porous layer. [50]

Toxicity of a material is an important and serious topic that needs to be discussed depending on
the type of experiments. Although different sources report that PS can be used in most biological
applications since it does not have fatal toxic property, scientists are still quantifying the results

in order to confirm the nontoxicity property of PS. [46]

In our study, we have used PS as a part of the process in order to fabricate nanowires.
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2.4. Motivation and problem statement

Applications of silicon nanowires are still an understudy subject. The most importantly we are
looking to find suitable methods to fabricate these nanowires. There are still lots of weaknesses
in production of silicon nanowires in case of time and cost efficiency. Most of the techniques are
described above are either very expensive and/or very time consuming, (in most cases we need to
use photolithography step, masking). In this work we are introducing a new method of

fabrication using simple silicon etching/electrochemical etching techniques.

The whole process includes three fundamental steps: Anisotropic etching, electrochemical

etching and the final step which is cleaning the surface of the sample.

In this thesis, we have fabricated silicon nanowires and porous silicon while using the methods

that are more time and cost-efficient.

2.5. Organization of the Thesis

The third chapter of this thesis concentrates on experimental and characterization facilities that

are used during this work as well as the detail of our fabrication method and the processes.

In the fourth chapter, the results of the fabrication process are explained in detail and finally
chapter five includes the results discussion, the conclusion of the work as well as the possible

future works.
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Chapter 3: Experimental and characterization facilities

There are different steps performed in order to obtain the preferable results.

3.1. Fabrication Experimental Steps

3.1.1 Sample Preparation

The first step in order to start the fabrication process is to prepare the samples. Although this

stage is basic, it is very important and affects the whole experiment and the obtained results.

After the silicon wafers were cut into small pieces, the cleaning process should be performed.
The process that is chosen for this work is the RCA method. RCA stands for Radio Corporation
of America, and the process was developed by W. Kern in 1965. The RCA method includes
three steps. The first step is the removal of organic contaminants, then the oxide layer is
removed, and finally the ionic contaminants are removed. During all these steps DI water should

be available in order to rinse the sample. [51]

In order to perform organic containments removal, the wafers were placed in an 80°C solution
that contains of NH4OH+H202+H20 (1:1:5) for 10 to 15 minutes and then were rinsed using DI
water. In the next step we remove the oxide layer from the surface of the sample. The solution
used in this step contains HF: H20 (1:50) and the samples are immersed in the solution for 1 to 2
minutes. The third step is to place the sample in an 80°C solution of Hcl:H202:H20 (1:1:6) for

another 10 to 15 minutes followed by rinsing them with DI water to remove the ionic
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contaminants. Although in this step the solution is placed on the hot plate, it should not reach the

boiling point. [51]

3.1.2. Anisotropic Etching

In this step we textured the surface of the sample in order to improve the result of the
experiments. We have used an oil bath that is heated between 90°C to 100°C. The <100> plane
prepared silicon samples are located in a solution made from TMAH 25% and DI water. During
the experiments, different density of the solution, different process timings, and different

temperatures were examined in order to get the most uniform results.
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Output Input

== Thermometer
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Beaker Haatar
Qil Level —- -—f - -

TMAH ==

Silicnnq:“

Wafar

E ]
- I\—n—)

Magenetic stirrer

Figure 3.1. Schematic view of the oil bath and the etching process. During the process, a cold
water flow is available on top of the beaker in order to avoid any change in the solution

concentration
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When we put the <100> plane silicon wafer in the heated TMAH-DI water solution, the
anisotropic wet-etching process will start. The wafer will be etched in different directions, which
leads to the pyramid-shaped textures on the surface. The etching speed and the size of pyramids

depend on the TMAH solution concentration and the duration of etching.

As illustrated in Figure 3.1, during the experiments the samples were placed horizontally in order
to have a unique condition for the whole surface. This is to prevent the damage that will be

caused by air bubbles that are released during the etching process.
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Figure 3.2. SEM image of pyramids on the surface of the sample after TMAH wet-etching

3.1.3. Metallization and Annealing

Metallization is the process of covering any non-metal surface with metal. In order to have
accurate results close to our expectations, a good ohmic contact is required. The ohmic contact is
defined as the contact between semiconductor and the metal, which allows for an easier flow of

electronic carriers from and into the semiconductor. Gold, silver and many other metals can be
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used for metallization, but aluminum is an excellent candidate due to its high conductivity, low

melting point, and reasonable price.

Figure 3.3 demonstrates the instrument that is used in the laboratory to perform metallization.
The metallization technique used in this project is known as Filament Evaporation. A disposable
tungsten basket is located in the vacuum container that will be filled with the required amount of
aluminum. Each side of this basket is contacted to electrodes. The aluminum will be heated and
start boiling due to the high current flow through the basket. When the evaporation happens, the
container cap and all silicon wafers that are attached to the cap will be covered by aluminum

atoms.

AUTD I8 ﬁ
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Figure 3.3. Metallization machine

It is important to remember that in our technique, metallization should be performed after wet-

etching (section 3.1.2) since TMAH will etch the aluminum that has covered the samples.
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The metallization by itself will not provide a good ohmic contact due to the existence of tiny
spaces between silicon and aluminum surface. In order to avoid this space, a furnace is used to
heat the samples up to 500°C. During the process, hydrogen and nitrogen gases are circulating in
the container. The combination of interface free atoms with hydrogen will reduce the sample’s

resistance. This process is known as annealing.

Figure 3.4. Annealing machine used during experiments

3.1.4. Electrochemical Etching

After texturing the surface of the samples, they will be electrochemically etched. This process is
performed in the presence of an anodic current. The solution used is Hydrofluoric (HF) acid
mixed with Ethanol 95%. Hydrogen bubbles will be produced during the electrochemical
etching. Ethanol will remove these bubbles from the surface of the wafer. Fewer bubbles during

the chemical etching will lead to a more homogeneous and a uniform structure.

The concentration of HF solution, time duration, and the current passing through the sample are

the parameters that affect the result of the experiments. As per experiment results, the applied
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current above 80mA will result in silicon electro-polishing. Therefore the current range during
the experiments varied between 30mA to 80mA. Figure 3.5 illustrates one part of the facilities

used for the electrochemical etching.

Figure 3.5. Teflon anodization cell used during electro-chemical etching

The current source used during the experiments is a Keithley series 2400 Digital Source Meter.
The aluminized side of silicon wafers is used as the anode and a platinum basket is placed into

the HF solution as the cathode.

Silicon can be etched only in presence of F-. Therefore, positive carriers, also known as holes,
are required during the experiment. P-type silicon does not require any extra action since it has
more positive carrier than negative. However, if n-type silicon wafers are used, a source of white
light will be required in order to excite the electrons. The n-type silicon positive carrier (holes) is
less than the negative carriers. The light source we used for n-type samples in this work is 120v

and 35W.
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After electrochemical etching, a post processing was performed to remove the walls and
particulates generated during the fabrications. These particulates could be silicon/silicon oxide
particles, and or other impurities. This step helps to remove any extra element in between silicon

nanowires.

To do this, the samples were immersed in a 0.2molar NaOH solution in room temperature. This

experiment is done on different samples in different time periods.
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3.2. Characterization Equipment

3.2.1. Scanning Electron Microscope

Scanning electron microscope (SEM) is a kind of microscope that uses electron beams in order
to form the image. Compared to other microscopes, SEM has a higher resolution, higher
magnification and since the picture obtained from SEM is captured by electromagnets instead of

lenses, SEM has a better controllability. [52]

As illustrated in figure 3.6, SEM has an electron gun that produces a beam of electrons. During
the scanning process, the sample chamber is vacuumed. The beam of electrons passes through
the electromagnetic field and the lenses, and hits the sample. The vertical contact of the electron
beam with the sample will reflect x-rays, primary backscattered electrons, secondary electrons,
and auger electrons. The image will be produced by the detectors that convert x-rays and the

electrons to the appropriate signal for the screen. [52]
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Figure 3.6. Schematic view of a scanning electron microscope [52]
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It is important to dry and remove all the moisture from the samples before placing them in the
chamber. If the samples are metal and therefore conductive, they can be places in the vacuum
chamber directly. However, if the sample is non-metal, a layer of a conductive material should
be applied. [52] In our case, a small piece of carbon double-sided adhesive tape is attached to the

back of the sample.

Figure 3.7. Hitachi SEM model S-4700

A sputter coater is a machine that covers the samples with a thin layer of conductors. When the
sample is placed in the vacuum chamber of the sputter coater, the argon gas will be realized in
presence of an electric field and a gold foil. Due to the electric field, electrons leave argon,
therefore the atoms will be charged positively and the negatively charged gold attracts the ions
from argon gas. The gold foil knocked atoms will create a thin layer of gold on the surface of the
sample. [52]
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We should always make a mark or consider a point on the sample in order to have accurate
results and to work with any SEM system. This mark or point can be a corner of the sample or
the conductive tape. Clean plastic gloves are always necessary. Any extra particles, hand oil, and
dust affect the vacuum condition and the accuracy of the scans. The SEM machine cannot be
used to scan the pulverized ferromagnetic samples due to their strong magnetic fields. Setting the
proper height, voltage, and magnification are the few points that affect the accuracy of the

captured images. SEM pictures of this work are illustrated in the next chapter.

3.2.2. Energy-dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is used to characterize the elements available in

the fabricated nanowires.

ELECTRON COLUMM
Si [Li) DETECTOR ENERGY-TO-DIGITAL
PULSE PROCESSOR CONVERTER
X-RAYS preamp || \9|
L ———
SAMPLE
VEIDED < >
MULTI-CHANMEL
ANALYZER
KEYBOARD <—>
DISK STORAGE < > COMPUTER
SYSTEM

Figure 3.8. Schematic view of a typical EDX [53]
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EDX is a chemical micro-analytical method that is used in order to study the chemical and
structural characterizations of a sample. Some typical applications for the DEX techniques are
rapid material alloy identification, foreign material, coating composition and small component
material analysis, corrosion evaluation, phase identification and distribution. This technique is
used as a conjunction with SEM. The technique is based on the interaction between the x-ray
sources and the sample. Each element has a specific atomic structure. Therefore, under x-ray
spectrum or electron bombardment of the sample, each element reaches a unique peak of
excitation which will be detected by the EDX technique. The main components in this system are

the X-ray source and detector, a pulse processor and an analyzer. [54]

The detectable range of energy for an EDX system is defined by the comparison between the
values of the samples’ x-ray energy and the known characteristics of x-ray energy. The x-ray
energy value of different elements can be found in most of the periodic tables of elements. The
EDX has the capability to detect all the elements with an atomic number between beryllium (4)

and uranium (92).

Another ability of EDX technique is element mapping. The intensities of the reflected X-ray are
measured considering the literal position on the surface of the sample and the difference among
these intensities, as well as the characteristic energy values defined by the concentration of each

element on the surface of the samples. [54]

There are also some sample requirements that should be considered in order to have more
accurate results. The samples placed in the vacuum chamber must be compatible with pressures
under 2Torr which is a moderate vacuum atmosphere. The sample size is also a parameter that

affects the accuracy of the images. It is preferable not to place samples with a diameter larger
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than 200mm in the vacuum chamber, since samples with larger diameters have less movement
flexibility and might also damage the SEM lenses. Also the maximum permitted height for a

sample is 50mm. [54]
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Chapter 4: Experimental and fabrication results

4.1. Anisotropic Etching Results

Silicon wafers that are used in this project can be divided into n-type and p-type groups. In the
texturing stage the temperature, TMAH solution density, and etching time are the three

parameters that they affect the results of the experiments.

A short summary of some of different conditions experienced in this step are illustrated in table

4.1.
Sample Sample Type Etching Solution Uniformity

# Time Concentration
1 <100> p-type 15 min 3% High Uniformity(*)
1 <100> p-type 45 min 4% Low Uniformity
1 <100> p-type 45 min 5% Low Uniformity
1 <100> p-type 5 min 2% Medium Uniformity
1 <100> p-type 25 min 2% Medium Uniformity
1 <100> p-type 15 min 1% Medium Uniformity
1 <100> p-type 60 min 4% Medium Uniformity
2 <100> n-type 45 min 2% High Uniformity
3 <100> p-type 5 min 2% High Uniformity
3 <100> p-type 30 min 5% Low Uniformity
3 <100> p-type 30 min 1% Medium Uniformity
4 <100> p-type 15 min 3% High Uniformity(*)
4 <100> p-type 25 min 2% Medium Uniformity
4 <100> p-type 60 min 3% Medium Uniformity
5 <100> n-type 15 min 3% High Uniformity

6D2 <100> p-type 20 min 2% High Uniformity
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6 <100> p-type 15 min 1% High Uniformity(*)
6 <100> p-type 60 min 2% Medium Uniformity
7 <100> p-type 60 min 3% Medium Uniformity
9 <100> n-type 5 min 2% High Uniformity(*)
9 <100> n-type 15 min 3% High Uniformity
9 <100> n-type 45 min 5% High Uniformity
10 <100> p-type 55 min 2% High Uniformity
10 <100> p-type 15 min 3% High Uniformity
10 <100> p-type 30 min 2% Medium Uniformity
11 <100> n-type 40 min 2% High Uniformity
12 <100> p-type 5 min 2% Low Uniformity(*)

Table 4.1. The summary of various conditions experiments during the wet-etching step

In order to study the effect of the TMAH etching on the nanowire fabrication, the samples
obtained from the texturing process were divided into three groups with different pyramid
concentrations: Low concentration, medium concentration, and high concentration. Three

different sample concentrations are shown in in Figure 4.1.

Figure 4.1. Images obtained from the optical microscope. A) High concentration of pyramids, B)

Medium concentration of pyramid,s and C) Low concentration of pyramids
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From each group few samples that have the most uniformity, smaller pyramids and shorter

etching time are chosen for the next steps of the experiments.

Figure 4.2. SEM images from three different samples with various pyramid concentrations: A)

High concentration of pyramids,; B) Medium concentration of pyramid,s and C) Low

concentration of pyramids
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4.2. Electrochemical Etching results

Table 4.2 illustrates a summary of electrochemical etching experiments.

Sample # | Sample Type and HF:ethanol | Etching Current
Resistivity Time Density
W1 p-type<100> 1:3 30 min 70 mA
W1 p-type<100> 1:3 45 min 70 mA
Wi p-type<100> 1:3 30 min 65 mA
W3 p-type<100> 1:3 30 min 40 mA
W3 p-type<100> 1:3 60 min 65 mA
W3 p-type<100> 1:3 30 min 40 mA
W3 p-type<100> 1:3 60 min 65 mA
W4 p-type<100> 1:3 30 min 40 mA
W4 p-type<100> 1:3 60 min 65 mA
W4 p-type<100> 1:3 30 min 40 mA
W4 p-type<100> 1:3 60 min 65 mA
W6 p-type<100> 1:3 30 min 40 mA
We p-type<100> 1:3 60 min 65 mA
W6 p-type<100> 1:3 30 min 40 mA
W6 p-type<100> 1:3 60 min 65 mA
W9 n-type<100> 1:3 30 min 40 mA
W9 n-type<100> 1:3 60 min 40 mA
w9 n-type<100> 1:3 30 min 65 mA
W9 n-type<100> 1:3 60 min 65 mA
W12 p-type<100> 1:3 30 min 40 mA
W12 p-type<100> 1:3 15 min 70 mA
W12 p-type<100> 1:3 30 min 70 mA
W12 p-type<100> 1:3 45 min 70 mA
W12 p-type<100> 1:3 60 70 mA

Table 4.2. Some of the applied conditions during the electro-chemical etching experiments
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As illustrated in Figure 4.3, using p-type or n-type silicon wafers will strongly affect the result of

the experiments. N-type silicon is mostly suitable for PS fabrication while p-type silicon have

much better results in fabrication of nanowires.

Figure 4.3. SEM images. A) n-type Si wafer, resistivity of 10-20Qcm, B) p-type Si wafer,
resistivity of 10-20Qcm. Both of these wafers had a high density of pyramids before
electrochemical etching. The electrochemical etching conditions are: 30 minutes, HF: Ethanol

(1:3), 65mA applied currents

As it is explained in section 3.1.4, after the electro-chemical etching, samples are immersed in
0.2molar NaOH at room temperature. The NaOH solution removes the yellow layers from the
surface of the wafer. However the duration of immersion is important since it can damage the
fabricated nanowires. Figure 4.4 illustrates the SEM image of a sample before and after the

NaOH experiment.
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Figure 4.4. SEM image of silicon nanowires. A) No NaOH, top view,; B) 30seconds NaOH

immersion, top view, C) No NaOH, side view; D) 30 seconds NaOH immersion, side view
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Figure 4.5. SEM image of some of the fabricated Si nanowires

Figure 4.5 illustrates some of the silicon nanowires that are fabricated in this work.

Each of the samples illustrated in this figure is fabricated under different fabrication parameters.

The effect of different parameters on the fabrication results will be explained in chapter 5.

Figure 4.5.A presents silicon nanowires with no NaOH immersion. This sample is textured in a
3% TMAH solution for 15 minutes and it is electrochemically etched for 45 Minutes, in a (1:3)
HF:ethanol solution with an applied current of 70mA. Since this is a p-type silicon wafer, the
electrochemical etching is performed without presence of white light. Figure 4.5.B illustrates the
nanowires in figure 4.5.A after being immersed in a 0.2molar NaOH solution for 30 seconds. As

it is shown in the figure, these nanowires are thinner than the ones in the previous image.

For fabrication of the nanowires represented in figure 4.5.C, p-type silicon wafer is used. The
texturing parameters in this process are again 3% TMAH solution and 15 minutes duration. The
anodization parameters are 70mA applied current, no light as this is a p-type silicon wafer and
(1:3) HF:ethanol solution for 30 minutes. Figure 4.5.D is showing nanowires fabricated in the
same condition as nanowires illustrated in figure 4.5.C, however they have been placed in NaOH

for 2mins.

For nanowires in figure 4.5.E, the texturing is 25 minutes in a 2% TMAH solution. This sample
is then electro-chemically etched for 30 minutes in (1:3) HF:ethanol solution while an applied
current of 65mA is passing through the sample. This wafer is a p-type sample. During the
electro-chemical etching no light is available. Figure 4.5.F presents the result of 1 minute

immersion of the sample in figure 4.5.E in NaOH.
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Finally, figure 4.5.G and H illustrates a p-type that is textured in a 2% TMAH solution for 30
minutes. Later, this sample is etched in a (1:3) HF:ethanol sotion with a 65mA applied current

for 60 minutes. No light is applied due to the type of the silicon wafer.

The main objective of this work is to fabricate silicon nanowires. However during the

experiments, due to the parameters and condition, some samples resulted in porous silicon. These

results are shown in figure 4.6.

Figure 4.6. Porous silicons fabricated during the experiments
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Figure 4.6.A illustrates the <100> n-type sample that is etched in an 2% TMAH solution for 15
minutes and then electro-chemically etched for 60 minutes in the (1:3) HF:ethanol solution with
an applied current of 40mA. This process is done under a white light source of 120v and 35W.
Figure 4.6.B illustrates the <100> n-type wafer etched in a 2% TMAH solution for 15-minute.
The electro-chemical etching is performed with (1:3) HF:ethanol solution for 30 minutes and the
applied current is 65mA. A white light source of 120v and 35W is available during the process.

This sample is then immersed in 0.2molar NaOH solution for 1 minute.

Figure 4.6.C is <100> n-type sample that is etched in 2% TMAH solution for 15 minutes. Then it
is electrochemically etched in presence of the same light source, in the (1:3) HF:ethanol solution
for 60 minutes and 65mA current is applied. This sample is also immersed in 0.2molar NaOH

solution for 1 minute.
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4.3. EDX Measurements; Chemical Compositions

The EDX chemical characterization is performed on the fabricated silicon nanowires. Figure 4.7

shows the result of EDX measurement on the sample illustrated in Figure 4.5.B.

This is measurement is performed on different samples. As it can be seen in the picture the only
recognised element in the sample is Si. The Study of the result of EDX shows that buy
performing all the fabrication steps explained in this work, the final sample will be made of only

one material which is Si and no SiO2 or other impurities exist on the surface and inside of the

sample.
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Figure 4.7. EDX chemical characterization of the fabricated nanowires
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Figure 4.8. Elemental mapping of fabricated Si nanowire
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In the next stage, the elemental mapping is performed on the sample illustrated in figure 4.5.B.
The yellow dots map the location of silicon nanowires. This helps us to know the materials that
exist inside and on the surface of the sample. Also it illustrates the location of each of these
elements with different colors. As it is illustrated in figure 4.8, the only element available in this
sample is Si. Figure 4.8. A illustrates a top view x-ray image from the sample and figure B is the
location mapping of Si. Since this image is not clear enough, in figure C we have increased the
color contrast of picture B. The lighter and whiter the dots are, they have a longer and they are

higher than the surface of the sample.
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Chapter 5: Discussion, Conclusion and future work

5.1 Discussion

In this section we will study the effects of different parameters on the experiments.

As per experiments during the anisotropic etching, by increasing the temperature the etching rate
will be increased; however a boiling solution reduces the uniformity of pyramids. During the

texturing, the solution temperature is 85°C.

Reducing the amount of TMAH and therefore the density of the solution increases the number of
pyramids on the surface. The preferred solution density in this work is 1%, 2%, and 3% TMAH

solution.

On the other hand, each time we had a longer etching time, the experiment resulted in bigger

hillocks on the surface of the sample.

The textured samples from the anisotropic etching are divided into three categories depending on
their uniformity and the density of the pyramids on their surfaces. In each of these category those
samples that had the most uniformity with high, medium, and low densities are chosen for the

next steps.

As the results shows, by increasing the HF concentration, the etching rate and porosity decrease.
However, if the current density gets increased, both etching rate and porosity will increase. As

mentioned before, applying the current density of 80mA and more leads to a polished wafer.
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Applied current, duration of etching and silicon wafer types are three parameters that affect the
fabrication process. If we increase the duration of etching, the etching rate will increase and this
will result in deeper etching. Also, by increasing the current density we can increases the etching
rate. Different wafers with different resistivity have different electro-polishing densities. The

lower the wafer’s resistivity, the lower the electro-polishing current density will be.

P-type silicon wafers are suitable for fabrication of Si nanowires, while n-type silicon wafer are

good candidates for porous silicon fabrications.

5.2. Conclusion and future work

In this work, we have fabricated silicon nanowires. The technique used for fabrication is
electrochemical etching. Prior to this step, samples are textured using TMAH solution. A
solution of hydrofluoric acid (HF) and ethanol is used during the fabrication. Different
parameters that can affect the result of fabrications are studied. Similar experiments with
different parameters are performed for each sample. To texture the samples, the TMAH solution
is used to perform anisotropic etching. The solution concentration and etching time are
parameters that are studied. In the electro-chemical etching process etching time, HF:ethanol
solution concentration, light illumination, silicon wafer type, and the applied current density are

studied.

EDX is used to characterize the elements available on the samples. Considering all the fabricated
structures, <100> p-type silicon wafers with resistivity of 10-20Qcm are the most suitable option
for the fabrication of silicon nanowires since they require shorter etching time, low solution

concentration ,and result in longer and thinner silicon nanowires. On the other hand, the
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experiments illustrate that n-type <100> silicon wafers are a suitable candidate for fabrication of

porous silicon.

e To create textures on the surface of silicon wafers, anisotropic etching is performed.
Temperature, solution concentration, and etching time are three parameters that were
varied and their effect studied.

e The electro-chemical etching is performed on the prepared samples. In this stage the
effects of etching time and the applied current density are studied.

e Increasing the duration of the anisotropic etching results in more large pyramids on the
surface.

e By increasing the TMAH solution concentration, smaller pyramids can be obtained.

e Higher temperature during the anisotropic etching increases the speed of the etching rate.

e If the uniformity of pyramids on the surface increases, the uniformity of silicon
nanowires will increase.

e Increasing the duration of electrochemical etching and reducing the solution
concentration results in longer and thinner silicon nanowires.

e By increasing the applied current density the etching rate increases, however passing the
electro-polishing peak result in a smooth surface.

e The electro-polishing peak varies in wafers with different resistance. Wafers with higher

resistivity have a higher electro-polishing peak.

Obviously, the initial growth of pyramids and porous silicon has large effect on nanowires. It is

important to understand the growth mechanism. The study of the growth mechanism as well as
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more detail on the effect of resistivity of the wafer in fabrication process and fabricated

nanowires are two subjects that can be introduced as the future work.
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