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Abstract

Optoelectronic devices and their optimization, is highly dependent on the accuracy of
determining the electrical properties of such devices. In the last decade, studies for next
generation electronics have considered organic components and nanoparticles to be inserted
in rectifiers for their forward and facile patterning, their adjustable structure, lightweight,
and flexibility, with the focus on integrating them in circuits which requires developing new
ways to control the interference between semiconductors and metals as in the case of
Schottky diodes.

The effect of interface modification with nanoparticles (NP) of a Metal/Semiconductor (MS)
Schottky device will be discussed through parameters analysis such as Schottky Barrier
Height (SBH) and ideality factor. Nanoparticles will be deposited on the surface of a
semiconductor using controlled spin coating, followed by thermal evaporation for metal
deposition to form the Schottky diode. Electrical characterization will be mainly carried out
through current-voltage (I-V) characteristics. The modified surface of semiconductor with
nanoparticles will be characterized to study the dependence of the conductivity behaviour of
the metal/Nanoparticles/semiconductor device on the topography of the deposited

nanoparticles on the semiconductor.

The effect of nanoparticles on the conductivity is studied using the current-voltage output
curve characteristics both in the forward (positive voltage) and reverse (negative voltage)
biases, and a diode model is used for fitting the data, hence information about Schottky
Barrier Height (SBH) and ideality factor could be estimated in addition to the series
resistance (Rs) and Shunt resistance (Rsn). Moreover, the effect of illumination on current-
voltage characteristic have been carried out with samples tested in dark and light to study

the effect of light induced current (Photocurrent).

A self-developed contact angle measurement method, was used to prove that the surface of
the semiconductor was modified upon deposition of nanoparticles. Prior to process of the
diode preparation, the surface of the semiconductor has been chemically etched to use a
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clean surface of all impurities and defects. Additionally, | put into service Fourier-transform
infrared spectroscopy (FTIR) to identify the deposited nanoparticles placed on the surface

of the semiconductor.

N-type Silicon (Si) was used as the semiconductor while Silver (Ag) and Gold (Au) were
used as metals. ZnO and Gold nanoparticles were used as the embedded layers at the
interface to modify the semiconductor Schottky diode. The following samples were used to
complete and conclude this type of research, Ag/Si, Au/Si, Ag/ZnO(NP)/Si and
Ag/Au(NP)/Si, Au/ZnO(NP)/Si and Au/Au(NP)/Si.

Contact angle measurement showed that the surface has been modified after the NP insertion
by turning from hydrophobic to hydrophilic behaviour or even the inverse. FTIR showed the
appearance of Gold and ZnO nanoparticles on the modified Silicon substrate.

The extracted SBH from |-V curves showed an acceptable range of 0.2V-0.8V for all
devices. The highest was for the etched Ag/Si device. Ideality factor for Schottky diodes was
found to be 1 for all devices. Rs and Rsh showed an increase upon nanoparticles insertion in
the Schottky device.

I-V characteristics were used to study light effect on Schottky devices with nanoparticles
and it shows a decrease of barrier height with a significant decrease in shunt and series

resistance.
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CHAPTER 1: Introduction

The first chapter elaborates about the basic concepts needed to better understand the nature
of research, by the introduction of the field of nanotechnology and its applications.
Moreover, a thorough description is given for the charge transport mechanisms in a diode
junction. Additionally, a brief overview is introduced for comparison between a regular
Schottky diode (semiconductor/metal) and pn diodes. Finally, the chapter enlightens the

significance of this study, followed by the problem statement and the objective of this thesis.

1.1 Overview

“There is plenty of room at the bottom” was the famous lecture in which Richard Feynman
presented the term nanotechnology in 1959 (Feynman, 1992), leading to a number of
revolutionary inventions and development in this field. ‘Nano’ comes from the Greek origin,
meaning ‘dwarf’, but in the scientific terms, ‘nano’ is known to be a unit prefix in the metric

system denoting the factor of 10°°.

In 1994, the following definitions were adopted by the Royal Society/Royal Academy of
Engineering Working Group (Society & Engineering, 2004):

“Nanoscience is the study of phenomena and manipulation of materials at atomic,
molecular and macromolecular scales, where properties differ significantly from

those at larger scale.”

Synthesis of nanoparticles is mainly achieved by methods that are divided into two main
types, shown in Figure (1.1): the bottom-up approach, which means forming structures using
physical and chemical procedures; that is building up atom by atom, forming molecules and

clusters.

As for the second approach, it is known as the top-down approach, this method indicates the

crushing of large objects, yielding small remains; some of the techniques used in this
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approach are lithography, laser-beam processing, and other mechanical techniques
(machining, etching, grinding, and milling, etc.) All synthesis techniques depend on the
desired chemical features (Dutka, 2014).
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Fig. (1.1): Techniques of nanoparticles production: top-down and bottom-up approaches (Dutka,
2014).

Nanoparticles (NPs) are a vast group of materials having at least one dimension less than
100 nm. Researchers observed the size of the particles influenced the characteristics of the
substance, in particular the chemical and the optical properties. Gold (Au) nanoparticles have
wine-red color, as shown in Figure (1.2).

The color is dependent on the size of the gold nanoparticles and the thickness of the nanoshell
(Khan et al., 2019). This is due the fact that particles with dimensions less than hundred
nanometers do not scatter visible light (Whatmore, 2006) at different wavelength depending

on the particles size.
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Fig. (1.2): The color of gold NPs as affected by their size. (Subara & Jaswir, 2018)

Describing electrons, in terms of potential wells, energy levels, conduction bands, valence

bands, and electron energy band gaps, is known as the quantum confinement effects. This
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effect is noticed when the particle is too small in size in comparison to the electron’s
wavelength. The confinement of an electron and hole in nanocrystals greatly depends on the

properties of the material (Neikov & Yefimov, 2019).

Semiconductor and metallic nanomaterials have been studied due to their characteristics in
linear absorption, nonlinear optical properties, and photoluminescence emission thanks to
the quantum confinement effect. Since their properties are different that the equivalent bulk
materials, nanoparticles have been the focus of many researches in polymer semiconductor
preparations and other possible applications in a number of optoelectronics devices
(Kumbhakar et al., 2014).

Nanomaterials are used in the fabrication of electronics. Production is increasing as research
is leading to new applications of nanoparticles. More importantly, the use of nanotechnology
was beneficial in both human health and environmental aspects.

Some of the applications of nanostructuures in electronics are as following (Allsopp, 2007):
1) Using carbon nanotubes in producing semiconductor chips
2) Examining the different types of nanomaterials in lighting technologies, like light
emitting diodes (LEDS)
3) Using ‘quantum dots’ in laser technology.
4) A number of nanomaterials is used in lithium-ion batteries

5) A possible application in fuel cell and photovoltaics in the solar industry.

1.1.2 Doping of Semiconductors
Semiconductors have a degree of impurities that effect their electrical properties, known as
deficit semiconductors. The addition of impurities to the semiconductor is known as doping.
In the case of silicon, there are four electrons in the valence band that would form covalent
bonds with nearest neighbors. When adding an atom of five electrons in the valence band,
e.g. phosphorus, one free valence electron will cause the impurity. Such atoms are known as
donors, and the material is n-type. However, the addition of an atom with only three electrons
in the valence band, electrons leave behind holes in the semiconductor’s valence band, and

therefore the material is of p-type (Kittel, 2005).



Adding a few impurity atoms would yield to a compromise in the structure of the crystal,
creating a heavily doped structure with strong quantum confinement (Mocatta et al., 2011).
Considering low concentrations of doping, roughly below 1015/cm3 in Si, the movement of
the carriers does not depend on the doping concentration, and scattering caused by ionized
impurities are neglected in comparison with that of the lattice. However, when doping
exceeds 1015/cm3 the mobility of the carriers decreases, and the scattering resulting from

the impurity, adding extra resistance, cannot be neglected (Pierret, 1996).

1.1.3 Charge transport mechanisms in diode junction

In any diode junctions, charge transport takes place in two mechanisms; tunneling and
hopping, shown in Figure (1.3). In the tunneling mechanism, the electrons tunnel
consistently through the energy barrier by having enough energy allowing them to pass
through. Tunneling I-V for a diode junction can be analysed by using Landauer formula with
single electronic state, hence the tunneling transport is linked to the transport properties to
the transmission and reflection properties. Furthermore, it is dependent upon temperature
and its conductance decreases exponentially with the junction length.

However, as for the hopping mechanism, when the charge is shifted from electrode to
nanoparticles, it interacts with the environment of the nanoparticles and its vibrations, gets
relaxed and trapped on the junction temporarily, and then hopes to its next position by
thermal excitation until reaching the other electrode. In this process, the charge transfers
from one electrode to the redox active state and then to the other electrode so that the redox
active state switch between reduction and oxidation state continuously. Additionally, it is
temperature dependent and its conductance decreases linearly with the length of the junction.
(Song et al., 2020)
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Fig. (1.3): Tunneling and Hopping charge transport in diode junction(Song et al., 2020)



1.1.4 Comparison of Schottky and p-n Diodes

Both the p — n diode and the Schottky diode can be used for rectification and non-linear 7 —
V response. The temperature dependence of the Schottky barrier current is quite weak
compared to that of a p-n diode. This is because in a p-n diode, the currents are controlled
by the diffusion current of minority carriers. Also, the Schottky barrier is a majority carrier
device that gives it a tremendous advantage over p-n diodes in terms of the device speed,
which can reach a few picoseconds in a Schottky barrier. However, the main disadvantage
of Schottky diodes is a higher reverse current density. Thus, for a given applied bias, the
Schottky barrier is quite large. In addition to the fact that the Schottky barrier quality depends
on the surface quality.(Mishra & Singh, 2007)

1.2 Significance of the Work

The embedding of organic nanoparticles in the metal-semiconductor interface is a
comparatively more modern way to enhance the performance of the Schottky diode, that is
in comparison to traditional ways. Traditional methods may have caused some undesired
changes on the interface. These relatively new techniques are preferred due to the simplified
steps and the associated cost reasons, moreover due the enrichment these nanoparticles add
to the performance of the electronic devices, like photovoltaic cells and perhaps in the future
with the bioelectronic devices. (Vilan & Cahen, 2017).

Ohmic and Schottky Si-based electrical interfaces have been studied due to the advantages
of silicon over semiconductors of other types. The silicon availability and single crystal of
high purity have made it one of the most desired choices for fabricating a number of

electronic devices. (Gorji et al., 2015)

Zinc oxide and gold nanoparticles have been gaining attention in the last decade due to their
electrical and thermal properties. In this study the influence of embedding ZnO and Au
nanoparticles on Ag\Si and Au\Si self-assembled Schottky diodes was studied and an
analysis of the important related parameters like ideality factor, barrier height, and series and

shunt resistance were carried out.



1.3 Problem Statement

Previously obtained values of the barrier height of Au-Ag alloy-Si contacts varies linearly,
from 0.67+0.02 eV to 0.80+£0.02 eV. It has been established that the importance of
investigating the Schottky diode, and mainly it’s barrier height, is due to its link to the work

function of the metal, the semiconductor’s electron affinity, and the saturation current.

(Arizumi et al., 1968).

The embedding of ZnO and Au NPs would reduce the barrier height in the Schottky diode
and change the electrical characteristics.

1.4 Objectives

1) Building the Schottky diode using etching, metal evaporation in vaccum.
2) Testing the Current-Voltage characterization of the fabricated Schottky diode.

3) Contact angle characterization as verification of the modification of the semiconductor’s

surface.

4) Verifying the presence of the nanoparticles on the modified semiconductor’s surface prior

to metal evaporation in vacuum.

In summary, introducing the most important concepts related to this study, and clarifying
the significance and the problem statement of this thesis and its objective, the next chapter

explores the detailed theory related to this study, in addition to most recent studies.



CHAPTER 2: Previous Studies and Literature Review

Chapter 2 illustrates the theoretical review of the techniques employed in this study and
needed for the adequate analysis of the experimental results in characterizing the assembled
Schottky diodes. Firstly, using the etching method of wafer of the silicon by using Potassium
hydroxide (KOH). Then, applying the spin coating method to implement the desired layer
of nanoparticles on the etched surface of the silicon semiconductor. Additionally, the
electrical characteristics of the fabricated diodes, in the absence and presence of the
nanoparticles, were determined by using the current-voltage (I-V) measurements. Moreover,
the Fourier Transform Infrared (FTIR) Spectroscopy has been utilised to assure the
successful deposition in the spin coating process. Thermal evaporation technique has also

been used to produce the thin film of the metal on the Schottky diode.

2.1 Diodes and Schottky Diodes

A rectifier, or a diode, is an electrical device that works as a converter of alternating current
(AC) to direct current (DC) (Kittel, 2005).

2.1.1 Diodes
Diodes are electrical devices consisting of two electrodes, the anode and the cathode, and

incline to conduct electric current in one direction only by using P-N junction. Diodes mainly
protect the circuits by limiting the voltage, and for non-linear mixing of two voltages such
as amplitude modulation, they are considered as voltage rectifiers, and as voltage multipliers,
such as double input voltage. Figure (2.1) displays the Current-Voltage characteristics of a
diode (Kittel, 2005).

When the anode voltage is greater than the cathode voltage, the diode is forward biased;
conducting the current strongly, while the voltage drop across it is independent of the current
of the diode, and the effective resistance is small. Otherwise, if the anode voltage is smaller
than the cathode voltage, the diode is reverse biased. Hence, it conducts current dimly, the

current of the diode is nearly independent of voltage until the breakdown, and the effective



resistance is very large. (Boylestad, 2013) The symbol of the diode in circuits is shown in
Figure (2.2).
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Fig. (2.1): The current-voltage characteristics of a diode(Boylestad, 2013).
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Fig. (2.2): The diode symbol in circuits (HU, 2010).

Thus, there are many semiconductor diodes: Avalanche diodes, constant current diodes,
crystal diodes, tunnel diodes, Gunn diodes, light emitting diodes, laser diodes, thermal

diodes, pin diodes, photo diodes, junction diodes, and many more.

However, in most cases the basic format for the diode is much the same. The diode contains
a PN junction, which provides the basic functionality for the device (Mishra & Singh, 2007).



2.1.2 P-N Junctions:
The p-n junction is one of the most important junctions in solid-state electronics. The
junction is used as a device in applications such as rectifiers, waveform shapers, variable

capacitors, lasers, detectors, etc.

The following notions are important to better understand how a p-n junction operates
(Mishra & Singh, 2007):

1) The carrier distributions for electrons and holes that are in the material.

ii) The physical processes that are responsible for current flow in the structure.

PN-Junctions are formed from a semiconductor piece with one end P type and the other end
N type as shown in Figure (2.3). Both ends have different characteristics. One end has an

excess of electrons while the other has an excess of holes (Sze, 2002).

When the two regions meet, the electrons in the N-type end will fill the holes in the P-type
end and there are no free holes or electrons at the interface. Thus there will be a thin area
depleted of charge, called a depletion region (Mishra & Singh, 2007) (Kittel, 2005).

DEPLETION REGION

P-TYPE MATERIAL N-TYPE MATERIAL
AY /
ooooo p——

. . - - =]
©) : - - | WP
O_o o o o o |: - = - O
ANODE o o o ol = = | caTHODE

UUUUU . —
Z
N
ELECTRONS

HOLES  juNcTION

Fig. (2.3): PN junction diode (Boylestad, 2013).

However, the current cannot always flow in the direction that the voltage is applied to the
junction. As shown in Figure (2.4), when the voltage is applied such that the P type area
becomes positive and the N type becomes negative, holes are attracted towards the negative
voltage and electrons move towards the positive voltage and thus jump over the depletion
layer; causing the depletion region to decrease. Even though the holes and electrons are
moving in opposite directions, they carry opposite charges; representing the same direction
of the current (Kittel, 2005).



Nevertheless, when the voltage is applied in the opposite sense no current flows; since the
holes and electrons are attracted from the junction itself leading to an increase in the
depletion region (Kittel, 2005), as explained in Figure (2.4) b.

Conduction Small depletion region Larg.c
between depletion
. sions . . region .
P region Nand P rcyons/' N region P region éi N region
(a) The semiconductor diode PN junction with forward bias (b) The semiconductor diode PN junction with reverse bias

Fig. (2.4): Effect of applied voltage on a PN junction (a) Forward bias and (b) Reverse bias
(Boylestad, 2013).

The PN-junction forms a semiconductor device called PN junction diode, shown in Figure
(2.5), with P region acting as the anode, and the N region as the cathode. Hence, acquiring
both types of biases can be obtained by applying an external voltage, making two types of
biases, forward biased and reverse biased.
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Fig. (2.5): Representation of a PN junction diode (Boylestad, 2013).

The difference of energies between the vacuum levels is called the work function, and is
denoted by ¢. The work function indicates the least energy required to extract an electron

from the solid or semiconductor.

Moreover, the difference of energies between the vacuum level and the semiconductor’s
edge of the conduction band is called the electron affinity, and is denoted by y. (Petty, 2007;
Sze, 2002) The barrier height @zis defined as the energy difference between the band edge
with majority carriers and the Fermi energy of the metal (Kittel, 2005; Petty, 2007).
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In the metal, there are some electrons, present at the Fermi level Er,,, which is the highest
energy level filled in the case of ground state, but this is not the case in the
semiconductor, Er_. Hence, @ yerar > Psemicondauctor (Kittel, 2005; Petty, 2007; Sze, 2002).

In the case where zero voltage is applied across a junction, called unbiased junctions, as
shown in Figure (2.6). Every photon that is being absorbed forms an electron and a hole,
these carriers, diffusing in the junction, get separated at the energy barrier by the built-in
electric field, this separation causes a forward voltage through the barrier (Kittel, 2005).
However, at any interface of two different materials. a built-in potential is formed.
Nevertheless, the potential net sum of all closed loops would be zero (HU, 2010).
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Fig. (2.6): a) The p- and n-type regions before junction formation. The electron affinity y and work
functions @sp and @sn, along with the Fermi levels. (b) A schematic of the junction and the band profile
showing the vacuum level and the semiconductor bands (Mishra & Singh, 2007).
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2.1.3 Schottky Diode Barrier

In the year 1938, W. Schottky noticed a rectifying behavior that was caused from bringing a
semiconductor into contact with a metal (Sze, 2002). This potential barrier, now called the
Schottky barrier, is produced by the accumulation of the transferred electrons at the surface
of the metal and leaving behind an electron-depleted region of width W, in which there are
uncompensated positively-charged donor atoms creating the previously mentioned depletion
area (Petty, 2007; Sze, 2002).

To create Schottky barrier, a metal is thermally evaporated in vacuum onto the
semiconductor’s surface (Petty, 2007). In Figure (2.7), a case of an n-type semiconductor in
contact with a metal is illustrated. When bringing these two materials into contact in order
to reach thermal equilibrium, two requirements must be fulfilled: The Fermi levels must be

equal in both materials, and the continuity of the vacuum level (Sze, 2002).

Vacuum  Bottom of
level conduction

/\ / band
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_____ %an — Z S B Sl

Metal  Semiconductor

(a) Before contact (b) Just after (¢) Equilibrium
contact established

Fig. (2.7): Schottky Barrier between n-type semiconductor and a metal. The broken line is
indicating the Fermi Level (Kittel, 2005).

In order to reach this state of thermal equilibrium, electrons in the semiconductor’s
conduction band become more energetic and can move to the lower energy levels of the
metal. This movement causes the accumulation of electrons at the surface of the metal, while
at the semiconductor’s side; there remain donor ions that are positively charged, and
therefore, the region is completely stripped of electrons. When this happens, it causes some
bending in the semiconductor’s energy bands and therefore lowering the band edges, which

is the case in Figure (2.7) (c) (Kittel, 2005; Petty, 2007).
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Figure (2.8) shows the difference between the N-type and P-type junctions in the
metal/semiconductor contact (Ghabboun, 2004), where E. is the conduction band, while
Eyis the valence band (HU, 2010).
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Fig. (2.8): Differences between (a) n-type and (b) p-type semiconductors.(HU, 2010)

Using Poisson’s Equations to find the distribution of the electric potential given the charge
density (HU, 2010), the solution of the equations would be (SI Units), (Kittel, 2005) :

ne
divD = — Eq.(2.1)
€o

Where the concentration of the donor is denoted by n. Therefore, determining the

electrostatic potential is given by: (Kittel, 2005)

d’®  ne Ea. (2.2
dx?  €e q-(2:2)

In consequence, the solution of Eq. (2.2) would be: (Kittel, 2005)

® ("6)2 Eq.(2.3)
= — X . .
Z2e€ 1

If we take the x’s origin to the right side of the barrier, for simplicity, the interaction would
be at x = x,;,, as well as relative consideration of the potential energy to the right side would

be —edg,, yielding the barrier width or thickness as: (Kittel, 2005)

2€€4| ol
x, = /% Eq.(2.4)

Now, plugging in the values of each constant, where € = 16, e¢py = 0.5 eV, n = 1016cm™3,

this would give us the width to be equal to 0.3um for Ge as an example (Kittel, 2005).
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2.1.4 Metal-Semiconductor (MS) contacts and energy bands

This section considers the MS contacts and energy bands at two cases; at equilibrium and
under bias voltage. For the ideal MS contact, we have the following assumptions (Pierret,
2006; Sze, 2002):

1. The metal and the semiconductor are contacted intimately with no oxide or charge
layers at the contact point on the atomic scale.
2. No intermixing and inter diffusion between the metal and the semiconductor.

3. No impurities at the MS interface.

i) Zero-Bias:

Under Equilibrium Condition (applied bias VV=0), given the fact that ®,, > &g, electrons
will transfer from the semiconductor to the metal due to their greater energy until the
equilibrium condition is established. As in the case of Schottky Barrier, the surface potential-
energy barrier (the Schottky barrier height) is a function of the work function of both the

metal and the semiconductor at the junction (Pierret, 2006; Sze, 2002):

Oy =Dy —x Eq.(2.5) for N-type semiconductor

Oy = F;_g + y— Dy Eq.(2.6) for P-type semiconductor

The number of electrons thermally emitted over the potential energy barrier &5 from the
metal to the semiconductor is equal to the number of electrons thermally emitted over eV/,,
with V,is the contact potential from the semiconductor to the metal(Petty, 2007). The barrier

results a high resistance when there is even a small-applied voltage.

i) Bias voltage:

Consider the same case, where ®,, > ®; MS contact, a current I will be formed if there is
an applied biasing (V4) on the metal and the connected semiconductor is grounded, as in
Figure (2.9).
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The current is defined to be positive when it flows from the metal to the semiconductor
(Pierret, 2006; Sze, 2002). In this case, we have the following categories; forward and

reverse biasing.

,

®&——  Metal N-type Semiconductor __I_

Fig. (2.9): MS contact with applied bias (Pierret, 2006; Sze, 2002)

a) Forward Biasing (V, > 0):

When the semiconductor side of the junction is connected to the negative terminal of an
external DC power source (like a battery), and the metal to the positive terminal, the effect
will be to reduce the contact potential from V,, — V, where V' is the the magnitude of the
external voltage (Petty, 2007), then it becomes easier for the electrons to overcome the

potential energy barrier into the metal.

The resulting current is given by : (HU, 2010)

eV
I=1I, [ekBT - 1] Eq.(2.7)

Where I, is a constant related to the barrier height of the metal-semiconductor junction.
Therefore, as the V, is increasing, the current will increase rapidly.(Pierret, 2006; Sze, 2002).
In Fig.(2.10), the case where the metal is positive with respect to Si is demonstrated. (HU,
2010)
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Fig. (2.10): Forward Bias. Is_y > |Iy_s| = I, (HU, 2010).
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b) Reverse Biasing(V, < 0):

In this case, the negative applied bias is on the metal. The Fermi energy of the metal becomes
higher than that of the semiconductor, resulting an increasing in the barrier potential across
the MS junction, as shown in Figure (2.11). The large barrier will block the diffusion of the
electrons from semiconductor to the metal. (Pierret, 2006; Sze, 2002). Under a small reversed
bias, only a small amount of electrons in the metal may be able to overcome the potential
barrier. (HU, 2010; Pierret, 2006; Sze, 2002). The resulting reverse saturation current is,
hence, given by(HU, 2010):

eVy

[y = A%e kT Eq.(2.8)

cm?
k2

A*=~ 100 A/(—) is the Richardson Constant (HU, 2010).

Iyss=—l Isom =0

Fig. (2.11): Reverse Bias I;_y < |Iys| = I, (HU, 2010).

2.1.5 Ohmic Contact:

Not all MS contacts can perform as a rectifying Schottky diode, this happens when no
potential barrier is formed. The current is capable to flow in both directions of the MS
contact, which is known as The Ohmic contact (Pierret, 2006; Sze, 2002). Therefore, the

Schematic IV characteristics of Ohmic contact is Linear, see Figure (2.12)

I

Fig. (2.12): Schematic IV characteristics of Ohmic Contact (Pierret, 2006; Sze, 2002)
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An ideal Ohmic contact is a low resistance contact, and non-rectifying junction with no
potential barrier existing between the MS interface (Pierret, 2006; Sze, 2002). The contact
resistance of a metal/N-Si Ohmic contact is: (HU, 2010)

(#m, [E)
R, e \h PVaNg

Eq.(2.9)

To measure the deviation of practical diodes from ideal thermionic emission model we use

a parameter called the ldeality Factor and can be expressed as(Gholami et al., 2011):

. _ 9 av
N T RT (6(lnl)) Eq.(2.10)

2.1.6 Current-Voltage (1-V) Characteristics

In order to better comprehend the Schottky diode performance and characteristics, the
current-voltage (IVV) measurement is a commonly used technique. The importance of
providing current-voltage stimulus and measuring the reaction is for showing the threshold
voltage and indicating the response of the device to the bias voltage. These devices may be

diodes, transistors, sensors, photovoltaic cells, etc. (Kittel, 2005).

Since any real diode does not instantly permit a large current, there can be found some
threshold voltage below which there would be a small current, while above that quantity, the

current will be large.

Figure (2.13) displays the I\V-curve of a Schottky diode, where the vertical line represents
the current flow, which is a dependent variable, and the horizontal line signifies the voltage
applied across the Schottky diode, considered as an independent variable. The forward
current grows exponentially, and the forward voltage drop is between 0.2V and 0.3V (Sze,
2002).
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Fig. (2.13): IV-Characteristics of Schottky diode . (Sze, 2002)

In general, the applied voltage defines the flowing current through the Schottky contact.

Under a forward bias, when the external voltage exceeds a few ";—T volts, the exponential term

will dominate the resulting value of the current.

Whereas for the reverse bias, when the applied voltage is greater than a few %T volts, see

Figure (2.14) which demonstrates the case of the ideal Schottky diode. The exponential term

IS neglected, resulting in a small saturated current I = I, (HU, 2010; Pierret, 2006; Sze,

2002).

The graph shows what happens to the current through a PN junction as the voltage increases.

When the voltage is negative, there is a small negative current. When the voltage is positive,

the current is also positive and increases rapidly with increasing voltage

A

Reverse bias —-—

>

— Forward bias

Fig. (2.14): 1-V Characteristics of Schottky contact (in the ideal case) (HU, 2010).
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In reality, an ideal diode does not exist. therefore, the model shown in Figure (2.15) was
modified with the addition of shunt and series resistances. These parameters produce
extrinsic effects and hence affect the external behavior of the model. The curve factors in I-
V characterisation are lower than ideal, that is mainly due to the series resistance (Ry). As

the substrate increases in size, the resistive losses get larger.

However, the curve is not only limited by R but also by low shunt resistance (Rg,). The
shunt resistance is due to leakage across the pn-junction caused by the impurities and crystal

defects within the junction region (Tong & Pora, 2016).
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Fig. (2.15): The model of the circuit with Shunt and series resistances (Tong & Pora, 2016).

Therefore, the current in through the Schottky diode in terms of the input voltage and both
resistances is given by Eq.(2.11)

_ V—Rsl V — Rl
I=Ile™Wt —1|+ Eq.(2.11)
kp

Where Vi, = TT is called the thermal voltage.

This equation is not solvable in elementary function’s analytical methods, therefore, the
current’s explicit solution and the calculations of the parameters can be found using

computer programs (Aazou & Assaid, 2010).
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Photovoltaic effect is a course by which the cell alters the absorbed energy of sunlight into
electricity, with benefits for a safe environment since it has zero carbon-dioxide emissions.
The photon energy absorbed by nanomaterials is transferred to the electrons in the atoms, as
shown in Figure (2.16). At a pn-interface, an electric potential is created between n- and p-

type semiconductor layers.

When a light photon energy is absorbed by the layer of the semiconductor, as shown in
Figure (2.16), it gets transferred to the electrons of the material, giving them sufficient
energy to move to the conduction band, leaving a “hole” in the valence band. These valence
electrons, after escaping the normal positions in the atoms, join the electric flow or current,
and moving towards the negative end, whereas holes move towards the positive direction.
When the absorbed available light energy is greater than the bandgap energy of the used
material, the atoms collide leading to generating the electrical current due to free moving
electrons (O.K et al., 2018).
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Fig. (2.16): Schematic illustration of simple photovoltaic device (O.K et al., 2018).
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2.1.7 Contact Angle Measurements Between Liquid and Solid Surfaces

Contact angle measurement has been used in the study of surface energy, wettability and
adhesion of low surface energy materials. The quantitative evaluation of the wetting of a
solid by a liquid is made in terms of the contact angle 6. Figure (2.17) shows the schematic
diagram for the contact angle and the interfacial tensions at the three phase boundary
(Subedi, 2011).

Ligquid
ysl

> |

Solid

,stq

Fig. (2.17): Schematic diagram of the contact angle and interfacial tensions of the three surfaces at
the three-phase boundary (Subedi, 2011).

The most important relation regarding the contact angle is the Young’s equation that relates
the contact angle @, liquid surface tension vi, solid surface energy vys, solid-liquid surface

tension vys1 as expressed in the following equation (Subedi, 2011):

Y1€os @ = Qysyq Eq.(2.12)

A perfect wetting means the maximum value of cos@ which is achieved when the contact
angle is zero. There are two possibilities to inrease the value of cos®, either by reducing the

surface tension of the liquid or by increasing the surface energy of the solid.

In the case where the liquid will not wet the solid we say that the surface is hydrophobic and
has a poor wettability. If the surface tension of water is lowered by mixing surfactant in it
keeping the solid surface unchanged, the contact angle will decrease i.e. water spreads on
the surface of the solid (Subedi, 2011).
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2.2 Theory of Experimental Methodology

This section of the chapter is concerned about introducing the materials used in this study,
in addition to explaining the methodology utilised to execute the successful construction of
the Schottky diode

2.2.1 Materials

Zinc oxide (ZnO) nanoparticles, shown in Figure (2.18) is an interesting oxide
semiconductor substrate that has been studies widely in the past few years in many
applications and researches. ZnO shows unique chemical and physical properties. This metal
oxide is environment friendly non-toxic in nature, mostly known for its electrical and optical
properties. Moreover, it is preferable because of its optical transparency and its synthesis
process as cost effective. Some examples on electronic devices containing ZnO are; thin
film transistors (TFTs), sensors photovoltaics, and transparent transistors (Das et al., 2021;
Liau & Lin, 2017).

Fig. (2.18): The crystal structure of ZnO with the lattice parameters a and ¢ indicated (Janotti &
Van de Walle, 2009).

Recently, there has been an increased interest in examining the use of gold nanoparticles
(AuNPs) in new applications, due to the exclusive properties they possess, physically and
chemically. The exceptional optical properties are caused by surface plasmon resonance
(SPR) effects. This optical phenomenon occurs as a result of electromagnetic wave

interacting with the metal’s conduction of electrons.

AUNPs are considered as preferable materials in application concerning biomedicine, since
they have less toxicity, the fact that they are easily detected, and their compatibility of

synthesis, also known as hyperthermia therapy (Herizchi et al., 2016).
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Nevertheless, the unusual optical, chemical and electronic characteristics of gold
nanoparticles have been attractive for scientists that seek to develop new technologies,
particularly in nanoelectronics. Nanoscale gold nanoparticles are used in connecting

resistors, conductors, and some other elements of an electronic chip (Sousa et al., 2017) .

2.2.2 Chemical Etching

Etching is the process that is used to remove impurities or selected layers of the
semiconductor for the purpose of pattern transfer, wafer polarization, isolation and cleaning
(Sze, 1994). There are two fundamental techniques of etching: dry etching (plasma-based

etchants) and wet etching (liquid-based etchants) as shown in Figure (2.19)

All unit cells in a single crystal are identical in addition to having fixed orientation. Planes
in crystal structures describes their orientation, depending on each unit cell orientation in the
crystal. Silicon orientation represents the crystal plane is on the surface on the wafer, it
affects the wafer’s properties, such as electronic properties. It also denotes the number of
atoms on the surface of the wafer, i.e. Si <111> has greater atomic density than that of Si
<100> (Angermann et al., 2000). Chemical etching is affected by the orientation of the

silicon wafer.

Silicon

@

Tuoo)

Silicon

(b)

T (110)

Silicon
©

Fig. (2.19): Different results in etching of silicon. (a) Isotropic Etching of silicon; (b) Anisotropic
Etching of (100) silicon; (c) Anisotropic Etching of (110) silicon (Wang, 2016).
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Dry etching, also called plasma etching, uses reactive ions in a gas phase to dissolve the
undesired materials. Thus, it uses plasma instead of liquid etchants (AnoopPrakashA et al.,
2013).

Wet chemical etching methods are used when most chemical etchants are liquids. Samples
are immersed in the etching solution for a specified time. The etching solutions only removes
the film on the exposed areas. The profile of the patterned materials depends on the
anisotropy of the chemical etch being used. Wet etchants are in general isotropic, since they
etch the film with equal etching rates in all directions. The profiles and etch rates are also
controlled by the dispersion of active species to the exposed areas (Sze, 1994). Wet etching
provides relatively low costs, which is an important requirement to minimize fabrication cost
(Pal & Singh, 2013).

Most etchants consist of an oxidizing agent, like H,0,, Br,, an agent for dissolving the
oxides, it may be acid or base like NH4OH, NaOH, HF and H3PO4 (AnoopPrakashA et al.,
2013). Alkali metal hydroxides, such as KOH or NaOH, are also considered common
etchants for anisotropic of Si etching (Wang, 2016). Potassium hydroxide (KOH) is the
perfect anisotropic wet etchant for silicon. In KOH silicon (100) crystal planes are etched
200 times faster than (111) planes. The etching stops when the slow etching of (111) planes
meet. The etched depth is dependent on the photoresist mask and the angle, usually 54.7°,
between the (111) and (100) planes (Franssila, 2010), illustrated in Figure (2.20)

Silicon
- Mask layer

Fig. (2.20): anisotropic wet etching of cavities different in shapes and sizes as formed in Sii1; and
Siigo wafers (Pal & Singh, 2013).
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The temperature variation and the concentration of the KOH influence the etching results

significantly, and may affect the etching rate to be unequal throughout the substrate’s surface

(Wang, 2016).

2.2.3 Spin Coating for Nanoparticles Deposition

To deposit some nanoparticles on the semiconductor, the spin coater device is widely used
today in the microelectronics industry. Spin coating is a method used to form a uniform layer
of the on the sample, hence a thin film of the nanoparticle materials will be deposited on the

semiconductor.

The spin coating process is divided into four stages, shown in Figure (2.21), as the following:

First, the deposition: the required liquid is delivered to be coated to the surface of the
substrate. The solution is dropped using microsyringes or micropipettes on a rotating disc
holding the substrate. Then, the substrate is accelerated according to the desired speed;
spreading the solution due to the centrifugal force, while the height is reduced to a critical
height.

The second stage is spin up: in this stage, the disc is accelerated to its final desired speed. A
twisting motion is produced due to the inertia exerted by the top layer of the fluid while the
substrate below is increasing in rotational speed. Eventually, the fluid is thin enough to rotate

at the same acceleration and the difference in the thickness is gone.

Then comes the stage of the stable fluid outflow: the fluid viscous forces are dominant over
the thinning behavior of the fluid, causing the coating to be uniform and outwards. Several
parameters are controlling the uniform thickness across the wafer, like the tension of the

surface, viscosity of the fluid, the rate of rotation, etc.

The final stage is evaporation: this happens due to the loss in the solvent caused by the
outflow resulted from the centrifugal force. Hence, with the substrate spinning at a constant
rate, the solvent evaporation dominates the coating thinning behavior (Sahu et al., 2009).
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Spin off Evaporation

Fig. (2.21): Stages of spin coating process (Yilbas et al., 2019)

2.2.4 Metal Deposition
Thin film can be evaporated from a hot source onto a substrate as shown in Figure (2.22).
The evaporation system consists of a vacuum chamber, pump, holding frame for the samples

or subsrates, crucible, and a shutter.

A sample of the material that is desired to be deposited on the substrate is placed in the
crucible, and vaccum is obtained in the chamber by evacuating it to 10° — 107 Torr. Then,
the crucible is heated by a Tungsten filament or an electron beam to causing the flash-
evaporation of the material onto the sample from the crucible. The determination of the film

thickness depends on the openning time-length of the shutter.

The evaporation rate of the material is a function of the vapor pressure of the material. Hence,
materials that have a low melting point, such as Aluminum, are straightforwardly
evaporated, but refractory materials, such as tungsten, need greater temperatures that cause
burning of organic films where they land on the sample. With the evaporated material
originating from a point source, the resulting films experience shadowing effects, and
therefore, producing poor step coverage and nonuniform thickness. In general, evaporated
films are highly disordered and have large residual stresses; thus, only thin layers of the

materials can be evaporated (Sze, 1994).
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Fig. (2.22): Schematic of a typical thermal or electron-beam evaporation system (Martin-Palma &
Lakhtakia, 2013).

2.3 Spectroscopic Approach
Spectroscopy is an experimental field linked to the absorption, emission and scattering of
electromagnetic radiations by atoms, nanoparticles and molecules.

2.3.1 Fourier-Transform Infrared (FTIR) Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a technique used to acquire an infrared

spectrum of absorption or emission of a solid, liquid or gas.

The FTIR is beneficial for defining the electronic structure of atoms and molecules
(Sathyanarayana, 2004). The term Fourier transform denotes both the representation of the
frequency domain followed by the mathematical calculations associated with representing
the frequency domain that is initially an interferogram to produce a plot of intensity versus
wavenumber, i.e. an infrared spectrum (Griffiths, 2007).

Infrared, in general, is referring to electromagnetic radiation found in the region from 0.7um
- 1000um of wavelength. The range of the infrared is separated into three regions regarding

their location relative to visible spectrum Table (2.1).
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Table (2.1): Three regions of the IR from 0.7um - 1000um of wavelength

Region Wavenumber (cm™?) Wavelength (um)
Near-Infrared 4000-14000 0.7-2.5
Mid-Infrared 400-4000 2.5-30

Far-Infrared 10-100 30-1000

The mid-infrared, that is the region between 2.5um and 30um (4000 to 400 cm™), is the
range mostly exploited for chemical analysis in order to study the fundamental vibrations

and associated rotational-vibrational structure of the substrate examined (Doyle, 2017).

2.3.2 Infrared Absorption Process

The analysis of the IR spectroscopy helps with determining the chemical functional groups
in a sample. When IR radiation passes through the examined sample, absorption taking place
causes Vibrational transitions between the atoms of molecules that form the sample, this
absorption happens when the frequency of applied IR and the natural atomic vibrations

frequency are equal.

This leads to changes in the energy on the order from 8 to 40KJ/mole. This amount of energy
corresponds to the frequencies of stretching and bending vibration of the bands in most
covalent molecules. However, not all the bonds can absorb infrared energy. Only those
bonds which have changes of the dipole moment as a function of time (Lorenz-Fonfria,
2020)

The IR absorption spectrum is then graphed as wavelength, or wavenumber, versus
transmittance, or absorption intensity. The transmittance (T) equals the ratio of power

transmitted by the sample (I) to the power incident on the sample (I,).

The absorbance (A) is the logarithm to the base 10 of the reciprocal of the transmittance T
as shown in Eq.(2.13): (Wilson, 2018)

1 I
A= loglo (?) = _loglo(T) = —log10 (E) Eq (213)
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2.3.3 Theory of FTIR spectroscopy: Michelson Interferometer

The optical system in an FTIR spectrometer is very simple: the interferometer requires two
mirrors, an infrared light source, an infrared detector, and a beamsplitter. The Michelson
Interferometer is the heart of the FTIR device. The key concept of Michelson interferometer
is the interaction of waves. If two waves share the same frequency, their peaks and troughs
will sum up, forming a constructive interference. In the other hand, if the waves are out of

phase, the resulting interference is known to be destructive (Griffiths, 2007) .

This design is based on the original Michelson Interferometer Figure (2.23).
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Fig. (2.23): Michelson Interferometer (Wang et al., 2012).

2.3 Related Previous Studies

Labar et al (2022), presented their work in fabrication and electrical analysis of ZnO related
to nanostructure-based Schottky device. The fabrication procedure was cost-effective. The
properties of the Ni/ZnO junction, studied at 400°C with silver, forming a metal-
semiconductor—metal back-to-back Schottky, Ni/ZnO/Ag; which had rectifying diode
behavior for both forward and reverse bias. Electrical parameters were determined based on
the back to back Schottky diode model, parameters studied were barrier height, ideality

factor, and resistance of a device consisting of two diodes (Labar & Kundu, 2022).
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Das et al. (2021) reported two different combining procedures of semiconducting ZnO that
modify the patterning of the ZnO materials and their effect on the Schottky diode’s
photosensing. The study used ANZnOMTO Schottky diodes, investigated the -V
characteristics. The properties of the charge transport were studied through impedance
spectroscopy. The results showed improved performance of the device when using ZnO,
rod-like, in Schottky diodes, and the detailed analysis of the AI\ZnO junction showed a
promising and beneficial use for research in future studies of the metal-semiconductor
junctions (Das et al., 2021).

Rouis et al. (2021) reported using metal assisted chemical etching (MACE) in the
fabrication of Silicon Nanowires, with various etching time. Their technique aimed to
control the patterning of silicon nanowire arrays. They successfully formed AI/SINWs
junction diode, and obtained symmetric (I-V) curves caused by different barrier heights at
the two sides of the SiNWs. The study used a metal-semiconductor-metal model to
investigate the (I-V) and (C-V) characteristics, the resulting values helped explaining the
behavior of electron transport by thermionic field emission method. The existence of
interface states, and any other alteration in the surface charge caused by etching were
confirmed by voltage dependence of the capacity. The results of the study concluded that the
performance of SINWs is of coherent electrical transport properties when prepared with the
MACE method, and may help innovative realization of Si nanostructure-based devices of

high performance (Rouis et al., 2021).

Kaufmann et al (2021) introduced a study about Schottky barrier height in addition to the
ideality factor in structures containing thin film transistors and Metal/Zinc oxide
nanoparticles. Aluminium, gold, and nickel were used as metal layers and the organic-
inorganic nanocomposites were used in the fabrication. A numerical computational program
was used for the data fitting to extract information about Schottky barrier height and ideality
factors for each sample. The nickel metallization appears with the lowest barrier height
among the tested metals with some value around 0.3 eV. The utilised method of fitting
yielded good fitting accuracy in each metal-semiconductor interface, as the case for gold

metallization (Kaufmann et al., 2021).
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Abbas et al. (2020) investigated the characteristics of electric transport of a gold (Au)-tip/n-
Si based nano Schottky diode, using a (C-AFM), conductive mode atomic force microscope.
10 nm average diameter Au nanoparticles, are monodispersed by spin-coating on the silicon
substrate, n-type. The layer of nanoparticles was confirmed by AFM. The I-V asymmetry
indicated the improved rectifying behavior of the junction with AuNPs, this is explained by
the tunneling current increase at the nanoscale. The study showed in the results the
importance of controlling the structure of the interface with nanoparticles to improve the
nano-Schottky diode’s characteristics (Abbas et al., 2020).

Ramadan, et al. (2020) investigated the accurate determination of the electrical properties
of photovoltaic devices by predicting and optimising their performance by studying the
alternating current (AC) and direct current (DC) electrical Schottky diode’s characteristics
of metal-insulator-Si semiconductor type. The basic structure Al/Si TiO2 NiCr were studied,
at the aim of using them as photovoltaic devices. The basic diode was then modified by the
addition of nano-porous Si and silver nanoparticles as layers, leading to
Al/Si+nanoPS/TIO/NiCr and Al/Si+nanoPS+AgNP/TiO2/NiCr structures. The AC
electrical properties were studied by the electrochemical impedance spectroscopy and Mott—
Schottky analysis, whereas current-voltage measurements determined the DC electrical
properties of the diodes. The experimental results yielded a model of an AC equivalent
circuit for the three different Metal-Insulator-Semiconductor Schottky barrier diodes, while
the most significant electrical parameters were calculated. The results also showed a notable
enhancement in the performance of the MIS Schottky barrier diodes when the nanoparticles
layers were added, hence their importance in the fabrication of photovoltaic devices
(Ramadan & Martin-Palma, 2020).

Boutelala et al. (2020) studied the effect of light on photoelectrical and electrical properties
of AIl/TiO2/p-Si Schottky diodes. The AIl/TiO2/p-Si/Al heterojunction, fabricated by
forming a thin film of TiO2 p-type Si wafer, with evaporation of Al as metal, front and back
contact. The study used Raman measurement which indicated that bands of TiO2 film are
characterized by the anatase phase. The transmittance and optical bandgap of thin film
TiO2/bilayer were calculated and found to be 74% and 3.30 eV, respectively. The current-
voltage (I-V) measurements of Al/TiO2/p-Si/Al, executed in dark and with a ranged
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illumination, from 40 to 100 mW/cm?, at room temperature. The experiment showed that the
structure behaved with a perfect rectifying property in dark. The characteristic parameters
of diode were determined, such as ideality factor was found to be 1.91, and barrier height
was determined as 0.71 eV. Whereas the calculated series resistance of the device was 17.15
kQ. Moreover, the effect of light on the photoelectrical properties was studied and the device
yielded a photovoltaic behavior. Additionally, the diode had a strong response to the optical
illumination so the studied structure could be used in photosensor applications (Boutelala et
al., 2020).

This chapter illustrated the theory of the subject, with the most recent studies related to the
experiment applied in this study. Chapter three is to elaborate on the detailed methodology

and materials used.
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CHAPTER 3: Methodology and Materials

This chapter contains two sections. The first describes the materials used in this study, and
the apparatus used in the data acquisitions. The second section of this chapter explains the

Schottky diode building procedure followed in this study to get the results.

3.1 Materials

Single crystal silicon sheets were used to form the substrate of the diode, shown in Figure
(3.1), found in Physics laboratory in Bethlehem University. This n-type silicon is doped with
Phosphorus (P). The orientation of the silicon used is <111>, with resistivity of 10-20 Q cm,
and thickness of 450+10um.

(a) (b)
Fig. (3.1): N-type silicon wafer, phosphorus doped used in this study.

3.1.2 Chemicals for etching

Chemicals needed for the silicon substrate etching were distilled water (DW), 95% Ethanol
(C2Hs0OH), Potassium hydroxide (KOH) with 30% weight concentration (dissolved in DW).
These chemicals were obtained from the Chemistry laboratory at Bethlehem university, see

Figure (3.2).

Fig. (3.2): Chemicals used for etching, Ethanol, DW and KOH(30%wt)
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3.1.3 Nanoparticles
Gold nanoparticles (AuNPs) were purchased from Sigma Aldrich, in the form of stabilized
nanoparticles suspension in citrate buffer, with a concentration of ~6.0 x 102 particles/mL.

The size of the nanoparticles is 10nm diameter, maintained at 2-8°C. See Figure (3.3)

Fig. (3.3):Bottle of AuNPs purchased from Sigma Aldrich.

Zinc Oxide (ZnO) nanopowder was also purchased from Sigma Aldrich, with particle
size<100nm as shown in Figure (3.4)a, The nanopowder was then dissolved in 95% Ethanol
to obtain a suspension of ZnO nanoparticles with the concentration of 35mM, shown in

Figure (3.4)b. The resulting solution, see Figure (3.4)c, is stored at 2-8°C.

(b)k,( -~

Fig. (3.4): (a) Zinc Oxide nanopowder. (b) Dissolving the ZnO nanopowder in Ethanol. (c)

(@)

Resulting suspension of ZnO NPs.
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3.1.4 Spin Coating

Figure (3.5) shows the homemade and calibrated spin coater in the Physics laboratory in
Bethlehem University. Each type of the nanoparticles was deposited on the etched silicon
substrate with the spin coater by a designed computer program used to control the rounds

per minute (rpm) and time.

Fig. (3.5): The spin-coater and computer program built in Bethlehem university laboratory by Eng.
Nader Adawi

3.1.5 Metal Disposition
In order to place the thin film of metal on the semiconductor/NPs, a thermal evaporation
process is needed to be employed in order to complete the device’s fabrication. As Figure

(3.6) shows, a thermal evaporator was used to complete this step.

\\’6,.4

Fig. (3.6): Thermal evaporator in Bethlehem University.
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3.1.6 Spectroscopic Data Acquisition

As shown in Figure (3.7), TENSOR Il FTIR Routine Spectrometer from Bruker Optics at
Al-Quds University for the verification of the nanoparticles on the etched silicon samples.
The resulting spectra were obtained by Opus 8.1 software and then manipulated using

Origin21 software.

@ (b)

Fig. (3.7): (a)Tensor Il FTIR Spectrometer from Bruker Optics. (b)Sample in the Spectrometer

3.1.7 Current-Voltage Instrumentations

Keithley 2400 Standard Series was used as a Source Measure Unit (SMU) Instrument. This
SMU instrument, offering measurements of coupled four - quadrant precision voltage and
current source, has been borrowed from the Nano lab at Al-Quds University as shown in
Figure (3.8)a. The circuit for electrical characterisation was then built using the
micromanipulators made at the Physics department at Bethlehem University, as shown in
Figure (3.8)b. Silver paint was used to create ohmic contact point with the diode. The

resulting graphs were analysed using Origin21 software.
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Fig. (3.8): (a) SMU borrowed from Al-Quds University. (b) Set to for I-V Measurements
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3.2 Diode Building Procedure
The following section elaborates, in details, the building procedure of the desired Schottky

diodes with the nanoparticles.

3.2.1 Surface Etching of Silicon

The substrates of the silicon were made by cutting the silicon wafer into 1.0 cm? pieces
using the diamond glass cutter pen. The substrates were then immersed in Ethanol (95%) for
30 seconds, followed by immersion in distilled water for another 30 seconds. Then the
silicon samples were submerged in KOH (30%wt) solution, of temperature 82°C, heated by
a hot plate, for 45 minutes. Then the samples were rinsed in DW, followed by Ethanol (95%)

and then left to dry at room temperature. This procedure is illustrated in Figure (3.9).

2 ()

Fig. (3.9): (a) the set up of the etching process. (b) keeping the KOH at the temperature of 82°C.

3.2.2 Spin-Coating of ZnO and Au Nanoparticles

15 uL of each type of the nanoparticles were dropped on the Si substrate using micropipettes.
The Au NPs were spin-coated at the speed of 1200 rpm for 90 seconds, whereas the ZnO
NPs were spin-coated for 60 seconds at the speed of 1500 rpm. Before the deposition of the
metal thin film, the sample at this point was tested using the FTIR in order to prove the
successful coating of the nanoparticles. The deposited film’s thickness decreased when the
coating speed increased. (Ajadi et al., 2016; Gorji et al., 2015)
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3.2.3 Metal Evaporation in Vacuum

Silver and Gold were placed in the crucible, separately, to be evaporated onto the Si
substrate. The Bell jar was evacuated to approximately 10~¢ Torr, the Tungsten filament
that is forming the crucible is then heated by slowly allowing the current to pass through the
electrodes, causing the metal in the crucible to be evaporated onto the Si substrates that are

fixed at the sample holder. This procedure is shown in Figure (3.10)

(d) ()

Fig. (3.10): (a) the Gold and Metal placed in the crucible. (b) the Si samples fixed at the sample
holder. (c) Slowly allowing the current to pass through and cause the heating up of the metal for
evaporation (d) the resulted Ag\NPs\Si Schottky diode. (e) the resulted Au\NPs\Si Schottky diode.
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3.2.4 Current-Voltage Measurements

Both fabricated Ag\NPs\Si and Au\NPs\Si Schottky diodes, and the bare Schottky diodes
(without the nanoparticles), were then placed in the circuit setup using the
micromanipulators for each back and top contact, resulting in the I-V curves. See Figure

(3.11) for the schematic illustration.
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Fig. (3.11): schematic illustration of the fabricated Schottky diode sample in the circuit.

This step was completed using the Keithley SMU and examining the fabricated diodes
through the span of -5V to 5V.

Types of samples prepared for this experiment were:

Ag/Si

Au/Si
Ag/ZnO(NP)/Si
Ag/Au(NP)/Si
Au/ZnO(NP)/Si
AU/Au(NP)/Si.

© o k~ w N oE

In addition, measurements were taken for the Ag\NPs\Si diodes, to detect the change in the
diode’s behavior in dark and luminous surroundings, this is to show the effect of light on the
behavior of the diodes, these results were then compared to those taken for Schottky diodes

with no nanoparticles at the junction. This set up is shown in Figure (3.12)
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(@) (b)
Fig. (3.12): The circuit built to test the 1-V characteristics of the fabricated Schottky diodes with

and without nanoparticles. (a) in dark surroundings. (b) with added photons.

As chapter 3 has illustrated in details the methodology employed in this study, the next
chapter is to extend in results and discussion
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CHAPTER 4: Results and Discussion

In this chapter, the experimental results are presented and discussed. The first part is related
to the determination of contact angle measurements and modification test to verify the
changes of the substrate’s surface. The second section will discuss analysis of the obtained
FTIR spectra as another technique for NPs deposition. Finally, the third part focuses on the

current- voltage curves and their interpretations.

4.1 Contact Angle Measurements and Surface Modification Test

Before etching with KOH, a drop of 30 uL of distilled water was placed on the Si<i11>
sample, the angle made was 54.7°, as shown in Figure (4.1). Angle measurements were

obtained using Physics Tracker software.

angle from horizontal| 54.7°

Fig. (4.1): Contact angle made on the Si sample before etching = 54.7°

To prove the altering in the Si hydrophobicity after the etching with the KOH, the same
volume of distilled water was dropped on the Si sample. The angle is reduced to
approximately 15.1° as shown in Figure (4.2).
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angle from horizontal| 15.1°

Fig. (4.2): Contact angle made on the Si sample before etching = 15.1°

This indicates that the Si surface became more hydrophilic after etching with KOH for 45

min.

In addition, contact angle measurements were used to test the difference in the surface
tension between the ZnO NPs and the Au NPs. Figure (4.3) a, shows the angle made when
applying AuNPs, which was equal to 25.7°, while Figure (4.3) b, shows the angle with the
Au NPs which was around 14.5°. Since the angle made with the ZnONPs and the Si surface

was greater, it is concluded that the surface tension is greater than that of the ZnONPs.

angle from horizontal| 14.5°

angle from horizontal| 25.7°

(b)

Fig. (4.3): Contact angle measurements with etched Si surface (a) AuNPs, (b) ZnONPs.

(@)
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4.2 FTIR Analysis

The FTIR spectroscopic approach was used to determine the successful coating of the
nanoparticles on the etched Si surface. Figure (4.4) a, shows the Au NPs FTIR Spectrum that
resulted from the measurements while Figure (4.4) b, shows the ZnONPs FTIR spectrum.
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Fig. (4.4): (a) FTIR spectrum of Au NPs (in citrate buffer). (b) FTIR spectrum of ZnO NPs

The different peak intensities and the shifts in the wavenumber in Figure (4.4) are due to the
Si contributions at that wavenumber region. The high intensity peak at wavenumber 1100
cm* denotes the Si-O bonding (Foo et al., 2013), which indicates that the surface of the Si
was oxidised in the period of time between the sample preparations and the FTIR
measurement. If there is a break in the wavenumber x-axis of the spectrum, it was done to

exclude the intense peak of SiO and to see the significant peak ratios to one another, then
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the spectra obtained can be analysed. It is obvious that there is an overlap between the results

from this study and the spectra extracted from the literature, this overlap is shown in the

tables related to each nanoparticle.

As for the ZnO NPs, the FTIR spectrum is as shown in Figure (4.5), followed by Table (4.1)

with the important functional groups in the ZnO NPs.
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Fig. (4.5): FTIR spectrum of ZnO NPs (Modified)

Table (4.1): Important peaks and functional groups in the ZnO NPs FTIR spectrum

Wavenumber (cm™) Functional Group (Vibrations)
(a) 2950 vas (@symmetric stretching) CH; (Xiong et al., 2006)
1 (b) 2919 v, (@symmetric stretching) CH, (Xiong et al., 2006)
(c) 2868 v, (symmetric stretching) CH; (Xiong et al., 2006)
5 1632 C = C Stretching of an alkane group
(Jayarambabu et al., 2015)
1451 C — H Bending (asymmetrical) (Hoseinpour et al., 2017)
) C — H Bending (symmetrical)
1384 Zinc carboxylate groups (symmetrical and asymmetrical)
(Xiong et al., 2006)
4 1012.7 C — N Stretching (Hoseinpour et al., 2017)
5 877 Zn tetrahedral coordination (Jayarambabu et al., 2015)
6 731-608 Zn0 NPs (Stretching) (Xiong et al., 2006)
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Whereas for the Au NPs, the FTIR spectrum is as shown in Figure (4.6), followed by Table

(4.2) with the important functional groups.
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Fig. (4.6): FTIR spectrum of Au NPs (Modified)

Table (4.2): Important peaks and functional groups in the Au NPs FTIR spectrum

Wavenumber (cm™) Functional Group (Vibrations)
(a) 2952 vas (@symmetric stretching) CH5 (Mater et al., 2015)
1 (b) 2922 vas (@symmetric stretching) CH, (Mater et al., 2015)
(c) 2852 v, (symmetric stretching) CH; (Gurunathan et al., 2014)
(@) 1649.1 C = 0 carbonyl group symmetric stretching
) (Mater et al., 2015)
(b) 1619.8 C = 0 carbonyl group asymmetric stretching
(Gurunathan et al., 2014)
1539 C — H Bending (asymmetrical) (Mohan et al., 2013)
3 1511 Aromatic —C — C — groups (Gurunathan et al., 2014)
4 1458 d(CH2) scissoring (Gurunathan et al., 2014)
5 1392.7 C — H Bending (symmetrical) (Mohan et al., 2013)
6 1265 Ester bond — indicating the Citrate contribution to the spectrum

The resulting spectra indicate that the process of adding nanoparticles is time-sensitive when

exposed to air. However, there has been a tolerably successful coating of the nanoparticles

of the etched Si surface of the sample.
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4.3 Current-Voltage Characterization
OriginPro21 has been used to analyse the I-V curves obtained from the laboratory
measurements. Where the average of the readings of each set has been considered and the

following calculation and analysis were realized.

Applying ModDiode Fitting to the data, the saturation current I, the series resistance Ry,
the shunt resistance R, and the ideality factor n were obtained. Whereas barrier height @,

was estimated from |-V data based on the theory of thermionic emission.

4.3.1 Fitting of the 1-V Curves of Ag\NPs\Si Schottky Diodes

Figure (4.7) shows the ModDiode fitting of the average of all data obtained from the Ag\Si
Schottky diodes obtained for a number of samples and curves, followed by Table(4.3)
showing the calculated parameters for the same set.

Averaged Ag\Si Current-Voltage Curves
ModDiode Fitting

0.025 A

0.020 ~

0.015 ~

0.010 A

Current (mA)

0.005 A

m  Averaged Ag\Si
ModDiode Fitting of Ag\Si

'0005 T T T T T 1
-3 -2 -1 0 1 2 3

Voltage (V)

Fig. (4.7): ModDiode fitting of averaged Ag\Si Schottky Diodes

Table (4.3): Parameters of the averaged Ag\Si data.

Parameter Value
Volt T 300 K
cﬂrﬁfﬁt’ lo 4.95633E-13 A
i Rs 82.75792 O

AQ\Si
n 1
Rsh 4174.88978 Q
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Also, each reading is fitted with ModDiode, then the averaged fitting is used to extract the
barrier height for the Ag\Si Schottky diode, shown in Figure (4.8).

The value of the averaged barrier height is 0.8 eV. This methodology will be used to extract

the barrier height value for the rest of the sets.

0.07 5 1-V Curves of Averaged Ag\Si Schottky Diodes
ModDiode Fitting

0.06

0.05

Current (mA)
o o o
o o o
N w sy
1 1 1

0.01
0.00 ——— Average of Ag\Si
-0.01 T T T T T T T
3 -2 -1 0 /il 2 3
0.85
Voltage (V)

Fig. (4.8): Method of extracting the barrier height for the averaged ModDiode fitting for the Ag\Si.

Repeating the previous method of analysis, Figure (4.9) shows the ModDiode fitting of the
average of all data obtained from the Ag\AuNPs\Si Schottky diodes, followed by Table(4.4)
showing the extracted parameters for the same set.

Averaged Ag\AuNPs\Si Current Voltage Curves
0.020 ModDiode Fitting

0.015

Current (mA)
o
2
o
1

0.005

0.000 4 Averaged Ag\AUNPS\Si
= ModDiode Fitting of Averaged Ag\AuNPs\Si

3 -2 -1 0 1 2 3
Voltage (V)

Fig. (4.9): ModDiode fitting of averaged Ag\AuNPs\Si Schottky Diodes
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Table (4.4): Parameters of the averaged Ag\AuNPs\Si data

Parameter Value
Volt T 300 K
C?Jrff,ft’ lo 1.41152E-7 A
Ag\AUNPs Si R; 117.28601 fll
Rsh 1752.47106

Using the same methodology in Figure (4.8), each reading is fitted with ModDiode, then the
averaged fitting curves are used to extract the barrier height for the Ag\AuNPs\Si Schottky
diode. The value of the averaged barrier height is 0.29 eV.

Lastly, applying the same steps for the Ag\ZnONPs\Si, Figure (4.10) shows the ModDiode
fitting of the average of all data obtained from the measurements of the set, followed by
Table(4.5) showing the set’s extracted parameters.

Averaged Ag\ZnONPs\Si Current Voltage Curves
ModDiode Fitting

0.018 ~

0.016

0.014

0.012

0.010

0.008

0.006

Current (mA)

0.004

0.002

0.000 m Averaged Ag\ZnONPs\Si

—— ModDiode Fitting of Averaged Ag\ZnONPs\Si

-0.002

T T T T T 1
3 -2 -1 0 1 2 3
Voltage (V)

Fig. (4.10): ModDiode fitting of averaged Ag\ZnONPs\Si Schottky Diodes

Table (4.5): Parameters of the averaged Ag\AuUNPs\Si data.

Parameter Value

Volt T 300 K
C?,r?(g,?{ lo 1.62774E-7 A
Ag\ZnONPs Si R; 141.24057 s;
Rsn 4023.08575 Q

48



Again, each reading is fitted with ModDiode, then the averaged fitting is used to extract the
barrier height for the Ag\ZnONPs\Si Schottky diode. The value of the averaged barrier
height for this set is 0.44 eV.

When comparing the parameters as affected by the nanoparticles in the Schottky diode, the
results are shown in Table (4.6), and in Figure (4.11):

Table (4.6): Parameters Values as affected by the presence of each nanoparticle with silver
as metal:

Parameter AQ\Si AQ\AUNPs\Si AQ\ZNONPs\Si
lo (A) 4.96E-13 1.41E-07 1.63E-07
Rs () 82.75792 117.286 141.2406
Rsh (Q) 4174.89 1752.471 4023.086
OL(V) 0.8 0.29 0.44
I-V Curves of Schottky Diodes
0.020 ] with and without the Nanoparticles
0.018 ModDiode Fitting /
0.016
0.014 /
{1 |/ Average Ag\Si
< 0012 Average AgAUNPs\Si
£ 00104 |—— Average Ag\ZnONPs\Si
g) 0.008 1
= ]
© 0.006
0.004
0.002
0.000 4
-0002 L L L T T T T 1

-35 -3.0 -25 -20 -15 -1.0 -05 00 05 10 15 20 25
Voltage (V)

Fig. (4.11): The IV curves as affected by adding NPs to the Schottky diode

Since the saturated current is voltage-independent, and the temperature is constant
throughout the experiment, it is noticed that the addition of the nanoparticles to the Schottky
diode has contributed in increasing the value of I,, by facilitating the tunneling of the

electrons from metal to semiconductor.
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However, the barrier height is decreased in the presence of the nanoparticles as noted in
Table (4.6)

The series resistance on the other hand is increased, this means that the charge flow is
delayed, and this may affect the quality of the device. This error may be the result of poor
etching, and the time-sensitive process between the spin-coating and metal evaporation. This
is an indication of a larger length distance between the Schottky barrier and the Ohmic

contact. Its origin could be the semiconductor’s bulk.

As for the shunt resistance, both nanoparticles contributed in a decrease in its value.
However, it is noticed that the decrease in the Rg; caused by AuNPs is greater than that
caused by the ZnONPs, this means that there is more leakage of the reverse current in circuits
with the AuUNPs.

Note that the Ry, is affected by the metal role at the junction, and since the AuNPs is
considered to be metal nanoparticles, this might be the cause of the decrease in the R, much
more than that with the ZnONPs.

As for comparing the forward current values, a cross section is taken at 0.75V, see Figure
(4.11), the value of the current in the case of Ag\Si is 0.0026mA, while there is an increase
in the current voltage, 0.037mA in the case of Ag\ZnONPs\Si, and 0.0044mA with
AQ\ZnONPs\Si. This presents the contribution of the nanoparticles in facilitating the forward

movement of electrons from the semiconductor to the metal region.

However, another cross section is taken at 1.6V, the value of the forward current was the
lowest with the presence of the NPs, 0.0107mA for Ag\ZnO\Si, and 0.013 for Ag\AuNPs\Si,
while the higher value is 0.016mA for the Ag\Si Schottky diode, this is highly affected by

the increase of the series resistance and the result of poor etching process.
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4.3.2 The Effect of Light Illumination on the Schottky Diodes
I-V measurements were taken for the three types of fabricated Schottky diode, Ag\Si,
AQ\AuNPS\Si and Ag\ZnONPs in the presence and absence of illumination, i.e. with a light

source aimed at the diode during the measurement procedure. The Schottky diodes were
irradiated by a light source of the intensity of 1000 % The curves below show multiple

readings for the same sample in the purpose of comparing the 1-V curves with and without
illumination.

Figure (4.12) a and Figure (4.12) b illustrate the I-V curves of the Ag\Si Schottky diodes in
the dark and the I-V curves of the samples with light irradiation.

0.012 4 1-V Curves of Ag\Si Schottky Diode Sets 1-V Curves of Ag\Si Schottky Diodes
In Dark Surroundings 054 (Illuminated)
0.010 Multiple readings of the same sample Multiple readings of the same sample
0.4
0.008
< < 034 .
£ 6.0064 E —— Ag\Sil
— s
E ] 2 —— Ag\Si
G oot 3 —— Ag\si4
0.1
0.002
0.000 0.0+
-0.002 T T T T T 0.1 T T T T T T T T
2 1 0 1 2 25 20 -15 -10 -5 00 05 10 15
(a) Voltage (V) (b) Voltage (V)

Fig. (4.12): (a) I-V curves of Ag\Si diode in the dark. (b) : I-V curves of illuminated Ag\Si diode

Also Figure (4.13)a and Figure (4.13)b demonstrate the 1-V curves of the AgQ\AUNPS\Si
Schottky diodes in the dark and the 1-V curves of the same samples but with irradiation.

0,006 - Ag\AUNPS\Si Schottky Diode 1.2+ Ag\AUNPs\Si Schottky Diode
’ in Dark Surroundings (MNuminated)
0.005 Multiple readings of the same Sample 104 Multiple readings of the same Sample
0.004 4 05
z g
£ 0.003
= E 06
= -
£ 0.002 s
=1 =
o 3044
0.001 4
0.000 | 02
-0.001 0.0 4
T T T T T T T T T T T T T T 1
-2 -1 0 1 2 25 -20 -15 -10 -05 00 05 10 15 20 25
(a) Voltage (V) (b) Voltage (V)

Fig. (4.13): (a) I-V curves of AgQ\AUNPs\Si diode in the dark. (b) : I-V curves of illuminated
Ag\AuNPs\Si diode
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Finally, Figure (4.14) a, and Figure (4.14) b exemplify the 1-V curves of the AgQ\ZnONPs\Si
Schottky diodes in the dark and the 1-V curves of the same samples but with irradiation.

0.30 4

1-V Curves of Ag\ZnONPs\Si Schottky Diodes 1-V Curves of Ag\ZnONPs\Si Schottky Diodes
0.008 4 In Dark Surroundings 0.25 (Illuminated)
Multiple readings of the same sample Multiple readings of the same sample
0.006 0.20
'<E? é 0.15
£ 0.004 <
- f=4
f=4
g g 0.10
=1 N
S 0002 —— Ag\ZnONPsisi 1 © —— Ag\ZNONPs\si 1
—— Ag\ZnONPs\si 2 0.05 - —— Ag\ZnONPs\si 2
—— Ag\ZnONPs\si 3 —— Ag\ZnONPs!si 3
0.000 —— Ag\ZnONPs\si 4| 0.00 —— Ag\ZnONPs\si 4|
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(a) Voltage (V) (b) Voltage (V)

Fig. (4.14): (a) 1-V curves of Ag\ZnONPs\Si diode in the dark. (b) : -V curves of illuminated

Ag\ZnONPs\Si diode

There are two differences between each pairs of the graphs. The first is that the obvious

behavior of the multiple readings of the same sample of the Ag\Si, Ag\AuNPs\Si,

AQ\ZnONPs\Si Schottky diodes, to be more in unison when illuminated than that of the same

diodes in dark surroundings. The second difference is the increase in the current value, by a

factor of 103, this can be explained by the fact that the irradiation of the diodes with light has

caused a change in the energy gap allowing the electrons in Fermi level to move more easily.

Now, the parameters and the barrier height for each set are obtained by repeating the same

methodology in analysis and calculation and extraction previously mentioned by ModDiode

fitting. Results related to Ag\Si illuminated Schottky diodes are shown Figure (4.15), and

Table(4.7).
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Fig. (4.15): ModDiode fitting of averaged Illuminated Ag\Si Schottky Diodes
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Table (4.7) : Parameters of the averaged irradiated Ag\ Si data.

Parameter Value
Voltage, T 300 K
Current lo 3.38083E-6 A
Ag\Si Rs 1.99605
With light n 1
Rsh 18.0643 )

The barrier height is found to be 0.45eV

Results related to AgQ\AUNPS\Si illuminated Schottky diodes are shown Figure (4.16), and
Table(4.8).

Averaged Ag\AuNPs\Si Current -Voltage Curves
with Hlumination

1.0 . .
ModDiode Fitting
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—— ModDiode Fitting of Average of Ag\AuNPs\Si
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-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Voltage (V)
Fig. (4.16): ModDiode fitting of averaged illuminated Ag\AuNPs\Si Schottky Diodes

Table (4.8): Parameters of the averaged irradiated Ag\AuNPs\Si data.

Parameter Value
Voltage, T 300 K
Current lo 3.09269E-4 A
Ag\AuNPSs\Si Rs 1.17951 Q
With light n 1
Rsh 16.37349 Q

The barrier height is found to be 0.33eV
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Results of the Ag\ZnONPs\Si illuminated Schottky diodes are shown Figure (4.17), and
Table(4.9).
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Fig. (4.17): ModDiode fitting of averaged illuminated Ag\ZnONPs\Si Schottky Diodes

Table (4.9): Parameters of the averaged irradiated AgQ\ZnONPs\Si data.

Parameter Value
Voltage, T 300 K
Current lo 1.05322E-5 A
Ag\ZnONPs\Si Rs 2.43426 Q)
With light n 1
Rsh 22.53968 0

The barrier height is found to be 0.37eV

The experimental findings show that the prepared diodes are sensitive to illumination and
have photovoltaic behavior. Table (4.10) shows the parameters in comparison between the
in-dark and after irradiating the diodes. It is noted for the value of the saturation current is

much greater with the illuminated samples.

The addition of the nanoparticles also yielded an increase in the value of I, however the
AUNPs had the greater value. The series and shunt resistance were much smaller in value
than that in dark surroundings. The I-V curves of the light-irradiated diodes are shown in
Figure (4.18). The graph shows the greater value of the forward current obtained with the

AUNPs, whereas the least leakage in reverse bias was obtained with the ZnONPs.
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These differences were previously noted with the I-V characteristics with the tested diodes
in dark surroundings. Barrier heights results show a decrease for the bare Ag\Si upon
illumination, while for the AQ\AuNPs\Si a slight increase is noted, whereas for
Ag\ZnONPs\Si the barrier height decreases.

Table (4.10): Parameters Values as affected by (a) the presence of each nanoparticle and
(b) after illumination

(@) In Dark Ag\Si AQ\AUNPS\Si | Ag\ZnONPs\Si
lo (A) 4.96E-13 1.41E-07 1.63E-07
Rs (Q) 82.75792 117.286 141.2406
Rsh () 4174.89 1752.471 4023.086
d, (V) 0.8 0.29 0.44
(b) With illumination Ag\Si AQ\AUNPS\Si | Ag\ZnONPs\Si
lo (A) 3.38083E-6 3.09269E-4 1.05322E-5
Rs (Q) 1.99605 1.17951 2.43426
Rsh () 18.0643 16.37349 22.53968
Dy (V) 0.45 0.33 0.37
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Fig. (4.18): The I-V curves of the light-irradiated diodes with and without NPs.

55



4.3.3 Fitting of the 1-V Curves of Au\NPs\Si Schottky Diodes
The same method of calculations has been used to find the parameters for the Schottky

diodes fabricated with the evaporated layer of gold.

The averaged I-V curves of Au\Si Schottky diode, fitted with ModDiode in OriginPro21 as
well, is shown in Figure(4.19), while Table(4.11) follows with the resulting parameters.

0.006 1-V Curves of Au\Si Schottky Diodes
ModDiode Fitting
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Fig. (4.19): Averaged I-V curves of Au\Si, fitted with ModDiode.

Table (4.11): Parameters Values in the Au\Si Schottky diode

Parameter Value
T 300 K
\é%':fgﬁt lo 4.87938E-4 A
AU\S Rs 84.16632 )
n 1
Rsh 5850.91793 O

Whereas the averaged I-V curves of Au\AuNPs\Si Schottky diode, also fitted with
ModDiode in OriginPro21, is shown in Figure (4.20), followed by Table (4.12) with the
resulting parameters.
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1-V Curves of AUNAUNPs\Si Schottky Diodes
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Fig. (4.20): Averaged AUNAUNPS\Si Schottky diode with the ModDiode fitting

Table (4.12): Parameters Values in the AUNAUNPS\Si Schottky diode

Parameter Value
Volt T 300 K
Crean: lo 6.09186E-6 A
AU\AUNPS\Si Rr: 76.18738 fll
Rsh 847.08824 Q

Finally, the averaged I-V curves of Au\ZnONPs\Si Schottky diode is illustrated in Figure

(4.21), with the ModDiode fitting. Table (4.13) follows with the resulting parameters.
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Fig. (4.21): Averaged Au\ZnONPs\Si Schottky diode with the ModDiode fitting

57



Table (4.13): Parameters Values in the Au\ZnONPs\Si Schottky diode

Parameter Value
Volt T 300 K
oltage, lo 2.83982E-4 A
Current R 24034
AU\ZNONPs\Si > :
n 1Q
Rsh 1358.28204 Q)

Table (4.14): Parameters Values as affected by the presence of each nanoparticle with gold

as metal.
Parameter Au\Si AU\AUNPS\Si AU\ZnNnONPs\Si
lo (A) 4.87938E-4 6.09186E-6 2.83982E-4
Rs (Q) 84.16632 76.18738 74.034
Rsh (Q) 5850.91793 847.08824 1358.28204

After averaging the data obtained in the |-V characterization, it is noted that the presence of

nanoparticles has cause a decrease in the values of each parameters. The AuNPs has

produced the least value of saturation current; which may be caused by the role intersection

between the metal layer of gold and the AuNPs, leading to a possible further seeping of metal

at the interface. This may also be the explanation of AuNPs having the lowest value of the

shunt resistance as well.

Figure (4.22) illustrates the averaged data obtained from the I-V curves from the gold

metallised layer of the Schottky diode, with and without the nanoparticles, followed by

Figure (4.23) that compares the averaged ModDiode fitting of the Schottky diodes in the set.
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Fig. (4.22): Averaged I-V curves of Au\Si Schottky diodes with and without particles
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Averaged I-V Curves ModDiode Fitting of Schottky Diodes
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Fig. (4.23): Averaged ModDiode fitting of the set with gold and metallised layer, with and without
the nanoparticles.

However, the barrier height yielded a negative value which may be an indication to an ohmic
contact, this may be due to the contact point on the diode; where an error with the high
thickness of silver paint used to create the contact point with the diode and the
micromanipulators, again, causing a possible overlap in the roles of the metallised layer of
gold, and the inserted silver paint on the top.

This concludes the results and discussion, next, the work in this study is to be concluded

with a possible recommendation for future work.
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Chapter 5: Conclusion and Future work

Two different structures of the metal-insulator-semiconductor Schottky diodes has been
successfully fabricated in the laboratory. Both silver and gold were evaporated as the metal
layer of the junction, whereas for the interface layer, gold (Au) nanoparticles, 10nm in
diameter, and Zinc oxide (ZnO) nanoparticles, with less that 100nm in diameter, were
selected. The formation procedure of Schottky diodes involves several steps: chemical
etching of Si substrates, spin-coating of NPs on the substrate and metal evaporation in
vacuum onto the modified Si substrates. Prior to the metal deposition, the embedding of the
nanoparticles was verified with FTIR spectroscopy. The surface monitoring and the
electrical characterisation of the assembled Schottky diode were carried out using the

current-voltage measurements.

Etching with KOH showed a successful cleaning of the Si substrate surface which was tested
by the contact angle measurements. Then, the spin-coating technique performed to uniformly
spread the nanoparticles layer on each designated Si substrate, which was proved to be
successful by the results of the FTIR. Moreover, the evaporation of silver and gold was well

executed in vacuum using the bell jar.

Furthermore, the pieced Schottky diodes were categorised in groups, each group containing
three types of samples according to the particles present at the junction; the first type is with
no added NPs at the junction, the second type is with AuNPs, and the last with ZnONPs.
Each sample was placed in a circuit using micromanipulators with bias voltage in order to
obtain its I-V characterisation. In addition, the silver-nanoparticles-silicon samples electrical
behavior was efficiently investigated under light illumination.

Results showed an improved electrical behavior of the Schottky diode after inserting the
nanoparticles at the junction, which was mainly noted in the decreased values of the barrier
height in the presence of NPs. Series and shunt resistances were monitored as important

parameters that could be affected by the presence of nanoparticles. An increase in series and
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shunt resistances has been observed, while a decreased value of these resistances was

observed upon illumination of Schottky devices with nanoparticles.

However, there has been some limitations to our study that affected some of the results. The
fabrication of an ideal Schottky diode involves a well-advanced technology, in addition to
the required working hours to characterise the related apparatus. The laboratory where this
study took place has limited options and potentials, however, we were able to construct the
desired Schottky diode with its primal components successfully enough to note the slightest

effect caused by the addition of the NPs to the junction.

Appendix 1 shows the standard deviation taken for some samples, concerning the parameters
I,, R, Rgp, and @y, it is noted that the value of the standard deviation is significantly high,

this might have resulted from many factors in our experiment.

The error may have been a result of the micromanipulators, and how far they might have
sunk into the fabricated diode, caused by scratches on the metalized layer, moreover, the
needles of the micromanipulators may have not been adjusted equally every time. This

indicated the high sensitivity of the fabricated diodes.

Another possible cause of the high resistance is the thickness of the silver paint used to create
the contact points with the micromanipulators, causing the diode’s behavior to be more like
with ohmic resistance. Moreover, the distance between the two silver paint points created on

the fabricated Schottky diode may have cause extra resistance.

This experiment showed the significance of the etching procedure, though etching with KOH
needs an enhancement to prevent any oxidation of the Si substrate, which may be achieved
with the Nitrogen gas bath of the samples.
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Finally, the addition of the nanoparticles showed promising results to consider further
investigation on their effect on the electronic and optoelectronic devices. Also, the time
sensitivity of the samples implies the importance of fast machinery intervention in the
advanced studies, especially in the diode fabrication steps. The need to improve these
electronics requires a thorough investigation of the fabricated Schottky diodes with the

addition of nanoparticles with suitable characterization apparatus.
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APPENDIX 1

The importance of calculating the standard deviation is knowing the reliability of the data
obtained from the experiment, allowing further interpretation and noting errors to be taken
into consideration in future work. This experiment has showed a high standard deviation

concerning the series and shunt resistances showed in the following tables:

Table A.1 Standard deviation Ag\Si Dark

Samples of Ag\Si lo (A) Rs () Rsh () Dy (V)
1 3.41E-11 117.9979 3562.653 0.29
2 1.37E-10 121.3147 5084.695 0.36
3 6.84E-19 22.70616 1385.752 0.78
4 1.44E-08 177.3851 6228.163 0.34
5 4.38E-07 169.7366 12315.09 0.19
6 1.12E-07 163.2478 31168.18 0.29
7 4.40E-07 1.70E+02 1.23E+04 0.209
8 1.20E-08 152.5766 19786.9 0.268
9 4.11E-09 150.663 20430.45 0.4
Standard Deviation 1.88E-07 48.15779 9761.418 0.175694
Table A.2: Standard deviation Ag\Si Light
Samples of Ag\Si lo (A) Rs () Rsh () DL (V)
1 2.32E-08 1767.272 83286.79 0.14
2 9.96E-10 1825.812 25454.52 0.11
3 1.04E-09 1813.897 25425.01 0.15
Standard Deviation 1.28171E-08 30.93769 33398 0.020817
Table A.3: Standard deviation AgQ\AUNPs\Si Dark
ASQRES |I\? 332. o (A) Rs () Ran () Dy (V)
1 5.85E-07 357.0064 4053.681 0.28
2 8.39E-08 140.9144 7583.188 0.33
3 8.55E-06 134.2156 3158.263 0.15
4 1.78E-09 59.10517 11796.29 0.27
5 2.06E-06 118.7482 515.0324 0.26
6 2.79E-06 125.7914 4325.174 0.12
7 4.58E-07 157.3519 4.81E+03 0.14
Standard Deviation 3.04085E-06 93.80494 3594.856 0.08275
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Table A.4: Standard deviation AgQ\AUNPs\Si Light

Asé"’\‘;f‘ﬁl'\‘le;g‘;i I (A) Rs (Q) Ren () Dy (V)

1 2.37E-04 1.28426 36.33793 0.04

2 2.45E-04 1.2831 36.78633 0.15

3 2.82E-04 1.28918 36.82007 0.06

4 4.42E-04 1.30022 37.25756 0.11

5 2.08E-04 0.94865 8.71415 0.098

6 6.65E-04 1.66941 27.22252 0.11

Standard Deviation 0.000177 0.228235 11.35402 0.039328

Table A.5: Standard deviation Ag\ZnONPs\Si Dark

AgS\aan]lpolﬁlsPZ{Si o (A) Rs () Ren () Dy (V)

1 1.67E-10 89.52317 53218.92 0.28

2 6.15E-06 127.4919 6575.866 0.155

3 1.82E-09 134.4626 1471.722 0.14

4 3.16E-08 144.4012 2590.482 0.2

5 1.63E-07 141.2406 4023.086 0.18

Standard Deviation 2.72832E-06 22.16496 22243.07 0.054818

Table A.6: Standard deviation Ag\ZnONPs\Si Light

Ag\azwc))lﬁlst{Si lo (A) Rs () Ran (1) Dy, (V)

1 9.25E-07 3.33313 66.55105 0.06

2 8.55E-07 3.33566 47.30249 0.109

3 1.01E-06 3.36211 46.52983 0.09

4 7.63E-07 3.30475 48.12718 0.09

5 1.58E-05 15 21.07155 0.07

6 2.94E-06 2.58653 33.15897 0.108

7 2.82E-07 1.45 23.50882 0.23

Standard Deviation 5.59363E-06 0.878049 16.0127 0.056688
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