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Abstract

Since its discovery, nanoscience has revolutionized science. NMs have increasing interest in
various scientific and industrial fields, such as electronics, medicine, and the environment, due
to their unique properties, which are radically different from bulk materials. Among these
properties, surface roughness is one of the most important factors affecting the performance of
nanoparticles (NPs), as it plays a crucial role in various types of chemical reactions and surface
properties. Therefore, understanding and studying this property is essential to developing NPs

applications.

In this context, the surface roughness of nanoparticles is affected by several factors, which may
occur during or after the synthesis process, or during the scanning process. The most prominent
of these factors are the size of the NPs, their concentration during the synthesis process, the type
of tip used for measurement, and the synthesizing method used, which is a fundamental and

powerful differentiating factor.

This study aims to find the relationship between these factors and the surface roughness values
measured using an AFM, by comparing between the surface roughness of samples of AgNPs
prepared using different methods of synthesis and concentrations, to provide a deep

understanding of the factors that control the surface roughness of nanoparticles.
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Chapter One

Introduction

The first chapter introduces the basic concepts needed to better understand the field of
nanotechnology and its applications, which helps in a clearer perception of the nature of the
research. Moreover, background information on silver nanoparticles (AgNPs) is given, along with
a brief overview of the importance of surface roughness analysis. Finally, the chapter gives a scope
of the thesis by clarifying the objectives, the significance of this study, and the research statement.

1.1 Overview

Nanoscience is one of the emerging sciences that is concerned with studying materials and
phenomena in very small dimensions, specifically on the nanometer scale, and manipulating them
to produce materials with new and amazing characteristics, where properties differ significantly
from those found in bulk materials in the macroscopic world (Yousaf & Ali, 2007). Speaking of
the prefix “nano” specifically, the word is taken from the Greek word "nanos" (or Latin "Nanos")
meaning "dwarf", it has been used in the metric system since 1960 which refers to a factor of 10°
° so a nanometer is one billionth of a meter (Beumer, 2012).

The beginning inspiration for nanoscience came from the famous lecture given by Richard
Feynman in 1959 during a conference of the American Physical Society, when he said, “There is
plenty of room at the bottom” (Nouailhat, 2006) but it appeared to the public after the invention
of the scanning tunneling microscope, which opened the way to photographing and manipulating
atoms, which had huge impact on surface science. The field did not stop here, as it was expanded
with the invention of the atomic force microscope (AFM), which enabled direct measurement and
manipulation of materials on the atomic scale in new ways and possibilities (Lindsay, 2010).

Nanoparticles (NPs) can be defined as particles with a diameter less than 100 nanometers in at
least one dimension (Altammar, 2023). They include a wide range of materials like Metal, Carbon,
Semiconductor, Ceramic NPs, and more (Khan et al., 2019). These particles consistently exhibit
various properties that differ from those of bulk materials, such as changes in the color of NPs, a



decrease in melting temperature, alterations in their magnetic properties, and enhanced catalytic
activity, among others.

The reason for this is that these properties depend directly on the size then because the surface area
of these particles becomes enormous compared to their small size, different quantum phenomena
appear, which explain these new features (Itakovi, 2019). This was not a bad thing; on the contrary,
scientists were able to harness these phenomena to open new horizons by applying them in a way
that serves all fields and sectors, such as the environment, medicine, pharmaceuticals, agriculture,
industries, and many others (V. Singh et al., 2021).

The synthesis of NPs is primarily achieved using various methods, which can be divided into two
approaches: The Top-Down approach and the Bottom-Up approach. First, the top-down approach
involves breaking bulk materials into smaller structures, resulting in irregularly shaped, extremely
small particles through multiple techniques, including chemical, physical, or mechanical methods
such as grinding, lithography, milling, and laser processing. Secondly, the bottom-up approach
focuses on assembling atoms and clusters together one by one to form NPs in their final form,
where the atoms are the building blocks of the required nanostructures. Some of the techniques
used in this approach are: Sol-Gel method, Hydrothermal, Chemical vapor deposition, etc
(Tripathy, 2023).

Macroscopic scale
Bottom-Up
Bulk Chemical synthesis, self-assembly,
10000 4 colloidal aggregation
1000 +- Powder
= T
-
s 100+ _
N Nanoparticles
@) Clusters
04 'In;s" c%&
-
T+ Top-Down i
Lithography, laser-beam processing,
mechanical techniques
Atomic scale

Fig. (3.1): Two approaches of NPs production: top-down and bottom-up (Dutka, 2014).



1.2 Silver Nanoparticles

Certain NPs have been used more than others in research and practical applications based on
several criteria. One of the most important and highly demanded NPs is AgNPs. These AgNPs
have gained this worth due to their exceptional chemical, physical, and biological properties, such
as electrical, optical, and magnetic properties, and their strong antibacterial activity (T. Galatage
etal., 2021). Furthermore, they are easy to manufacture and cost-effective compared to other NPs,
such as gold nanoparticles (AuNPs) (Beyene et al., 2017).

AgNPs can be formed into a variety of shapes, depending on the manufacturing method and
application aim. They can be shaped as spheres, triangles, cubes, rods, and more (Fig. 1.2). For
example, allowing for sufficient drug supply, AgNPs as a drug delivery system are made larger
than 100 nm. This change in shape and size is closely related to all properties, so it is necessary
to study this effect in detail to design the particles in a way suitable for their function (Abbas et
al., 2024).

Fig. (1.4): TEM and SEM images for different shapes of AgNPs, (A) Decahedrons, (B) Prisms,
(C) Sphere, (D) Flower, (E) Nanowires, (F) Nano-bars, (G) Pyramids, (H) Nano-cubes (Abbas et
al., 2024).

1.2.1 Properties and Applications of AgNPs

The properties of AgNPs are largely influenced by their size and shape because of their high
surface area-to-volume ratio. Therefore, their properties are different from their bulk size (Zhang
et al., 2016). Due to their diverse applications, understanding these properties is critically
important.

1) Optical Properties:
AgNPs exhibit unique and extraordinary optical properties, notably their high absorption
and scattering capabilities (Oldenburg, n.d.). When these particles are exposed to light at
specific wavelengths, the free electrons on their surfaces are excited, resulting in a coherent
collective oscillation of these electrons along the electric field of light. The amplitude of
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this oscillation reaches its maximum at a specific frequency known as surface plasmon
resonance (SPR) (Ider et al., 2017).

The optical properties of AgNPs, such as absorption and scattering, can be controlled by
modifying the particle's shape, size, and surface local refractive index (Mekuye, 2024). For
example, larger NPs exhibit higher scattering capacity, with peaks that broaden and longer
wavelengths compared to smaller NPs, whose response is mostly light absorption, with
shorter plasmon resonance peaks near 400 nanometers (Abbas et al., 2024).

These unique optical properties of AgNPs have numerous applications in industrial,
medical, and practical fields. AgNPs play a vital role in developing biosensors and
chemical detection due to their high sensitivity and sharp color changes upon binding to
target molecules (Mahmudin et al., 2015). They are used in biomedical imaging (Y. Li et
al., 2023), the localized thermal ablation of cancer cells (Jouyban & Rahimpour, 2020),
also in the designing of coatings and smart optical filters, the detection of pollutants, drugs,
and viruses, and the manufacturing of solar cells (Beyene et al., 2017)

Electrical Conductivity:

One of the most important properties of bulk silver material is that it has the highest
electrical conductivity at room temperature compared to other metals. This is due to their
atomic structure and a single valence electron in their outer shell, which is not tightly bound
to the nucleus (Kockert et al., 2019). This allows for the flow of electric current with
minimal resistance when an electric field is applied (Varga et al., 2012).

Despite changing material properties at the nanoscale, the AgNPs retain their exceptional
electrical conductivity and show enhanced surface interactions (Duman et al., 2024). This
is due to the large surface-to-volume ratio of the AgNPs, which increases the contact points
between the particles, enabling more efficient charge transfer (Fang & Lafdi, 2021).

This property has been widely utilized in a variety of applications. It has recently been used
in developing temperature and pressure sensors due to its excellent electrical response,
opening the way for manufacturing fast and low-cost sensors that can be integrated into
modern robots and medical devices (Duman et al., 2024). It is also widely used in the
printed electronics industry, producing electronic inks that can be directly printed on fabric,
paper, and plastic (Chen et al., 2009). Moreover, it is used in manufacturing wireless
devices and antennas, especially small ones such as phones, which are distinguished by
their high efficiency (Alshehri et al., 2012).

Antimicrobial Activity:

Using silver as an antimicrobial did not begin with the discovery of nanoscience. It has
been widely used in this field for nearly 5,000 years due to its unique antimicrobial
properties and non-toxicity to humans (Panja, 2021). With the advancement of
nanotechnology, it has been proven that AgNPs retain these properties even better due to
their high surface-to-volume ratio and ability to control the particles' size, shape, surface
area, and surface charge (Duman et al., 2024).

In bacterial cells, for example, AgNPs have a tremendous ability to disrupt and even
rupture the cell membrane (Menichetti et al., 2023). They can also disrupt protein synthesis
by either generating reactive oxygen species (ROS) or interacting with thiol groups in vital
bacterial proteins and enzymes (H. Li et al., 2016). This results in complexes that weaken
the cell or often lead to its death, without affecting the surrounding healthy cells
(Marambio-Jones & Hoek, 2010). This has been applied in several fields, such as food



packaging and the production of materials used in dentistry, to reduce the risk of bacterial
disease (Bapat et al., 2018).

Sometimes, using the same antibacterial mechanism, but sometimes using different
mechanisms, AgNPs also have significant antifungal (Zarowska et al., 2019), antiviral
(Naumenko et al., 2023), anti-inflammatory (T. Galatage et al., 2021), and anticancer
properties that limit tumor growth and spread (Abass Sofi et al., 2022). Regardless of the
mechanism, the activity of AgNPs depends on their surface modification. For example,
smaller AgNPs are more effective as antivirals than larger ones due to their larger surface
areas (Elechiguerra et al., 2005). These properties have been applied in breakthrough fields
such as wound dressings, bone repair, medical surface coatings, cosmetics, textiles, drug
carriers, imaging, water treatment, and more (Panja, 2021).

1.2.2 Synthesis of AgNPs

AgNPs are synthesized using two approaches, as mentioned above: top-down or bottom-up. The
methods used in each approach are classified as chemical, physical, and biological (green
synthesis) (YYagoob et al., 2020). Each method has advantages and disadvantages, but they all agree
that different synthesis methods lead to various properties, characteristics, and shapes of the
resulting AgNPs. Therefore, the synthesis method is chosen based on available capabilities and
the intended function of the AgNPs.

1. Chemical Methods:
Chemical synthesis of AgNPs is one of the most popular methods to date, despite the
danger of the chemicals used and the waste generated by the process, which are harmful to
humans and the environment (Sportelli et al., 2018). This is explained by its ease of use,
low cost compared to other methods, and ease of producing large numbers of AgNPs (Nie
etal., 2023).
Several techniques have been developed in this field, such as chemical reduction and
microemulsion techniques (Z. Li et al., 2020). Chemical reduction is the most popular of
these methods, requiring three factors (Iravani et al., 2014): a silver salt starting material
such as silver nitrate, a chemical reducing agent such as citrate (Khatoon et al., 2017), and
stabilizing and capping agents such as polymers (Fahim et al., 2024). The role of reducing
agents is to reduce the silver ion (Ag®), derived from the salt, by adding an electron,
converting it into AgNPs (Ag®). After that, the stabilizing and capping agents control the
particles’ size and prevent them from agglomerating after synthesis (Lee & Jun, 2019).

2. Physical Methods:
Physical synthesis methods harness various forms of energy to produce AgNPs. For
example, mechanical energy is used, as in ball milling, which involves placing metallic
components in a rotating container filled with an inert gas and containing grinding balls of
specific masses. The materials are ground by the high-pressure motion of the balls,
resulting in NPs whose properties are affected by the duration of grinding and the factors
used (Khayati & Janghorban, 2012). These particles are susceptible to agglomeration due
to the lack of a coating agent(Lee & Jun, 2019). Thermal energy can also be used, as in the
evaporation—condensation approach (Stagon & Huang, 2013); electrical energy, as in the
electric arc discharge method (Tien et al., 2008); and optical energy, as in the laser ablation
method (Amendola & Meneghetti, 2009).



These methods produce clean, highly purified particles due to the absence of chemical
materials such as reducing agents and stabilizers. This means the absence of toxic
substances that threaten human health and the environment. As laser ablation method is
considered a pure and non-polluting method (Glizel & Erdal, 2018). However, there are
certainly disadvantages, including high costs primarily due to the need for advanced
equipment, high energy consumption, slower synthesis times, so it needs a longer time, and
lower yield potential. The evaporation and condensation approach requires a tube furnace,
which combines all these disadvantages and also requires large storage space (Nguyen et
al., 2023).

Green synthesis:

In alignment with global sustainable development goals, scientists have developed a new,
clean alternative method for synthesizing AgNPs. This method uses living organisms such
as microbes, plants, fungi, and others to synthesize metallic NPs, which provide
environmentally friendly, non-toxic reducing and coating agents and are considered a
potential alternative to chemical methods (Liagat et al., 2022).

Green synthesis offers an alternative that treats the disadvantages of physical and chemical
methods. It has proven to be cost-effective, easy to use, with higher yields, faster synthesis
times, and environmental safety (Veerasamy et al., 2011). The different media used to
produce the particles result in significantly different properties. Therefore, the shapes,
diameters, and surface specifications of bio-produced AgNPs vary, affecting their
performance. This presents a challenge for researchers to develop a method that enables
them to control the properties of the resulting particles to suit their function (Habeeb
Rahuman et al., 2022).

Plants have been used in green synthesis by extracting various parts, such as bark, roots,
stems, flowers, fruits, seeds, leaves, and peels, and using them as incubators for particle
synthesis. The enzymes act as reducing agents, and the proteins act as stabilizing agents.
Some plants that have proven effective for producing AgNPs include turmeric,
pomegranate, aloe vera, banana peels, thyme, ginger, basil, garlic, and others (Siddiqi et
al., 2018).

As for living microorganisms, bacteria, such as Bacillus licheniformis, have been
extensively used in this field, with their internal cellular components acting as reducing
and stabilizing agents. Yeast, a fungus, and the algae Pyrulina, a microalga, have also been
successful in synthesizing AgNPs. All three produced particles with various shapes and
properties, including spheres, triangles, cubes, and hexagons (Nguyen et al., 2023).
However, plant-based synthesis is significantly faster in terms of productivity (Mustapha
etal., 2022).



Table 1.1: A comparison between the 3 methods for synthesizing AgNPs (Chemical, Physical,

Green).
Chemical synthesis Physical synthesis Green synthesis
Advantages *Control of particle size | *High purity *Non-toxic to
and shape *No harmful humans
*High productivity chemicals used *Environmentally
*Low cost friendly
*Easy *Easy
*Low cost
Disadvantages *Use of toxic chemicals | *Advanced Difficulty
*Harmful to the equipment needed controlling the
environment *High cost resulting particles
Common Applications Industrial and research | Sensitive applications | Medical and
applications such as requiring high-purity | pharmaceutical
electronics materials applications as
Biosensing

1.3 Surface Roughness Analysis

One of the most important properties when studying NPs is surface roughness, which describes
the surface texture and indicates the degree of deviation from a perfect smooth surface.
Manufacturing processes and other factors produce bumps and irregularities on surfaces, which
determine how particles interact with their surroundings and determine their physical and chemical
properties, especially in NPs due to their large surface area compared to their particle size
(Myshkin & Grigoriev, 2013).

Studies have shown that studying the surface roughness of NPs helps improve the properties
required for various scientific, medical, and industrial fields. The importance of studying surface
roughness can be summarized in several key points that expand into more sub-applications
(Gulumian et al., 2021). First, understanding surface roughness and the factors affecting it helps
increase the effective surface area at the nanoparticle, as in chemical catalysis applications, where
it has been proven that increasing surface roughness increases the number of active sites, which
increases reaction efficiency and improves catalytic activity (Jiang et al., 2020). Second,
improving adhesion. A common application in this field is coatings, as increasing the surface
roughness of NPs increases the bonding and entanglement forces between different media,
resulting in better results (Ravi et al., 2017). Third, improving the stability of NPs, meaning their
resistance to unwanted agglomeration and deposition by increasing surface roughness, as in




solutions (Olarte-Plata et al., 2020). Fourth, improving particle solubility, as in pharmaceutical and
environmental applications, where experiments have proven that increasing surface roughness is
an effective strategy for improving nanoparticle solubility in various solvents (Vaculikova et al.,
2016). Fifth: More efficient drug delivery. Research has been conducted on NPs with rough
surfaces to discover their role in drug delivery. The results indicate the success of the process,
proving that the surface roughness of NPs affects their performance in drug release (Xue et al.,
2022; Abdelkawi et al., 2023). Sixth: Improving optical properties. The interaction of NPs with
light is affected by their surface roughness. Modifying surface roughness contributes to modifying
the particle's response to optical phenomena such as SPR. One of the most important applications
is photovoltaic cells, as studies have proven that increased surface roughness increases light-
trapping efficiency in cells (Alkhalayfeh et al., 2022). Seventh: Increasing the sensitivity of
sensors. Studies have shown that the performance of various types of sensors can be improved by
increasing the surface roughness of NPs, resulting in more active sites and, consequently, increased
sensitivity (Treebupachatsakul et al., 2021).

1.4 Objectives

This study encompasses an analysis of the surface roughness of AgNPs, evaluated through various
parameters and methodologies, as outlined below:

1. Variation in surface roughness correlated with NPs size.

2. Dependency of surface roughness on the concentration of NPs during synthesis.

3. Comparison of surface roughness measurements using different AFM tips: standard and
sharp.

4. Influence of synthesis techniques on surface roughness, comparing physical and green
methods.



Chapter Two

Literature Review

Chapter Two reviews the literature related to this study's basic concepts, aiming to provide a
comprehensive overview that helps interpret the research stages and analyze and discuss the
results. This chapter reviews nanomaterials (NMs) and their classifications, including
semiconductor and metallic NMs. It also highlights the most prominent methods used to analyze
the surface roughness of AgNPs, explaining the factors affecting roughness measurements to
facilitate the interpretation and comparison of results.

2.1 Nanomaterials

According to a study by Roco (2003), the use of nanotechnology to understand and modify the
behavior of atoms and molecules on scales ranging from approximately 1 to 100 nanometers has
contributed to the creation of molecular structures and systems that build materials with unique
properties, these modified materials are called NMs.

NMs are defined as "a group of materials with at least one of their three dimensions less than 100
nanometers.” They are the cornerstone of modern nanotechnology (Alagarasi, 2011). The study
explained why these materials have gained additional importance due to their unique electrical,
magnetic, optical, physical, and biological properties that differ from those of conventional
materials at larger dimensions. These exceptional properties are attributed to the high surface area-
to-volume ratio of NMs, which leads to higher chemical activity. In a study by Mekuye & Abera
(2023), they fully agreed with this definition, adding that the shape, size, and surface area of NPs
play a crucial role in determining their properties, considering them distinct from the four known
physical states.



To further understand the small size of NMs, this comparison (Fig.2.1) illustrates how organisms
and biological structures vary in size from micro to nano. While red blood cells, human hair, and
alveoli are visible at the micrometer scale, viruses and DNA only begin to appear at the nanometer

scale.
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Fig. (2.1): A comparison illustrates the differences between micro and nanoscale dimensions
(Buzea et al., 2007)

NMs have been classified based on various criteria, starting with their origin. In the same study
conducted by Mekuye & Abera (2023), NMs were classified into natural and artificial. Natural
NMs exist in various forms, such as viruses, protein molecules, DNA, minerals, and others.
Acrtificial NMs are consciously and precisely engineered and synthesized according to specific
rules and various methods, following either a top-down or bottom-up approach, such as the
synthesis of AgNPs.

In terms of dimensions, NMs are classified into four categories according to the Siegel
classification (Siegel, 1992), based on the number of dimensions within the nanoscale (1-100 nm)
of the three spatial dimensions (X, y, and z). This classification has been adopted in most research
related to NMs, as in the study of Alagarasi (2011), Mohapatra (2020), and Mekuye & Abera
(2023). The classification is:

1. Zero-dimensional (OD) NMs:
In this category, all three dimensions are within the nanoscale, such as nanospheres and
atomic clusters, giving them unique electronic properties.
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2. One-dimensional (1D) NMs:
Having two dimensions (e.g., X and y) within the nanoscale, while the third dimension is
larger than 100 nm. They resemble needle-shaped structures, which include nanowires,
nanotubes, rods, and nanofibers.

3. Two-dimensional (2D) NMs:
Having only one dimension (e.g., x) within the nanoscale, while the other two dimensions
extend to larger scales. They take the form of sheets, such as nanofilms and two-
dimensional networks.

4. Three-dimensional (3D) NMs:
None of their dimensions fall within the nanoscale, but they can consist of nanoscale units
(0D, 1D, or 2D) interconnected in a volumetric structure. This category includes bulk NMs
characterized by the presence of interfaces between different components.

@

@ @ g (b) A~ (c)

N4

3o\

Fig. (2.2): Classification of NMs (a) 0D; (b) 1D; (c) 2D; (d) 3D NMs.

However, in terms of morphological properties, which primarily depend on the aspect ratio to
determine the overall shape of the particles, NMs are divided into two main categories: high-
aspect-ratio materials and low-aspect-ratio materials. The former includes rectangular or elongated
shapes, such as nanotubes, nanorods, and nanowires. Low-aspect-ratio NMs include cubic,
spherical, oval, prismatic, and columnar shapes, and these particles may appear as aggregates in
the form of powders, colloids, or suspensions. This classification is used to accurately define
nanostructure because of its significant impact on the physical and chemical properties and
behavior of NMs in various applications (Buzea et al., 2007).

2.2 Semiconductor NMs

After reviewing the general classifications of NMs, it is important to address some important
functional categories widely used in technical and scientific applications, including semiconductor
NMs (SCNMs). This category is characterized by distinctive electronic and physical properties
that make it suitable for a wide range of fields.

According to two studies by Nayak et al. (2017) and Khan et al.(2017), published at different
times, semiconductors are described as materials with characteristic features intermediate between
metals and nonmetals, and are usually classified according to their constituent elements in the
periodic table: groups 11-VI as ZnO, IlI-V as GaN, and IV-VI as SnS. These two references
focused on the electronic structure of SCNMs, particularly the possibility of modifying the energy
bandgap, whereby the particle size and chemical composition can be tuned to suit the wavelengths
appropriate for requested applications, such as in photosensors, solar cells, and imaging devices.
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On the other hand, research published by Lo (2024) discussed the structural and surface properties
of SCNMs, highlighting their photoelectric and electrochemical performance, focusing on
improving their optical response. These SCNMs possess electrical and optical conductivity
properties that can be tuned according to the desired function. They are also highly sensitive to
environmental conditions such as heat or light, making them suitable for precise applications such
as chemical sensors, nanoimaging, and nanoelectronic circuits.

Furthermore, a study by Sahu (2019) highlighted the impact of the manufacturing method of
SCNMs on their effectiveness, size, and properties. It demonstrated that they are characterized by
broad flexibility depending on their function, due to the diversity of their chemical structures,
unlike metallic NMs, which are primarily characterized by their surface and catalytic properties.
This is partially consistent with a study by Sayab (2024) for the University of Karbala focusing on
using computational methodologies for the theoretical analysis of electronic properties. The result
supported experimental hypotheses about the possibility of controlling SCNMs' properties by
controlling manufacturing techniques.

Although each study approached SCNMs from a different perspective, they all clearly agreed that
the energy gap and electron distribution are the two crucial factors in determining the function of
SCNMs.

2.3 Metallic Nanoparticles

Metallic nanoparticles (MNPs) are among the materials that have received significant attention in
scientific research despite their small size, due to their unique physical and chemical properties
that distinguish them from conventional large-sized materials. They consist of a single element,
such as silver (Ag), gold (Au), copper (Cu), and others. This uniqueness has opened up humerous
applications for them in various fields, such as technology, medicine, and the environment.

MNPs can be defined as a substance composed of pure metals in the form of individual atoms or
clusters of atoms, with dimensions ranging from 1 to 100 nanometers. According to Saleh's study
(2022), the most commonly used and applied metallic particles are silver (Ag), gold (Au), platinum
(Pt), iron (Fe), copper (Cu), zinc (Zn), cobalt (Co), nickel (Ni), and aluminum (Al). The large
surface area relative to their small size, combined with their diverse shapes, sizes, and
compositions, gives MNPs a significant advantage over other types of NPs. One of their most
remarkable properties is plasmonic resonance (SPR), along with their broad-spectrum light
absorption and high chemical reactivity (Chakraborty & Pradeep, 2017). Shahalaei et al. (2024)
added that MNPs possess remarkable chemical and biological properties, such as oxidation
resistance, effective catalytic properties, and antimicrobial resistance.

Gold and silver NPs are among the most studied and used NPs, but AgNPs have gained greater
preference due to their lower cost compared to gold NPs, high antimicrobial activity and anti-
infection properties, wound healing processes, and their high effectiveness in medical applications
such as disinfectants, bandages, and coatings for surgical instruments. ApNPs have also been
successful in targeted drug tests, where they interact effectively with cancer cells and reduce tumor
size (Burlec et al., 2023; Jangid et al., 2024).

Conversely, Shahalaei et al. (2024) warned of the possibility of cytotoxicity when AgNPs are used
for long periods or in excessive amounts, stressing the need to evaluate the effect of these particles
on healthy cells.
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2.3.1 Synthesis of MNPs

All studies agree on classifying methods for synthesizing MNPs, which include three main
approaches: chemical approach, such as chemical reduction; physical approach, such as thermal
evaporation; and biological approach, or green synthesis, where particles are synthesized using
plants, bacteria, fungi, algae, and others (Ullah Khan et al., 2023). In his study, Saleh (2022)
emphasized the superiority of green synthesis due to its environmental friendliness compared to
other methods. Burlec et al. (2023) confirmed this, adding that using plant extracts in
manufacturing is a promising environmental protection method. In contrast, a review by El-Seedi
et al. (2024) indicated that green methods achieve sustainability goals but require development to
achieve better productivity compared to chemical methods. Serna-Gallén & Muzina (2024)
emphasized in their study that, despite the challenges of toxicity and polluting residues in chemical
methods, they give producers better control over particle properties, shape, and size.
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Fig. (2.3): Common synthesis techniques employed for MNPs (Burlec et al., 2023)
2.3.2 Applications of MNPs

MNPs have numerous contemporary practical applications. Saleh's study (2022) addressed their
use in medicine, particularly in diagnosis and treatment, including the applications of AgNPs as
antibacterial agents, stimulating complex reactions like genetic interactions, and targeting cancer
cells. He also explored their role in environmental purification, such as air purification and water
treatment through removing heavy metals and pollutants, a finding confirmed by El-Seedi et al.
(2024) and Aminzai et al. (2024).
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Burlec et al.'s study (2023) examined the ability of silver and gold NPs, in particular, to target
tumors and penetrate cells with extreme precision. Shahalaei et al. described this in their study
(2024) as "smart drug delivery,” which contributes to treating tumors without harming healthy
tissue. They also highlighted the effective role of MNPs in magnetic resonance imaging
applications.

In industry, the Serna-Gallén & Muzina study (2024) indicated the role of MNPs in manufacturing
sensors, batteries, and solar cells, given their distinctive electrical and optical properties mentioned
above, which most studies have agreed on this role.

2.4 Methods for Analyzing Surface Roughness

With the rise of nanotechnology, it has become increasingly important to understand the surfaces
of NPs and their impact on interactions and performance, to ensure they can be effectively used in
various applications and fields. Different techniques are used to analyze the surface roughness of
NPs, including both traditional and modern methods (Sreelatha et al., 2025; Upadhyay et al.,
2023).

2.4.1 Contact Methods

Surface roughness analysis techniques began with contact methods. The most popular and widely
used of these contact methods is Stylus profilometry. This is an old, simple technique in which the
surface of a sample is scanned using a thin, sensitive probe. The movement of this probe across
the surface allows for measuring heights and roughness, thus studying the sample's topography
(Baer et al., 2013). This method produces reliable results despite its simplicity compared to more
modern methods. However, it is considered specific to hard materials and metals, as it is not
suitable for soft, delicate, or highly rough surfaces (Gong et al., 2018).

Stylus tip)

Original profile

Fig. (2.4): A diagram of a stylus profilometer (Mahadeshwara, 2022)
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2.4.2 Non-Contact Methods

1.

Interference microscopy: One of the non-contact techniques used to study the roughness,
elevations, and depressions of a sample surface, which relies on the phenomenon of optical
interference. Although measuring light interferometry is not new, its integration with
computers, electronics, and software has made it an effective tool in this field (Wyant,
2016).

This technique relies on measuring surface topography using white light or a laser, which
passes over the sample without contact. Interference occurs from a beam reflected off the
sample surface and another from a reference mirror. This pattern is then analyzed to obtain
information. This technique enables high-precision readings along with three-dimensional
measurements (Groot & Lega, 2008). The most common types used are white light
interferometry, phase-shifting Interferometry, and Laser Interference Microscopy. A study
by Lyukshin et al. (2021) indicated that these techniques are effective but require very
stable conditions due to their high sensitivity to vibrations and heat. Moreover, some types
require highly reflective and flat surfaces to get useful information.

Scanning Electron Microscopy (SEM):

SEM can produce high-resolution images of the sample and its topography, including
roughness. This is achieved by directing a beam of electrons by acceleration voltages
focused onto the sample surface. Detectors capture the backscattered and secondary
electrons, which are combined and analyzed to produce a high-resolution, high-contrast
topographic image of the sample surface. These images provide a reliable conception of
surface roughness and can be processed digitally or with related devices to obtain
numerical values (Baer et al., 2010; Mohammed & Abdullah, 2019).

SEM is distinguished by its lack of a tip to move across the sample surface. It also enables
the analysis of complex surfaces, producing results that reveal fine details of the sample
surface topography with high accuracy, reaching 1 nanometer (Goodman, 2008). However,
its drawbacks include potential damage to some sensitive and vital samples caused by the
electron beam. Additionally, it requires a special method for sample preparation, and it
prefers a high-vacuum environment to have a good result, also, it cannot provide direct
numerical values, requiring subsequent analysis software (Temiz, 2022; Herrero et al.,
2023).
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Fig. (2.5): A schematic Diagram for SEM (Joy & Ford, 2025)

3. AFM:

Since its invention in 1986, the AFM has revolutionized the study and analysis of the
behavior of surface particles, the study of interaction forces between them, and the imaging
of surfaces with high-resolution three-dimensional images (Liu & Scheuring, 2013; Ishida,
2024). Not only that, but it is also a versatile instrument.

AFM resolution reaches atomic levels, exceeding 1,000,000. In a 2007 study, Sugimoto et
al. used AFM to determine the chemical properties of individual atoms. The result was the
ability to distinguish between lead, tin, and silicon atoms on the surface of an alloy, despite
the apparent difficulty of distinguishing them due to their similar chemical properties.

This previous result demonstrated AFM's ability to image with high atomic resolution, a
remarkable achievement in our time, given the urgent need to understand, study, and characterize
NPs (Bellotti et al., 2022; Ishida, 2024). It has excelled in exploring the surface roughness of NPs,
providing precise three-dimensional images of the sample along with direct numerical values such
as the average roughness coefficient. Additionally, it lacks specific and complex operating
conditions; it can be applied in various environments, including liquid, gas, or vacuum, and does
not require sample coating. However, it is slower than SEM and covers smaller measurement areas
(Farré & Barcelo, 2012; Llorca & Farre, 2023).

Its operating principle is based on measuring the force between the pointed microscope head and
the sample atoms as it moves across the sample surface, using either contact or non-contact
methods. This interaction force is analyzed to obtain a highly accurate description of the surface
being studied (Ul-Islam et al., 2021). This aspect will be detailed further in Chapter 4 of this thesis.

2.5 Surface Roughness Parameters

Surface roughness is characterized using numerical values to facilitate analysis, understanding,
and comparison of this physical property. These numbers are surface roughness parameters,
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specifically height parameters, which can be 2D (R parameters) or 3D (S parameters). R
parameters will be studied according to international standards (ISO 4287, 1997; ISO 25178,
2021). According to these standards used in most studies (Gadelmawla et al., 2002; Ruzova &
Haddadi, 2025). R parameters include:

e Roughness Average (Ra): One of the easiest parameters to measure, and provides a clear
description of the heights. It represents the arithmetic mean of the roughness differences or
deviations from the mean line (m) along the length of the assessed profile. The
mathematical definition of Ra is:

Ra= 7 J, |yl dx @

Where [: is the sub-length within the total length.

| ~Mean Line

Fig. (2.6): Sampling assessment length showing I ,y, and m.

e Root mean square roughness (Rq): It is one of the most commonly used parameters for
describing surface roughness. It is considered more sensitive to changes and deviations
from the mean line than Ra, with a value approximately 11% higher. It represents the root
mean square of the elevations along the evaluation length. The mathematical definition of
Rq is:

Ro= [ o@rd e
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Fig. (2.7): Ra and Rq for the evaluation length.

Maximum Profile Peak (Rp): Largest height of profile peak (above the mean line) along

the evaluation length.
Maximum Profile Valley (Rv): Largest depth of profile valley (below the mean line) along

the evaluation length.
Maximum Height (Rz): the sum of the maximum peak height and the deepest valley along

the length of the sample.
Rz =Rp + Rv (2.3
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Fig. (2.8): Rp, Rv, and Rz for the evaluation length.
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Chapter Three

Methodology

This chapter provides a detailed explanation of the AFM used to collect data on the surface
roughness of AgNPs and its modes. It also explains the particle preparation methods and the setup
used to analyze and understand the effect of these factors on the particle properties later.

3.1 Atomic Force Microscopy (AFM)

Unlike conventional microscopes that rely on light and electron beams, the AFM was invented by
Binning, Quate, and Gerber in 1986 as an advanced form of scanning probe microscopy (SPM),
specifically scanning tunneling microscopy (STM). While STM is limited to studying conductive
materials, AFM has proven effective for investigating any type of material, including conductive
and insulating materials, at the nanoscale (Binnig et al., 1986).

The microscope relies on a probe with a very sharp tip moving across the surface of a sample in
different modes. The sharp tip interacts with the atoms on the sample surface due to interaction
forces between them. Therefore, it is also known as the scanning force microscope (SFM). The
movements of the sharp tip are recorded during the scanning process to construct a high-resolution
three-dimensional image of the sample surface. AFM requires no prior sample preparation for
scanning (Kyeyune, 2017; Tighe & Kiemle, 2011).

Single atoms were first seen on surfaces with the invention of AFM, which offers extremely high
magnifications ranging from 100x to 100,000,000%. AFM has contributed to nanotechnology by
measuring, modifying, and manipulating NPs. Its extremely high magnification enables precise
measurement of surface dimensions and imaging of nanoscale particles (Nayfeh, 2008). It has also
enabled nanometer-scale modifications to particles using either a pen that allows writing on
surfaces, or directly depositing particles, or physically scratching them, or even using electric
fields, which has developed a new lithography technique (Weng et al., 2008; Zhou et al., 2017).
Finally, the microscope has also contributed to particle manipulation via a probe. Particles can be
moved, rolled, and pushed to create nanoobjects, which can be harnessed to improve particle
position measurement (Burger et al., 2022).
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3.1.1 Components of AFM

Based on the (Vahabi et al., 2013) (Wilson & Bullen, 2006) (Kyeyune, 2017) (Giessibl, 2003)
studies, the basic components of a microscope are:

1. Cantilever: A cantilever is characterized by its high flexibility, which is necessary to move
on the sample surface in the desired manner. It is an arm with a very fine tip, often made
of silicon or silicon compounds. Its back side is often covered with a light-reflecting
material to monitor its movements.

2. Tip: Itis attached to the end of the cantilever arm, and it interacts directly with the sample
surface at the atomic level. Therefore, along with the cantilever, it is considered the AFM's
sensitive sensor. This tip is made to be extremely fine, with a radius ranging from 2 to 20
nanometers, usually pyramidal. Imaging accuracy depends on its shape, radius, and
material. For example, the sharper the tip, the greater the imaging accuracy.

Fig. (3.1): SEM image of an AFM silicon tip (Z. Li et al., 2020).

3. Laser Source: The instrument is equipped with a laser source, directed at the back surface
of the cantilever. This reflector reflects the beam onto a photodetector for analysis and
reading. As the cantilever moves across the sample surface, any deflection during the
measurement is measured by changes in the direction of the reflected laser beam. Thus, the
cantilever deflection is read and measured.

4. Photodetector: designed to receive the laser beam reflected from the back surface of the
cantilever, is highly sensitive, and is usually made as a silicon photodiode. Its importance
lies in measuring the change in reflection angles resulting from the cantilever's deflection
during the scanning process, which is then translated into a complete image of the sample
surface. It works with the laser as a tracker, monitoring the precise movement of the
cantilever.

5. Piezoelectric Scanner: It is used to control the movement of the cantilever or sample during
the scanning process, allowing it to move to scan the surface in nanoscale point by point in
three dimensions (X.Y.Z). It consists of motors made of piezoelectric materials, whose
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geometry changes when exposed to an electrical voltage whose magnitude is determined
based on signals received from the control electronics. The amount of expansion or
contraction in these materials depends on the type of material and the amount of applied
voltage.

Sometimes, the piezoelectric Z-actuator is classified separately for its role in controlling
vertical probe motion. It operates by the same mechanism and may be located either under
the sample or within the probe head.

I Y R T
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Fig. (3.2): A piezoelectric disc expands when an electric potential is applied to its sides.

6. Feedback System: It works in conjunction with the piezoelectric scanner to control the
movement of the probe (cantilever and tip) on the sample surface to protect either of them
from damage. It works to maintain the interaction force between the tip and the surface at
a fixed, specific amount to adjust the distance between them, through continuous
measurements and monitoring throughout the scanning process.

7. Sample Stage: The surface on which the sample to be imaged is placed, the stage must be
designed to be stable during the scanning process and free from environmental vibrations.
Its movement can be precisely controlled so that it rests below the tip of the cantilever,
adapting to the sample and allowing scanning of different areas.

8. Computer and Control Electronics: The control unit supplies all microscope components
with the electronic signals necessary to control their movement and elevation based on data
received from the feedback system and the photodetector. This ensures successful scanning
and accurate results. It also converts the results into a digital format and sends them to a
computer. The computer is used to display the resulting scanning images and enables
researchers to use software to process, edit, and adjust image settings.
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Fig. (3.3): A schematic diagram of the basic components of AFM (Guo et al., 2014)

3.2 Principle of AFM

Several studies have explained the principle of AFM and the integration of its parts together in
agreement (Eaton & West, 2010; Ishida, 2024; Kyeyune, 2017; Mokobi, 2023; Triampo &
Triampo, 2009; Vahabi et al., 2013; Wilson & Bullen, 2006). Based on them, the working principle
is as follows:

After the sample to be studied is positioned on the stage inside the AFM, the flexible cantilever's
position is carefully adjusted to prevent any sudden contact or misalignment that could damage
the sensitive tip or the sample's surface and to ensure the highest possible measurement accuracy.
The scanning process then begins, with the cantilever's sharp tip moving over the sample surface,
tracing its atomic topography. Differences in height and depression at the atomic level lead to
subtle deviations in the arm. However, the fundamental principle governing the correct movement
of the cantilever, despite the varying surface topography, is the interaction forces between the tip
and the sample surface. These forces (such as van der Waals forces) form the physical basis that
AFM relies on for scanning and signal generation. This movement can be likened to that of an
elastic spring affected by compressive or retractive forces. The cantilever's deflection is directly
related to the applied force, and Hooke's law governs it as below:

F=—-k.x (3.1)

Where: F= Force, k= spring constant, x= cantilever deflection
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This means that the amount of interaction force between the surface and the tip depends on the
deflection of the cantilever and its spring constant (i.e., its stiffness). This underscores the
importance of calibrating and adjusting the cantilever before scanning to suit the sample.

Continuing AFM's operating principle, this scanning process and the cantilever's deviations require
a detection system to record and analyze them to form the final image. Typically, a laser beam is
directed at the cantilever's reflective-coated back surface. The laser light is reflected by a highly
sensitive photodiode detector that measures the smallest changes. This detector, in turn, measures
and records the angles of deflection resulting from the cantilever's deviations. This data is then
converted into digital coordinates that are computer-processed to create a 3D topographic map
with nanometer resolution of the sample surface.

The feedback system plays a pivotal role throughout the scanning process. Its performance is
integrated with the cantilever, which is affected by interaction forces. After detecting its movement
using the laser and photodetector, the feedback system analyzes it and sends electrical signals to
the control unit, which then sends corrective commands to the piezoelectric actuator responsible
for 3D movement (X, Y, Z) to maintain the distance according to the operating mode.

3.3 AFM modes

The AFM is operated in different modes to extract information from the sample. These modes are
classified based on the interaction of the probe with the sample. The appropriate mode is chosen
based on several criteria, including the nature of the sample, sensitivity to certain forces, and the
experimental environment (Rana et al., 2017).

3.3.1 Contact Mode

When used in this mode, the microscope is in its simplest operating position, with the cantilever
in direct physical contact with the specimen throughout the scanning process. It is adjusted so that
the tip touches the sample surface. The cantilever moves above the surface at a fixed height under
the influence of a constant force. Because it is affected by friction and adhesion forces, this position
is suitable for samples with rough, hard surfaces. Its drawbacks include damage or distortion of
soft samples, such as tissue (Eaton & West, 2010; Kyeyune, 2017).

“~ —

Fig. (3.4): Contact mode for AFM (Veerapandian & Yun, 2009).

In this situation, direct contact occurs between the probe tip and the sample surface, leading to the
emergence of short-range repulsive forces resulting from the overlap of electron clouds between
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the probe atoms and the sample atoms. This overlap is explained by the Pauli exclusion principle,
which prevents the presence of two electrons in the same quantum state, resulting in a strong
repulsive force known as the Pauli repulsive force. These forces can be represented using the
repulsive part of the Lennard-Jones potential, which is used to estimate the behavior of interatomic
forces (Giessibl, 2003; Israelachvili, 2011). The relationship between the force and the distance
between the tip and the sample is:

1
Frepulsive a 13 (3.2)

Where r = the distance between the tip and the sample.
3.3.2 Tapping Mode

Or intermediate contact, between contact and non-contact modes. In this mode, the cantilever
moves near the sample surface during scanning, in intermittent contact. This means it taps the
sample evenly and continuously, eliminating the effects of friction forces and others. Scanning is
performed while maintaining the cantilever's motion at a constant frequency and amplitude, close
to its resonant frequency. The feedback system effectively maintains the constant vibration
amplitude necessary for this mode. This mode is effective for soft and biological samples, but it is
slower than contact mode (Putman et al., 1994; Wilson & Bullen, 2006).

Fig. (3.5): Tapping mode for AFM (Veerapandian & Yun, 2009).

During the scanning process, the cantilever is set to vibrate vertically above the sample surface
near its natural frequency, also known as the resonant frequency. This is the frequency at which
the object vibrates with its maximum amplitude. Any change in the forces between the tip and the
surface results in a change in the resonant frequency or vibration amplitude. This change is
monitored for analysis and converted into a 3D image (Rana et al., 2017).
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3.3.3 Noncontact Mode

In this mode, there is no direct contact between the cantilever tip and the sample surface. Instead,
the cantilever moves at a nano fixed distance above the surface, vibrating at a frequency close to
its resonant frequency. The forces interacting between the tip and the surface atoms are relatively
weak, attractive forces, primarily van der Waals forces. Therefore, under some measurement
conditions, a thin layer of adsorbed water molecules forms on the sample surface and also on the
tip. This increases the complexity of the scanning process and affects the accuracy of
measurements, making this mode less accurate. The acting forces cause subtle changes in the
frequency of the cantilever and, consequently, its movement. These changes are monitored using
a detection system, which can be used to construct an accurate image of the sample surface
topography without causing damage (Giessibl, 2003; Vahabi et al., 2013).

Fig. (3.6): Noncontact mode for AFM (Veerapandian & Yun, 2009).

Attractive van der Waals forces decrease rapidly with increasing distance, but they are effective at
small nanoscale distances. Electrostatic forces can also appear during scanning when there are
surface charges or a potential difference between the probe's tip and the sample (Israelachvili,
2011). Attractive van der Waals forces can be expressed using the following relationship:

_ AR (3.3)

F =
vdw 6D2

Where:

F,qw: Attractive van der Waals force.

A: Hamaker constant, a material constant that depends on the tip's and the sample's material.
R: Tip radius

D: Distance between the tip and the sample.

*The negative sign in the equation indicates that the force is attractive.
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3.4 Sample Preparation and Experimental Setup
3.4.1 Sample Preparation

Based on the thesis's objectives, AgNPs synthesized by one of two methods, green and physical,
were used to compare their effects on the surface roughness of AgNPs.

3.4.1.1 Green Synthesis

To prepare AgNPs of various sizes using the green method, Pistacia Palaestina leaf extract was
used as a reducing and stabilizing agent, in addition to silver nitrate (AgNO3) as a source of silver
ions. Preparation began by drying and grinding the leaves, adding 35 mg of leaf powder to 350 ml
of deionized water, and boiling for 30 minutes. After boiling, Whatman papers, accompanied by a
0.1-um membrane, were used to filter the solution. The resulting solution was light yellow and
stored in a refrigerator at 4°C for use in the next step.

As for AgNOs, several concentrations of its aqueous solutions were prepared using deionized
water: 8.24 mM, 5.88 mM, 3.5 mM, and 1.18 mM. 50 mL of each concentration was taken. Thus,
the samples were prepared, and the process of synthesizing AgNPs began by adding 50 mL of the
plant extract dropwise to each of the AgNOs concentrations.

In the next step, each resulting mixture was heated for two hours at a temperature ranging from 80
to 84°C, with continuous stirring. The completion of the heating process marked the formal
production of AgNPs, indicated by the changing mixture's color to yellowish-brown, shifting
towards black.

In the final step, the resulting AgNPs were separated and purified using five centrifugations, 10
minutes each, at 10,000 rpm, to ensure completely pure particles.

To verify the success of the particle synthesis and its correct properties, their shape and
morphological properties were evaluated using a scanning probe microscope (SPM-9700HT,
Shimadzu, Tokyo, Japan) and an X-ray diffraction device (Bruker D2 PHASER).

3.4.1.2 Physical Method

This method combines two technologies: DC magnetron sputtering and inert gas condensation.
The setup includes several integrated components: a DC magnetron sputtering head with a very
high-purity silver target fixed in it, and a DC source to release silver atoms. This occurs in the
presence of an inert gas, Argon (Ar), which plays an active role in the sputtering process and later
assists in the condensation by acting as the carrier gas. The source and deposition chambers are
separated by a pressure difference to allow the NPs to pass through. Additionally, the setup
includes turbo pumps and a quadrupole mass filter (QMF) used to separate the resulting particles
according to their mass or size (Fig. 3.7). The entire process takes place inside an ultra-high
vacuum (UHV) compatible system from Mantis Deposition Ltd., Oxfordshire, UK.
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Fig. (3.7): A diagram illustrating the deposition system by magnetron Sputtering and Inert Gas
condensation (Ayesh et al., 2011)

First, an inert argon gas was injected into the source chamber. Using a DC, plasma was generated
inside the chamber, which facilitated the sputtering of silver atoms by colliding the ions with the
silver target, releasing silver atoms.

To control the shape and size of the resulting AgNPs to the desired size, the distance between the
silver target and the source chamber outlet was set to 40 mm, and a UV ratio of 0.09 was applied,
values adopted from previous studies.

Then, the AgNPs condensation phase began (cluster shape), where several devices combined to
achieve the desired results. To drive the condensation process evenly, a mass flow controller from
Andover, MA, USA, was used to maintain an argon gas flow rate of 60 standard cubic centimeters
per minute (sccm). A quartz crystal monitor (QCM) was also used to precisely monitor the
deposition rate before sample stabilization. Finally, a quadrupole mass filter (QMF) was used,
which operates on the principle of using both alternating current (AC) and direct current (DC)
voltages to accurately separate of AgNPs by size.

For the evaluation phase of the resulting particles, a scanning prob microscopy (SPM) was used,
and a Shimadzu (Kyoto, Japan) 6100 XRD instrument for X-ray diffraction analysis to confirm
the crystalline structure of the material.

3.4.2 AFM Imaging

To study the surface roughness of the resulting particles at various concentrations and sizes, AFM
was utilized with different tips, either standard or sharp. This approach allowed for very clear,
high-resolution images of the particle surfaces.

The resulting AgNPs were mounted on a steel disc after being firmly adhered to carbon tape.
Before starting the scanning process, the laser and optical sensor calibration were adjusted to
accurately measure the deviation and thus obtain an optimal signal. Scanning was performed at
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0.3 Hz and a resolution of 256 x 256 pixels. The device's spatial resolution was set to 0.2 nm,
ensuring clear and detailed images. With green synthesis samples, the contact and tapping dynamic
modes were implemented using an AFM tip from the renowned company Budget Sensor. The tip
model used was the SPP-NCHR, which features a sharpness of less than 10 nm, high sensitivity,
and high imaging speed, ensuring high imaging resolution.

The resulting images are in Height Trace format, which represents the true shape of the surface
topography and is considered the most accurate in displaying surface topography compared to
other imaging modes, such as deflection trace, which is less accurate.

3.4.3 Image Processing and Analysis

After the AFM imaging process was completed, the resulting topographic images were analyzed
using the Shimadzu SPM 9700 software program. The height trace images were uploaded to the
software for the needed processing.

The processing steps included smoothing and refining the surface image using Line fit from
Flatten, then adjusting the colors, noise, and lines in the image to make the image's features clearer
(Fig. 3.8).

88.30
(nm]
_— 0.00 . )
50000 nm 1.00x1.00 um 50000 nm 1.00x 1.00 um

a) b)

Fig. (3.8): 2D AgNPs images using AFM: a) before modifying. b) after modifying.

Quantitative data from the image, such as Profile height measurements and surface roughness,
were then analyzed to determine the value of R parameters, especially Ra and Rq, in this study
(Fig. 3.9).
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Fig. (3.9): SPM Analysis interface of AgNPs image, shows R parameters and others.

AFM can provide either 2D images or 3D images of the sample. Both images can be analyzed to
calculate roughness parameters and to get a visual idea of the surface roughness (Fig. 3.10).

0.00
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a) b)

Fig. (3.10): 3D AFM images of AgNPs samples at different concentrations: a) 30 mg/50 mL, b)
10 mg/50 mL, obtained by SPM software.
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Chapter Four

Results and Discussion

Factors Affecting Surface Roughness of NPs: An Analytical Study

This chapter presents the study results obtained by implementing the procedures described before.
These results aim to evaluate and understand the surface roughness property of AgNPs and the
extent to which it is affected by criteria identified in the study objectives, which include: the size
of NPs and their relationship to surface roughness, the extent to which the surface roughness of
the resulting samples is affected by the concentration of NPs during the synthesis process, a
comparison of the surface roughness values resulting from using different types of tips in AFM
imaging (standard and sharp), and finally an analysis of the effect of different synthesis methods
on the surface roughness of the resulting NPs, between physical and green methods.

Understanding how these factors influence the surface roughness is crucial, given the role this
property plays in determining the behavior of NPs at the physical and chemical levels, particularly
in applications related to catalysis, bioreactivity, and delivery. Therefore, surface roughness
analysis is a pivotal step in evaluating the functional performance of NPs under various conditions
(Darwish & Helmy, 2022).

Section 1: Variation in Surface Roughness Correlated with NPs Size

One of the most important physical factors affecting the properties of NPs is their size. During the
synthesis process, particles of different shapes, sizes, and diameters are produced due to the
influence of the synthesis conditions, such as concentration and temperature etc (Baer et al., 2013).
Considering NMs and the aggregation of NPs of different sizes to form them, this will significantly
affect their surface properties, particularly roughness. Hence, the importance of studying and
analyzing this factor to gain a deeper understanding of one of the factors influencing surface
roughness, and thus using NPs more effectively in applications.

Based on the objective of studying the correlation of surface roughness contrast with the size of
NPs, topographic measurements and values were obtained to calculate the Ra and Rq of the surface

30



of some AgNPs after scanning and analyzing them as mentioned in the methodology. The results
were shown in a picture for the sample Fig. (4.1), followed by Table (4.1) showing the calculated
parameters and a graph of the values in Fig. (4.2) as follows:

0.00

500.00 nm 1.00 x 1.00 um

Fig. (4.1): An AFM height trace image for AgNPs shows particles of different sizes.

Particles of clearly distinct sizes were selected within the sample, and their values were recorded.
The particles are arranged in the table below in ascending order from smallest to largest.

Table 4.1: Ra and Rq for different sizes of AgNPs.

# of Particle A-B Profile Height Ra (nm) Rqg (nm)
(Asc. based on size) (nm)

Particle 1 2.53 0.64 0.74
Particle 2 3.37 0.86 1

Particle 3 5.98 1.45 1.71
Particle 4 8.78 2.02 2.39
Particle 5 10.58 2.76 3.24
Particle 6 17.73 4.1 4.85
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Ra and Rq vs A-B Profile
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Fig. (4.2): Graph showing the relationship between NPs size (A-B Profile) and Ra and Rq.

The data in the table clearly and noticeably show that the larger the nanoparticle size, the higher
the roughness coefficient values (Ra, Rq). This proves that there is a relationship between particle
size and surface nature. The relationship between particle size and surface roughness is a direct,
linear relationship.

Note: A-B Profile refers to the height of the cross-section measured on the AFM image and does
not represent the full particle size.

In a study published by Kumar in 2021, the combined effect of NPs size and surface roughness on
the heat transfer performance of nanofluids was investigated. The results showed that increasing
the NPs size increases surface roughness, which significantly affects heat transfer performance.

In another study by Athauda et al. (2013), the effect of depositing silica NPs of different sizes,
with diameters ranging from 7 to 40 nanometers, on a glass surface was examined. The results
showed that depositing larger particles on top of smaller particles increased surface roughness,
which further enhanced their hydrophobic properties. This highlights the importance of controlling
the size of NPs to control surface roughness and wettability.

This is consistent with the findings in this study, which show a direct relationship between particle
size and surface roughness. It also confirms the significant impact of surface roughness on the
physical and chemical properties of materials.

This relationship between NPs size and surface roughness can be explained by the fact that larger
NPs contribute to more prominent surface topography, which increases the variation in surface
heights and depressions of the sample. This effect may result from the accumulation of larger
particles on the surface of the material, leading to an increase in the overall surface roughness.
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Section 2: Dependency of Surface Roughness on the Concentration of NPs During Synthesis

This section studies the effect of NP concentration on surface roughness during the synthesis
process. Surface roughness values of 4 samples with different nanoparticle concentrations (10, 30,
50, and 70) mg/50 mL, referred to as NP-10, NP-30, NP-50, and NP-70, respectively, are
compared.

The roughness coefficients were calculated for several particles from each concentration as
follows:

First: AgNPs with NP-10 concentration:

The AFM image of NP-10 of AgNPs is shown in Fig. (4.3), followed by Table (4.2) showing the
calculated parameters.

0.00

2.00 um 4.00 x 4.00 um

Fig. (4.3): An AFM image for AgNPs at NP-10 concentration modified by SPM software.
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Table 4.2: Ra and Rq for AgNPs at NP-10 concentration.

# of Particle Ra (nm) Rq (nm)
Particle 1 5.59 6.46
Particle 2 6.22 7.2
Particle 3 5.08 5.88
Particle 4 4.85 5.61
Average 5.435 6.287

Second: NP-30 concentration:

The AFM image at NP-30 of AgNPs is shown in Fig. (4.4), followed by Table (4.3) showing the
calculated parameters.

27.97
[nm]

>

) 0.00

1.00 um 3.00 x 3.00 um

Fig. (4.4): An AFM image for AgNPs at NP-30 concentration modified by SPM software.
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Table 4.3: Ra and Rq for AgNPs with 30 M concentration,

# of Particle Ra (nm) Rq (nm)
Particle 1 7.08 8.23
Particle 2 2.88 3.38
Particle 3 3.79 4.41
Particle 4 2.46 2.85
Average 4.05 4.71

Third: NP-50 concentration:

The AFM image of NP-50 concentration of AgNPs is shown in Fig. (4.5), followed by Table (4.4)
showing the calculated parameters.

10.76

L ' 0.00
1.00 um 2.00 x 2.00 um

Fig. (4.5): An AFM image for AgNPs at NP-50 concentration modified by SPM software.
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Table 4.4: Ra and Rq for AgNPs at NP-50 concentration.

# of Particle Ra (nm) Rq (nm)
Particle 1 1.83 2.09
Particle 2 0.91 1.04
Particle 3 1.29 15
Particle 4 0.73 0.84
Average 1.19 1.36

Fourth: NP-70 concentration:

The AFM image of NP-70 concentration of AgNPs is shown in Fig. (4.6), followed by Table (4.5)
showing the calculated parameters.

5.27

0.00

1.00 um 2.00 x 2.00 um

Fig. (4.6): An AFM image for AgNPs at NP-70 concentration modified by SPM software.
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Table 4.5: Ra and Rq for AgNPs at NP-70 concentration.

# of Particle Ra (nm) Rq (nm)
Particle 1 0.75 0.87
Particle 2 0.91 1.04
Particle 3 0.73 0.84
Particle 4 0.55 0.63
Average 0.735 0.845

Comparison between 4 concentrations:

Now, Table (4.6) shows the Average value of Ra and Rq for 4 concentrations to compare them,
followed by a graph, Fig. (4.7):

Table 4.6: A comparison between Ra and Rq for 4 concentrations:

Concentration Avg. Ra (nm) Avg. Rqg (nm)
NP-10 5.435 6.287
NP-30 4.050 4.710
NP-50 1.190 1.360
NP-70 0.735 0.845
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Ra and Rq vs Sample concentration
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Fig. (4.7): A graph chart shows Ra and Rq for NP-(10, 30, 50, 70) AgNPs concentrations.

The results show an inverse relationship between the concentration ratio and the surface roughness
of AgNPs. As the concentration ratio during synthesis increases, the values of the surface
roughness parameters decrease significantly, and this result appears for all concentration ratios.

The research results are consistent with a study conducted by Montes Ruiz-Cabello et al. (2023),
in which water-resistant steel surfaces were prepared by depositing zinc (ZnO) NPs at different
concentrations. The results showed that surface roughness increased at low to medium
concentrations, but began to decrease at higher concentrations. This was explained by the fact that
the excessive accumulation of particles led to the formation of a more homogeneous and regular
layer on the surface, which reduced the differences in heights and depressions, resulting in lower
roughness values.

Also, in a recent study conducted by Firouz et al. (2024), the effect of adding AgNPs at different
concentrations (100, 200, 350, and 500 mg/ml) to porcelain used in dental applications was
evaluated. The results showed that increasing the NPs concentration led to a significant decrease
in surface roughness parameters Ra and Rq. This decrease was explained by the fact that the NPs
at higher concentrations helped fill surface gaps and were distributed homogeneously, leading to
a reduction in topographical irregularities on the material's surface.

Section 3: Comparison of Surface Roughness Measurements Using Different AFM Tips:
Standard and Sharp

AFM tips are one of the most important factors that influence the accuracy of the resulting
measurements, especially when analyzing surface properties such as surface roughness
measurements. This tip, located at the end of the cantilever, is manufactured with a very small
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radius, which can reach less than 10 nanometers, to enable precise interaction with the sample
surface (Bhushan, 2010).

AFM tip types vary based on the material (such as silicon or silicon nitride), tip shape (spherical,
pyramidal, or very sharp), as well as its hardness, spring constant, and degree of sharpness. The
tip is selected based on the sample type, the nature of the surface, and the operating mode used.
Common types include: Standard tips, these tips typically have a radius of 8-10 nm, and Sharp
tips, which are sharper, with a radius of less than 5 nm, allowing them to reveal very fine surface
details. They are particularly used for analyzing sample surfaces with high nanoscale resolution,
which helps in obtaining accurate R parameter calculations (Bhushan, 2010; Cappella & Dietler,
1999).

This section aims to study the effect of using two types of tips: standard and sharp, in the process
of measuring the surface roughness of AgNPs, and the extent of the tip’s influence on the
measurement accuracy. The results are shown in Fig. (4.8), followed by Table (4.7).
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Fig. (4.8): AFM images of AgNPs by different tips: a) Standard, b) Sharp.
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Table 4.7: Ra and Rq of sharp and standard tip:

# of Particles Standard Tip Sharp Tip
Ra (nm) Rq (nm) Ra (nm) Rqg (nm)
Particle 1 4.39 5.20 5.59 6.46
Particle 2 4.26 5.22 6.22 7.20
Particle 3 2.93 3.52 5.08 5.88
Particle 4 2.87 3.44 4.85 5.61
Average 3.61 4.345 5.435 6.287
Ra and Rq of Diff. 2 Tips
7
6
5
£
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Fig. (4.9): A graph chart shows Ra and Rq for standard and sharp tips.
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The sharp tip showed greater surface roughness measurements than the standard tip, proving that
surface roughness accuracy measurements are affected by the type of AFM's tip during scanning.
The sharper the tip, the more accurate the measurements.

This result is consistent with several studies. For example, in a study conducted by Sedin & Rowlen
(2001), the effect of the tip size on surface roughness measurements was evaluated using tips of
different sizes. The results showed that using smaller radius (sharper) tips resulted in higher and
more accurate roughness values. This was explained by the fact that sharper tips are better able to
track fine surface details and reduce the probability of ignoring some fine details on the sample
surface.

This result is supported by a recent study conducted by Xu & Leng (2024), in which sharp AFM
tips were used to scan nanostructures and their effect on roughness measurements was evaluated.
The results showed that sharper tips provide higher-quality images, reduce distortions during the
measurement process, and improve the accuracy of surface roughness measurements because they
provide more realistic results about the surface structure.

Section 4: Influence of Synthesis Techniques on Surface Roughness, Comparing Physical
and Green Methods.

The properties of NPs are greatly influenced by their synthesis method, including their surface
roughness due to different growth conditions and particle aggregation mechanisms (Saadat et al.,
2020). A sample synthesized by physical methods was studied in terms of its roughness with
another sample synthesized by the green method to understand the effect of the method on the
surface roughness.

First: Physical Method

The surface roughness of the AgNPs sample synthesized by the previously described physical
method was analyzed, and its roughness parameters were measured to determine the result. The
results were in Fig. (4.10), followed by Table (4.8) as follows:

41



500.00 nm 1.00 x 1.00 um

Fig. (4.10): An AFM image for AgNPs: Physically synthesized.

Table 4.8: Ra and Rq for 4 AgNPs synthesized by the physical method.

# of Particle Ra (nm) Rq (nm)
Particle 1 0.93 1.08
Particle 2 1.07 1.26
Particle 3 1.02 1.19
Particle 4 111 1.29
Average 1.03 1.20

Second: Green Method

In this section, the samples used in the concentration section were also used here. Because they
were manufactured using the green method. The surface properties of the physical method were
compared with values determined by the green method at two different concentrations (30 and 70
mg). Ra and Rq values for both methods are shown in Table (4.9), followed by Fig. (4.11).
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Table 4.9: Ra and Rq values of AgNPs synthesized by physical and green methods.

Synthesis method Avg. Ra (nm) Avg. Rq (nm)
Physical method 1.03 1.2
Green NP-30 4.05 4.71
method NP-70 0.73 0.84

Ra & Rq for Physical and Green methods
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Fig. (4.11): A graph chart shows Ra and Rq for physical and green sunthesis.

A significant difference in the surface roughness of the particles was observed depending on the
synthesis method. For example, AgNPs synthesized using the green method at a lower NPs
concentration exhibited significantly higher surface roughness than those synthesized using the
physical method, while roughness values were nearly at a concentration of 70 mg, or even slightly
higher for physical AgNPs. The surface roughness of NPs synthesized using the physical method
was intermediate between the two values in the green method.

This result is consistent with a study conducted by J. Singh et al. (2018), where the researchers
indicated that green synthesis results in greater surface roughness. This was explained by the fact
that this method at low concentrations may lead to irregular particle agglomeration due to the lack
of stabilizing agents, which is reflected in the resulting increased surface roughness.
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Another study by Vanlalveni et al. (2021) supported this finding, showing that particles produced
by physical synthesis tend to have more uniform and less rough surfaces due to the possibility of
controlling the production conditions and the resulting particles compared to the green method.
On the other hand, a study by Ramesh et al. (2015) demonstrated that increasing the concentration
of plant extract in green synthesis helps reduce surface roughness. This was explained by the fact
that green synthesis methods at higher concentrations facilitate greater particle arrangement on the
surface, thus reducing roughness. This explains why roughness values for the green method at
higher concentrations are closer to those for the physical method in this study's results.
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Chapter Five

Conclusions and Future Work

5.1 Conclusions

This study aimed to analyze the effect of a range of physical factors on the surface roughness of
AgNPs, using AFM as the primary analytical tool coupled with a software program. The research
focused on 4 variables to understand their impact on surface roughness: AgNPs size, particle
concentration during the synthesis process, the type of probe tip used (sharp, standard), and the
particle synthesis method (physical and green synthesis).

The results showed a direct relationship between particle size and surface roughness. The larger
the particle size, the higher the surface roughness values, reflecting the influence of larger particles
on the surface structure when building NMs. Conversely, an inverse relationship was observed
between AgNPs concentration during the synthesis process and surface roughness. Roughness
values decreased significantly as the particle concentration increased, which is explained by the
more uniform coverage of the sample surface when a larger number of particles were present.

It was also found that using a sharp tip resulted in higher surface roughness values compared to
standard tips, because the sharper tip's increased sensitivity to the sample's surface structure,
resulting in more accurate measurements.

Finally, a comparison between the physical and green synthesis methods for preparing AgNPs
revealed a clear discrepancy in roughness values. The roughness value obtained from the physical
method fell between the values obtained from two different concentrations (30 and 70 mg) in the
green synthesis method, and was closer to the higher concentration (70 mg), indicating that the
NPs are affected by the different synthesis methods.
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These results support the importance of tuning the synthesis and analysis conditions of NPs for
their effective use in nanoscale applications, given their direct impact on surface properties, which
play a crucial role in the performance of materials in various application areas such as medicine,
sensing, and catalysis.

5.2 Future Work

Based on the results obtained in this study, several future directions can be proposed to expand our
understanding of NPs surface roughness and its impact on various factors. Further studies are
needed to test other synthesis methods, their impact, and to compare the results of each. Additional
factors affecting the synthesis process, such as pH and temperature, needed to be studied. It is also
necessary to study the different tip shapes for the device and determine the most appropriate one
based on the application used for the particles.

In applications, there is a need to analyze the relationship between surface roughness and the
physical and chemical properties of NPs, such as their electrical, optical, and antibacterial efficacy,
to determine how roughness affects practical performance.
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