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ABSTRACT 

 

Antireflective coatings (ARC) are becoming important in various optoelectronic and optical 

instruments, where reduced optical reflection and enhanced transmission is desired. Several 

techniques and materials have been investigated recently to produce effective ARC’s for 

modern optoelectronic devices including super-compact cameras, solar cells, touchscreens 

and other electronic displays. In this research silica (SiO2) nanoparticles embedded with 

poly-methyl methacrylate (PMMA) polymer thin film are investigated for high optical 

transmission and reduced reflection. The SiO2–PMMA thin film is deposited on glass 

substrates using spin coating technique and the optical properties of the coating has been 

done for various concentrations of APTES Modified SiO2 nanoparticles in the PMMA 

matrix. Thin film morphological properties are characterized by electron microscopy and the 

surface wettability is investigated by water contact angle measurement. The proposed 

research work is to address the problem of optical reflection, which is crucial to many 

industries and provide a simple ARC for enhanced optical transmission. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

Surfaces that can minimize the reflection of light can be classified as antireflection surfaces. 

To achieve this, initially lord Rayleigh in 1879, discovered the phenomenon of antireflection. 

He found that tarnished glass increases light transmission compared to plain glass and 

proposed that when there is small transition of refractive index between object and 

surrounding film reflectivity can be reduced. Following the proposal of Rayleigh, English 

lens designer H. Dennis Taylor in 1892 demonstrated that tarnished camera lenses permit 

photography with less exposure. He discovered a decline in reflection linked to the coating 

(tarnish) on a glass surface. Later F. E. Wright tarnished the glass via chemical approaches 

and discovered that transition of refractive index from glass to air resulted in anti-glare 

properties that are due to tarnishing (Elbahri, Mehdi Keshavarz Hedayati and Mady, 2016) 

(Strong.J, 1936) 

Today, antireflection coatings (ARCs) are mostly used in solar industries to increase 

absorption of solar radiation and decrease the outer surface reflection of absorbers and 

collector glass covers. The basic principle of AR coatings is that the reflection of light from 

the outside surface of a single layer interfaces with the reflection from the interface between 

the coating layer and the substrate. The zero reflectance can be achieved by matching 

refractive index of a coating material(n),product of indices(ns)and the surrounding medium 

n0(air).i.e. 𝑛 = √𝑛0𝑛𝑠 (WIilley, 2016).In the case of a one-layer coating, two criteria should 

be met: a film thickness of a quarter wavelength and a refractive index intermediate between 

those of air and the substrate, for a glass substrate (n=1.52), a film with n=1.23 gives zero 

reflectance at specific wavelength (Min Soo Park,Youngmin Lee and Jin Kon Kim, 2005) 

.Throughout the last few decades many methods are developed to decrease reflection of light 

including single, double, multi-layer ARCs. The main features important for good ARC'S 

are the insensitivity to the angle of reflection or non-iridescence, broadband and products 

being ultra-thin thickness. 

Polymers possess attractive and promising properties as well as good processing abilities in 

addition to their low cost. Poly (methyl methacrylate) (PMMA) has been recognized as one 

of the best optical polymers due to its similar refractive index (1.49) with glass (1.52). Due 

to the stability of the PMMA polymer under various conditions, it is suitable for optical 

devices. There have been many studies on spin coating of polymeric films. Attempts have 

been made to change the refractive index of PMMA 

The most used materials in ARC’s are dielectric materials like silica, titania and alumina 

with RI 1.45, 2.3 and 1.65 respectively, but the most used material is silica because of its 

low RI, resistance to environment and great durability. Several techniques like sputtering, 

chemical vapor deposition, dip coating is used to obtain AR materials. 
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In this research PMMA films was prepared using spin coating technique under different 

conditions and silica (SiO2) nanoparticles are added with different concentrations to the 

PMMA matrix to control the refractive index of the film. The thin film morphology was 

studied by electron microscopy and the optical characterizations was investigated by using 

UV-visible spectroscopy. The current research was shed light upon easy preparation of ARC 

based on PMMA-SiO2 thin films with controlled refractive index.               

1.2 Problem Statement 

In this modern world the energy absorbed by solar panel from solar radiation is less, because 

due to optical losses on the panel, energy get wasted i.e. there will be diffuse and specular 

reflectance at surface. The overall efficiency of solar panel is wasted, because of refractive 

index value in between glass substrate and air. Hence, the surface of glass substrate is to be 

modified to avoid reflection of incident light and maximize the transmission.   

 

Figure 1.1:Nine common optical losses are illustrated in the cross-sectional view of a Si 

wafer PV module:  (1) Glass reflection loss,  (2) Glass parasitic absorption loss,  (3) 

EVA parasitic absorption loss, (4) Shading loss of metal fingers,  (5) Cell gap photon 

loss,  (6) Shading loss of interconnection ribbons,  (7) Front surface ARC reflection loss 

in the cells,  (8) Parasitic absorption loss in the cells, and  (9) Front surface escape loss. 

(Liu, 2016) 

To overcome these scenarios many types of ARC’s are being manufactured on these solar 

panels using different techniques, such as CVD, PVD, etching, lithography, glancing angle 

deposition, phase separation and many others. These are expensive, complex and require 

highly sophisticated equipment’s. Hence these are not suitable for mass production. Since 

solar panels are subjected to different climate conditions, they require frequent cleaning and 



 

3 

 

proper maintenance. So, the ARC’s should be long lasting and should be suitable to 

withstand those climate conditions, because replacing solar panels are costly affair. 

In this research work, PMMA films are prepared using spin coating technique under different 

conditions and silica (SiO2) nanoparticles was added with different concentrations to the 

PMMA matrix to control the optical transmission of the film. The focus of research is to 

explore and prepare thin films as a cost-effective, reliable and easily producible ARC’s. 

1.3 Objectives  

• To prepare thin films of PMMA embedded with SiO2 nanoparticles on glass substrate 

by using spin coating technique. 

• To investigate optical transmission of the film by varying concentration of SiO2 

nanoparticles in the acrylic matrix. 

1.4  Hypothesis 

We predict that by controlling the volume fraction of SiO2 nanoparticles in the polymer 

matrix, the overall optical transmittance of the thin film can be controlled. 

1.5 Scope 

The current research is aimed to improve the optical transmittance through a glass substrate 

using thin films of PMMA-SiO2 was deposited on a clean glass substrate by using spin 

coating technique. These coatings are made to avoid the reflection of incident light and 

enhance the transmittance. The improved light absorption efficiency by varying 

concentration of SiO2 nanoparticles in acrylic matrix was studied. The overall outcome of 

this research is to understand the application of spin coating technique at different 

concentration for PMMA-SiO2 thin film-based antireflection coatings, and to get cost 

efficient and reliable ARC with low reflection and high transmission. 

1.6 Limitations 

• The study is limited to ARCs fabricated with PMMA-SiO2 based thin films on glass 

substrates  

• The study will only explore the use of spin coating technique for the deposition of 

the thin films on glass substrates. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Basic concepts of Antireflection coatings  

Antireflection coatings are optical coatings that are commonly used to reduce an objects 

reflectivity. The range to which reflectivity can be decreased shifts, depends on composition 

of a given anti reflection coating. ARC’s are made with alternating layers of materials with 

contradicting RI are layered to transmit ideal range of spectrum and block certain 

wavelengths of light. ARC’s are intended to influence infrared, visible or UV light, 

contingent upon the application, with a few coatings can obstruct more range of light. ARCs 

are extensively utilized in applications where the transmission of light through an optical 

medium need to be maximized, such as removing the undesired images of flat-panel 

displays, expanding the transmittance of optical lenses, decreasing glaring from automobile 

dashboards, and upgrading the transformation proficiency of solar cells. 

 

ARCs rely on two criteria: material refractive index and film thickness. Optical reflection 

from surfaces is largely governed by the difference in refractive indices at material 

interfaces. The amount of reflection can theoretically be determined by utilizing the Fresnel 

condition. Fresnel condition is that offers the fundamental numerical model of reflection and 

refraction. “As indicated by Augustin-jean Fresnel, the portion of episode light reflected at 

the interface is estimated by reflectance(R) and transmitted (refracted) is by the transmittance 

(T). The numerical model is to reason the condition for antireflection, it determine about a 

thin film (RI=n) on a glass substrate (RI=ns) by making few hypothesis: 1) The reflected 

waves have same severity and one reflected wave for each interface. 2) Other optical 

involvement, for example, absorption, scattering are trivial. Hence, From the fig 2.1(a) we 

can say that R1 and R2 are out of phase, there is destructive interface between air-thin film 

and thin film-substrate interface and there would be no reflection”. (Lin Yao,Junhui He, 

2014) 

The phase difference of the reflected wave is given by  𝛿 is nπ/2, d=thickness of the film 

which is odd multiple of λ/4, where λ is the wavelength of incident light beam.tf 
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(b) 

Figure 2.1. Propagation of light rays through (a) a single layer film on substrate (ns > 

n). (b) Multilayer coating on substrate (ns > n4> n3 > n2 > n1 are the refractive indices 

of substrates and coating, respectively). (Lin Yao,Junhui He, 2014) 

 

The reflectance at normal incidence is given by  𝑟 = [
𝑛𝑎𝑖𝑟𝑛𝑠 −𝑛2

𝑛𝑎𝑖𝑟𝑛𝑠 +𝑛2]
2

               (Eq. 2.1) 

Where ns = refractive index of the substrate             

 nair = refractive index of air              

 n = refractive index of the film  

Since we must achieve maximum transmittance and zero reflectance, the RI of a single layer 

coating is achieved by                                         

 

                                              𝑛 = √𝑛𝑎𝑖𝑟𝑛𝑠𝑢𝑏     (Eq. 2.2) 

For multi-layered ARC’s there will difference in the mathematical model of the individual 

reflected rays. The reflection at the layers i and j which are adjacent to each other is given 

by following equation                          

                         𝑅𝑖𝑗 = │𝑅𝑚𝑛│𝑒𝑥𝑝[−2(𝛿𝑖 − 𝛿𝑗)                     (Eq. 2.3) 



 

6 

 

Where, │𝑅𝑚𝑛│ =  [(𝑛𝑖 − 𝑛𝑗)/( 𝑛𝑖 + 𝑛𝑗)] , 𝑛𝑖 and 𝑛𝑗  are the refractive indices of the 

adjacent layers. 

                                 𝛿𝑖  =  2𝜋𝑛𝑖  𝑐𝑜𝑠(𝜃𝑖)𝑑𝑖/𝜆                      (Eq. 2.4) 

 𝛿𝑖  is the phase thickness of the layer, 𝜃𝑖  is the angle of refraction, λ is the wavelength of 

light, di is the thickness of the layer. To obtain the ARC the total sum of reflection of all the 

layers should be less, refractive index and thickness is can be varied to keep the reflection 

low. 

                      𝑅𝑠𝑢𝑚 =  𝑅01  + 𝑅12  + 𝑅23  +  𝑅34 + . . . + 𝑅𝑛𝑠             (Eq. 2.5) 

The standard RI of the glass substrate is 1.5, then RI of the coating should be 1.22. It is very 

difficult and costly to find the material with this refractive index. The RI of a material 

depends on its density, the refractive index can be reduced by making nanoparticles porous. 

The relation between porosity and density are shown in below equation  

                                   𝑛pc = [(1 −
𝑝

100
) (𝑛𝑑𝑐

2 − 1) + 1]

1

2
                            (Eq. 2.6)  

Where “npc, ndc, and P are the refractive indexes of porous, dense coatings and porosity 

percentage respectively [10]. To prevent scattering of light the pore size should be less than 

the wavelength of light (2-50 nm), the particle sizes should be Nano metric, and homogenous 

pore distribution is required. Silica (Silicon dioxide, SiO2) is commonly found and is the 

most complex material. It is used in various fields ARC, drug delivery, food, personal care, 

pharma industries, making of glass, electronics industry etc. It is used for anti-reflection 

coatings because the particle size, crystallinity, porosity, shape can be precisely manipulated, 

and they have many surface modifications available”.  

 

ARC’s are assigned based on number of layers: single layer, double layer and multi-layer 

coatings. In this type of layers varying refractive indices and deposition of nanoparticles will 

give excellent antireflectivity. 

2.2 Types of ARC’s 

2.2.1 Single layer ARC’s 

The single layer ARC’s are used to reduce the reflectance up to 2.5% for broad spectral 

ranges, as wavelength 400-1100 nm at normal incidence. It is very hard to find the materials 

for the single layer ARC because the RI of glass is 1.52, to get the reflectance zero, according 

to the calculations RI of the film should be 1.2. Magnesium fluoride (MgF2) is the most used 

single layer ARC because its RI is 1.38 and it decreases reflectance from 4% to 1.3% 

approximately at particular wavelength. The advantage of this type of coatings is its usage 

of broad wavelength. 
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2.2.2 Double layer ARC’s 

The double layer ARC’s are which have 2 layers of thin films to additionally decrease the 

reflectance. The conditions for the double layer ARC’s to get zero reflectance is (n1d1 = n2d2 

= λ/4) 

                                             
𝑛1

𝑛2
= √

𝑛0

𝑛𝑠
                                             (Eq. 2.7) 

 

Where, n1 is the RI of layer 1, n2 is the RI of layer 2, no = the RI of air, ns = the RI of glass 

substrate. 

 

2.2.3   Multi-layer ARC’s 

The destructive interface of reflected light is obtained by alternatively comprising high and 

low refractive index of the material. By tuning η, we can utilize distinctive blend of high and 

low RI of dielectric films, single oxide film. In broad wavelength region, AR efficiency can 

be generated by Multilayers AR coatings. Most commonly used Multilayers AR coatings are 

SiO2, TiO2 for basic blend of composite AR coating utilized as high and low index coating 

for acquiring AR in a wide range on glass substrates. There are various elements which limit 

utilization of multilayer AR coatings, for example, in the multilayer stack bond quality at 

interfaces, contradictive thermal properties of various oxide coatings, complex. 

 

2.2.4    Homogenous ARC’s 

A single layer of homogenous ARC is used to reduce the reflectance. Reflectance is reduced 

when RI i.e. n = (nair nsub)
1/2 and the thickness of the ARC is equal to λ/4. RI (n) depends 

largely on nsub when the substrate surrounded by air because nair is unity. A porous material 

largely reduces the RI and facilitate the matching of the optical impedance. In homogeneous 

setup, at particular(specific) wavelength. (H.K. Raut, V.A.Ganesh,A.S. Nair,and 

S.Ramakrishna, 2011) 

2.2.5 Gradient refractive index ARC’s  

Gradient RI coatings are that produces a gradual variation in RI that helps to reduce the 

reflectance. These have RI following bends, for example, linear, parabolic, cubic, quantic, 

exponential, exponential-sinusoidal etc. Equations administering different GRIN profiles 

which are given underneath (RI of incident medium (e.g., air) is ni and RI of substrate is ns:  

 

Linear index profile,           n = ni + (ns – ni) t,    0 ≤ t ≤ 1                          (Eq. 2.8) 

Cubic index   profile,          n = ni + (ns – ni) (3t2 – 2t3)                         (Eq. 2.9) 

Quantic index profile,         n = ni + (ns – ni) t (10t3 – 15t4 + 6t5)”             (Eq. 2.10) 
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2.3 ARC’s based on the surface topography 

2.3.1    Porous ARC’s 

Porous silica is extensively used in solar energy applications. Porous silica has voids which 

are in nanometres and have substantial hydrogenated surface. The relation between 

Refractive index and porosity is given in equation below. 

 

                                   𝑛pc = [(1 −
𝑝

100
) (𝑛𝑑𝑐

2 − 1) + 1]

1

2
                        (Eq. 2.11) 

Where npc=porous coatings, ndc =dense coatings and P= porosity percentage are the RI’s. The 

porosity and reflectance rely upon the solution composition, porous film growth rate and 

film thickness. A study on porous silica and other textured surfaces expresses that, Porous 

silica is best medium to reduce scattering. (H.K. Raut, V.A.Ganesh,A.S. Nair,and 

S.Ramakrishna, 2011) 

 

2.3.2      Biomimetic photonic nanostructures (“moth’s eye”) 

Moth’s eye has ability to decrease reflection because of their unique physical structure. The 

minimized reflections in a moth’s eye are able to determine, whether they remain unseen or 

get eaten by a predator. In some creatures by their excellent photon collection capability, 

enables them to see in darkness. The ability of them minimizing reflection made scientists 

to investigate and analyse eye composition of moth’s. Similarly, scientists duplicated the 

moth’s eye pattern on glass for antireflection effect. They found that the corneal surface of 

moth’s eye contains nipple arrays, which are hexagonal arrays of sub-wavelength conical or 

cylindrical nanostructures. In addition to the broadband and omnidirectional AR, researches 

shown that the butterfly eyes are extremely sensitive to polarized lights, because the light 

had lost the distinct boundary between moth eyes and air, or glass and the air. The 

microstructures sizes are important, because reduction of reflections can be drastically 

changed by a change in index of fraction and a sharp boundary between materials. Normally 

moth eyes contain a regular repeating pattern projection which are about 200nm from eye’s 

surface and are spaced roughly 300nm from each other, this size is optimized for 

antireflection of the visible spectrum. (Majid Moayedfar1 and Morteza Khalaji Assadi, 

2017) 
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Fig. 2.2. Biomimetic photonic nanostructures (a) SEM image of mouth depicting little 

bumps on its eye, (b) SEM images that are magnified drill down illustrating the 

hexagonal arrangement of sub-wavelength nanostructures. 

2.4 Materials perspective of antireflectivity 

2.4.1 SiO2 based ARC’s 

Silicon oxide-based materials like glass, quartz and synthesized silica has n value 1.52,1.54 

and 1.459 respectively are the best coating materials for AR. Sol-gel method is used to 

synthesize the silica nanoparticle ARC’s. Silica nanoparticle is importance because of they 

have distinctive characteristics such as adjustable size (usually from 5 nm to 1000 nm), high 

SSA (specific surface area), biocompatibility, adsorption and encapsulation capacity and low 

harmfulness.  

 

2.4.2 Polymer based ARC’s 

Polymer is a large molecule consists of many repeated subunits. It has multiple structural 

forms. Polymers have excellent characteristics such as controllable morphology, porosity, 

adherence to substance, flexible and acceptable for expansive scale production. Like 

inorganic materials, polymers have extraordinary practical value and immense applications 

as ARC’s. For example, PMMA is a desired material for optical applications with Refractive 

index of 1.49, it has low optical absorption, transmission up to 98% in visible region and 4% 

reflection losses. 

 

The polymer used in this is PMMA. The solution is prepared with 0.009g/cm3 of PMMA in 

chloroform with 2 vol% of nonane. The solution dropped onto the substrate with three 

rotating speeds(rpm), i.e. 9000rpm,5000rpm and 3000rpm respectively. The reflectance and 

transmittance are given by Fig 2.3 (b) and fig 2.3 (a), for which spin coating is used on glass 

a) 

b) 
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by using solution of PMMA. The transmittance of spin-coated glasses on both sides with 

PMMA significantly incremented compared to uncoated glass. The very low reflectance and 

very high transmission is obtained at speed of 9000rpm at visible range of wavelength. At 

9000rpm minimum reflectance is 0.84% and maximum transmittance is 98.5% at 550nm, at 

5000rpm minimum reflectance is 0.43% and maximum transmittance is 99.2% at 710nm and 

at 3000rpm minimum reflectance is 0.53% and maximum transmittance is 99.0% at 800nm. 

(Min Soo Park,Youngmin Lee and Jin Kon Kim, 2005) 

 

 
Fig 2.3. Transmittances (a) and reflectance’s (b) of glasses spin-coated with PMMA 

solution (0.009 g/cm3) in chloroform with 2 vol % of nonane at three rotating speeds 

[9000 (O), 5000 (▢), and 3000 (△) rpm]. The measured ones are shown as symbols, 

whereas the predicted ones are given as solid lines. For reference, transmittance and 

reflectance of the glass are added. (Min Soo Park,Youngmin Lee and Jin Kon Kim, 2005) 

 

2.4.3 Carbon based ARC’s 

Amorphous carbon and hydrogenated amorphous carbon are materials utilized in different 

applications because of its tremendous physical and chemical properties such as high 

mechanical hardness, optical transparency, thermal conductivity, low friction coefficient and 

chemical inertness to corrosion agents. A few of the applications are tribological coatings, 

radiation protection, electron field emitters and bio medicine. Different forms of amorphous 

carbon films are utilized as ARC’s on crystalline Si solar cells. 

 

 

2.4.4 Silicon based ARC’s 

Since 1980’s fabrication of ARC’s on silicon surfaces gained attention due to the improved 

efficiency of solar cells. A wide variety of ARC’s of silica is explored, starting from porous 

silica to biomimetic structures inspired by moth’s eye and Si nanotips. Gradient refractive 

index ARC’s are good choice because of their extraordinary hardness and very less 

Refractive index. 

 

 

2.5   PMMA ARC’s 

The polymer materials are used for ARC’s a result of the simple and cost-effective 

processing. The coating of polymers can be done on abundant parts and substrates which are 

versatile. The materials like PMMA and PS are usually used for fabricating single layer, 
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double layer, multilayer, and composite films. By using PMMA coatings on film gives 

transmission over 98% at visible wavelengths. 

 

Recently, plasma process is widely used for creating nanotexturing. Nano Antireflection can 

be achieved by applying on numerous substances to achieve submicron roughness, for 

materials like, PMMA, PDMS & Polystyrene. By using Antireflection plasma nanotexturing 

of Polymethylmethacrylate, high transmission enhancement has been achieved and exhibited 

by kaless et.al.  

 

The NanoAR production and nanotexturing are used to examine the properties of 

polymethylmethacrylate coated glass and surface properties i.e. superhydrophobic and 

superoleophobic of polymethylmethacrylate plates. In the preparation of thick sheets, the 

solution is prepared with PMMA dissolved in the solution of propylene glycol Methyl Ether 

acetate (PGMEA) and the solution is coated on glass substrate by technique called spin 

coating and annealed. The sheets of Amorphous polymethylmethacrylate are broken into 

small plates, which are bought from IRPEN having thickness of 0.5mm. The etching has 

done by helicon plasma reactor and Oxygen gas pressure was utilized to etch/nanotexture 

PMMA. Etching is differed from 30 to 180s, the etching rate for film is -1400nm/min and 

for samples of plate by -1000nm/min. The characterization and morphology of the surface 

were carried out by varying time, by using the measurements scanning electron microscope. 

(D. Kontziampasis, G. Boulousis, A. Smyrnakis, K. Ellinas, A. Tserepi, E. Gogolides, 2014) 
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Fig 2.4. Evolution of morphology on PMMA plates etched and nanotextured in oxygen 

plasma as a function of etching time. SEM images are shown for 30, 60, 90, 120, 150, 

180 s. (D. Kontziampasis, G. Boulousis, A. Smyrnakis, K. Ellinas, A. Tserepi, E. Gogolides, 

2014) 

 

 

2.5.1 Plasma nanotexturing of PMMA plates 

The total reflectance of PMMA plates are measured by utilizing White Light Reflectance 

Spectroscopy. When etching times are short i.e. below 90s as shown in fig 2.5b, then diffuse 

reflectance increases roughly by 0.5%-1%, while specular reflectance stays steady as shown 

in fig 2.5c and 2.5d. The smooth untreated PMMA by value of 4% cause increase in total 

reflection. However, for times 120,150,180s both total and specular reflectance are 

decreased, without being affected by increment in the reflectance of diffuse. Consequently, 

there will be increase in the transmission. The time taken for etching is 150s with total 

reflectance, we can observe a significant broad band reduction,30% reduction in total 



 

13 

 

reflectance and specular reflectance is decreased less than 50% by taking into consideration 

of a sample which is untreated. (i.e. there will be decrease in total reflection to 2.8% from 

4% and below 2% of specular reflectance). The specular reflection is decreased as etching 

time rises. In this they improved AR of (PMMA) by 30%, while compared sample treated 

with short-period, only by considering initial value of the one-sided sample. (D. 

Kontziampasis, G. Boulousis, A. Smyrnakis, K. Ellinas, A. Tserepi, E. Gogolides, 2014) 

 

 

Fig 2.5. Reflectance spectra of plasma nanotextured PMMA plates. (a) Total 

reflectance measured with an integrating sphere. (b) Diffuse reflectance measured with 

integrating sphere. (c) Specular reflectance measured with integrating sphere and (d) 

Specular Reflectance measured with optical probe at almost 0 angle. Notice that the 

optimum total reduced reflectance is achieved for 150s oxygen plasma treatment. (D. 

Kontziampasis, G. Boulousis, A. Smyrnakis, K. Ellinas, A. Tserepi, E. Gogolides, 2014) 
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2.5.2 Plasma nanotexturing on PMMA-coated glass 

The total reflectance is evaluated by utilizing White Light Reflectance Spectroscopy on 

plates of PMMA.As shown in fig 2.6(b) by 30s time of plasma treatment, diffuse reflectance 

increments to roughly 0.5%, specular reflectance remains consistent as shown in fig 

2.6(C)and 2.6(b). The total reflectance value is little bit increased by value of 4% for 

untreated smooth PMMA. 

 Therefore, by considering various times of treatment i.e. 60,90,120,150,180s, the 

reflectance of specular and total are decreased, regardless of reflectance of diffuse is 

increased. There will be increment in transmission. When compared with plates, there will 

be reduction in total reflectance will be less for the films, which is not 25% immensely. The 

reduction of Specular reflectance is achieved by 50% than its first point value. In this section, 

they have proved that by using PMMA film and applying plasma nanotexturing to that AR 

are easily obtained by simple coating. PMMA and glass has similar RI (1.49 and 1.52 

respectively at broad range of 650nm). Therefore, as PMMA is similar to glass, it does not 

affect optical behaviour , so it can be smartly plasma nanotextured. They attained specular 

reflectance reduction by 50% and the total reflectance is decreased by 25%. (i.e. 

transmittance is incremented). (D. Kontziampasis, G. Boulousis, A. Smyrnakis, K. Ellinas, 

A. Tserepi, E. Gogolides, 2014) 

 

Fig 2.6. Reflectance spectra of plasma nanotextured PMMA films on glass slides. (a) 

Total reflectance measured with an integrating sphere. (b) Diffuse reflectance 

measured with integrating sphere. (c) Specular reflectance measured with integrating 

sphere. (d) Specular Reflectance measured with optical probe at almost 0 angle. Notice 

that the optimum total reflectance is achieved for between 120 and 180 s oxygen plasma 

treatment providing a broad process window. (D. Kontziampasis, G. Boulousis, A. 

Smyrnakis, K. Ellinas, A. Tserepi, E. Gogolides, 2014) 

 



 

15 

 

2.6 Mesoporous silica synthesis 

According to Kuroda et. al, CTAB (2.00g) and Triethanolamine (0.420g) were melted in 

deionized water. This process is continuously stirred for 0.5h at 80oC. Later, the resultant 

solution is stirred vigorously with tetramethyl orthosilicate (11mmol) as silica source for 2h 

at 0oC. Finally, using a filtrating paper (No. 5) the filtration of colloidal dispersion is 

performed. The molar ratio quantities taken as 0.5:1200:1:0.25 for CTAB: H2O: tetramethyl 

orthosilicate: triethanolamine. The CTAB is removed by shifting 35ml colloidal dispersion 

in the tube of dialysis cellulose membrane and for 24 hr it is dialyzed and mixed in 2M of 

ethanol and acetic acid (1:1 (v/v); 170ml). For again three times, process is performed. The 

acetic acid is removed by rinsing the tube of mesoporous silica NPs for 24h in ammonia 

water. For three times additionally, this process is repeated. By using cellulose syringe filter 

of 0.45-μm, the dispersed mesoporous silica NP’s are filtered. Fig 2.10(a) shows mesoporous 

silica NP’s dispersion. It is stable for few months by not being aggregated or precipitated. 

The mesoporous silica NP’s characteristics like size and morphology were explored by the 

observation of transmission electron microscope as shown in Fig.2.7(b) (Kiyofumi Katagiri, 

Shin-ichiro Yamazaki, Kei Inumaru and Kunihito Koumoto, 2014). 

 

 

Fig 2.7. (a) Photograph of mesoporous silica nanoparticle dispersion and (b) 

transmission electron microscope image of mesoporous silica nanoparticles. 

(Kiyofumi Katagiri, Shin-ichiro Yamazaki, Kei Inumaru and Kunihito Koumoto, 2014) 

 

2.7 SiO2 Based ARC’s  

The preparation of ARC is made by using MSN with colloidal suspension, Anti-reflective 

coating is prepared using colloidal suspension of MSN, the arrangement of various MSNs 

can be with textured properties, various sizes and morphologies, which also includes pore 

size and SSA (specific surface area). There are wide applications in AR and antifogging by 

using MSN’s of <100nm which is in uniform size, because of their great porosity and small 

RI. The process of layer by layer fabrication is used for majority ARC which is immensely 

complicated method including, another substrate deposited with cationic and anionic 

polyelectrolytes. Thus, taking into account uniform size and great dispersity of sample MSN-

1-L in the ethanol. The arrangement of surface which is superhydrophilic and extremely AR 

by using building blocks with  colloidal suspensions of MSN1-L  arranged on a glass slide 

by means of method called dip coating. After submersion of the clean glass slide into the 

colloidal suspension of template removed MSN1-L diffused in ethanol medium (strong 
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substance ca. 0.4 wt.%), The process of dip coating repeated with withdrawal speed of 

90mm/min for five times for development of AR coating.Fig.2.8 shows, the broad range of 

wavelength 440nm to 650 nm with ARC gives transmission above 97% ad at 558nm of 

wavelength gives maximum of 98.3%,compared with the bare glass slide transmittance of 

about 91% . Simultaneously, the property of anti-fogging is exhibited by the coating because 

of its superhydrophilicity of contact angle which is around 20. The superhydrophilicity is 

exhibited by the surface which is coated with packing of group of MSNs, which is 

commenced of surface which is hydrophilic by physically roughening into Cassie 

impregnating wetting regime. In such manner, the surface is being contacted with water can 

immediately pursue intervoids and mesopore in between particles because of hemiwicking 

effect. Accordingly, despite the fact that the sample which is cooled was kept in the ambient 

atmosphere, because of hemiwicking effect the sample is free from water droplets which is 

condensed as shown in Fig. 2.8 (Xiying Li, 2016) 

 

 

Fig 2.8.SEM image (a) and the transmittance of AR coating (b). The insets in (b) show 

that the AR coating exhibits anti-fogging property with a contact angle of 2.10 against 

water. (Xiying Li, 2016) 

 

2.8 PMMA - SiO2 ARC’s 

He’s et.al, the hierarchically porous silica is fabricated on the substrate of PMMA, the 

building blocks of silica nanoparticles having size of ca.20nm are used. The substrate is 

fabricated by layer by layer assembly followed by oxygen plasma treatment. As shown in 

Fig.2.9 after the procedure of fabrication, the coating of porous silica are superhydrophilic 

and profoundly transparent. The substrates of PMMA exhibits higher flexibility and 

transmittance, when compared with substrates of glass. The PMMA substrates fabricated 

with self-cleaning antireflection coatings can be used in some fields where substrates of glass 

are not suitable, for example, green house walls and caps of lens. (Lin Yao,Junhui He, 2014) 
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Fig 2.9. The fabrication procedure of superhydrophilic and antireflective silica coatings 

on PMMA substrates by layer-by-layer assembly and subsequent oxygen plasma 

treatment. (Lin Yao,Junhui He, 2014) 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Sample Preparation 

 

3.1.1    Cleaning of Glass substrate for Spin coating 

 

The glass substrate was cut into pieces of 2.5 cm x 2.5 cm. the glass substrate was placed in 

a beaker with DI water and soap, the beaker was sonicated for 15 minutes and then the glass 

substrates was rinsed with DI water several times. These steps were repeated with acetone 

and ethanol. The glass substrates were kept in petri dish and dried in the oven at 90°C for 15 

minutes. 

 

3.1.2    Preparation of Uniform PMMA-toluene solution for spin coating 

 

PMMA of quantity 30mg is mixed in 5ml of toluene and allow to dissolve by stirring at room 

temperature. We observe after few hours, there will be dissolution of PMMA in toluene. A 

clear solution without any precipitates will indicate full dissolution of PMMA in toluene. 

Therefore, can store PMMA-toluene solution in a sealed glass bottle and the glass bottle is 

placed in dark place. 

 

3.1.3   Preparation of binder solution (SiO2- PMMA-toluene) solution for spin coating 

In PMMA-toluene solution, different concentrations i.e. 0.5,1.5 and 3mg of APTES 

modified-SiO2 nanoparticles are added. The solution is mixed well using ultra-sonication for 

30minutes and then it is magnetically stirred for 150minutes for uniform dispersion. The 

SiO2- PMMA-toluene mixture is now ready for deposition of thin film. Therefore, stored it 

in a sealed glass bottle. The precipitation may be observed due to aging, then need to prepare 

fresh SiO2- PMMA-toluene solution. Normally it is preferable to use fresh solution. 

 

3.1.4   Coating of thin film (spin coating)  

The cleaned glass substrates were placed on the O-ring designed to be seated on a groove of 

spinning head. The vacuum pump was turned on to suck the glass substrate onto spinning 

head. The speed and time for coating was set and 90 µL of sample solution was dropped on 

middle of the glass substrate and the coating is started. The spin coating technique has four 

phases: deposition, spin-up, spin-off and evaporation. In the first phase an excess amount of 

solution was dropped in the center of the glass, which was at rest. In the second phase the 

solution flows towards the edges of the substrate which was spun at high RPM. In the third 

phase, excess solution in the film on the glass flows towards the edge of glass substrate, 

aggregating there temporarily and fly off. The fourth phase is further thinning of the film by 

evaporation. The thickness of thin film was found to be negligibly affected by Time. The 

key to spin coating was RPM (rotational speed). 



 

19 

 

To investigate the effect of deposition parameters, the spin coating speed is varied from 2500 

to 4000 RPM, the spin coating time 30s kept constant, sample quantity is varied between 75 

and 90 µL and the other parameters, dying temperature (80o C) and dying time (20 minutes) 

are kept constant.  

In PMMA-toluene solution by adding different concentrations of APTES modified-SiO2 

nanoparticles. The concentration of SiO2 nanoparticles will be varied i.e. 0.5,1.5 and 3mg 

are used for spin coating on the glass substrate. The SiO2- PMMA coating solution of 

quantity 90µl will be dropped onto glass substrate by using spin coating technique, which 

will be rotating at speeds of 2500,3000,3500 and 4000 RPM and each sample with time span 

of 30sec each. After depositing by spin coating, the film will be dried at 800C for 20minutes 

in a furnace to evaporate the solvent and obtain SiO2- PMMA on glass substrate. 

Table 3.1: Spin coating conditions used during the deposition of SiO2- PMMA-toluene 

thin films prepared using different APTES modified-SiO2 concentration (0.5 mg, 

1.5mg, and 3mg). 

 

 

Time  30 s 

Solution Quantity  90 µL 

Rotational speed 2500,3000,3500 & 

4000rpm 

Drying Temperature  90 o C 

Drying Time  20 min 

 

3.2       Characterization Techniques and Measurement Tools 

3.2.1      Optical Transmission 

 

The transmission of light through the coated glass substrate was measured using Ocean 

Optics (USB4000) UV-Visible Spectrometer and DH-2000 UV-VIS-NIR was used as the 

light source. The coated sample was placed in the Ocean Optics sample holder. The coated 

part of the glass sample placed toward the light source, ensure the sample is straight and not 

bent. Spectra suit software was used to measure the transmission data, the light and dark 

spectrum are measured and set it as the reference. Afterwards, the transmission data was 

saved to Excel.  

3.2.2   Investigation of surface wettability  

Water contact angle of the thin film was observed using a Dino-Lite Digital Microscope 

Pro™. The coated sample is placed at 0° on a surface in front of the digital microscope and 

then a 10µl of water droplet was dropped on the coated surface. The images were captured 

using a software Dino-capture in the computer. Later these images were analyzed using the 
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image J software. Angles were measured at both the ends of the droplet and average was 

calculated. The calculated average is considered as the water contact angle of the thin film. 

Effect of SiO2 nanoparticles on the wetting behaviour of PMMA was investigated by 

measuring contact angle on the deposited thin film. 

3.2.3   Characterization of Thin films 

Surface topography and morphology of the film are characterized by Scanning electron 

microscopy. The Characterization procedure was performed using a Hitachi-FESEM 

SU5000. The coated glass slide is pre-processed for the characterization procedure. The 

coated samples are first cut into pieces of 1 cm ×1 cm each. Then the samples are put in a 

desiccator till the characterization procedure begin to avoid any moisture. The samples are 

then sputtered with a thin layer of gold since glass is a non-conductive material. These 

samples are then placed in the sample holder provided in the FESEM SU5000. Once the 

samples are placed inside the chamber, they are observed using EM wizard a user interface 

provided by the device supplier. Images are captured at different magnifications such as ×5 

k, ×30 k & ×50 k. images are taken from top view to get details such as nanoparticle size, 

particle distribution and the thin film structure. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 Morphology and Particle Size Distribution 

4.1.1    Scanning Electron Microscopy (SEM) Results 

 

 

 

Fig 4.1: SEM images of PMMA-Toluene thin film with Top view 100k magnification 

The above SEM image Fig 4.1 showing PMMA surface having very small volume fraction 

of PMMA particles on the surface(negligible). We can observe that by PMMA some 

roughness is created on plain glass. 
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Fig 4.2: SEM images of SiO2-PMMA film Top view with high magnification,                   

a) PMMA film prepared using 0.5mg APTES-Modified SiO2 NP at 2500rpm 

(magnification-30k) , b) PMMA film prepared using 0.5mg APTES-Modified SiO2 NP 

at 3000rpm  (magnification-30k), c) PMMA film prepared using 0.5mg APTES-

Modified SiO2 NP at 3500rpm (magnification-30k),d) PMMA film prepared using 

0.5mg APTES-Modified SiO2 NP at 4000rpm(magnification-50k) 

The above SEM images (4.2a, b, c & d) show antireflection coating at different rotational 

speeds i.e. 2500rpm,3000rpm,3500rpm and 4000rpm, the surface roughness has been 

observed to be steadily changing when compared with fig 4.1. The nanoparticles have spread 

across the sample surface with much gaps in between them. The smaller number of volume 

fraction of SiO2 on the surfaces are observed. The surface layers did not change because of 

same volume fraction of SiO2 were used at all rotational speeds. 
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Fig 4.3: SEM images of SiO2-PMMA film Top view with high magnification(30k),                    

a) PMMA film prepared using 0.5mg APTES-Modified SiO2 NP at 2500rpm                          

b) PMMA film prepared using 1.5mg APTES-Modified SiO2 NP at 2500rpm                   

c) PMMA film prepared using 3mg APTES-Modified SiO2 NP at 2500rpm. 

The above Fig 4.3 gives SEM images of the top view surfaces of the SiO2 -PMMA films 

prepared by using various concentrations (0.5mg,1.5mg and 3mg) of APTES- Modified SiO2 

nanoparticles. For the concentration 0.5mg, the surface roughness has been observed to be 

steadily changing. The nanoparticles have spread across the sample surface with much gaps 

in between them, resulting in good surface roughness. We can observe large number of 

particles on the surface, with gaps between them are also lessening as the concentration is 

increased i.e. 1.5mg and 3mg, resulting roughness increases to an extreme level due to 

nanoparticle’s alignment. So, we must maintain the roughness of the film at a desired level 

to achieve good Anti-reflective coatings. 

 

 

 

 

 
 

 

 

a) b) 

c) 
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4.2 Water contact angle of films 

 

Fig 4.4: Contact angle of a 10μl water droplet on a film of a) plain glass and b) PMMA. 

 

Fig 4.5: Contact angle of a 10μl water droplet on the films with 0.5 mg APTES-

Modified SiO2 nanoparticles deposited at speeds of a)2500rpm, b)3000rpm, 

c)3500rpm and d) 4000rpm. 
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Fig 4.6: Contact angle of a 10μl water droplet on the films with APTES-Modified 

SiO2 nanoparticles deposited at speeds of 2500rpm of concentration a)1.5mg & b)3mg 

                  Table 4.1: Overview of contact angle for plain and PMMA film 

Film 
Speed 

(rpm) CA_Left CA_Right  CA_Avg 

Plain 

glass 

- 
      38.5 37.1 37.8 

PMMA 2500 
65.6 65.5 65.5 

 

    Table 4.2: Overview of contact angles for silica nanoparticle-PMMA film 

SiO2 

(mg) 

Speed 

(rpm) CA_Left CA_Right CA_Avg 

0.5 2500 64.9        63.6 64.3 

0.5 3000 64.5 65.0 64.7 

0.5 3500 60.3 64.9 62.6 

0.5 4000 61.8 61.2 61.1 

1.5 2500 63.2 59.4 61.3 

3 2500 66.3 66.3 66.3 

 

From the above figures 4.4 to 4.6, we get to observe the surface wettability of the samples. 

The parameter observed in these graphs is the water contact angle to the surface of the 

sample. The water contact angle mainly depends upon the surface roughness. As the 

concentration increases, the number of nanoparticles increases, resulting in a high surface 

roughness. Due to which the water droplet doesn’t spread much on the surface. So as a result, 

the water contact angle has been increasing in each sample compared to plain glass. In fig 

4.3b roughness increases to an extreme level due to nanoparticle’s alignment, large number 

of particles on the surface of film and highest contact angle has been achieved for the 

concentration 3mg at the speed of 2500rpm (fig 4.6b). 

 

 

 

a) b) 
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4.3       Transmission Results 

 

4.3.1 Transmission results of PMMA-Toluene 

 

Fig 4.7: Transmittance of Uncoated and Glass substrate coated with PMMA by 

varying solution quantity. 

 

 

For the samples in fig 4.7, RPM (2500,3000,3500 & 4000), Sample quantity (75 µL and 

90µL), spin time 30s, drying temperature (90oC) and drying time (20min.) is kept constant. 

It can be seen that with increase in RPM the transmission of the film decreased and with 

increase in sample quantity the transmission of the film increased. We can see that the good 

transmission with glass substrate spun at (2500,3000,3500 &4000rpm) and best sample 

quantity is 90 µL. 
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Fig 4.8: Transmittance of Uncoated and Glass substrate coated with samples 0.5 mg, 

1.5 mg and 3 mg APTES-Modified SiO2 nanoparticles at speeds a) 2500rpm 

b)3000rpm c)3000rpm d)4000rpm. 

 

For the samples in figure 4.8, RPM (2500,3000,3500 &4000), Sample 90 µL, spin time 30s, 

drying temperature (80oC) and drying time (20min) is kept constant. 

For different rotational speeds of 2500,3000,3500 and 4000rpm depending on the 

concentration, the particles are distributed on the surface with large gap between them (fig 

4.2). The transmission of the porous film depends on the rotational speed, when visible light 

passes through good surface roughness film the scattering of light will be less and gives good 

light transmission, which is obtained at 2500rpm.when the rpm is increased the liquid flows 

towards the edges of substrate due to centrifugal force generated by the rotating substrate 

which is spun at speeds of several thousand revolutions per minute and high roughness is 

created on the surfaces with speeds like 3000,3500 & 4000rpm and resulting in decrease of 

transmission. 

From above fig 4.8, We can clearly observe graph that the anti-reflective coating produced 

has achieved the desired values. The transmission has been steadily decreasing by an 

increase in the concentration of nanoparticles. The maximum value of transmission was 

obtained for the sample with a concentration of 0.5mg at wavelength 500-700nm at 2500rpm 
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as the surface of film (fig4.3a) covered with nanoparticles with much gap between them, less 

scattering and increase in roughness of film gave high transmittance, when compared with 

PMMA film transmittance fig4.7 at 2500rpm for 90µL.The samples (at both the 

concentrations of 0.5mg and 1.5mg) have achieved a transmission at wavelength 500-700nm 

greater than that of the plain glass. But, the transmission values for 3mg is less when 

compared to that of 0.5mg and 1.5mg are shown in the graphs (4.8a and 4.8b). The increase 

in concentration of particles i.e.1.5mg and 3mg (fig 4.8b&4.8c) has less gap in between the 

particles on the film lead to more scattering and decrease in transmission of the film 

(4.4b).The reason being that, as the concentration increases, the roughness of the surface 

increases to an extreme value, resulting in less transmission value. In order to obtain high 

transmission values, we must maintain the surface roughness at a moderate level. SiO2-

PMMA thin films deposited with concentration of 0.5mg gave best transmission values up 

to ~92% at wavelength of 500-700nm at rotational speed of 2500rpm(fig4.8a) and gave 1% 

increase in transmission compare with PMMA film (fig 4.7(2500_90)),2% increase in 

transmission compare with plain glass. 
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4.4 Reflection results 

 

 
 

Figure 4.9: Reflectance of Uncoated and Glass substrate coated PMMA at speeds    

   a) 2500rpm b)3000rpm c)3000rpm d)4000rpm 

 

For the samples in figure 4.9, RPM (2500,3000,3500 &4000), Sample 90 µL, spin time 30s, 

drying temperature (80oC) and drying time (20min) is kept constant. 

We can observe that compared to plain glass, the samples coated with PMMA(fig 

4.9(a)(b)(c)&(d))samples the reflectance have been decreased.The reflectance of porous 

films depends on the rotating speed,as the speed increased the high surface roughness is 

created,at 2500rpm&3000rpm(fig 4.9a&4.9b) the reflectance is decreased much when 

compared with other speeds 3500&4000rpm(fig 4.9c&4.9d) 
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Figure 4.10: Reflectance of Uncoated and Glass substrate coated with samples 0.5 mg, 

1.5 mg and 3 mg APTES-Modified SiO2 nanoparticles at speeds a) 2500rpm 

b)3000rpm c)3000rpm d)4000rpm. 

 

It can been seen in above graphs 4.15 there is not much difference in the reflectance of 

samples, but for 1.5mg at 2500rpm the maximum reflectance is observed at wavelength of 

550-650nm,We can see that the reflectance is little bit less than other two concentrations 

0.5mg and 3mg because the roughness created on the film.we can observe similar 

reflectances  for all concentrations(0.5,1.5 &3mg)) at different speeds of 2500,3000,3500 

and 4000rpm.We can also observe that compared to plain glass and pmma(fig 

4.9(a)(b)(c)&(d))samples the reflectance have been decreased in the samples with different 

concenetrations of silica nanoparticles.The visible light passing through porous film with 

concentration of 1.5mg(fig 4.3b) with the particles distributed on the surface with less gap 

in between them and change in  roughness  gives less reflectance shown in fig4.10a. SiO2-

PMMA thin films deposited with concentration of 1.5mg reduced reflectance up to ~1.2% 

at 2500rpm at the wavelength of 550-650nm. 
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CHAPTER 5 

CONCLUSION AND FUTURE RECOMMENDATIONS 

Silica nanoparticles were dispersed in PMMA matrix and successfully deposited on a glass 

substrate by using spin coating technique to form a SiO2-PMMA thin film on glass. The thin 

film morphology and optical transmission were investigated using SEM and UV-Vis 

spectroscopy. From the experiments it was found that optical transmission has increased for 

APTES modified SiO2 -PMMA thin film than uncoated glass and glass coated with PMMA. 

The Effect of APTES Modified SiO2 nanoparticles on the wetting behavior of PMMA was 

investigated by measuring contact angle on the deposited thin film and found that the water 

contact angle is increased for the PMMA and APTES modified SiO2-PMMA thin films than 

uncoated glass. It was learnt that increase in concentration of particles leads to increase in 

roughness of the film and that resulting in decrease in transmission. SiO2-PMMA thin films 

deposited with concentration of 0.5mg gave best transmission values up to ~92% at 

wavelength of 500-700nm at rotational speed of 2500rpm.SiO2-PMMA thin films deposited 

with concentration of 1.5mg reduced reflectance up to ~1.2% at 2500rpm at the wavelength 

of 550-650nm because of change surface roughness. By taking porous silica particles of 

diameter <50nm, the porous layer scattering is decreased in wavelength of 550nm. 

 

As the future recommendation, the effect of various parameters like varying time of spin 

coating and varying drying temperature of sample should be studied. 
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APPENDIX 

 

    SEM images of SiO2-PMMA film Top view with low(5k) magnification,                            

a) PMMA film prepared using 0.5mg APTES-Modified SiO2 NP at 2500rpm,    b) 

PMMA film prepared using 0.5mg APTES-Modified SiO2 NP at 3000rpm c) PMMA 

film prepared using 0.5mg APTES-Modified SiO2 NP at 3500rpm,d) PMMA film 

prepared using 0.5mg APTES-Modified SiO2 NP at 4000rpm,e) PMMA film prepared 

using 1.5mg APTES-Modified SiO2 NP at 2500rpm, ,d) PMMA film prepared using 

3mg APTES-Modified SiO2 NP at 2500rpm. 

 

a) b) 

c) d) 

e) f) 


