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ABSTRACT 

 

 

DESIGN OF REFLECTIVE & ANTIREFLECTIVE COATINGS 

FOR SPACE APPLICATIONS 

 

 

 

Eroğlu, Hüseyin Cüneyt 

M. Sc., Department of Physics 

Supervisor: Assoc. Prof. Dr. Akif Esendemir 

 

 

September 2009, 88 pages 

 

 

 

In order to improve the efficiency of various optical surfaces, optical coatings 

are used. Optical coating is a process of depositing a thin layer of a material on an 

optical component such as mirror or lens to change reflectance or transmittance. 

There are two main types of coatings namely; reflective and antireflective (AR) 

Coatings. Reflective and antireflective coatings have long been developed for a 

variety of applications in all aspects of use; for optical and electro-optical systems in 

telecommunications, medicine, military products and space applications. In this 

thesis, the main properties of reflective and antireflective coatings, the thin film 

deposition techniques, suitable coating materials for space applications, space 

environment effects on coating materials and coating design examples which are 

developed using MATLAB for space applications will be discussed.   
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AR (Antireflective) Coatings, Reflective Coatings. 
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ÖZ 

 

 

UZAY UYGULAMALARI ĐÇĐN YANSITIR VE YANSITMAZ 
KAPLAMALARIN TASARIMI 

 

 

 

Eroğlu, Hüseyin Cüneyt 

Y. Lisans, Department of Physics 

Tez Yöneticisi: Doç. Dr. Akif Esendemir 

 

 

Eylül 2009, 88 sayfa 

 

 

 

Çeşitli optik yüzeylerin verimliliğini arttırmak için optik kaplamalar kullanılır. Optik 

kaplama ayna ve mercek gibi optik elemanların üzerine ince bir katman malzeme 

biriktirilerek, yansıma ve geçirgenlik özelliklerinin değiştirilmesi ile 

gerçekleştirilmektedir. Yansıtır ve yansıtmaz kaplama olmak üzere, başlıca iki çeşit 

kaplama vardır. Yansıtır ve yansıtmaz kaplamalar iletişimde kullanılan optik ve 

elektro optik sistemler, tıp, savunma sanayi ve uzay uygulamaları gibi birçok alanda 

kullanılmakta ve teknolojik olarak geliştirilmeye devam ettirilmektedir. Bu 

çalışmada, yansıtır ve yansıtmaz kaplamaların genel özellikleri, ince film kaplama 

teknikleri, uzay uygulamaları için uygun kaplama malzemeleri ve MATLAB te 

yazılmış program kullanılarak yapılmış olan kaplama tasarım örnekleri yer 

almaktadır.   
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Anahtar kelimeler: Optik Đnce Film, Yansıma, Geçirgenlik, Uzay Koşulları, Fiziksel 

Buharlaştırma, Đyon Destekli Buharlaştırma, Çok Katmanlı Kaplamalar, Yansıtmaz 

Kaplamalar, Yansıtır Kaplamalar. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

      In everyday life, we can see a lot of applications of thin film phenomena. For 

instance, in nature, insects have color pigments and with the help of these color 

pigments, the body of the insects behave like optical filters. By using the interference 

phenomenon, different colors can be seen on the animal body. Furthermore, the other 

thin film example is the air bubble soup. Air bubble soup reflect and refract the 

incoming light and behaves like thin film. Although thin films are produced by 

vacuum deposition technique and they require sophisticated equipments like vacuum 

chamber, pure deposition materials, thickness monitoring devices, evaporation 

systems (e-beam, sputtering etc.), there is no need to use these materials to produce 

filters which are observed in nature and air bubble soup. Today, the scientists are 

working on these natural filters and trying to reach the efficiency of these filters. 

The main idea of the filter (or thin film) is the interference phenomenon. 

Interference occurs when two optical waves constructively or destructively combine 

after reflecting from two parallel surfaces. If the optical path of the two waves are 

multiples of exactly one full wavelength of one another, the two waves will 

constructively interfere and there will be strong reflection at that wavelength. 

However, if the reflected waves are out of phase, which means that the phase of the 

reflected wave differs by one-half wavelength or an odd multiple of one-half 

wavelength. Then, the reflection will be minimum and the maximum transmission 

will be achieved. 
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When we look at the history of thin film optics, the main contributors of the 

first modern thin film optics were Robert Boyle and Robert Hooke. They explained 

the phenomenon today known as ‘Newton Rings’, independently. Today, the 

explanation of this phenomenon is very simple: due to the varying thickness of single 

thin film, interference occurs [1]. However,  because the theory of nature of light was 

not sufficiently far advanced, Newton was made similar observations to explain this 

phenomenon. But until the ninetieth century, when Thomas Young discover the 

principle of the interference of light, there was no satisfactory explanation. Thomas 

Young produced the first satisfactory explanation of this  effect [3]. 

In  1816, Fresnel discovered that, two beams of light, which are polarized at 

right angles, could never interfere, and thus establishing the basement of 

understanding the  nature of light waves. Then, Fresnel combined Young’s 

interference principle and Huygens’ ideas of light propagation into an elegant theory 

of diffraction. It was Fresnel who put the wave theory of light on such a firm 

foundation that it has never been shaken. For thin-film worker, Fresnel’s laws, 

governing the amplitude and phase of light reflected and transmitted at a single 

boundary are of major importance [1]. Meanwhile, in 1817,  Joseph Fraunhofer had 

made what were probably the first ever antireflection coatings.   

In 1873, the great contribution was made by James Clerk Maxwell to the 

theory of light and by using his system of equations called as ‘Maxwell Equations’, 

the basic theory of thin-film optics was formed.  

In the latter part of the nineteenth and first half of the twentieth centuries, the 

reflecting properties of metal films were used in varied components of precision 

optical equipments. A significant example was the Fabry-Perot interferometer 

developed in 1899, which required mirrors of very high reflectance. This instrument 

enabled impressive accuracy to be attained in spectroscopy, thereby greatly 

advancing research in this field. The utility of dielectric films in optical applications 

was interestingly recognized as a result of observations by early spectroscopists and 

microscopists, notably Lord Rayleigh and Fraunhofer. They noticed that atmospheric 

corrosion of the lens surfaces of their instruments actually resulted in an enhanced 

overall transmission rather than a deterioration of performance [5]. An interference 

effect of a surface layer was quickly discovered as the cause and it was not long 

before this damaging effect was capitalized upon in the form of antireflective (AR) 

coatings. These were first produced commercially by chemical etching, a process 
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which persisted until the 1950s [6]. In the mid-l930s, however, AR coatings were 

first produced by vacuum evaporation techniques and eventually proved to be more 

versatile and reliable than those made by etching [1]. 

With the help of new technological developments, it is easy to evaporate 

multiple layers while maintaining control over both refractive index (choice of 

material) and individual layer thickness [16]. Such techniques provide a great deal of 

flexibility in designing interference coatings with almost any specified frequency-

dependent reflectance or transmittance characteristics [16]. 

Optical coating is a process of depositing thin layer of material on an optical 

component such as mirror or lens to change transmission or reflection of incoming 

light throughout the optics. There are two main types of coatings, namely; reflective 

and antireflective coatings. These coatings have long been developed for a variety of 

applications in all aspects of use; for optical and electro-optical systems in 

telecommunications, medicine, military products and space applications [2].  

In space optics, the importance of optical thin films are more emphasized. 

The coating materials must endure the space environment and in order to achieve the 

best performance and reliability of the thin film, the efficiency of reflection or 

transmission should not be affected by the space environment.     

 In the present work, the result of the research on suitable coating materials for 

space applications are given. Furthermore, the deposition techniques used in the 

production of thin films and space environment effects on coatings are studied. 

Finally, the reflective and antireflective coating design examples, which are studied 

by using MATLAB, for the space applications are given. 

 In line with above outline, a brief introduction to the Maxwell equations, 

reflection and transmission, the matrix theory of optical thin films and the properties 

of antireflective and reflective coatings will be given in chapter 2. Following these, 

the properties of thin film deposition methods will be given and the advantages and 

disadvantages of various deposition methods will be discussed in chapter 3. In 

chapter 4, mainly, the space environment effects on coatings will be discussed. In 

chapter 5, the features of coating materials suitable for space applications will be 

studied. In addition to these, in chapter 6, an algorithm to calculate reflectivity of 

coating materials suitable for space applications will be developed by using 

MATLAB program. Besides, the flow diagram of the written code will also be given 

for clarity. Furthermore, design examples of the antireflective and reflective coatings 
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in the visible range for space applications studied by using MATLAB by entering the 

refractive index, thickness of the film, number of layer, polarization state with 

advantages and disadvantages will also be discussed in this chapter.  Finally, the 

summary of this study with discussions and conclusion is given in chapter 7. 
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CHAPTER 2 

 

 

THEORY OF OPTICAL COATINGS 

 

 

 

2.1 Introduction 

 

In this chapter, the basic theoretical knowledge of optical coatings will be given. The 

properties of single layer and multilayer reflective and antireflective coatings will be 

discussed.  

 

2.2. Theory of Optical Thin Film 

  

The electric and magnetic fields phenomenon can be summarized by Maxwell 

equations: 

                                  

.

. 0

B
E

t
D

xH J
t

D

B

ρ

∂
∇× = −

∂

∂
∇ = +

∂

∇ =

∇ =

                                                                (2.1) 

 

The first equation is Faraday’s law of induction, the second one is Ampere’s law, 

the third one and the fourth one are Gauss’s law for the electric and magnetic fields. 

Let’s assume that electromagnetic waves are uniform plane wave propagating 

along the z direction in lossless medium ( ,ε µ ). We can write the Maxwell equations 
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in terms of partial derivatives. Assuming D Eε=  and B Hµ= , the source free 

Maxwell’s equations become 

                    

. 0

. 0

H
E

t
E

H
t

E

H

µ

ε

∂
∇× = −

∂

∂
∇× =

∂

∇ =

∇ =

         ⇒                

ˆ

ˆ

0

0

z

z

E H
z

z t
H E

z
z t

E

z
H

z

µ

ε

∂ ∂
× = −

∂ ∂

∂ ∂
× =

∂ ∂

∂
=

∂

∂
=

∂

                            (2.2)   

 

From above, we can say that E  and B do not have components along the z-direction. 

0z zE H= = . By using the identity ˆ ˆ( ) 0z zxA = , we can take the dot product of 

Ampere’s law 

                               ˆ ˆ ˆ.( ) 0 0zEH E
z z z

z t t
ε

∂∂ ∂
× = = ⇒ =

∂ ∂ ∂
 

Since 0zE

t

∂
=

∂
, zE  must be constant, that is there is no z dependence. Similarly, we 

have 0zH = . Therefore, the only  x and y components of fields left. 

                         
ˆ ˆ( , ) ( , ) ( , )

ˆ ˆ( , ) ( , ) ( , )

x y

x y

E z t xE z t yE z t

H z t xH z t yH z t

= +

= +
   (transverse fields)                       (2.3) 

We can rewrite this equations using 

                        
1

c
ε

η
= , 

c

η
η =   where 

1
c

εµ
= , 

µ
η

ε
=                                      (2.4) 

Thus, c and η  are the speed of light and characteristic impedance of the medium. 

Then, the first two equations (2.2) becomes 

                             

1
ˆ

1
ˆ

E H
z

z c t
H E

z
z c t

η

η

∂ ∂
× = −

∂ ∂

∂ ∂
× =

∂ ∂

                                                                      (2.5) 

These equations can be solved for z E∂  by using the following relation: 

                   ˆ ˆ ˆ ˆ ˆ ˆ( ) ( . ) ( . )
E E E E

z z z z z z
z z z z

∂ ∂ ∂ ∂
× × = − =

∂ ∂ ∂ ∂
  

Where we use ˆ. 0z z zz E E∂ = ∂ =  and . So, we obtain  
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1
ˆ( )

1
ˆ( )

E
H z

z c t
E

H z
z c t

η

η

∂ ∂
= − ×

∂ ∂

∂ ∂
× = −

∂ ∂

                                                                           (2.6) 

Indeed, differentiating the first equation with respect to z and using second, we have 

                         
2 2

2 2 2

1 1
ˆ( )

E E
H z

t c t z c t
η

∂ ∂ ∂ ∂
= − × =

∂ ∂ ∂ ∂
     or 

                        
2 2

2 2 2

1
( ) ( , ) 0E z t

z c t

∂ ∂
− =

∂ ∂
 (wave equation)                                      (2.7) 

The same equation can be written for H field. We can write these electric and 

magnetic fields in terms of coupled equations as forward and backward waves. 

                        

1
ˆ( )

2

1
ˆ( )

2

E E H z

E E H z

η

η

+

−

= + ×

= − ×

  (forward and backward fields)                      (2.8) 

By adding and subtracting these two equations using the 

( ) ( . ) ( . )A B C B AC C A B× × = −  rule and orthogonality relation ˆ. 0z E± = , we can get 

                       

( , ) ( , ) ( , )

1
ˆ( , ) [ ( , ) ( , )]

E z t E z t E z t

H z t z E z t E z t
η

+ −

+ −

= +

= × −
                                                    (2.9) 

In terms of the forward and backward fields E± , equations can be separated in to two 

solutions. 

                      

1

1

E E

z c t
E E

z c t

+ +

− −

∂ ∂
= −

∂ ∂

∂ ∂
=

∂ ∂

                                                                                 (2.10)   

We can write the electric field and magnetic fields in terms of each other 

                    
1

ˆ( , ) ( , )H z t z E z t
η

= ×        ⇒        ˆ( , ) ( , )E z t H z t zη= ×                    (2.11) 

The uniform plane waves propagating in an isotropic medium can be written in terms 

of time domain as follows: 

                  
( , , , ) ( )

( , , , ) ( )

jwt

jwt

E x y z t E z e

H x y z t H z e

=

=
                                                                        (2.12) 

Then the equations (2.10) becomes 
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( )

( )
E z

jkE z
t

±
±

∂
=

∂
∓    where k

c

ω
ω εµ= =                                          (2.13) 

And the solutions of equations (2.13) are 

                        
0

0

( )

( )

jkz

jkz

E z E e

E z E e

+

−

−

+

−

=

=
 (forward and backward waves)                          (2.14) 

The corresponding magnetic fields can be written as  

                     

0 0

0 0

1 1
ˆ ˆ( ) ( ) ( )

1 1
ˆ ˆ( ) ( ) ( )

jkz jkz

jkz jkz

H z z E z z E e H e

H z z E z z E e H e

η η

η η

+ +

− −

− −
+ +

− −

= × = × =

= − × = − × =

                           (2.15) 

where we define the amplitudes as constant for the magnetic fields: 

                    
0 0

1
ˆH z E

η
± ±= ± ×                                                                                (2.16) 

If we insert the equation (2.14) into the (2.9), the general solution for the forward and 

backward components of electromagnetic waves is expressed as superposition of the 

components 

                  
0 0

0 0

( )

1
ˆ( ) [ ]

jkz jkz

jkz jkz

E z E e E e

H z z E e E e
η

−

+ −

−
+ −

= +

= × −
  (forward & backward waves)         (2.17) 

By setting 0
ˆ ˆE xA yB± ± ±= +  and using 0

ˆ ˆ ˆ ˆˆ ˆ ( )z Ê z xA yB yA xB± ± ± ± ±× = × + = − , we may 

rewrite the equation (2.17) in terms of cartesian coordinates: 

                  

( )

1
( ) [ ]

( )

1
( ) [ ]

jkz jkz
x

jkz jkz
y

jkz jkz
y

jkz jkz
x

E z A e A e

H z A e A e

E z B e B e

H z B e B e

η

η

−

+ −

−

+ −

−
+ −

−
+ −

= +

= −

= +

= −

                                                                 (2.18) 

 In a isotropic medium the speed of light c , the wavelength λ  and characteristic 

impedance η  can be written in terms of refractive index n ; 

                 0c
c

n
= , 0

n

η
η = , 0

n

λ
λ = , 0k k n=  

For forward and backward fields, the ratio of ( )E z  to ˆ( )H z z×  is called wave 

impedance. We can define the wave impedances in terms of x and y components: 
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[ ( )] ( )
( )

ˆ[ ( ) ] ( )

[ ( )] ( )
( )

ˆ[ ( ) ] ( )

x x
x

x y

y y
y

y x

E z E z
Z z

H z z H z

E z E z
Z z

H z z H z

= =
×

= =
×

  (wave impedances)                           (2.19)        

We may rewrite the equation (2.19) in terms of cartesian expressions: 

                      

( )
( )

( )

( )
( )

( )

jkz jkz
x

x jkz jkz
y

jkz jkz
y

y jkz jkz
x

E z A e A e
Z z

H z A e A e

E z B e B e
Z z

H z B e B e

η

η

−
+ −

−
+ −

−
+ −

−
+ −

+
= =

−

+
= − =

−

                                               (2.20)       

For forward waves ( 0A B− −= = ) we have ( ) ( )x yZ z Z z η= = , for backward waves 

( 0A B+ += = ) we have ( ) ( )x yZ z Z z η= = − . The wave impedance is very useful 

concept in the calculation of multilayer thin films. 

Using the boundary conditions for the fields, we will relate the forward and 

backward fields on one side of the interface to those on the other side by expressing 

the relation in terms of 2x2 matching matrix. 

If there are several interfaces, we will express the relation between forward and 

backward fields in terms of 2x2 propagation matrix. The combination of matching 

and propagation matrix relating the fields across different interfaces will be referred 

as a transfer or transition matrix. 

First, we will start with the propagation matrix. Let’s consider an electric field which 

is linearly polarized in the x-direction and propagating along the z-direction in a 

homogeneous and isotropic medium. Setting ˆ( ) ( )xE z xE z= and ˆ( ) ( )yH z yH z= . 

By using the equation (2.9) adding and subtracting the two equations in the equation 

(2.9), we may find: 

                                  

1
( ) [ ( ) ( )]

2

1
( ) [ ( ) ( )]

2

E z E z H z

E z E z H z

η

η

+

−

= +

= −

                                                    (2.21) 

We can write the equations (2.9) and (2.20) in terms of matrix forms 

                               
1 1

1 1 EE

H Eη η
+

− −

−

    
=     

−    
, 

11

12

E E

E H

η

η
+

−

    
=    

−   
              (2.22) 

The wave impedance 
( )

( )

E z
Z

H z
=                                                                            (2.23) 

and the reflection coefficient at position z 
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( )

( )
( )

E z
z

E z
−

+

ℜ =                                                                        (2.24) 

Using the equation (2.21), we have 

                                  

1
( )

2
1

( )
2

E
E HE ZH

EE ZE H
H

η η η

ηη η

−

+

− −
−

ℜ = = = =
++ +

 

Similarly using the equation (2.9) 

                                  

1
1

1 1
( ) 1

E

E E EE
Z

EH E E
E

η η

η

−

+ − +

−
+ −

+

+
+ + ℜ

= = = =
− ℜ− −

 

Therefore, we have the following relationship: 

                                
1 ( )

( )
1 ( )

z
Z z

z
η

+ ℜ
=

− ℜ
   ⇔    

( )
( )

( )

Z z
z

Z z

η

η

−
ℜ =

+
                            (2.25) 

We can insert the 0( ) jkzE z E e−
+ +=  and 0( ) jkzE z E e− −=  into the ℜ  equation: 

                                 20

0

( )
( ) (0)

( )

jkz
jkz

jkz

E eE z
z e

E z E e
−−

−
+ +

ℜ = = = ℜ  

where 0

0

(0)
E

E
−

+

ℜ =  is the reflection coefficient at z=0. 

So,                             2( ) (0) jkzz eℜ = ℜ                                                                  (2.26)                

If we plug the equation (2.22) into the (2.23), we have; 

                                   2 2( ) (0)
( ) (0)

( ) (0)

jkz jkzZ z Z
z e e

Z z Z

η η

η η

− −
= ℜ = ℜ =

+ +
 

 

The above equation can be solved in terms of (0)Z for ( )Z z  by using 

cos( ) sin( )jkze kz j kz= +  relation. 

                                    
(0) tan( )

( )
(0) tan( )

Z j kz
Z z

jZ kz

η
η

η

−
=

−
                                                (2.27) 

Let’s say the two locations are given as 1z  and 2z  separated by 1 2l z z= −  (Figure 

2.1).  By using the equation (2.14), we can write the forward fields at boundaries: 

2

2 0

jkzE E e−
+ += , 1 2( )

1 0 0 2

jkz jk z l jklE E e E e E e− − −
+ + + += = =  and similarly for backward 

waves 1 2

jklE E e−
− −= . Therefore; 
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1 2

1 2

jkl

jkl

E E e

E E e

+ +

−

− −

=

=
                                                                   (2.28) 

 

 

 

 

Figure 2.1. Field quantities propagated between two positions in space [30]. 

 

We can write in terms of matrix form: 

                                         
1 2

1 2

0

0

jkl

jkl

E Ee

E Ee
+ +

−
− −

    
=     

    
                                          (2.29) 

The equation (2.29) gives us the propagation matrix, Furthermore; the reflection 

coefficient can be written for the forward and backward fields as follows: 

                                        21 2
1 2

1 2

jkl
jkl

jkl

E E e
e

E E e

−
−− −

+ +

ℜ = = = ℜ                                        (2.30)  

Using the matrix relationships (2.22) and (2.29), we may write the propagation 

matrix in terms of electric and magnetic fields at two boundaries: 

                
1 1 2

1 1 1 1

1 1 2

1 1 1 1 0

0

jkl

jkl

E E Ee

H E Eeη η η η
+ +

− − − − −
− −

         
= = =         

− −         
 

                          
2

1 1

2

1 1 101

12 0

jkl

jkl

Ee

He

η

η η η− − −

      
=       

− −     
 

So, the total propagation matrix can be written as after some algebra: 

                                  
1 2

1

1 2

cos( ) sin( )

sin( ) cos( )

E Ekl j kl

H j kl kl H

η

η −

    
=    
    

                             (2.31) 
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where 0

n

η
η = , n  is the refractive index of the medium. If we define the phase 

difference 
0

0

2 nl
kl k nl

π
δ

λ
= = =  where nl is the optical length. We can rewrite the 

matrix (2.31) in terms of phase thickness: 

                                 

1
1 20

1

1 20

cos sin

sin cos

E Ej

H Hj

δ η η δ

ηη δ δ

−

−

    
=     

    
                           (2.32) 

The above relation (2.32) is very useful in calculation about the multilayer thin films 

and very common in thin film literature. 

 The wave impedance can be written as follows: 

2

1 2 2 2
1 1

21 2 2

2

cos( ) sin( )
cos( ) sin( )

sin( ) cos( )
cos( ) sin( )

E
kl j kl

E E kl j H kl H
Z

EH j E kl j H kl kl j kl
H

η
η

η
η η η

−

+
+

= = =
+ +

 

and this gives us    2
1

2

cos( ) sin( )

cos( ) sin( )

Z kl j kl
Z

kl Z kl

η
η

η η

+
=

+
                                                 (2.33) 

The 
1Z  can be expressed in terms of reflection coefficient

2ℜ , using the equations 

(2.25) and (2.30) 

                            
2

1 2
1 2

1 2

1 ( ) 1

1 ( ) 1

jkl

jkl

z e
Z

z e
η η

−

−

+ ℜ + ℜ
= =

− ℜ − ℜ
                                                (2.34)                   

Let’s look at the matching conditions for two different media (Figure 2.2): 

 

 

 

 

                                           Figure 2.2. Field across at two different media [30]. 
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If we look at the boundary conditions, we can say that the total electric and magnetic 

fields of the two sides interface must be continuous across the interface, since the 

incident fields are tangential to the interface plane. 

                              
'

'

E E

H H

=

=
   (across the interface)                                               (2.35) 

In terms of the forward and backward electric fields, we can write equation (2.35) as 

follows: 

                             

' '

' '

'

1 1
( ) ( )

E E E E

E E E E
η η

+ − + −

+ − + −

+ = +

− = −
                                                       (2.36) 

For the E±  on the left and 'E±  on the right fields, the matching matrix can be written 

in terms of elementary reflection ( r ) and transmission ( t ) coefficients. 

                             

'

'

11

1

E Er

E rt E

+ +

− −

    
=          

                                                            (2.37) 

and inversely: 

                            

' '

' ''

11

1

E Er

Et rE

+ +

−−

    
=         

                                                           (2.38) 

where r  and t  are defined in terms of η , 'η  as follows: 

                            
'

'
r

η η

η η

−
=

+
, 

'

'

2
t

η

η η
=

+
                                                                (2.39) 

                           
'

'

'
r

η η

η η

−
=

+
, '

'

2
t

η

η η
=

+
                                                               (2.40) 

where 0

n

η
η = , ' 0

'n

η
η = , we have in terms of refractive indices: 

                          

'

' '

' '
' '

' '

2
,

2
,

n n n
r t

n n n n

n n n
r t

n n n n

−
= =

+ +

−
= =

+ +

                                                                   (2.41) 

These are also called as Fresnel coefficients and the relations between them can be 

given as 

                          1t r= + , 'r r= − , ' '1 1t r r= + = − , ' 21tt r= −                             (2.42) 

Using the equation (2.37), we can write the reflection coefficient in terms of 

elementary reflection and transmission coefficients: 
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'

' '
' '

' '
' '

'

1
( )

1 1
( ) 1

E
rrE EE E rt

EE rE rE r
t E

−

+ −
− +

−+
+ −

+

++
+ ℜ

ℜ = = = =
+ ℜ+ +

 

Therefore, we can summarize the matching conditions for wave impedance and 

reflection coefficient: 

                       
'

'

'

E E
Z Z

H H
= = =  ⇔   

'

'
1

r

r

+ ℜ
ℜ =

+ ℜ
  ⇔    

'
'

'
1

r

r

+ ℜ
ℜ =

+ ℜ
                 (2.43) 

 

 

2.2.1. Single Layer Antireflective (AR) Coating: 

 

The multiple interface problems can be solved with the help of the matching and 

propagation matrices. In figure 2.3, the two interface problem with dielectric slab 
1η  

separating semi-infinite medium aη and bη  is shown. 

 

 

 

Figure 2.3 Single dielectric slab [30]. 
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Let 1l  is the width of the slab, 
1

1

k
c

ω
=  the propagation wavenumber, and 

1

1

2

k

π
λ =  the 

corresponding wavelength. We have 0
1

1n

λ
λ =  where 0λ  is the free space wavelength 

and 1n  is the refractive index of the medium. 

Let 
1 2,r r  elementary coefficients from left to the right and let 

1 2,t t  be the 

corresponding transmission coefficients: 

                         1 1
1 2

1 1

,a b

a b

r r
η η η η

η η η η

− −
= =

+ +
                                                                (2.44) 

To find the reflection coefficient 1ℜ  into medium aη , we can apply the equation 

(2.43) to relate the 1ℜ  to '

1ℜ  (the right side of the interface). Then, we propagate to 

the left of the second interface with equation (2.26) to get: 

                        
1 1

1 1

2'

1 1 1 2
1 2'

1 1 1 21 1

jk l

jk l

r r e

r r e

−

−

+ ℜ + ℜ
ℜ = =

+ ℜ + ℜ
                                                        (2.45) 

At the second interface we can relate 
2ℜ  to '

2ℜ  with equation (2.43) again. '

2 0ℜ =  

since there is no backward wave in medium bη . 

 

Thus,                    

                           
'

2 2
2 2'

2 21

r
r

r

+ ℜ
ℜ = =

+ ℜ
. 

We finally determine 1ℜ : 

                          
1 1

1 1

2

1 2
1 2

1 21

jk l

jk l

r r e

r r e

−

−

+
ℜ =

+
                                                                        (2.46) 

We can also find the transmission response into medium bη , that is
'

2

1

E

E
+

+

ℑ = . By 

writing the matrix formulation, we can get: 

                     
1 1

1 1

'

1 1 21 1

'
1 11 21 11

1 1 01 1

1 1 0

jk l

jk l

E E Er r e

r rE Et t eE

+ + +

−
− −−

         
= =                  

 

                                
1 1

1 1

'
1 2 2

1 21 2

1 101 1

1 10 0

jk l

jk l

r r Ee

r rt te
+

−

     
=      

      
 

where we set '

2 0E + = . By multiplying matrix factors, we can obtain: 
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1 1

1 1

1 1

1 1

2 '

1 1 2 2

1 2

2 '

1 1 2 2

1 2

(1 )

( )

jk l
jk l

jk l
jk l

e
E r r e E

t t

e
E r r e E

t t

−

+ +

−
− +

= +

= +

 

These may be solved for reflection and transmission coefficients: 

                         

1 1

1 1

1 1

1 1

2

1 1 2
1 2

1 1 2

'

2 1 2

2

1 1 2

1

1

jk l

jk l

jk l

jk l

E r r e

E r r e

E t t e

E r r e

−

−
−

+

−

+
−

+

+
ℜ = =

+

ℑ = =
+

                                                               (2.47) 

Therefore, the total electric and magnetic fields at the two interfaces are continuous 

and can be written in terms of matrix forms: 

                         
1 21 1 1 1 1

1

1 1 1 1 11 2

cos( ) sin( )

sin( ) cos( )

E Ek l j k l

j k l k lH H

η

η −

    
=    
    

                                 (2.48) 

If we call 
2

1 1Rℜ =  reflectance of the slab, representing the fraction of the incident 

power that gets reflected back into medium aη , then the quantity 

                        
2 2 2

11 a b

b a

n

n

η

η
− ℜ = ℑ = ℑ                                                              (2.49) 

will be the transmittance of the slab 
2

Tℑ =  which represents the fraction of the 

incident power that gets transmitted through into the right medium bη .  

In the single layer AR coating case, there is no reflection on the surface, so the 

reflection coefficient 1 0ℜ =  and in the equation (2.46),  

                   1 12

1 2 0
jk lr r e−+ =   so, 1 12 2

1

jk l r
e

r
= − . 

The above condition can be satisfied only in the following two cases: 

                  1 12 1jk le =        2 1r r= −     (half-wavelength thickness) 

                  1 12
1

jk le = −     2 1r r=       (quarter-wavelength thickness)  

The first case requires that 
1 12k l  be an integral multiple of 2π , that is 

1 12 2k l mπ=  

where m is an integer. This gives us the half wavelength thickness condition 

( 1
1

2

m
l

λ
= ). Furthermore: 2 1r r= −  requires that 

                     1 1
2 1

1 1

b a

b a

r r
η η η η

η η η η

− −
= = − =

+ +
  ⇔    a bη η=                                         (2.50) 
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That is the media of the left and right are must be the same. 

The second case requires 1 12
1

jk le = −  or 1 12k l  be an odd multiple of π , that is 

1 12 (2 1)k l m π= +  which is called as quarter wavelength thickness condition 

( 1
1

(2 1)

4

m
l

λ+
= ). In addition, the condition 

2 1r r=  requires that: 

                    1 1
2 1

1 1

b a

b a

r r
η η η η

η η η η

− −
= = =

+ +
    ⇔     2

1 a bη η η=                                      (2.51) 

 

                   
1 21 1 1 1 1

1

1 1 1 1 11 2

cos( ) sin( )

sin( ) cos( )

E Ek l j k l

j k l k lH H

η

η −

    
=    
    

 

 

 

2.2.2. Two Layer Antireflective (AR) Coating: 

 

For the single layer thin films, it is hard to achieve effective antireflection coating. 

However, when two or more layer thin films, it is possible to get zero reflectance at 

one wavelength with available coating materials. 

Let’s consider more than two interfaces (Figure 2.4). The equation (2.45) and (2.48) 

can be applied to all surfaces. Figure show us interface between four different 

medium. The overall reflection response can be calculated easily by equation (2.45) 

as follows: 

        

                           
1 1

1 1

2

1 2
1 2

1 21

jk l

jk l

r e

r e

−

−

+ ℜ
ℜ =

+ ℜ
,   

2 2

2 2

2

2 3
2 2

2 31

jk l

jk l

r e

r e

−

−

+ ℜ
ℜ =

+ ℜ
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                                                      Figure 2.4. Two dielectric slab [30]. 

 

If there is no backward wave in the right most medium, then '

3 0ℜ = , which implies 

'

3 3rℜ = . Substituting 2ℜ  into 1ℜ  and denoting 1 12

1

jk lz e= , 2 22

2

jk lz e= , we eventually 

find: 

                 
1 1 1 1

1 2 1 1 2 3 2 3 2
1 1 1 1 1

1 2 1 2 3 2 1 3 21

z

z

r r z r r r z r z z

r r z r r z r r z z

− − − −

− − − −

+ + +
ℜ =

+ + +
                                                       (2.52) 

The two layer slab can be written in terms of matrix form: 

                 
1 21 1 1 1 1

1

1 1 1 1 11 2

cos( ) sin( )

sin( ) cos( )

E Ek l j k l

j k l k lH H

η

η −

    
=    
    

 

                           
31 1 1 1 1 2 2 2 2 2

1 1

1 1 1 1 1 2 2 2 2 2 3

cos( ) sin( ) cos( ) sin( )

sin( ) cos( ) sin( ) cos( )

Ek l j k l k l j k l

j k l k l j k l k l H

η η

η η− −

   
=    
   

 

However, at interface-3 ' '

3 3 3E E E += =  and 1 1 '

3 3 3 3bH Z E Eη− −
+= = , since 

3 bZ η= . Thus 

we can get the 1E , 1H  fields by the matrix multiplication: 

1 1 1 1 1 1 2 2 2 2 2 '

31 1 1
1 1 1 1 1 2 2 2 2 21

1cos( ) sin( ) cos( ) sin( )

sin( ) cos( ) sin( ) cos( )
b

E k l j k l k l j k l
E

j k l k l j k l k lH

η η

η η η
+− − −

     
=      
     

    (2.53) 
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Figure 2.5. Two Layer AR Coating [30]. 

 

In the quarter-quarter wave case as shown in figure 2.5, the requirement 1Z η=  

implies: 

                     
2 2 2

1 1 1
1 2 2

2 2 3 2/
b aZ

Z Z

η η η
η η

η η
= = = =  

which gives the following condition: 

                      
2

1

2

2

a b

n
n n

n
=                                                                                         (2.54) 

The optical thicknesses are 0
1 1 2 2

4
n l n l

λ
= =  [1,3,17,30]. 

In figure 2.6, the examples of single and double layer antireflective coatings are 

given. 
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Figure 2.6. (a) Single (S) and double (D) layer antireflective coating characteristics. (b) Broadband 

antireflective coating characteristics. [12]. 

 

2.2.3. Three Layer Antireflective (AR) Coating: 

 

The advantage of the three or more number of layers of thin film is to increase the 

reflectance in broadband region. When the three layers have quarter wave optical 

thickness, the zero reflectance is obtained with the following relation between the 

refractive indices: 

                                    1 3
0

2

s

n n
n n

n
=                                                               (2.55) 

 

The reflectance of thin film can also be increased by changing the thickness of the 

middle layer half wave optical thickness.  
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Figure 2.7. Three layer Antireflective coatings. (a) Quarter-quarter-quarter wavelength layers. (b) 

Quarter-half-quarter wavelength layers. Reflectance curves are shown in Figure 2.8 [16]. 

 

 

Figure 2.8. Reflectance curve for the three layer thin film versus wavelength. n0 =1 (for air),ns=1.52 

(for substrate). Thicknesses are determined at λ = 550 nm. (a) λ/4-λ/4-λ/4       nl=1.38, n2 = 2.02, n3 = 

1.8. (b) λ/4-λ/2-λ/4: nl = 1.38, n2 = 2.2, n3= 1.7 [16]. 

 

2.2.4. Multilayer Antireflective (AR) Coatings: 

 

When the thin film stack consists of M layers, M+1 interfaces and the left and right 

media aη and bη , the incident and reflected fields are considered at the left of each 
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interface. The overall reflection response 1
1

1

E

E
−

+

ℜ =  can be obtained from the 

propagation matrix, the propagation of the impedance and the propagation of the 

reflection responses. 

The elementary reflection coefficients ir  from left of each interface are defined in 

terms of refractive indices as follows: 

                1

1

i i
i

i i

n n
r

n n
−

−

−
=

+
,             i=1,2,…..,M+1                                                     (2.56) 

 

 

 

Figure 2.9. Multilayer Slab [30]. 

 

where 
0 an n=  and 

1M bn n+ =  

               1
1

1

a

a

n n
r

n n

−
=

+
  and 

1
M b

M
M b

n n
r

n n+

−
=

+
 

The forward and backward fields at the left of the interface i  are related to the those 

at the left of interface 1i + by; 

               
1,

1,

1 i i i i

i i i i

jk l jk l
ii i

jk l jk l
i ii i

EE e re

E Et re e

−
+ ++

−
− − −

   
=      

    
                                                        (2.57) 

where  1i it r= +  and i ik l  is the phase thickness of the thi  slab. 

The reflection responses of thi  layer i
i

i

E

E
−

+

ℜ =  will satisfy the recursions: 

               
2

1

2

11

i i

i i

jk l
i i

i jk l
i i

r e

r e

−

+
−

+

+ ℜ
ℜ =

+ ℜ
,     i=M, M-1,…..,1                                                (2.58) 
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For the total electric and magnetic fields can be written in terms of matrix form as 

follows: 

1

1

1

cos( ) sin( )

sin( ) cos( )

i ii i i i i

i i i i ii i

E Ek l j k l

j k l k lH H

η

η
+

−

+

    
=    
    

 i=M,M-1,….,1                                (2.59) 

And initialized at the (M+1) st interface as follows: 

           
1

11

1

1
M

M
M b

E
E

H η

+ −

+ −+−
+

  
=   

   
 

The wave impedance i
i

i

E
Z

H
=  satisfy the recurrence relation 

1

1

tan

tan

i i i i
i i

i i i i

Z j k l
Z

jZ k l

η
η

η
+

+

+
=

+
   i=M,M-1,…,1                                                  (2.60) 

Using these recursion relations we can calculate the reflectance of the aη  medium 

[1,3,17,30]. 

 

2.2.4.1. Multilayer Coatings at Oblique Incidence: 

We assume that there are no incident fields from the right side of the structure. The 

reflection/refraction angles in each medium are related to each other by Snell’s law 

applied to each of M+1 interfaces: 

 

              sin sin sina a i i b bn n nθ θ θ= = , i=1,2,….,M                                              (2.61) 

 

 

 

Figure 2.10. Multilayer slab at oblique incidence [30]. 

 

The phase thickness i i ik lδ =  and 0 cosi i ik k n θ=  where 
2

k
π

λ
=  is defined. 
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where by using equation (2.59) we can write 
2 2

2

2

sin
cos 1 sin 1 a a

i i
i

n

n

θ
θ θ= − = − . 

Thus the phase thickness becomes: 

            
2 2

2

sin2 2
cos 1 a a

i i i i i
i

n
n l n l

n

θπ π
δ θ

λ λ
= = −                                                   (2.62) 

 

We can write equation (2.54) in terms of transverse reflection coefficients at the M+1 

interfaces: 

           
, 1 ,

,

, 1 ,

tr i tr i
tr i

tr i tr i

n n
r

n n
−

−

−
=

+
  i=1,2,…,M+1                                                               (2.63)      

 

where we set ,0 ,tr tr an n=  and , 1 ,tr M tr bn n+ = .  

The transverse refractive indices can be defined as: 

cos

i
tr

i

n
n

θ
=    (TM polarization)   (2.64) 

costr i in n θ=  (TE polarization)   (2.65) 

The equations (2.56), (2.57) and (2.58) can be written in terms of transverse 

refractive indices: 

2

, , 1

, 2

, , 11

i i

i i

jk l
tr i tr i

tr i jk l
tr i tr i

r e

r e

−

+

−

+

+ ℜ
ℜ =

+ ℜ
 i=M, M-1,…..,1                                                           (2.64) 

, , 1,

1

,, , 1

cos( ) sin( )

sin( ) cos( )

tr i tr ii i tr i i i

tr i i i i itr i tr i

E Ek l j k l

j k l k lH H

η

η

+

−

+

    
=       
    

  i=M,M-1,….,1                       (2.65) 

 

, 1 ,

, ,

, , 1

tan

tan

tr i tr i i i
tr i tr i

tr i tr i i i

Z j k l
Z

jZ k l

η
η

η
+

+

+
=

+
                                                                               (2.66) 

 

2.3 Reflective Coatings: 

 

In the Reflective or generally called High Reflectance (HR) coatings the material 

which is deposited on the substrate consists of metal. The most common materials 

used as HR coating are Aluminum, Silver and Gold. The idea behind the HR coating 

is to increase the reflection from the surface and make mirror surfaces. All metallic 
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reflectors give different reflectance through the spectrum.  For instance; Aluminum 

is cheapest and most common coating, and yields a reflectivity around 88% -92% 

over the visible spectrum. Another material is silver and has reflectivity of 95%-99% 

even into the far infrared, but in blue and ultraviolet regions, its reflectivity reduces 

to 90% and lower. The most expensive is gold and it gives 98%-99% reflectivity 

throughout the infrared, but limited reflectivity below 550 nm which is related with 

the gold color. 

Aluminum is easy to evaporate and has good ultraviolet, visible and infrared 

reflectance, together with the additional advantage of adhering strongly to most 

substances [10]. As a result it is the most frequently used film material for the 

production of reflecting coatings [3]. It is widely used on telescope mirrors. 

Aluminum reflecting coatings on glass mirrors have been protected either by 

magnesium fluoride (MgF2) or silicon monoxide (SiO) coatings [18]. SiO has been 

more applicable since it can be evaporated at a fairly low temperature and forms a 

layer with excellent protection properties [7].   

Silver is another material used for reflecting coatings. It does tarnish when exposed 

to the atmosphere, owing mainly to the formation of silver oxide, but the initial high 

reflectance and the extreme ease of evaporation still make it a common choice for 

components used only a short period of time [8,9]. Silver is also often used where it 

is necessary to coat temporarily a component, such as an interferometer plate, for test 

flatness [3]. 

Gold is probably the best material for infrared reflecting coatings. Its reflectance 

drops off rapidly in the visible region and it is really useful only beyond 700 nm. On 

glass, gold tends to form rather soft, easily damageable films, but it adheres strongly 

to a film of chromium and this is often used as an under layer between the gold and 

the glass substrate  [3]. The reflectance of some metals are shown in figure 2.11 and 

the table of reflectance of metals at spectral wavelength is given in appendix.  
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Figure 2.11. Reflectances of some metals [4]. 

 

Almost all metal reflectors are overcoated with a thin protective layer. The reason is 

most metal films are rather softer than hard dielectric films and can be scratched 

easily. Unprotected evaporated aluminum layers, for example, can be badly damaged 

if wiped with a cloth, while gold and silver films are even softer [3]. To protect 

metals from atmospheric corrosion, the metals are overcoated with an additional 

dielectric layer. 

For instance, Silicon Oxide, SiO and MgF2 can be used as a protective material on 

the aluminum [5]. Gold and silver are more difficult to protect because of the 

difficulty of getting films to stick to them [3]. However, it has been found that 

aluminum oxide sticks very well to silver [3]. 

Using the following equation (2.67), the reflection coefficient of the coating material 

can be easily found [6].  

                                                        
2 2

2 2

( 1)

( 1)

s s

s s

n k
R

n k

− +
=

+ +
                                        (2.67) 

 

where ns is the refractive index of the substrate and  ks  the propagation vector. 
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Table 2.1 Optical Constants of Metal Films Employed for Mirrors [11]. 

 

 Silver Gold Copper Aluminum 

Wavelengths 

(µm) 

n k n k n k n k 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

0.90 

0.95 

2.0 

3.0 

4.0 

6.0 

7.0 

8.0 

10.0 

0.075 

0.055 

0.050 

0.055 

0.060 

0.070 

0.075 

0.080 

0.090 

0.100 

0.105 

0.110 

0.48 

 

1.89 

4.15 

 

7.14 

10.69 

1.93 

2.42 

2.87 

3.32 

3.75 

4.20 

4.62 

5.05 

5.45 

5.85 

6.22 

6.56 

14.4 

 

28.7 

42.6 

 

56.1 

69.0 

1.45 

1.40 

0.84 

0.34 

0.23 

0.19 

0.17 

0.16 

0.16 

0.17 

0.18 

0.19 

0.54 

 

1.49 

3.01 

 

5.05 

7.41 

 

1.88 

1.84 

2.37 

2.97 

3.50 

3.97 

4.42 

4.84 

5.30 

5.72 

6.10 

11.2 

 

22.2 

33.0 

 

43.5 

53.4 

0.85 

0.87 

0.88 

0.72 

0.17 

0.13 

0.12 

0.12 

0.12 

0.12 

0.13 

0.13 

 

1.22 

 

 

5.25 

 

2.20 

2.42 

2.42 

3.07 

3.65 

4.17 

4.62 

5.07 

5.47 

5.86 

6.22 

 

17.1 

 

 

40.7 

 

 

0.40 

0.49 

0.62 

0.76 

0.97 

1.24 

1.55 

1.80 

1.99 

2.08 

1.96 

1.75 

2.30 

 

5.97 

11.0 

 

17.0 

25.4 

3.92 

4.32 

4.80 

5.32 

6.00 

6.60 

7.00 

7.12 

7.05 

7.15 

7.70 

8.50 

16.5 

 

30.3 

42.4 

 

55.0 

67.3 

 

 

2.3.1 Multilayer Reflective Coatings 

 

One way of increasing the reflectance of an opaque metal coating, as we have seen, 

is to boost the reflectance by adding dielectric layers. This also reduces the 

absorptance, but the transmittance remains effectively zero. For high-reflecting 

coatings which must transmit what they do not reflect, all-dielectric multilayers are 
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required. By coating the metal layer with alternate coats of dielectrics with low and 

high index, broad band High reflection coating is achieved and this is called as 

enhancement. To obtain maximum enhancement, the metal layer first is coated with 

a low-index material until its reflectivity decreases to a minimum at the wavelength 

where enhancement is desired. Then the high-index material is applied until the 

reflectivity reaches a maximum. With the addition of one more pair, the reflectance 

can be increased. The first low-index coating on the metal is / 4λ  thick and all other 

coatings are also / 4λ . The thickness is written as 

                                             
1 1

4
n t

λ δ

π
=                                                                  (2.68) 

  

where 1t  is the thickness and δ is the absolute phase change at the metal boundary 

which is defined as 1

2 2 2

1

2
tan

n

n n

κ
δ

κ
=

− −
  

For normal incidence, the maximum reflectivity of a metal surface with optical 

constants n and κ when coated with such a stack of dielectric pairs with indices 

Ln and Hn is given [18]. 
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where x is the number of film pairs and H

L

n
Y

n
= , 3
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CHAPTER 3 

 

 

THIN FILM DEPOSTION TECHNIQUES 
 

 

 

3.1 Introduction 

 

In this chapter, the production techniques of the optical coatings will be given. 

Furthermore, the advantages and disadvantages of the coating systems will be 

discussed.  

3.2. Thin Film Deposition Methods 

 

In the production of thin films, various deposition methods are used. All 

depositon processes are made under the vacuum and the thin film evaporates directly 

to the surface of target substrate.  

The techniques used to deposit thin films can largely be divided into two 

categories: Physical Vapor Deposition (PVD) (includes both evaporation and 

sputtering) and Chemical Vapor Deposition(CVD). Some factors that distinguish 

PVD from CVD are: 

 

• Reliance on solid or molten sources 

• Physical mechanisms (evaporation or collisional impact) by which source 

atoms enter the gas phase 

• Reduced pressure environment through which the gaseous species are 

transported 
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• General absence of chemical reactions in the gas phase and at the substrate 

surface (reactive PVD processes are exceptions) [12].  

 

The most widely used process is called as Physical Vapor Deposition (PVD).    

 

3.2.1 Chemical Vapour Deposition (CVD) 

 

This method of deposition uses molecular gases and vapours, rather than solid 

evaporants or sputter targets as source materials. The starting gases are chemically 

activated before deposition. In the plasma assisted CVD (PACVD) process, chemical 

activation is achieved by supplying electrical power to a gas at reduced pressure. 

Typical pressures are in the range 10 to 50 mTorr. At these pressures, the application 

of a sufficiently high voltage causes breakdown of the gas and a plasma forms. The 

plasma consists of electrons, ions and a variety of neutral species. Electrons cause 

chemical activation of the gas by dissociation of the molecules into smaller species 

called radicals. It is these radicals that, upon collision with the substrate, react to 

form a thin film. Deposition typically occurs at the cathode but can be made 

elsewhere. This method has the advantage that it is more energy efficient than 

sputtering. During the sputtering process, energy is not only lost as heat to the target 

but also gets carried away by the sputtered species to the surface of the film. It has 

been approximated that one Joule of energy is required to deposit 2 × 10
-7

 cm of 

silicon by sputtering. The same volume of silicon can be deposited by PACVD from 

silane, requiring less than 0.1 Joule [13]. In this classical form of chemical vapour 

deposition great problems are created by reactions that are too efficient. A reaction 

that proceeds rapidly tends to produce a film that is poorly packed and poorly 

adherent. The term snow is often used to describe it. The reactions must, therefore, 

be quite weak and this means that impurities that have strong reactions can play 

havoc with the process and severely limit the possible range of processes. Because of 

all the difficulties, the classical thermal chemical vapour deposition process is not 

often used for optical coatings [3]. 
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3.2.2 Physical Vapour Deposition (PVD) 

 

The other technique used in the production of thin films is PVD. Physical 

vapour deposition processes are those most often used for the production of optical 

coatings. In this method, the fabrication of a coating is done using solid source 

material.  Some methods of PVD process will now be discussed.  

 

 3.2.2.1 Thermal Evaporation 

 

The first, and simplest, technique used for the deposition of thin films was 

evaporation from a resistance heated evaporation source. The source is generally a 

filament or boat, usually made of a refractory metal. The process takes place in a 

vacuum predominantly to prevent unwanted oxidization of the boiling material and 

also to reduce the impurities in the final deposition. Depositing at reduced pressures 

also means the material will boil at a lower temperature. Even so, deposition of 

refractory metal compounds by this method is not practical due to the high 

temperature at which they melt [13]. The main advantage of the thermal evaporation 

is it’s gentleness, but the disadvantage of this method is the inability of the deposit 

refractory materials, such as oxide compounds. 

 

3.2.2.2 Electron beam Evaporation 

 

Another evaporation technique is that of electron beam evaporation. The evaporant is 

contained in a water cooled cavity. A filament emits electrons that are directed to the 

source by the influence of a magnetic field. In this way, heat energy is supplied to the 

top of the evaporant by the kinetic energy of the high current electron beam. Higher 

temperatures are thus attainable than with thermal techniques as the temperature is 

only limited by radiation and conduction to the target holder. A situation is reached 

where the evaporation rate is limited by the vapour density over the evaporant 

surface. The rate can only be increased by increasing the electron beam impact area. 

A disadvantage of this technique is that the evaporant is partially ionized. These ions 

can be deflected by the magnets, causing sputtering of the surrounding apparatus 

[13]. The e-beam evaporation technique is most widely used in modern production of 
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optical thin filters due to the several advantageous. First, electron beam sources can 

supply a highly focused electron beam to effectively evaporate most of the materials 

at high deposition rates without contamination problems. The relatively low system 

operation and material costs are also other advantages of this technique. Moreover, 

the electron beam evaporation provide us high throughput and coating quality in 

comparison with other techniques [14]. However, the main disadvantages of this 

method is it is hard to get high packing density films, since the deposited atoms have 

low energy or mobility. This causes the microvoids or pores in the film. Thus, these 

voids create a lower packing density which is defined as the ratio of the volume of 

the solid part of the film to the film’s total volume. that results in a less dense film. In 

addition the less dense film are less stable environmentally, so when the film is 

exposed to humidity, microvoids fill up with water. Therefore, the film’s refractive 

index increases with humidity and this phenomenon is called as “environmental 

shifting.” And when there is no change in refractive indices with humidity, this is 

called as “non-shifting” [19]. 
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Table 3.1 Evaporation Characteristics of Materials [12]. 

 

Material 
Minimuma 

Evap. 
Temp. 

State of 
Evaporation 

Recommended 
Crucible 
Material 

e-beamb 

Deposition 
Rate (Å/s) 

Power      
(kW) 

Aluminum 1010 Melts BN 20 5 

Aluminum oxide 1325 Semimelts   10 0.5 

Antimony 425 Melts BN, Al2O3 50 0.5 

Arsenic 210 Sublimes  Al2O3 100 0.1 

Berylium 1000 Melts Graphite, BeO 100 1.5 

Berylium oxide   Melts   40 1.0 

Boron 1800 Melts Graphite, WC 10 1.5 

Boron carbide   Semimelts   35 1.0 

Cadmium 180 Melts Al2O3, Quartz 30 0.3 

Cadmium sulfide 250 Sublimes Graphite 10 0.25 

Calcium fluoride   Semimelts   30 0.05 

Carbon 2140 Sublimes   30 1.0 

Chromium 1157 Sublimes W 15 0.3 

Cobalt 1200 Melts Al2O3, BeO 20 2.0 

Copper 1017 Melts Graphite, Al2O3 50 0.2 

Gallium 907 Melts Al2O3, Graphite     

Germanium 1167 Melts Graphite 25 3.0 

Gold 1132 Melts Al2O3, BN 30 6.0 

Indium 742 Melts Al2O3 100 0.1 

Iron 1180 Melts Al2O3, BeO 50 2.5 

Lead 497 Melts Al2O3 30 0.1 

Lithium flouride 1180 Melts (viscous) Mo, W 10 0.15 

Magnesium 327 Sublimes Graphite 100 0.04 

Magnesium fluoride 1540 Semimelts Al2O3 30 0.01 

Molybdenum 2117 Melts   40 4.0 

Nickel 1262 Melts Al2O3 25 2.0 

Permalloy 1300 Melts Al2O3 30 2.0 

Platinum 1747 Melts Graphite 20 4.0 

Silicon 1337 Melts BeO 15 0.15 

Silicon dioxide 850 Semimelts Ta 20 0.7 
 

 

 

 

 



34 

 

Table 3.1 Evaporation Characteristics of Materials (Continue)  [12]. 

 

Material 
Minimuma 

Evap. 
Temp. 

State of 
Evaporation 

Recommended 
Crucible 
Material 

e-beamb 

Deposition 
Rate (Å/s) 

Power      
(kW) 

Silicon monoxide 600 Sublimes Ta 20 0.1 

Tantalum 2590 Semimelts   100 5.0 

Tin 997 Melts Al2O3, Graphite 10 2.0 

Titanium 1453 Melts   20 1.5 

Titanium dioxide 1300 Melts W 10 1.0 

Tungsten 2757 Melts   20 5.5 

Zinc 250 Sublimes Al2O3 50 0.25 

Zinc selenide 660 Sublimes Quartz     

Zinc sulfide 300 Sublimes Mo     

Zirconium 1987 Melts W 20 5.0 

 

a
 Temperature (

0
C) at which vapor pressure is 10

-3
 torr. 

b
 For 10 kV, copper hearth, source-substrate distance of 40 cm. 

 

3.2.2.3 Sputtering 

 

Sputtering is a low-pressure physical vapour deposition technique where ions 

are accelerated across a potential drop that develops between a plasma and a target 

that is to be sputtered. Ion bombardment of the target by these high-energy particles 

results in the ejection of neutral particles that are deposited onto the substrate where 

they condense to form a film. Although a fairly slow process, it offers higher film 

refractive indices, improved abrasion resistance and better film adherence than ion-

assisted or evaporation techniques [13]. Sputtering processes are wide and varied. 

They can be divided up into four categories; d.c., r.f., magnetron and reactive. Both 

of these methods provide high density films with good coating uniformity. The big 

advantage of r.f. over d.c. is that any target material irrespective of its resistivity can 

be sputtered [13]. 
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Figure 3.2 Schematics of simplified sputtering systems: (a)DC, (b)RF [12]. 

 

3.2.2.4 Ion-Assisted Deposition 

 

The term ion-assisted deposition (IAD) is generally applied to that technique 

in which evaporation and simultaneous irradiation of a film is performed with a low-

energy high flux ion source. Multilayer optical thin films can be deposited by using 

the electron beam evaporation from multiple-crucible type electron gun. These 

systems have substrate heating, evaporation rate monitoring and optical 

transmittance and reflectance monitoring. The energy range of the depositing atoms 

and molecules from the evaporation source is typically about 1 eV and a small 

fraction of this energy may be ionized through interaction with the electron beam 

[19]. The major effect of IAD is to increase the packing density of the film. This 

produces coatings with a higher refractive index than would be attainable by 

evaporation methods. Fully densified films also reduce the sensitivity of the optical 

properties to moisture adsorption [20]. The stress in IAD films tends to be 

compressive. This enables the production of thicker films without crazing and allows 

better abrasion and environmental properties to be achieved [13]. The main 

advantage of IAD is this increase in kinetic energy of the deposited molecules, 

resulting in higher packing density of the films. Unlike low-density e-beam films, 

IAD films are of medium density. Another advantage of IAD is that the substrates 

can be kept at or near room temperatures, allowing for a variety of substrates, 

including plastic ones. On the other hand, the atom-by-atom removal of material is a 

slower and more expensive technique [19]. 



36 

 

 

  
 

                Figure 3.3 Ion Assisted Deposition (IAD) System [12]. 

 

 

3.2.2.5 Plasma Ion-Assisted Deposition 

 

Plasma Ion-Assisted Deposition system consists of convential thermal 

evaporation sources like e-beam guns, rotating large area substrate holder and 

specially designed plasma source. Plasma source, based on a hot cathode, a 

cylindrical anode tube and solenoid magnet is located in the center of the chamber 

bottom. By applying a DC voltage between anode and cathode, a hot electron emitter 

creates discharged plasma which supplied with a noble gas such as argon [21]. 

 The magnetic fields lines of the solenoid magnet which surrounds the anode 

tube helps to increase the mobility of the plasma electrons in the axial direction and 

strongly decrease in the radial direction. Therefore, the electrons make spiral motion 

along the magnetic field lines and the plasma expands out in the direction of the 

substrate holder. Also, a ring-shaped magnetic coil is used for producing a uniform 

layer of plasma on the substrate, located above the substrate holder. The reactive gas 



37 

 

is normally introduced directly into the coating chamber. It is also possible to operate 

the source with the reactive gas itself, or a mixture of the noble and reactive gases. 

The reactive gas and the evaporant is ionized and activated by the high plasma 

current density. 

The plasma gets a positive self-bias potential relative to the chamber walls 

due to the high mobility of the electrons. So, the ion energy is mainly determined by 

the applied discharge voltage and an additional positive floating potential of the 

source relative to the chamber and to the substrate holder. The gas atoms and 

molecules are effectively ionized by the electrons oscillatory motion between the 

source and the substrate holder. The magnitude of the floating potential mainly 

depends on the applied discharge voltage, the partial pressures and the strength of the 

magnetic fields. Therefore, the ion energy at a given discharge current can be 

controlled by using the magnetic fields and the pressure inside the chamber. The 

substrate holder is negatively charged relative to the plasma, so while the electrons 

are reflected, ions from plasma are accelerated to the substrate and bombard the 

growing film. As a result, the evaporant is densified to the condensed film by 

momentum transfer [21]. 

The deposition quality of plasma-IAD is increased with the help of Advanced 

Plasma Source (APS) which provides high plasma density, oxygen compatibility and 

low thermal radiation to the substrate area. 

The APS is based on large area LaB6 cathode which is indirectly heated by a 

graphite filament heater to a temperature of  ~1500°C. LaB6  has relatively high 

emission density than other cathode materials such as tantalum and tungsten [21].  

The cathode tube is surrounded by a water-cooled anode tube and the heater power is 

fed by two water-cooled high current feedthroughs. The thermal effect of the plasma 

source to the substrate is low due to the water cooled anode tube. The temperature of 

the substrate is mainly determined by the amount of the heat radiated by the 

evaporation sources. Both cathode and anode tubes are isolated from the chamber 

ground. The plasma is extended through the substrate holder by the magnetic 

solenoid which surrounds the anode tube [21]. 

The APS is operated with partial pressures between 1 x 10
-4

-7 x 10
-4

 mbar of 

argon, or mixtures of argon and oxygen. In APS, up to 100 V discharge voltages are 

used and the discharge current range is between 30 and 80 A. 
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When we compare the Ion Assisted Deposition (IAD) and Plasma-Ion 

Assisted Deposition (PIAD), the PIAD method is much more efficient method. Due 

to the small distance between the plasma sheet and the substrate holder is small, the 

ions are not affected by the energy losses. In IAD processes with grid ion sources, 

scattering effects limit the gas pressure. However, in the plasma-IAD, the plasma is 

extended in the volume between the plasma source and the substrate holder with the 

ring shaped magnetic coil and irradiates a large area with a high plasma density. In 

plasma-IAD processes, the plasma process is completely separated from the 

evaporation source, so the evaporation materials are not limited by the plasma 

generator. Therefore, it is possible to use metals, semiconductors, oxides, sub oxides, 

fluorides, sulfides, etc. as a evaporation materials [21]. 

 

 

 

 

Figure 3.4. The advanced plasma source.Diagram of the advanced plasma source (APS) and the 

arrangement of the machine for Plasma Ion-Assisted Deposition (PIAD) [3]. 
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CHAPTER 4 

 

 

SPACE ENVIRONMENT EFFECTS ON COATINGS 

 

 

 

4.1 Introduction 

 

In this chapter, the effects of the space environment on the optical coatings will be 

discussed. The problems on the materials caused by environmental factors are 

examined. 

 

4.2 Space Environment Effects on Coatings 

 

Space is  the harshest environment which mankind is encountered. It has been known 

to limit the useful life of satellites, with 20 to 25% of all mission failures being 

attributed to the effects of the space environment [22]. Due to accessing space is so 

costly, materials and components must function throughout the life of the space 

mission without repair or replacement. 

The natural space environment around a satellite orbit is depending on different 

factors, such as, the time of the year, the level of the solar activity and especially, 

type of the orbit of the satellite. Different environmental conditions have different 

effects on materials. The spacecrafts and satellites in Low-Earth-Orbits (LEO) is 

exposed to the atomic oxygen and greater thermal cycling effects than in other orbits. 

The systems in Mid-Earth Orbits are subjected to the trapped radiation in the Van 

Allen Belts. 
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Space environment causes a range of problems to materials on spacecraft. Thermal 

effects, atomic oxygen, micrometeorites, ultraviolet radiation and electron and proton 

radiation can all unfavorably effect space materials.  

Space qualified coatings have to endure exposure to a great range of environmental 

factors in the course of their lifetime [15]. Radiation, temperature, atomic oxygen 

and micrometeoroid effects are main issues while concerning space environment. 

Furthermore, Color centers can be formed in glass due to radiation exposure, causing 

darkening of the glass which increase absorption. However, today high glass purity 

can avoid any darkening problem. In addition to formation of color centers, radiation 

can cause changes in the density and coefficient of thermal expansion (CTE) of 

optical materials. Because of dimensional stability requirements on the optical 

element used for space applications, low-expansion optical material are typically 

used.  

 

 4.2.1 Radiation Effects 

 

There are four broad classification of high-energy particles which affect 

space qualified coatings: galactic, solar cosmic rays and energetic electrons, and 

particles which is trapped in magnetosphere. Besides these, energetic particles also 

produce Cerenkov radiation in optical coatings. 

The sun emits a continuous stream of energetic charged particles. These 

electrons and protons (and some heavier ions) are called the “solar wind”. During 

solar flares the charged particles are accelerated. Moreover, particles emitted by 

other stars pass through our solar system. Charged particles from a solar flare are 

referred to as solar cosmic radiation while particles from other stars are known as 

galactic cosmic radiation. Electrons and protons found in cosmic radiation typically 

have much higher energy levels than those found in the solar wind. Extremely 

energetic cosmic rays, when compared to other forms of high energy radiation 

incident on space optics, cause spontaneous “single event upsets” such as localized 

fusing of optical elements and small bursts of radiation. This disturbance is known to 

be more obvious in electronic circuitry [15]. 

Radiation can inflict materials by causing either permanent or transient 

changes in their physical and electrical properties. Radiation comes in 
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electromagnetic and particle forms. Nearly %99 of the solar activity has a 

wavelength between 0.3 and 11 µm. In fact, the % 41 of the electromagnetic 

radiation from the sun consists of visible light. Together, both the ultraviolet and 

infrared spectra account for most of the remaining energy. X-Rays, extreme 

ultraviolet, and radio wavelengths account for less than 0.1% of the solar energy. 

Charged particles mainly damages the atomic lattice displacement and 

ionization in dielectric coatings. Charged particles such as protons, deuterons, and 

helium ions mainly interact with the atomic electrons in the dielectric. The 

interaction with the atomic nucleus is less probable since atoms are much bigger than 

nuclei. For charged particles much heavier than the electron, little change in direction 

and little change in energy are suffered by the particle and the bound electron may be 

knocked out of the atom and produce an ion and a free electron. Electrons slow-

dowm by generating a continuous ionized path in materials. Protons are heavily 

ionizing and produce higher ionization near the end of the particle path. The size of 

damage depends upon total flux, intensity of radiation, and the angle of 

impingement. The interaction of these particles with organic materials can lead to 

outgassing, shrinkage, cracking, pitting, embrittlement and discoloration. Energetic 

particle radiation also influences the absorptivity of materials. As seen with UV 

radiation, the solar absorptance of thermal control coatings show an increase over 

time. Charged particle radiation can also lead to “darkening” of optical materials. 

Chemical bonds may be broken. Free radicals or new chemical species may be 

produced. Although the uncharged, cosmic rays cause similar effects in solids. 

High-energy electrons also induce excitation and ionization in the effective 

stopping media of the dielectric coating in the same way, although up to half the 

energy of the incoming electron may be lost in each encounter and a considerable 

deflection may result. 

Ultraviolet radiation (UV) is particularly damaging some materials. Most UV 

radiation is absorbed by the Earth’s ozone layer. However, in space, high intensity 

UV radiation can break off organic chemical bonds. Moreover, UV can lead to 

discolorations in polymeric materials and ceramics (e.g. glasses), which change the 

solar absorptivity of materials.  

 In the studies of ENEA-Casaccia Research Center, the damage of the ionizing 

radiation on optical coatings used in space applications was investigated [23]. Their 

main issue was optical components which was used for Earth observation from polar 
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sun-synchronous orbit and for interplanetary missions. The coatings were irradiated 

at 50 Gy which corresponds to the dose absorbed during 5 years of working of 

astronomical telescopes in the polar sun-synchronous orbit at an altitude of 700 km. 

The samples were tested up to 8400 Gy to simulate the higher interplanetary 

radiation level. The analyzed coating sample is given in the table 4.1. 

These material was selected since they appear to sensitive to γ irradiation. 

 

Table 4.1. Samples for analyses [23]. 

 

Sample Material  

Single-layer 

material 

Aluminum oxide Al2O3 

Yttrium oxide Y2O3 

Optical 

component 

Protected mirror: 

SiO2/Ag 

 

Many coatings when exposed to low dose irradiation test (50 Gy), do not show a 

significant change in their optical performance. However, Al2O3/quartz transmittance 

slightly decrease and Y2O3/quartz sample transmittance curve slightly shifts towards 

the infrared spectral region. In Figure 4.1 the transmittance spectra of Al2O3 film 

before and after each irradiation dose is given and the exposure to ionizing radiation 

induced a decrease of transmittance in the UV region. 

300 400 500 600 700 800
80

85

90

95

100

 

 

 (before irr.)

 (1000Gy)

 (3600Gy)

 (8400Gy)

T
ra

n
s

m
it

ta
n

c
e

 (
%

 )

Wavelength (nm )
 

 

Figure 4.1. Transmittance spectra of Al2O3 film before and after irradiation up to 8400 Gy [23]. 
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 In the case of Y2O3 film (Figure 4.2 (a)) γ irradiation induces both a red-shift of the 

whole spectrum and a slight transmission decrease in the UV region.  
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Figure 4.2. Transmittance spectra of Y2O3 film before and after irradiation, up to 8400 Gy (a); 

wavelength shift of the 550 nm peak (b)  [23]. 

 

As far as the SiO2 protected silver mirror is concerned,  it can be seen that the sample 

is strongly deteriorated by irradiation (Figure 4.3). 
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Figure 4.3. Transmittance spectra of SiO2 protected silver mirror before and after irradiation, up to 

8400 Gy [23].  

 

The single and multilayer coatings which contains dielectric and/or metallic 

layers are irradiated and investigated their optical behaviour under irradiation. The 

single layers were deposited on Suprasil substrates. Different coatings like SiO2, 

tantalum oxide Ta2O5, yttrium oxide Y2O3 and aluminum oxide Al2O3 are 

investigated under the irradiation and made comparison transmission measurements 
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before and after irradiation. Indeed, silicon oxide (figure 4.4), Tantalum oxide (figure 

4.5) appear practically unaffected by irradiation, however Yttrium oxide (figure 4.6) 

and Aluminum oxide (figure 4.7) show a slight change.  

 

 

 

Figure 4.4. Transmittance curves of SiO single-layer coating before and after 

Đrradiation  [24]. 
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Figure 4.5. Transmittance curves of Ta2O5 single-layer coating before and after 

Đrradiation [24]. 

 

 
 

Figure 4.6. Transmittance curves of Y2O3 single-layer coating before and after 

Đrradiation  [24]. 
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Figure 4.7. Transmittance curves of Al2O3 single-layer coating before and after 

Đrradiation [24]. 

 

In metals, aluminum and silver were analyzed because they are widely used for both 

mirrors and other metal-dielectric coatings. By comparing reflectance measurements 

for both materials before and after irradiation (figure 4.8), in the spectral part where 

they are highly reflective, it can be observed that these coatings do not show any 

modification. 
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Figure 4.8 (a) Reflectance curves of aluminum coating and (b) silver coating before and after 50 Gy 

irradiation dose [24]. 

 

 

A radiation induced variation either in transmission value or in spectral 

characteristics in wavelength position can be due to modification in the material 

structure and consequently in the material refractive index. From the application 

point of view, the change of the refractive index is fundamental for thin film optical 

coatings and the effect of such variations on final performance depend strictly on the 

type of coating. 
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By evaluating the results for both protected metal mirrors, we can see that  MgF2 

coated aluminum and SiO2 coated silver (figure 4.9), it turns out that the protected Al 

mirror is not affected by irradiation and the protected Ag mirror shows no relevant 

change in the range of wavelengths where is highly reflective. Nevertheless a 

reflectance decrease (about 2%) can be noticed in the silver mirror at shorter 

wavelengths probably caused by still not clear phenomena that occur at the interface 

between silver and the oxide over-layer. 

 
Figure 4.9. Reflectance of MgF2 coated aluminum mirror on quartz (a) and SiO2 

coated silver mirror on glass (b) [24]. 
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4.2.2 Temperature and Temperature Cycling Effects 

 

The trajectories in which satellite moves take the satellite in an out of the 

planets shadow in planetary orbit. Non-cooled optical components can undergo 

temperature cycling, from -30 
o
C to +70 

o
C for Earth orbit, which can cause thermal 

contraction and expansion. If there is an extremely large difference in the coating 

material coefficients, delamination may arise. The resultant coating failure greatly 

reduces the coating performance and can even result in total failure of the coating. 

Temperature effects can also cause dispersion in the optical materials. If the 

degree of refractive index change is too large, the optical performance of the coating 

will be greatly changed and so deteriorate its performance [15]. 

Space qualified coatings are therefore required to use materials with 

sufficient interface adhesion to withstand thermal expansion as well as having a low 

susceptibility to thermally induced dispersion. Therefore, the materials for the space 

applications must have low coefficient of thermal expansion (CTE) 

 

4.2.3 Atomic Oxygen Effects 

 

In optical coatings in LEO orbit the atomic oxygen effect can cause the 

alteration in optical properties of coatings. Post-flight results show that most of the 

optical coatings degraded due to AO in the LEO environment [28]. When the 

ultraviolet radiation (UV) from the sun is absorbed by oxygen molecules (O2), 

atomic oxygen is produced in the upper atmosphere. The ultraviolet radiation causes 

the oxygen molecules dissociate into negatively charged ions. The metals like silver 

exhibit degradation/erosion in atomic oxygen. Some metals overcoated with 

protective oxide layers are susceptible to degradation, because low gas pressures can 

prevent the formation of adherent oxide films. Furthermore, Atomic Oxygen causes 

emitting radiation from some materials. 

In Earth orbit, particularly in low-Earth orbit, atomic oxygen is a prominent 

gas. For typical impact velocities of 7 - 8 km\s, the collision energy is 4 - 5eV. At 

this energy, atomic oxygen may initiate a number of chemical and physical reactions 
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with the exposed coating materials. These interactions contribute to material 

degradation, surface erosion and contamination. 

It is therefore important for exposed spaceflight coatings to be robust enough 

to withstand the erosion from the atomic oxygen. The coatings must also be 

chemically stable enough to not react with the atomic oxygen [15]. 

 Thin films of optical-quality silver coatings were typically converted to 

transparent silver oxide with the film thickness expanding greatly (55%). The 

literature indicates that thick oxide formations appear to create considerable stresses 

in the exposed areas, which produce buckling or scaling which in turn limit or 

modify further oxidation [25]. Debonding and sometimes flaking of silver oxide 

were also observed. Debonding from the silver apparently limited further reaction at 

the interface. Different samples behaved differently. Both refractive index and 

absorption coefficient changed considerably after exposure to the LEO environment 

[26]. Silver films coated on quartz were exposed to the LEO environment on LDEF 

experiments. The post-flight results show that  silver oxidized and was removed from 

the surface . 

Thin films of aluminium, gold, tantalum, titanium and zirconium were exposed to the 

LEO environment. The post-flight results indicate that all these metal coatings 

converted to metal oxide coatings on the surface. Aluminium converted to A12O3. 

Ta2O5 was observed on the tantalum surface and ZrO2 was observed on the 

zirconium surface due to LEO AO interaction. Changes in the optical refractive 

index and optical absorption coefficient were observed.   

The results of the LDEF experiments show that the AO effects are mostly 

dependent on temperature and microstructure of the samples than total incident AO 

effect.  

Dielectric optical coatings of MgF2 was exposed to the LEO environment in 

the LDEF [27]. The results indicate that the coatings degraded by converting MgF2. 

The LEO AO replaced all fluorine atoms in the material. These results indicate that 

the use of MgF2 coatings as antireflection and protective coatings requires AO-

resistant coatings to survive in the long term in the LEO environment [27]. 

Silicon/aluminium oxide-coated high-reflectance mirror coatings were 

exposed to the LEO environment on LDEF missions. Post-flight reflectance 

measurements show that there is a slight reduction in reflectance at a design 

wavelength of 2.8 µm. The reflectance loss of the mirror at longer wavelengths (3 4 
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µm) appears somewhat greater. The reflectance loss at longer wavelengths may 

possibly be due to surface oxide formation [27]. 

Aluminium metallic mirrors protected with MgF2 have shown a relative 

reflectance loss varying from 16 to 23% after exposure to the LEO environment on 

LDEF experiments. Dielectric MgO/MgF2 mirrors centred at 250 nm have shown 

approximately 38% relative bandwidth change after exposed to the LEO 

environment [27]. The reflectance loss of the aluminium mirrors might be due to a 

change in the refractive index of the MgF2 after conversion into MgO. Optical filters 

(except neutral density filters) exposed to the LEO environment in the LDEF have 

shown a reduction in transmission. A1-MgF2 layers deposited on MgF2 substrate 

used for half wave filters at wavelengths centred around 121.6 and 127nm have 

shown 51% and 30% relative transmission losses respectively [28]. This reduction 

may be due to degradation of the cement used in their construction and conversion of 

MgF2 into MgO. In the case of neutral density filters, the filter characteristics were 

not changed except for a slight increase in transmission. This behaviour may be due 

to slight erosion of the metal film used in the construction of the neutral density 

filters [28]. 

All-metal mirrors may be overcoated with protective layers and in some cases 

will serve to increase or decrease the reflectance of the underlying metal mirrors in a 

certain wavelength region. The most frequently used protective layers are films of 

silicon oxides, SiO, SiOx, SiO2 and Al2O3 [28]. Evaporated Al is the most frequently 

used coating for front surface mirrors for u.v., visible and infrared wavelength 

ranges. Thin films produced by evaporation of SiO and coatings of SiO2 and A12O3 

deposited by electron beam evaporation are the most commonly used for evaporated 

A1 mirrors. Aluminium mirrors protected by SiO, SiO2 and A12O3 appear to have 

been provided with good protection without loss of performance of the underlying 

mirrors, but they showed a reduction in reflectance in the 8-12 µm wavelength 

region.  

Silver-coated mirrors are generally protected by SiO2 coatings. Since SiO2 

coatings appear to have very poor adhesion to silver coatings there is the need for an 

intermediate buffer layer. Aluminium oxide appears to have the necessary properties 

to improve the adhesion without affecting the reflectance of the silver mirrors. Table 

Table 4 gives the typical AO protective coatings for silver and aluminium mirrors.  

 



 

52 

 

 

 

Table 4.2. Atomic Oxygen protective coatings for optical metal films [28]. 

 

 

Metal Film Protective 

Coating 

Spacecraft flown Exposed AO 

influence 

Change in 

reflectance 

   (atoms cm
-2

) (%) 

   (10
21

)  

Ag SiO2 LDEF 6.93 -<1 

Al SiO2 LDEF 6.93 -<1 

Al SiO-SiO2 LDEF 6.93 -2 

Al SiO LDEF 6.93 -1.5 

Al MgF2 LDEF 6.93 +1.5 

Ag MgF2 LDEF 6.93 -5 to -10 

 

 

 

 

4.2.4 Micrometeoroid and Orbital Derbis Impacts 

  

Meteoroid and debris impacts occur at all altitudes and from all directions. 

Spacecraft must also debate with impact of particles either from space debris or dust. 

Most of the space debris is found in low earth orbits from 350 km to 2000 km. The 

debris largely consists of materials ejected from spacecraft during launch, including 

alumina from solid rocket motor propellants, aluminum, and oxides from thermal 

control coatings (zinc and titanium oxides).  With the high average relative impact 

velocities (4 to 20 kms
-1

), even very small particles can cause substantial cratering, 

pitting, and erosion of optical surfaces. The effects of these craters on optical scatter 

is not well understood. Preliminary analysis indicates that the craters may have the 

effect of providing free surfaces, within optical coating stacks, which can become 

flaw sites for origination of shear stress-caused delamination and debonding.  
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Dielectric coatings on optical components are frequently brittle due to their 

planar structure which may be in tensile or compressive stress. The coatings can 

suffer conchoidal cratering, star cracking and interlayer delamination when impacted 

by micrometeorites or minute orbital debris. The modeling of differences between 

the induced mechanical damage and the resulting increased optical scatter becomes 

more complex. 

If the cracks or pits are narrow compared to the operating wavelength of the 

coating, they behave like optical needles, with an effective refractive index based on 

the mismatch between the crack region and the surrounding medium. For refractive 

index measurements made at wavelengths which are much longer than the dimension 

of the crack, no perceivable difference in index is observed. It is when the crack has 

a dimension of the order of the wavelength of operation of the coating, that the 

refractive index is changed giving a changed performance for the coating.  

Such cracks or pits also induce optical scatter. As above, the cracks will 

interact with wavelengths smaller than or in the region of the dimension of the 

coating rupture. The resultant damage induced scatter not only blurs images seen 

through the coating, but also makes radiometric measurements difficult by 

redirecting incident radiation through 2π radians and therefore spreading it 

throughout the instrument, increasing the signal noise [15]. 
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CHAPTER 5 

 

 

PHYSICAL & OPTICAL PROPERTIES OF COATING 

MATERIALS FOR SPACE APPLICATIONS 
 

 

 

5.1 Introduction 

 

In this chapter, the physical and optical properties of suitable coating materials for 

space applications will be given. 

 

5.2 Properties Of Coating Materials For Space Applications 

 

Many different types of materials are used in the optical thin films. These materials 

are selected according to the thin film properties. For instance, if the coating is used 

for visible region, the material properties must be suitable for this region such as 

refractive index. The suitable materials for space applications are able to withstand 

the effects of space environment and have to be long shelf life. The main issues 

while choosing the materials are namely radiation effects, temperature and 

temperature cycling effects, atomic oxygen effects and micrometeroid and orbital 

derbis impacts. 

In order to determine whether the optical coating material is suitable for space 

applications, it is crucible to test them in a simulation of space environment or more 

realistically test them in space. Several terrestrial experiments test the conditions 

which is discussed in chapter 4, namely radiation effects, atomic oxygen, impacts 

and temperature cycling. The most significant one of these tests carried out by 

NASA in space called as Long Duration Exposure Facility (LDEF) which was made 
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between 1984 to 1990. In the LDEF tests, the samples for the experiments were 

subdivided into three categories, namely uncoated crystals and materials, soft 

multilayer coatings and substrate materials, hard multilayer coatings and substrate 

materials. The main issue of this experiment is to investigate the effects of the space 

environment on the spectral and mechanical stability of the sample set, assess the 

useful lifetime of the samples in a orbital environment and using post-flight 

investigations, determine the degree of degradation and mechanisms affecting the 

optical system performance. According to LDEF results, the commonly used suitable 

coating materials for space applications are given below [20]: 

 

 

Magnesium Floride (MgF2): The most commonly used material in thin film work is 

magnesium floride. It has an refractive index approximately 1.39 in the visible region 

[3]. It is generally used as a single layer. Magnesium floride can be evaporated from 

a tantalum or molybdenum boat. When the temperature of a substrate is about 200-

300 
0
C, the best results are obtained [3] As many other florides, magnesium floride 

tends to suffer from high tensile stress [3]. The total shear force transmitted across 

the magnesium floride interface with either the substrate or underlying materials is 

not usually dangerously high in thin films but due to the high probability of total 

strain energy and consequent shear loading spontaneous destruction of the coating 

can be occurred in multilayer coatings [3]. Due to the this problem, magnesium 

floride is not recommended for use in coatings containing multiple layers.  

 

Yttrium Oxide (Y2O3):  is transparent at the range from 0.3 to 12 µm. When this 

material is evaporated by IAD, the higher packing density and lower water 

absorption can be achieved. Using the IAD while coating process is increased the 

packing density [1].  

 

Tantalum Pentaoxide (Ta2O5): When this material is evaporated by reactive ion 

beam sputtering from a tantalum target, dense hard layers are obtained. Tantalum 

oxide shows a wide spectral range of high transparency, low losses and high stability. 

This material is highly transparent between 0.3 µ to 10 µm. When Ta2O5 is deposited 

by using Electron Beam evaporation, softer layer and lower refractive indicies are 

obtained and the level of absorption is increased. However, by using Ion Assisted 
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deposition (IAD), the better results can be achieved. Ta2O5 is probably one of the 

most used high-index material besides TiO2 [20].  

 

Silicon Dioxide (SiO2): Silicon dioxide is transparent between 0.2 to 18 µm. When 

SiO2 is evaporated by EB the layers of material become softer and level of 

absorption is raised. But by using IAD, the production of material packing density 

can be increased. Silicon dioxide (silica) is the low-index material which is used in 

conjunction with titanium dioxide. Electron-beam source is used to evaporate the 

silicon oxide. Chuncks of silica or machined plates are used as source material. The 

silicon oxide forms amorphous layers that are dense and resistant [3]. The silica has 

high melting temperature so it is difficult to evaporate it directly from heated boats. 

Silicon monoxide is a convenient starting material and is useful for infrared. The 

silicon monoxide can be evaporated from a tantalum boat. If sufficient oxygen is 

present, the silicon monoxide will oxidize to the form Si2O3 and it has a refractive 

index is around 1.52-1.55.  It has high transmission around 300 nm to 8 µ m [3]. 

 

Titanium dioxide (TiO2): This material is probably the most common high-index 

materials for the visible and near infrared and it is  nowadays preferred over silicon 

dioxide. The main advantage of the titanium dioxide is the highest index of any of 

the transparent high-index materials. It is extremely robust. Due to the high melting 

point of 1925 
0
C, evaporation directly from a boat source is difficult. Tungsten boats 

are most useful. One of the most successful early methods [1] was the initial 

evaporation of pure titanium metal which is then subsequently oxidized in air by 

heating it to the temperatures of 400-500 
0
C. By evaporating the titanium metal as 

quickly as possible at as low a pressure as possible (so that little oxygen is dissolved 

in the film), the highest possible index can be obtained. On oxidation in air, indices 

of around 2.65 can be attained [1]. The index becomes of the order of 2.25 when the 

deposit is partially oxidized beforehand.  

 

Aluminum Oxide (Al2O3): Aluminum oxide is a medium index, low absorption 

material usable for coatings in the near-UV (<300 nm) to IR (~5 µm) regions. 

Alumina can be used in combination with silicon dioxide layers to form multilayer 

structures. Completely oxidized alumina films are absorption-free over the range 

below 300 nm to at least 5 µm. Slight dissociation and oxygen loss occurs during 
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evaporation. Adhesion is good to glass, most other oxides, some polymers, and to 

metals such as aluminum and silver. The films generally grow with a crystalline 

microstructure and low packing density and exhibit index changes when vented to 

moist air. Absorption of water is often evident as rings of discoloration which reach a 

uniform appearance after moisture penetration is complete. This instability effect is 

exaggerated under low energy evaporation, low substrate temperature, or excessive 

background pressure evaporation conditions [29]. 

The refractive index responds to high energy deposition techniques and to high 

substrate temperature because both parameters decrease the void volume by 

increasing the packing density of the microstructure. Post-deposition baking in air 

can also raise the refractive index. 

 

Zinc Sulphide(ZnS): Zinc Sulphide is transparent from 0,4 µ to 15 µm and is 

evaporated from a tantalum or molybdenum boat and both materials sublime rather 

than melt [29]. It has a good mechanical strength. The index of zinc sulphide is 

around 2.35. This material can be used in the construction of multilayer filters for the 

visible and near infrared regions, but they are not particularly robust [3]. 

 

ZrO2: ZrO2 is another oxide material. When ZrO2 films are prepared by electron 

beam evaporation, it shows strong inhomogenity of the refractive index [29]. The 

refractive index at the film/air interface is smaller by about 0.1 than at the film-

substrate interface, called negative inhomogenity [29]. The main reason is due to the 

film structure and the lower packing density at the film-air interface. With the help of 

IAD, these negative inhomogenity changes to positive and under certain conditions 

homogeneous films can be obtained.  
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CHAPTER 6 

 

 

MAIN MISSION 

 

 

 

6.1 Introduction 

 

In this chapter, the interpretation of program codes and  the design examples 

of reflective and antireflective coatings in visible range for space applications will be 

given. Many different material combinations were tried and the most suitable and 

efficient designs are shown. The reflectance for the different material combination 

will be studied and the results of the reflection versus wavelength graphs will be 

shown. In designs, the major point is to achieve highest reflection on broadband for 

reflective coatings and for antireflective able to get the lowest reflection on broad 

wavelength.  The algorithm using recursion relation for the multilayer coating 

calculation of reflection of the coatings is developed in MATLAB and the codes of 

program is given in the appendix.  

 

6.2 MATLAB Implementation 

 

In this program, the main inputs are refractive index, thickness of the each 

slab, wavelength, angle of incidence and type of polarization. First of all each of the 

layer refractive index is entered using the following code: n=[n1,n2,…..,nM] and 

send to the array. After that, the thickness of the layer, defined as L, is entered. By 

using the below codes, we can obtain the repetition of refractive index and thickness 

of the each layer: 
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n=[n0,repmat([nH,nL],1,N),nS];  

L=[repmat([LH,LL],1,N)]; 

where n is used to store the value of refractive index of materials in arrays,  

n0= refractive index of air, 

nH= high refractive index material,  

nL=low refractive index material, 

nS=substrate refractive index, 

N=repetition number of values, 

       After entering input parameters refractive index and thickness, we have to define 

the number of layers:  

M=length(n)-2;  where M= number of layers and n=array of refractive indices, 

The angle of incidence is defined and to calculate the angle for the i
th

 layer, we 

use the equation (2.62) in chapter 2:  
2 2

2

2

sin
cos 1 sin 1 a a

i i

i

n

n

θ
θ θ= − = −  

Angle is converted to the radian: 

angle=angle*pi/180; 

costr=sqrt(1-(n(1)*sin(angle)./n).^2); 

      The polarization state can be calculated using for loop; 

if pol=='TE' | pol=='TM',    

    nTr=n.*costr;  

else  

    nTr=n./costr;  

end  

The calculation of optical thickness is made as follows: 

L=L.*costr(2:M+1); 

The reflection coefficients of the M+1 interfaces are calculated by using the equation 

(2.63) in chapter 2: 
, 1 ,

,

, 1 ,

tr i tr i

tr i

tr i tr i

n n
r

n n

−

−

−
=

+
 i=1,2,…,M+1 

r=-diff(nTr)./(diff(nTr)+2*nTr(1:M+1)); 

The central wavelength value is defined as lambda0 and the spectral wavelength 

values are entered as follows: 

lambda=linspace(400,700,101); 
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The reflection coefficient of the right hand side of slab is initialized: 

R0=r(M+1)*ones(1,length(lambda));  

By using the for loop the reflection of each layer can be calculated: 

for i=M:-1:1 

delta=2*pi*L(i)./lambda; 

 z=exp(-2*j*delta);  

where delta is the phase thickness 

The reflection of each layer is calculated and the total reflection is written to the 

array: 

R0=(r(i)+R.*z)./(1+r(i)*R.*z);  

We use the equation (2.58) in chapter 2: 

2

1

2

11

i i

i i

jk l

i i
i jk l

i i

r e

r e

−

+

−

+

+ ℜ
ℜ =

+ ℜ
 where  i=M, M-1,…..,1. 

Finally, the optical impedance is calculated Z0=(1+R)./(1-R);  

After storing the above results in the array, by using the below function, we can 

calculate the reflectivity of thin film by taking square of function. All these 

calculations are made under the below function. 

function[R0,Z0]=multicoatings(n,L,lambda,angle,pol) 

RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100;  

The flow-chart diagram of the program is given in figure 6.1. 
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Figure 6.1. Flow-chart diagram for the MATLAB program 
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6.3 Reflective and Antireflective Coating Designs For Space 

Applications 

 

6.3.1 Reflective  Mirror Coating Designs  

 

6.3.1.1 (99 nm) MgF2 +Al 

 

In this design the Aluminum is overcoated by MgF2 and the physical thickness is 

99.75 nm. The reflectance of the film is above % 88 from 400 to 700 nm.   

 

 

 

 

                                     Figure 6.2. Quarter wavelength layer MgF2 on Al. 
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               Figure 6.3. The Reflectance versus wavelength graph for Al over MgF2 where λ0=550 nm, 

λ=400-700 nm. 

 

6.3.1.2 (88nm) SiO2+Al 

 

This design also made at 550 nm and aluminum overcoated with SiO2. The physical 

thickness is about 88.94 nm. The reflectance changes between % 85 to % 90. 

 

 

 

 

                                      Figure 6.4. Quarter wavelength layer SiO2 on Al 
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Figure 6.5. The Reflectance versus λ graph for Al over SiO2 where λ0=550 nm, λ=400-700 nm 

 

6.3.1.3  (76 nm) Ta2O5+ (89 nm) SiO2+ (76 nm) Ta2O5 + (78 nm) 

Al2O3+Ag 

This design silver (Ag), tantalum (Ta2O5) and Silica (SiO2) are studied. The coating 

consists of three quarter wave layer. The physical thickness of Ta2O5 is about 76 nm, 

for SiO2 is about 89 nm and for Al2O3 is about 78 nm. The total physical thickness is 

about 246 nm. The reflectance is over the % 90 and at 450 to 600 the reflectance 

increases up to % 99. 

 

 

                           Figure 6.6. Quarter-quarter four layer wavelength stack on Ag 
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Figure 6.7. The Reflectance versus λ graph for Ag over λ0/4 Ta2O5+ λ0 /4 SiO2+  λ 0/4 Ta2O5 + λ0                       

/4 Al2O3 where λ0=550 nm, λ=400-700 nm 

 

6.3.1.4  ((76 nm) Ta2O5+(89 nm) SiO2)x8 Layers +Al 

 

In this design, multilayer coating have quarter wave optical thickness tantalum and 

silicon dioxide, the central wavelength is 550 nm. The total thickness of the layers is 

825 nm. There is a fluctuation in the reflectance, the maximum reflectance is 

observed between 500 to 550 nm. The other wavelengths, the corresponding 

reflectance is about over % 80, only at 600 nm, the reflectance reduces to % 70. 
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Figure 6.8. 16 layers quarter wavelength stack of Ta2O5 and SiO2 on Al 
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Figure 6.9. The Reflectance versus wavelength graph for Al over λ0/4 Ta2O5+ λ0 /4 SiO2  where 

λ0=550 nm. 

 

 

6.3.1.5 ((55 nm) TiO2+ (88 nm) SiO2)x 8 Layers +Al 

 

The aluminum is overcoated by 8 layer titanium and silicon dioxide in this design. If 

we look at the overall reflectance, we can see that the reflectance increases up to 

%99 between 450 to 650 nm. However, the other wavelengths, for instance, at 650 

nm the reflectance decreases to the % 50. The overall thickness of the system is 

about 1152 nm. 
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Figure 6.10. 16 layers quarter wavelength stack of TiO2 and SiO2 on Al 
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Figure 6.11. The Reflectance versus wavelength graph for Al over λ0/4 TiO2+ λ0 /4 SiO2  where 

λ0=550 nm. 

 

6.3.1.6 ((55 nm) TiO2+(99 nm) MgF2) x 8 Layers + Al 

 

This is another example of the protected aluminum coating. The reflectance of the 

coating fluctuates after the 700 nm and decreases down to % 70. However, about % 

99 percent reflectance is achieved more broader wavelength (450-680 nm) when 

compared with the above design.  
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Figure 6.12. 16 layers quarter wavelength stack of TiO2 and MgF2 on Al 
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Figure 6.13. The Reflectance versus wavelength graph for Al over λ0/4 TiO2+ λ0 /4 MgF2  where 

λ0=550 nm. 

 

6.3.1.7   (76 nm) Ta2O5+ (89 nm) SiO2+ (76 nm) Ta2O5 + (62 nm) 

Al2O3+Ag 

 

In this design, we obtain the most successful result. The overall reflectance almostly, 

do not drop below the % 90 between 400 to 900 nm. It consists of four layers, the 

central wavelength is 550 nm. The physical thickness of tantalum is 76 nm, silicon 

dioxide 89 nm and aluminum oxide is about 62 nm. The overall physical thickness of 

the system is 303 nm.  
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Figure 6.14. 4 layer λ/4 Ta2O5+ λ /4 SiO2+ λ/4 Ta2O5+ λ/5 Al2O3 thin film stack on Ag 

 

 

Figure 6.15. The Reflectance versus wavelength graph for Ag over λ0/4 Ta2O5+ λ0 /4 SiO2+ λ0/4 

Ta2O5+ λ0/5 Al2O3  where λ0=550 nm. 
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6.3.2 Antireflective (AR) Coating Designs 

 

6.3.2.1 (89 nm) SiO2+ (152 nm) Ta2O5 + (89 nm) SiO2+ (76 nm) 

Ta2O5 +Glass 

 

The four layer silicon dioxide and tantalum are overcoated to the glass in this AR 

coating. When we look at the reflectance, about the 480 nm and 830 nm is minimum 

(% 1.5). The other wavelengths, the reflectance changes % 4.5 to %1.8. The first 

layer of the silicon dioxide has quarter wave, the second layer tantalum half wave, 

the third and last layer have quarter wave optical thickness. The physical thickness of 

the system is about 406 nm.  

 

 

Figure 6.16. 4 layer λ /4 SiO2+λ/2 Ta2O5+ λ /4 SiO2+ λ/4 Ta2O5 thin film stack on glass 
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Figure 6.17. The Reflectance versus wavelength graph for glass over λ0 /4 SiO2+λ0/2 Ta2O5+ λ0 /4 

SiO2+ λ0/4 Ta2O5 where λ0=550 nm. 

 

6.3.2.2  (99 nm) MgF2+ (110 nm) TiO2+ (25 nm) MgF2+ (14 nm) TiO2 

+Glass 

 

This design the optical thicknesses of the first layer of MgF2 and TiO2 are λ/4 and the  

last two layers optical thickness are λ/16. The overall reflectance decreases when we  

compare the four layer silicon dioxide and tantalum design. The reflectance goes to  

almost zero between 550 and 650 nm. However, at 900 nm the reflectance increases 

 about % 10. The overall physical thickness of the coating is about 229 nm. 
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Figure 6.18. Four layer λ /4 MgF2+λ/2 TiO2+ λ /16 MgF2+ λ/16 TiO2 thin film stack on glass 

 

 

Figure 6.19. The Reflectance versus wavelength graph for glass over λ0 /4 MgF2+λ0/2 TiO2+ λ0 /16 

MgF2+ λ0/16 TiO2 where λ0=550 nm. 
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6.3.2.3 (99 nm) MgF2 + (152 nm) Ta2O5 + (72 nm) Al2O3+Glass 

 

The last design consists of three layers and the results of this layer is the most 

efficient one. The reflectance is minimum at 440 and 600 nm and the maximum 

reflectance is about 1.2 between 400 to 700 nm. The physical thickness of the system 

is about 328 nm. 

 

 

Figure 6.20. Three layer MgF2 (λ /4)/Ta2O5(λ /2)/Al2O3(λ /4) thin film stack on glass  
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Figure 6.21. The Reflectance versus wavelength graph for glass over MgF2 (λ /4)/Ta2O5(λ /2)/Al2O3(λ 

/4) where λ0=510 nm. 
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CHAPTER 7 

 

 

CONCLUSION 

 

 

 

 

The optical coatings are very essential part in the design of optical systems. The 

performance of an optical system can be increased by using optical coatings. In this 

thesis, the properties of the optical coatings which are used in outer space were 

discussed and the algorithm was developed for the calculation of reflection of the 

coatings. Furthermore, the theory of the optical thin film was studied. 

When considering the quality of optical coatings, the deposition methods are 

a crucible point. The performance and durability of the coated material is affected by 

the deposition system. In addition, the homogeneity and surface quality is also 

determined by the deposition system.  The most promising technique is Plasma Ion 

Assisted Deposition System because the high packing density, better surface quality 

and homogeneity can be achieved when this deposition method is used. 

The design of the coatings is mainly determined by available materials. The 

choice of the material is very important, since the optical materials must endure the 

harsh environment of space. The radiation, atomic oxygen effects and temperature all 

affect the properties of optical coatings and material durability. These environmental 

effects must be considered when the material selection is made. 

After the selection of suitable materials for space applications, with the help 

of MATLAB program, the reflectivity of these optical materials was calculated using 

the recursion relation. In this program, by entering the refractive index, thickness of 
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the film, number of layer, polarization state and angle of incidence, the reflectance of 

the thin film stack could be calculated.  

A lot of different designs were tried and the most efficient and suitable ones 

were given in this study. These different designs were generated in the visible range 

and we compared their reflectance values. At the end of calculations the following 

results were found for reflective and antireflective coating types. For reflective 

coatings, it has been found that the most efficient design was the protected silver 

mirror overcoated by λ/4 Ta2O5, SiO2 and λ/5 Al2O3 where λ  is 550 nm. The 

reflection of this coating was almost % 90 overall wavelength (400-900 nm) and % 

97 between 550 to 700 nm. When we come to antireflective coatings, the most 

suitable design when compared with a number of various designs is three layer 

broadband coating. This coating consists of quarter wave optical thickness MgF2, 

half wave optical thickness Ta2O5 and quarter wave optical thickness Al2O3 at 550 

nm. The reflection reduces to almost zero at 440 and 600 nm and the overall 

reflection does not exceed the % 1.2. 
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APPENDIX A 

 

 
 

WAVELENGTH DEPENDENT REFLECTANCE TABLE 

FOR DIFFERENT METALS 

 

 

Table 2.2 Reflectance versus wavelength table for different metals [18]. 

 

λ (µm) Al Ag Au Cu Rh Pt 

0.220 91.5 28.0 27.5 40.4 57.8 40.5 

0.240 91.9 29.5 31.6 39.0 63.2 46.9 

0.260 92.2 29.2 35.6 35.5 67.7 51.5 

0.280 92.3 25.2 37.8 33.0 70.7 54.9 

0.300 92.3 17.6 37.7 33.6 73.4 57.6 

0.315 92.4 5.5 37.3 35.5 75.0 59.4 

0.320 92.4 8.9 37.1 36.3 75.5 60.0 

0.340 92.5 72.9 36.1 38.5 76.9 62.0 

0.360 92.5 88.2 36.3 41.5 78.0 63.4 

0.380 92.5 92.8 37.8 44.5 78.1 64.9 

0.400 92.4 95.6 38.7 47.5 77.4 66.3 

0.450 92.2 97.1 38.7 55.2 76.0 69.1 

0.500 91.8 97.9 47.7 60.0 76.6 71.4 

0.550 91.5 98.3 81.7 66.9 78.2 73.4 

0.600 91.1 98.6 91.9 93.3 79.7 75.2 

0.650 90.5 98.8 95.5 96.6 81.1 76.4 

0.700 89.7 98.9 97.0 97.5 82.0 77.2 

0.750 88.6 99.1 97.4 97.9 82.6 77.9 

0.800 86.7 99.2 98.0 98.1 83.1 78.5 

0.850 86.7 99.2 98.2 98.3 83.4 79.5 

0.900 89.1 99.3 98.4 98.4 83.6 80.5 

0.950 92.4 99.3 98.5 98.4 83.9 80.6 
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Table 2.2 Reflectance versus wavelength table for different metals (Continue) [18]. 

 

λ (µm) Al Ag Au Cu Rh Pt 

1.0 94.0 99.4 98.6 98.5 84.2 80.7 

1.5 97.4 99.4 99.0 98.5 87.7 81.8 

2.0 97.8 99.4 99.1 98.6 91.4 81.8 

3.0 98.0 99.4 99.3 98.6 95.0 90.6 

4.0 98.2 99.4 99.4 98.7 95.8 93.7 

5.0 98.4 99.5 99.4 98.7 96.4 94.9 

6.0 98.5 99.5 99.4 98.7 96.8 95.6 

7.0 98.6 99.5 99.4 98.7 97.0 95.9 

8.0 98.7 99.5 99.4 98.8 97.2 96.0 

9.0 98.7 99.5 99.4 98.8 97.4 96.1 

10.0 98.7 99.5 99.4 98.9 97.6 96.2 

15.0 98.9 99.6 99.4 99.0 98.1 96.5 

20.0 99.0 99.6 99.4       

30.0 99.2 99.6 99.4       
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APPENDIX B 

 

 

 

MATLAB CODES 

 

 

MgF2+Al: 

 

n=[1,1.38,0.958+i*6.69]; L=0.25;  

lambda=linspace(400,700,101)./550; angle=0; pol='TE'; 

R=multicoatings(n,L,lambda,angle,pol); 

RT=abs(multicoatings(n,L,lambda,angle,pol)).^2*100; 

plot(lambda,RT); 

 

SiO2+Al: 

 

n=[1,1.55,0.958+i*6.69]; L=0.25; 

lambda0=550; 

lambda=linspace(400,700,101); angle=0; pol='TE'; 

RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

plot(lambda,RT); 

 

λ/4 Ta2O5+ λ /4 SiO2+  λ /4 Ta2O5 + λ /4 Al2O3+Ag: 

 

n=[1,1.81,1.55,1.81,1.77,0.10+i*3.45]; 

L=0.25; 

lambda0=550; 
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lambda=linspace(400,700,101); angle=0; pol='TE'; 

R=multicoatings(n,L,lambda,angle,pol); 

RT=abs(multicoatings(n,L, lambda./lambda0,angle,pol)).^2*100; 

plot(lambda,RT); 

 

Ta2O5+SiO2+ Al (8 layers) 

 

 n0=1; nH=1.81; nL=1.55; nS=0.958+i*6.69; 

 LH=0.25; LL=0.25; 

 lambda0=550; 

 N=8; 

 n=[n0,repmat([nH,nL],1,N),nS]; 

 L=[repmat([LH,LL],1,N)]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='TE'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 

 

TiO2/SiO2+Al (8 Layers) 

 

n0=1; nH=2.50; nL=1.55; nS=0.958+i*6.69; 

 LL=0.25; LH=0.25; lambda0=550; 

 N=8; 

 n=[n0,repmat([nH,nL],1,N),nS]; 

 L=[repmat([LH,LL],1,N)]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='TE'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 

 

TiO2/MgF2+Al (8 Layers) 

 

 n0=1; nH=2.50; nL=1.38; nS=0.958+i*6.69; 
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 LL=0.25; LH=0.25; lambda0=550; 

N=8; 

 n=[n0,repmat([nH,nL],1,N),nS]; 

 L=[repmat([LH,LL],1,N)]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='TE'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 

 

λ/4 Ta2O5+ λ/4 SiO2+ λ/4 Ta2O5 + λ/5 Al2O3+Ag 

 

 n0=1; nH=1.81; nL=1.55; nM=1.77; nS=0.120+i*3.45; 

 LL=0.25; LH=0.25; LM=0.20; lambda0=550; 

 n=[n0,nH,nL,nH,nL,nM,nS]; 

 L=[LH,LL,LH,LL,LM]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='te'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 

 

AR Coatings 

 

SiO2/Ta2O5 (4 Layers)+Glass: 

 

Air[LHH0.25L0.25H]Substrate; 

 n0=1; nH=1.81; nL=1.55; nS=1.52; 

 LL=0.25; LH=0.25; 

 lambda0=550; 

n=[n0,nL,nH,nH,nL,nH,nS]; 

 L=[LL,LH,LH,LL/4,LH/4]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='TE'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 
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 plot(lambda,RT); 

MgF2/TiO2 (4 layers)+Glass: 

 

Air[LHH0.25L0.25H]Substrate; 

n0=1; nH=2.5; nL=1.38; nS=1.52; 

 LL=0.25; LH=0.25; 

 lambda0=550; 

n=[n0,nL,nH,nH,nL,nH,nS]; 

 L=[LL,LH,LH,LL/4,LH/4]; 

 lambda=linspace(400,900,101); 

 angle=0; pol='TE'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 

 

MgF2 (λ /4)/Ta2O5(λ /2)/Al2O3(λ /4)/BK7 (λ=510); 

 

n0=1; nM=1.629; nH=2.126; nL=1.384; nS=1.52; 

 n=[n0,nL,nH,nM,nS]; 

 L=[LL,2*LH,LM]; 

LL=0.25; LM=0.25; LH=0.25; 

 L=[LL,2*LH,LM]; 

 lambda0=510; 

 lambda=linspace(400,700,101); 

 angle=0; pol='te'; 

 RT=abs(multicoatings(n,L,lambda./lambda0,angle,pol)).^2*100; 

 plot(lambda,RT); 


