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 هلخص الزسالت

 

عبذالعشيش بي حسيي بي هحوذ الأسود: الاسن  

التٌغستيالطبقاث الشفافت العاسلت للحزارة الوكوًت هي رقائق هتعذدة الطبقاث هي أكسيذ : عٌواى الزسالت  

 .                     وعٌصز الفضت أو الذهب

 (م2009يٌايز )   هـ1430هحزم  :  تاريخ هٌح الذرجت

كان عذد انطبقاث فٌ .  بواعطت انخبخَش انحشاسً انطبقاث انشفافت انعاصنت نهحشاسة مخعذدة انطبقاثحمج عمهَت ححضَش

 و (WO3/Au) و (WO3/Ag): انطلاءاث انمحضشة إما طبقخَه أو ثلاد طبقاث عهي انىحو انخانٌ

(WO3/Ag/WO3)و (WO3/Au/WO3) . بذأوا بذساعت انخواص انضوئَت و حضاسٍظ انغطوح نطبقاث

وحَذة مه انفضت و انزهب و أكغَذ انخىغغخه وانخٌ عاعذث فٌ انوصول اني ححضَش انطلاءاث انعاصنت 

كما حم قَاط انىفارٍت والإوعكاعَت نلأشعت انمشئَت وححج انحمشاء ومعشفت مذى اعخمادها عهي عمك . نهحشاسة

وأخَشا حم ححذٍذ انغمك الأمثم نكم طبقت و انزً ٍىخح أفضم عواصل . فٌ انطبقاث (انزهب أو انفضت)انمعذن 

كما وخذ أن انثلاد طبقاث أفضم مه , ممكىت وانخٌ حخمَض بانشفافَت انعانَت وانعضل نهحشاسة فٌ وفظ انوقج

 .انطبقخَه فٌ اوخاج مثم هزي انعواصل انحشاسٍت
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Chapter 1: INTRODUCTION 

1.1 Optical Properties of Metals  

A great deal of our knowledge of the optical properties of solids has been 

elucidated by studying the interaction of light with the valence electrons of these 

materials. In this section, the optical constants, which are the index of refraction (𝑛 ), 

extinction coefficient (k) and reflectance (R), will be discussed and defined for metals. 

The information presented below follows closely that of reference [1]. 

1.1.1 Index of refraction 

It is a well-known phenomenon that light changes its path or refracts as it passes 

from a less dense medium to an optically denser medium, as shown in Figure ‎1.1. The 

angle of refraction β is smaller than the angle of incidence α. If the first medium is 

vacuum and the second is any other medium, the refractive index n of the medium can 

be defined as:                          𝑛 =
𝑛𝑚𝑒𝑑

𝑛𝑣𝑎𝑐
=

sin  𝛼 

sin  𝛽 
                                                            (1.1) 

 

 

 

 

 

 

β 

α 

 Vacuum 

Medium 

Figure ‎1.1: Refraction of light as it passes from vacuum to a 

dense medium. 
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where 𝑛𝑣𝑎𝑐  is set to be unity. The refractive index of air is approximately the same as 

that of a vacuum. The different velocities of light in the two media cause the refraction 

of light. The velocity of light in any medium is given by: 

𝑣 =
sin 𝛽 

sin 𝛼 
𝑐                                                                 (1.2) 

where c is the velocity of light in a vacuum. Thus, the refractive index can be defined 

as: 

𝑛 =
𝑐

𝑣
                                                                         (1.3) 

The value of n changes according to the wavelength of the incident light. This 

phenomenon is called dispersion. 

 

1.1.2 Extinction coefficient (k) 

The index of refraction is a complex quantity, and it can be written as 𝑛 = 𝑛 − 𝑖𝑘. 

The real part n is the refractive index, while the imaginary part k is called the extinction 

coefficient or damping constant. To understand why k is termed the damping constant, 

consider a plane polarized wave propagating along the z-axis and vibrating in the x-

direction as shown in Figure ‎1.2. 
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Figure ‎1.2: Plane polarized wave which propagates in the positive z-direction and 

vibrates in the x-direction [1]. 

 

Consider a medium having its surface in the xy-plane and its bulk along the z-direction. 

When the plane polarized wave passes through the medium, the complete solution of the 

electric field in the medium is: 

𝐸𝑥 = 𝐸0 exp  −
𝜔𝑘

𝑐
𝑧  exp  iω  t −

zn

c
                                                     (1.4) 

where 𝐸0 is the maximum amplitude of the electric field, ω = 2πf is the angular 

frequency of the wave, and t is the time. The first term 𝐸0 exp  −
𝜔𝑘

𝑐
𝑧  is the damping 

amplitude which is responsible for decreasing the wave exponentially with increasing z, 

as shown in Figure ‎1.3. The second term is an undamped sinusoidal wave. The value of 

k determines the degree of damping of the light wave. That is, when the value of k is 

large, the wave decays fast. 
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Figure ‎1.3: Exponential decay of the electric field as it passes through a metal. [1] 

 

 

Generally, metals have an extinction coefficient k that is large compared to other 

materials. Thus, metals damp the intensity of light in a relatively short distance. 

Practically, measuring the field strength E in Eq.1.4 is very difficult. Therefore, the 

intensity of light, which is equal to the modulus square of E, is commonly measured. 

The intensity I can be measured easily by using sensitive devices, such as 

photomultiplier tubes. The intensity can be calculated from Eq.1.4: 

𝐼(𝑧) =  𝐸 2 = 𝐼0 exp  −
2𝜔𝑘

𝑐
𝑧                                                            (1.5) 

where 𝐼𝑜 =  𝐸𝑜  
2. Now, let us define a characteristic penetration depth Φ which 

measures how deeply light can penetrate into the material. Φ is defined as the depth at 

which the intensity of the light inside the material I(z) falls to 1/e of its original value at 

the surface 𝐼0, namely when: 

𝐼(𝑧) =
1

𝑒
𝐼0                                                                                      (1.6) 
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Using Equations 1.5 and 1.6, the penetration depth Φ may be written as: 

𝛷 =
𝑐

2𝜔𝑘
=

𝑐

4𝜋𝑓𝑘
=

𝜆

4𝜋𝑘
                                                           (1.7) 

Therefore, when k is large, as in metals, the penetration depth is small, and vice versa. 

Table ‎1.1 gives values of k and Φ for different materials when the incident light is 

sodium lamp light (𝜆 =589.3 nm). 

Table ‎1.1: Values of the damping constant k and penetration depth Φ for different 

materials [1]. 

Material Water Flint glass Graphite Gold Silver 

Φ (cm) 32 29 6 × 10−6 1.5 × 10−6 1.2 × 10−6 

k 1.4 × 10−7 1.5 × 10−7 0.8 3.2 4.0 

 

1.1.3 Reflectance (R) 

It is well-known that metals have a large reflectance to light. This is because light 

penetrates only a short distance in a metal as shown in Figure ‎1.3. Therefore, a small 

amount of the incident energy is converted into heat, while the major part of the energy 

is reflected. Table ‎1.2 shows the reflectance of some metals at a wavelength of 600 nm. 
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Table ‎1.2: Optical constants and reflectance R of some metals at λ=600 nm. [1] 

Metal n k R[%] 

Copper 0.14 3.35 95.6 

Silver 0.05 4.09 98.9 

Gold 0.21 3.24 92.9 

Aluminum 0.97 6.00 90.3 

 

The reflectance can be defined as the ratio between the reflected intensity IR and the 

incident intensity I0: 

𝑅 =
𝐼𝑅
𝐼0

                                                                                            (1.8) 

The reflectance of light, that is normally incident on a material, is given by: 

𝑅 =  
𝑛 − 1

𝑛 + 1
 

2

                                                                              (1.9)  

which yields Beer’s equation: 

𝑅 =  
𝑛 − 𝑖𝑘 − 1

𝑛 − 𝑖𝑘 + 1
∙
𝑛 + 𝑖𝑘 − 1

𝑛 + 𝑖𝑘 + 1
=

 𝑛 − 1 2 + 𝑘2

 𝑛 + 1 2 + 𝑘2
                                   (1.10)  

Reflectance is a function of the wavelength of light, since n depends on wavelength. 

Also, the reflectance can be written as a function of the dielectric function 𝜀 . The 

dielectric function is generally a complex quantity given by (𝜀 = 𝜀 − 𝑖
2𝜎

𝑓
) where ε is the 

dielectric constant, ζ is the (a.c.) conductivity and f is the light frequency. 𝜀  relates to 

the index of refraction (𝑛 = 𝑛 − 𝑖𝑘) by the equation: 

𝑛 2 = 𝜀                                                                                                             (1.11) 
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Then      𝑛2 − 𝑘2 − 𝑖 2𝑛𝑘 = 𝜀 − 𝑖
2𝜎

𝑓
                                                                             (1.12) 

Equating the real parts yields  

             𝜀 = 𝜀1 = 𝑛2 − 𝑘2                                                                                      (1.13) 

and equating the imaginary parts yields 

2𝜎

𝑓
= 𝜀2 = 2𝑛𝑘                                                                                        (1.14) 

The notations ε1 and ε2 are introduced for simplicity. 

Using Eq. 1.13 and 1.14 and after some transformation, Eq. 1.10 is rewritten as 

𝑅 =
 𝜀1

2 + 𝜀2
2 + 1 −  2( 𝜀1

2 + 𝜀2
2 + 𝜀1)

 𝜀1
2 + 𝜀2

2 + 1 +  2( 𝜀1
2 + 𝜀2

2 + 𝜀1)

                                                  (1.15) 

Hagen and Rubens did an approximation to Eq. 1.15 to derive the following relationship 

between the reflectance and conductivity of metals for small frequencies (far infrared) 

where (f/σ <<1 or ε2 >>ε1):  

𝑅 = 1 − 2 
𝑓

𝜎
                                                                                                     (1.16)  

This is called the Hagen-Rubens equation, which states that metals with large electrical 

conductivity are good reflectors in the infrared (IR) region. 

1.1.4 Plasma frequency 

In the near IR and visible region, the Hagen-Rubens equation is no longer valid. 

Thus, the atomic structure needs to be considered by using the Drude model. Drude 

postulated that some electrons in a metal can be considered to be free and also can be 
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accelerated by an external electric field. Now, consider the case where free electrons are 

excited under the influence of a plane polarized light wave of strength: 

𝐸 = 𝐸0 exp 𝑖𝜔𝑡                                                                                     (1.17) 

The equation describing the motion of electrons can be written by using Newton’s 

second law: 

         𝐹 = 𝑚𝑎                                                                            (1.18) 

                                                               

𝑒𝐸 = 𝑚𝑒
𝑑2𝑥

𝑑𝑡2                                                                      (1.19) 

where e and me are the charge and mass of an electron, respectively. The stationary 

solution of this differential equation is obtained by substituting the second derivative of 

a trial solution 𝑥 = 𝑥0exp⁡(𝑖𝜔𝑡) into Eq. 1.19 and this produces 

𝑥 = −
𝑒𝐸

4𝜋2𝑚𝑒𝑓
2

                                                               (1.20) 

The polarization P, which is defined as the sum of the dipole moments of all free 

electrons (Nf), is given by 

𝑃 = 𝑒𝑥𝑁𝑓                                                                                         (1.21) 

The dielectric function 𝜀  is related to the polarization by: 

𝜀 = 1 + 4𝜋
𝑃

𝐸
                                                                                 (1.22) 

Inserting Eq. 1.20 and Eq. 1.21 into Eq. 1.22 yields 

𝜀 = 1 −
𝑒2𝑁𝑓

𝜋𝑚𝑒𝑓
2

                                                                              (1.23) 

Substituting Eq. 1.11 into Eq. 1.23 yields 
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𝑛 2 = 1 −
𝑒2𝑁𝑓

𝜋𝑚𝑒𝑓
2

                                                                           (1.24) 

Now, consider two special cases: 

1. For low frequencies, the term 
𝑒2𝑁𝑓

𝜋𝑚𝑒𝑓
2 is greater than one, then 𝑛 2 is negative and 

therefore 𝑛 = 𝑖𝑘 where the real part n is zero. Substituting n = 0 in Eq. 1.10, the 

reflectance becomes 100%. 

2. For high frequencies, the term 
𝑒2𝑁𝑓

𝜋𝑚𝑒𝑓
2 is less than one, then 𝑛 2 is positive and 

therefore 𝑛 = 𝑛 but smaller than one. Using Eq. 1.10, the reflectance becomes 

minimum and the material behaves like a transparent insulator. 

 The plasma frequency is defined as the frequency that separates the reflective region 

from the transparent region. This frequency can be obtained by setting  
𝑒2𝑁𝑓

𝜋𝑚𝑒𝑓
2 equal to 

unity, which gives: 

𝑓 =  
𝑒2𝑁𝑓

𝜋𝑚𝑒
                                                                               (1.25) 

Therefore, the position of the plasma frequency is altered only by changing the free 

electrons concentration of the material. 

1.2 Optical Properties of Semiconductors  

The concept of the index of refraction and the extinction coefficient of 

semiconductors is the same as that of metal presented in section 1.1. In this section, the 

emphasis will be on the processes of absorption and emission of photons in 

semiconductors. In general, there are several mechanisms which can lead to the 
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absorption and emission processes. These mechanisms include: band-to-band, impurity-

to-band, free-carrier, phonon and excitonic transitions. The focus here will be on the 

first mechanism, band-to-band transitions. [2] 

In semiconductors, electrons are confined to the valence and conduction bands, 

while they are forbidden from other regions. The energy difference between the top of 

the valence band and the bottom of the conduction band is called the energy gap Eg. 

Electrons require a specific amount of energy to make a transition from one band to 

another. This energy can be provided by a photon if its energy hv is greater than the 

energy gap Eg.  The absorption process occurs when a photon with an appropriate 

energy (hv ≥ Eg) is absorbed, resulting in an upward transition of the electron from the 

valence band to the conduction band, leaving a hole in the valence band. Thus, an 

electron-hole pair is created. This increases the concentration of mobile charge carriers, 

and therefore the conductivity of the material is enhanced. The emission process can 

occur in two ways: spontaneous and stimulated emission. In the spontaneous emission, 

the electron deexcites from the conduction to the valence band (electron-hole 

recombination) and emits a photon of energy hv = Eg. Light-emitting diodes (LEDs) 

operate on this basis. However, in the stimulated emission, the electron-hole 

recombination is stimulated by a photon. The result is the induced emission of an 

identical photon, and this process is responsible for the operation of lasers. Figure ‎1.4 

shows the band-to-band absorption and emission processes. [2] 
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Figure ‎1.4: Absorption and emission processes in the band-to-band transition. (a) 

absorption of a photon, (b) spontaneous emission of a photon and (c) stimulated 

emission of a photon. [2] 

1.3 Theory of Multilayer Coatings.  

Multilayer coatings provide many useful and interesting applications of thin films, 

such as antireflection coatings, broad and narrow-band pass filters, smart windows, and 

heat mirrors. The theory of multilayer coating was presented in ref.[3], and is outlined 

below. 

The equations required from electromagnetic theory are summarized here. The 

energy of an EM wave propagating in the direction of the Poynting vector is given by 

the relation:                            
(1.26)

 

The relation between the magnitudes of electric and magnetic fields is given by: 

  (1.27) 

where υ is the wave speed, which depends on the refractive index (n) of the medium, 

 (1.28) 

 

2
o c S E B

  

E B

c

n
 
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and the speed of light c equals 

 (1.29) 

where εo and μo are the permittivity and permeability of free space, respectively. Using 

the above equations, the magnitudes of magnetic and electric fields can be related by 

 

   (1.30) 

1.3.1 Transfer matrix 

The transfer matrix is developed to optically represent a thin film and characterize 

its performance. It is used to calculate the reflectance and transmittance of multilayer 

films. In this approach, a non-absorbing film is treated. Consider Figure ‎1.5, shown 

below, where a beam of light is incident on a thin film of refractive index n and 

thickness d. The film is deposited on a substrate of refractive index ns. The electric field 

of light is assumed to be polarized perpendicular to the plane of incidence. The air-film 

interface and the film-substrate interface are represented by (a) and (b) respectively. Er1 

is the sum of all the multiply-reflected beams at interface (a), and Ei2 is the sum of all 

the multiple beams at interface (b) and directed toward the substrate, and so on. In this 

way, we account for multiple beams in the interfaces. 

1

o o

c
 
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/
o o

E E
B n E

c n
 


  
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Figure ‎1.5: Reflection of a beam from a single layer with thickness d. The air-film 

interface and the film-substrate interface are represented by (a) and (b), 

respectively. [3] 

 

The boundary conditions on the electric and magnetic fields require that their tangential 

components be continuous across each interface. In our case, E is always perpendicular 

to the plane of incidence. Therefore, the electric field is everywhere tangential to the 

planes at (a) and (b), whereas the magnetic field consists of both a tangential y-

component and a perpendicular x-component. Therefore, 

                       (1.31) 

             (1.32) 

           (1.33) 

           (1.34) 

1 1 1a o r t iE E E E E   

2 2 2b i r tE E E E  

1 1 1 1 1cos cos cos cosa o o r o t t i tB B B B B      

2 1 2 1 2 2cos cos cosb i t r t i tB B B B    
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Using    , equations 1.33 and 1.34 become 

           (1.35) 

           (1.36) 

where           

 (1.37) 

           (1.38) 

(1.39) 

Note that Ei2 differs from Et1 only because of a phase shift δ that develops due to one 

traversal of the film: 

                      (1.40) 

Thus  Ei2 = Et1 e
-iδ

 and likewise Ei1 = Er2 e
-iδ

. 

Using matrices, the fields at interfaces (a) and (b) can be related as: 

 

 (1.41) 

 

The 2×2 matrix is called the transfer matrix of the film and it is represented generally by                    

  
  (1.42)

 
 

In the case of N layers, each layer is represented by a transfer matrix, and the 

fields at the outer interfaces of the multilayer can be related by using a general matrix 

relation: 

 (1.43) 

o oB n E 

1 1 1 1( ) ( )a o o r t iB E E E E    

1 2 2 2 2( )b i r tB E E E   

coso o o o on   

1 1coso o tn   

2coss s o o tn   

1

2
( ) coso t

o

k nd


 


  

1

1

cos ( sin ) /
 

sin cos

a b

a b

E Ei

iB B

  

  

    
    
    

11 12

21 22

m m

m m

 
  
 

M

a N

a N

E E

B B

   
   

   
1 2 3 NM M M ...M



15 

 

 

where EN and BN are the fields at the interface between the n
th

 layer and the substrate. 

The product of transfer matrices is given by 

 (1.44) 

and by using the equations  

 

 (1.45) 

                           

Dividing the two equations by E0 yields: 

1 + ρ= m11 η + m12 γs η                      (1.46) 

γo (1 – ρ) = m21 η + m22 γs η                                (1.47) 

where ρ and η are the reflectance and transmittance coefficients, respectively, given by: 

ρ = Er1/Eo                      (1.48)  

 η = Et2/Eo                       (1.49) 

Solving Eq. 1.46 and Eq. 1.47 gives: 

       (1.50) 

 

 (1.51) 

 

Now, the transmittance (T = η η*) and the reflectance (R = ρ ρ*) can be calculated.  

 (1.52) 
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 (1.53) 

 

1.3.2 Reflectance at normal-incidence 

In the case of one layer at normal-incidence where θi = θt = 0, the elements of the 

transfer matrix become:  

m11 = cos 𝛿    m12 =(𝑖 𝑐 𝑠𝑖𝑛 𝛿)/𝑛 

 m21 =(𝑖 𝑛 𝑠𝑖𝑛 𝑑)/𝑐     m22 =  cos 𝛿 

Taking the thickness of the film to be quarter-wavelength,  d = λ/4 = λo/(4 n). 

The phase difference is δ = (2π/ λo) n d = (2 π/ λ o) n (λo/4 n) = π/2, and cos δ = 0, 

 sin δ = 1. 

Thus, the reflectance Eq.(1.52) is reduced to 

 

        (1.54) 

 

Therefore, a perfectly anti-reflecting (R = 0) film can in principle be fabricated with a 

coating of λ/4 thickness and a refractive index of n = (no ns)
1/2

. For a glass substrate 

(ns=1.52), the refractive index of the films n should be 1.23. A dielectric with such a 

refractive index is not available. Therefore, a single film with zero reflectance cannot be 

fabricated. Equation (1.45) can be used to calculate the reflectance of a glass substrate 

by setting n = no. This gives a value of 4.3 %. However, if the substrate is coated with a 

λ/4 film of MgF2 (n = 1.38), then R = 1.3 %. 
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1.3.3 Two-layer anti-reflecting films 

Using a double layer of quarter-wave-thickness films of refractive indices n1 and 

n2, it is possible to achieve essentially zero reflectance at a specific wavelength with 

available coating materials. At normal-incidence, the transfer matrix of a single of 

quarter-wave thickness is: 

 

 (1.55) 

 

The transfer matrix for two such layers is: 

 

 (1.56) 

 

 

Thus, m11 = - λ2/λ1, m22 = - λ1/λ2, m12 = m21 = 0 

Using equation Eq. 1.51, the reflection coefficient (ρ) and reflectance (R) become: 

 (1.57) 

  

 (1.58) 

 

 Thus, zero reflectance is obtained when no (n2)
2
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2
, or n2/n1 = (ns/no)

1/2
. This 

ratio should be 1.23 in the case of glass substrates. For example, if the two layers are 

ZrO2 (n2 = 2.1) and CeF3 (n1 = 1.65), the ratio n2/n1 = 1.27 is quite close to the desired 
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ratio 1.23, and the reflectance equals 0.1 % which is almost zero. The performance of 

this combination is shown in Figure ‎1.6. 

 

Figure ‎1.6: Reflectance from a double-layer film versus wavelength where no=1, ns=1.52, 

n1=1.65 and n2=2.1. The two layers have the same thickness λ/4 where λ=550nm. [3] 
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1.3.4 Three-layer anti-reflecting films 

The previous procedure was used to calculate the spectral reflectance of three-

layer films. The use of coating with three or more layers makes possible a broader low-

reflectance region in which the response is flatter. If each of the three layers is of λ/4 

thickness, one can show that a zero reflectance occurs when the refractive indices 

satisfy 
𝑛1𝑛3

𝑛2
=  𝑛0𝑛𝑠 . For glass substrates, the ratio 

𝑛1𝑛3

𝑛2
 should be 1.23. A practical 

solution is shown in Figure ‎1.7. 
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Figure ‎1.7: Reflectance from triple-layer films versus wavelength where no=1, ns=1.52, 

n1=1.38, n2=2.02 and n3=1.8. The three layers have the same thickness λ/4 where 

λ=550nm. [3] 
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1.4 Energy Efficient Coatings 

An energy efficient coating is a type of a spectrally-selective coating which highly 

transmits the visible light and highly reflects the infrared (IR) heat. So, it is also called a 

transparent heat mirror. This topic has been studied heavily because it has a wide range 

of energy saving applications. One of the most beneficial applications is reflecting the 

solar heat in warm climates or preventing the escape of indoor heat in cold climates [4].  

In addition, it can be used for coating furnace windows in order to observe samples 

under heat treatment from the outside [5]. Moreover, energy efficient coatings are used 

to improve the efficiency of incandescent lamps.  

Energy efficient coatings can be classified into four main types. The first type is 

a thin metal film with high IR reflectance and low-enough visible absorption. The 

second type is obtained when a thin metal film is coated by one or several anti-

reflecting dielectric layers. The third type is a single film of a semiconductor material 

with a sufficient wide bandgap to provide transparency in the visible region and a high-

enough free carrier concentration to obtain IR reflectance. The last type is a conducting 

microgrid with appropriate opening sizes that are large enough to transmit the visible 

radiation but sufficiently small compared to IR wavelengths so that the microgrid can 

work as an IR reflector.  The first two types are given more focus in the next sections. 

[6] 

1.4.1 Thin metal films 

Transparent heat mirrors should have two major characteristics: high visible 

transmittance (0.3-0.7μm) and high reflectance in the near IR region (0.7-2.5μm). Most 
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metals, especially noble metals (Ag, Au, Cu and Al), have very high IR reflectance due 

to their high free-electron concentration [7, 8]. Therefore, thin metal films can produce 

transparent heat mirrors if they show high transparency in the visible range. This can be 

attained by minimizing the reflectance and absorption in the visible range. It is reported 

that the absorption of the films is equal to 4π k d/λ where k, d and λ are the extinction 

coefficient, film thickness, and the wavelength, respectively [9]. Thus, the absorption is 

reduced by decreasing the film thickness. The visible reflectance can be minimized by 

destructive interference between the beams reflected from the front and back of the 

metal film, as shown in Figure ‎1.8. This destructive interference occurs when the 

contribution to the phase difference from the passage, through the metal, δ is negligible. 

The phase change δ is proportional to (n d) where n is the refractive index of a thin 

metal film and d is its thickness. Therefore, δ is negligible when the metal has a low 

refractive index in the visible range. In addition, the thickness of the film should be as 

thin as possible, provided that the film is continuous. Any discontinuity in the film 

affects the conductivity, and consequently it degrades the IR reflectance. [7,9] 
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Figure ‎1.8: Geometry of light beams reflected from a metal film.    

 

Now, let us investigate the selectivity of metals. It has been shown that noble 

metals are more selective than transition metals (Ni, Fe, Co and Cr). This is because of 

the low refractive index of noble metals compared to that of transition metals. For 

example, the refractive index of silver is around 0.06 at 550 nm, while that of Fe is 

about 2.7 at the same wavelength [7]. Silver is superior because it has the lowest 

refractive index and the lowest absorption in the visible range compared to Cu and Au 

[8,9]. Silver thin films are not stable, because of their high tendency to form an oxide 

overlayer which tremendously affects the IR reflectance [6-8]. Gold thin films are more 

stable than Ag and Cu due their inertness to the environment [8].  

Thin metal films suffer from some major problems. The first problem is the strong 

tendency of metals to form island structures, particularly when the thickness is less than 

15 nm [10]. This problem is overcome by depositing a nucleation modification dielectric 

layer between the metal and the substrate [8]. Another problem is that thin metal films 
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still do not offer high transmittance in the visible range simultaneously with high IR 

reflectance. The low visible transmittance (less than 60%) of Cu and Ag is shown in 

Figures 1.9 and 1.10. This is due to the high free-electron concentration of these metals 

[7]. Furthermore, thin metal films do not provide the stability and durability needed for 

practical heat mirrors [8]. The visible transmittance, stability and durability of metal 

films are enhanced by overcoating the metal with a dielectric layer [8]. This type of 

coating is discussed in the next section.  

 

Figure ‎1.9: Reflectance (          ) and transmittance (         ) of thin copper films on  glass 

at different thicknesses: (a) 45nm, (b) 28nm, (c) 16nm, (d) 10nm and (e) 7nm. [7] 
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Figure ‎1.10: Reflectance (          ) and transmittance (         ) of thin Ag films on  glass at 

different thicknesses; (a) 36nm, (b) 16nm, (c) 12nm, (d) 9nm and (e) 6nm. [7] 

 

 

1.4.2 Metal-dielectric multilayers 

Transparent heat mirrors can be formed by sandwiching the metal layer between 

two dielectric layers as a three-layer Dielectric/Metal/Dielectric (D/M/D) coating. Using 

this type of coating, the stability, durability and visible transmittance are significantly 

improved.  The top (outer) dielectric layer works as an anti-reflecting layer, which 

enhances the visible transmittance [10]. The best result for transparent heat mirrors is 

obtained when the two dielectric layers have the same thickness [11]. The metal layer 

works as an IR reflector and thus, it should be as thick as possible. The change in 
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thickness of the metal layer exercises a greater change in the optical properties of the 

coating than a change in the thickness of the dielectric layer [12]. It has been shown that 

the best performance of the D/M/D coating occurs when the refractive index of the 

dielectric layer (nD) equals the extinction coefficient of the metal layer kM [13]. In this 

case, the greatest possible metal thickness occurs when the dielectric thickness is given 

by d=λ/8nD where λ is the wavelength at which the maximum transmittance is desired 

[13]. However, most dielectrics have nD less than kM, and thus the dielectric thickness 

should be greater than that given by d=λ/8nD. The lowest possible value of the dielectric 

refractive index for an acceptable transparent coating is about 1.96 [11]. The D/M/D 

structure has been widely used for the production of energy-efficient coatings because 

of its distinct advantages over single metallic films. Table ‎1.3 summarizes the reported 

D/M/D energy efficient coatings. 
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Table ‎1.3: Summary of the reported D/M/D energy efficient coatings. 

Group Structure Method Reference 

J. Fan et al. TiO2/Ag/TiO2 Rf sputtering [15] 

J. K. Fu et al. TiO2/Ag/TiO2 Plasma ion assisted deposition [16] 

X. Zhang et al. ZnS/Ag and ZnS/Al Thermal evaporation [17] 

G. Leftheriotis et al. ZnS/Ag/ZnS Thermal evaporation [11,14]  

H. Kostlin et al. ZnS/Ag/ZnS Thermal evaporation [13] 

D.R. Sahu et al. ZnO/Ag/ZnO 
simultaneous DC (Ag) and RF 

(ZnO) magnetron sputtering 
[18] 

D.R. Sahu et al. ZnO/Cu/ZnO 
simultaneous DC (Cu) and RF 

(ZnO) magnetron sputtering 
[19] 

J. George et al. Bi2O3/Au/Bi2O3 Activated reactive evaporation [20] 

P. Jin et al. TiO2/TiN/TiO2 Sequential sputtering [4] 

M. Okada et al. 

Q.-N. Zhao et al. 
TiO2/TiN/TiO2 Reactive magnetron sputtering [21, 22] 

C-K. Jung et al TiO2/TiN/TiO2 Pulsed dc sputtering [23] 

K. Andersson ZrO2/ZrN/ZrO2 Reactive magnetron sputtering [24] 
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1.5 Scope of the Work  

In the present study, two-layer (D/M/substrate) and three-layer (D/M/D/substrate) 

transparent heat mirrors were fabricated by using thermal evaporation, and their optical 

properties were investigated. The metals were silver and gold, while the dielectric was 

tungsten oxide (WO3). Tungsten oxide was chosen because it has the basic requirements 

of the dielectrics used in transparent heat mirrors, namely its wide band gap of 3.25 eV 

which provides visible transparency and its high refractive index (around 2.02). In this 

study, the effect of the metal thickness on the performance of WO3-based transparent 

heat mirrors was investigated. 
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Chapter 2: EXPERIMENTAL DETAILS  

 

2.1 Sample Preparation 

Thin films were prepared, using thermal evaporation in a vacuum around 5 × 10
-5 

mbar, by means of a Leybold model L560 box coater pumped by a turbomolecular 

pump. Molybdenum boats were used for the evaporation of silver (Ag) and tungsten 

oxide (WO3), while tungsten boats were used for evaporation of gold (Au). The starting 

materials were powders of WO3 (Alfa Aesar, 99.8 % purity), silver (Alfa Aesar, 99.999 

% purity) and solid pieces of gold (99.999% purity). The substrates were unheated to 

avoid the diffusion between the layers. The source-to-substrate distance was 40 cm. In 

order to produce films with uniform thickness, the substrates were rotated during the 

deposition. The thicknesses of the films were monitored and controlled by a quartz 

crystal thickness monitor and rate controller. The evaporation rate of the dielectric 

(WO3) was 0.4 nm/s while the evaporation rate of the metals (Ag and Au) was 1.0 nm/s. 

Various single layer, two layers and three layers were fabricated. The single layer was 

either Ag, Au or WO3. The two and three layers were: WO3/Ag, WO3/Au, 

WO3/Ag/WO3 and WO3/Au/WO3. Both two and three layers were fabricated in one 

experiment without breaking the vacuum. Therefore, two different evaporation sources 

were required. The designed parameters used for thicknesses of the films are shown in 

Table ‎2.1.  
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Table ‎2.1: Designed parameters used for thickness of the films. 

Materials 
Thickness (nm) 

Single film Multilayer coatings  

WO3 35 35 and 70 

Ag 11 and 18 18, 25, 32 and 39 

Au 12 and 16 20, 28, 36 and 44 

 

 

2.2 Films Characterization 

After the films were deposited, they were removed from the coating chamber, and 

various characterization techniques were employed to study their respective properties.   

The normal-incidence transmittance (T) and reflectance (R), of the films deposited on 

fused silica substrates, were measured, over the wavelength range from 200 to 2000 nm, 

by using a JASCO V570 spectrophotometer. Samples were maintained at room 

temperature and pressure for around one year, and then the normal-incidence R and T 

were measured again.   

The chemical composition of the films was studied by using x-ray photoelectron 

spectroscopy (XPS), and it was performed in a VG Scientific ESCALAB MKII 

spectrometer equipped with an Al Kα (1486.6 eV) x-ray source. The instrumental 

resolution was 1.2 eV with a slit width of 0.6 cm. Prior to the XPS analysis, the samples 

were transferred in air to the XPS analysis chamber. During the XPS analysis, the 

samples were maintained at ambient temperature at a pressure of  5 × 10
-7

 Pa. Chemical 
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depth profiles of the films were obtained by a sequence of etching followed by XPS 

measurement. Etching was performed by using a 4-keV Ar+ ion beam. During depth 

profiling, the chamber pressure was 10
-5

 Pa, and the ion current, at the sample surface, 

was 1.2 μA. The XPS showed that our films were sub-stoichiometric. 

The surface morphology of the films was examined by the tapping mode AFM 

(Veeco Innova diSPM). The sample surface was probed with a silicon tip of 10 nm 

radius oscillating at its resonant frequency of 300 kHz. The scan area was 2×2 μm
2
, and 

the scan rate was 1 Hz.  

The thicknesses of the films were measured using a stylus surface profilometer 

(Ambiox XP-2), with an error of less than 10%.  
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Chapter 3: SINGLE FILMS 

3.1 Silver (Ag) Films  

3.1.1 AFM of silver films 

 The AFM technique was used to study the morphology of two silver films 

having thicknesses of 11 and 18 nm. These films were deposited on glass substrates. It 

is obvious from Figure ‎3.1 that the silver film of thickness 11 nm was at the nucleation 

stage forming an island structure of silver on the substrate. However, the silver film of 

thickness 18 nm showed a continuous and uniform 3D structure, as shown in Figure ‎3.2. 

Thus, it can be concluded that silver films of thicknesses  18 nm were continuous. 

These results agree with the reported minimum thickness for continuous silver films, 

which is 12 nm [16]. For transparent heat mirrors, the metal layer has to be continuous. 

Otherwise the IR reflectance degrades. Thus, the thicknesses of the silver layers, in 

WO3/Ag/WO3 and WO3/Ag multilayers, were  18 nm.  
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Figure ‎3.1: 3D AFM image of a silver film with a thickness of 11 nm, deposited on a glass 

substrate. It shows a discontinuous silver film.    
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Figure ‎3.2: 3D AFM image of a silver film with a thickness of 18 nm, deposited on a glass 

substrate. It shows a continuous silver film.    

 

3.1.2 Reflectance and transmittance of silver films. 

 The reflectance and transmittance of silver films were measured for different 

thicknesses: 11, 18, 25, 32 and 39 nm. All films were deposited on fused silica 

substrates. Figures 3.3 and 3.4 show the visible transmittance and infrared reflectance of 

silver, respectively. The transmittance  peak occured at a wavelength of ~350 nm, which 

is in the near ultraviolet region. The reflectance increased as the thickness of the silver 

layer increased, whereas the transmittance showed the opposite trend. The IR 

reflectance dropped dramatically when the thickness changed from 18 to 11 nm. 
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Figure ‎3.3: Visible transmittance of different thicknesses of silver films deposited on 

fused silica substrates. 
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Figure ‎3.4: Infrared reflectance of different thicknesses of silver films deposited on fused 

silica substrates. 
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3.2 Gold (Au) Films 

3.2.1 AFM of gold films 

  The surfaces of two films of gold were studied by using the AFM technique. The 

two films were deposited on glass substrates, and they had thicknesses of 12 and 16 nm. 

The images are shown in Figures 3.5 and 3.6. The AFM images show that the gold films 

were continuous for both thicknesses. In the WO3/Au/WO3 and WO3/Au multilayers, 

the thicknesses of the gold were  20 nm. According to the AFM results, such gold 

films were continuous.  

 

 

Figure ‎3.5: 3D AFM image of a gold film with a thickness of 12 nm, deposited on a glass 

substrate. It shows a continuous gold film. 
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Figure ‎3.6: 3D AFM image of a gold film with a thickness of 16 nm, deposited on a glass 

substrate. It shows a continuous gold film. 

 

 

 

3.2.2 Reflectance and transmittance of gold films 

The reflectance and transmittance were measured for gold films deposited on 

fused silica substrates. Figures 3.7 and 3.8 show the visible transmittance and infrared 

reflectance spectra for different thicknesses of gold: 12, 20, 28, 36 and 44 nm. The 

transmittance  peak occured at a wavelength of ~510 nm, which is in the visible region. 

The reflectance increased as the thickness of the gold layer increased, whereas the 

transmittance showed the opposite trend. 
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Figure ‎3.7: Visible transmittance of different thicknesses of gold films deposited on fused 

silica substrates. 
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Figure ‎3.8: Infrared reflectance of different thicknesses of silver films deposited on fused 

silica substrates. 
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3.3 Tungsten Oxide (WO3) Films 

3.3.1 AFM of a WO3 film 

  The morphology of a WO3 film was investigated by using AFM. The film was 

deposited on glass with a thickness of 35 nm, and the image is shown in Figure ‎3.9. It 

can be concluded from the image that the film of WO3 was dense with a smooth surface 

and a granular structure. Therefore, it will not cause much light scattering, which is an 

undesired process in the energy-efficient coating.  

 

Figure ‎3.9: 3D AFM image of a tungsten oxide film with a thickness of 35 nm, deposited 

on a glass substrate. The film was dense with a smooth surface and a granular 

structure. 
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3.3.2 Determination of the optical constants of WO3 films 

 A method for the determination of the refractive index (n) and extinction 

coefficient (k) of thin dielectric films on transparent substrates, with refractive index ns, 

were reported earlier by Denton [25]. It requires measurements, at normal incidence, of 

the reflectance and transmittance of the film on the substrate. The normal-incidence 

reflectance and transmittance spectra of a typical tungsten oxide thin film are shown in 

Figure 3.10. Then, R and T may be written in functional form as: 

R = f1(n, k, ns, λ, d) 

T = f2(n, k, ns, λ, d) 

If the R and T of the film are measured as functions of λ, with known value of ns and d, 

then, in principle, n and k can be determined from the above relations for R and T. There 

is no explicit expression for n or k [25]. However, the equations for R and T can be 

solved numerically to give values of n and k as functions of wavelength [25]. A 

procedure was given in [25] for determining the correct solutions for n and k, and also 

accurately fixing the film thickness. By adjusting the thickness, a solution can then be 

obtained, yielding a continuous dispersion curve quite distinct from unacceptable 

solutions [25]. The n(λ) and k(λ) curves are presented in Figures 3.11 and 3.12, 

respectively.  
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Figure ‎3.10: Optical spectra of a tungsten oxide thin film with a thickness of 152 

nm. 
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Figure ‎3.11: Refractive index of a WO3 film, of thickness 152 nm, as function of 

wavelength. 
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Figure ‎3.12: Extinction coefficient of a WO3 film, of thickness 152 nm, as function of 

wavelength. 
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In the visible region, the average refractive index of WO3 is about 2.02, and this is 

close to that of TiO2 (n = 2.27) [26], which is widely used as a dielectric in  multilayer 

transparent heat mirrors. The extinction coefficient in the visible region was ~0.04. This 

indicates minimum absorption in the visible range, which is a desirable property for the 

dielectric layers in a transparent heat mirror. However, the value of k is slightly large, 

approaching 0.2, in the infrared region. This is not appropriate for transparent heat 

mirrors since the absorption will become significant in the IR region. The reported 

reason for this increase in absorption is the formation of an absorption band by the 

defects, originating from oxygen vacancies in sub-stoichiometric films [27]. It has been 

shown that tungsten oxide thin films evaporated without oxygen atmosphere are sub-

stoichiometric [28].  
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Chapter 4: SILVER-BASED MULTILAYER COATINGS 

As illustrated in the theory, getting a good transparent heat mirror requires the 

thickness of the dielectric to be greater than λ/8nD, where λ is the wavelength 

corresponding to minimum reflectance, and nD is the refractive index of the dielectric at 

that wavelength. In the case of WO3, at the center visible wavelength λ =550 nm, nD 

equals 2.014. Therefore, the thickness of WO3 layers must be greater than 34 nm. In this 

study, two thicknesses of WO3 were investigated. The first thickness was 35 nm, which 

is the lowest possible thickness. This thickness produced high-quality transparent heat 

mirrors whose properties will be presented in chapters 4 and 5. The second thickness 

(70 nm) did not produce suitable heat mirrors, and its results are presented in Appendix 

A for comparison.   

In this chapter, the transmittance and reflectance of the multilayer coatings 

WO3/Ag/WO3 and WO3/Ag are presented. The thickness of the WO3 layer was 35 nm 

while that of the Ag layer had different thicknesses: 18, 25, 32 and 39 nm. A figure of 

merit is used to evaluate the performance of these transparent heat mirrors. 

 

4.1 Reflectance and Transmittance of Two-Layer (WO3/Ag) Coating  

The transmittance and reflectance spectra of two-layer WO3/Ag coatings are 

shown in Figures 4.1-4.4 for different values of the thickness of the silver layer. These 

films did not show the desired properties of a transparent heat mirror, namely high 

visible transmittance along with high IR reflectance. 
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Figure ‎4.1: Reflectance and transmittance of WO3/Ag coatings of thicknesses 35/18 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎4.2: Reflectance and transmittance of WO3/Ag coatings of thicknesses 35/25 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎4.3: Reflectance and transmittance of WO3/Ag coatings of thicknesses 35/32 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎4.4: Reflectance and transmittance of WO3/Ag coatings of thicknesses 35/39 (nm). 

The film was deposited on fused silica substrate. 
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4.2 Reflectance and Transmittance of Three-Layer (WO3/Ag/WO3) 

Coatings 

The transmittance and reflectance spectra of three-layer WO3/Ag/WO3 coatings 

are shown in Figures 4.5-4.8 for different values of the thickness of the silver layer. A 

heat mirror with a very thin silver layer (Figure ‎4.5) did not exhibit the required 

selectivity. Selectivity was improved as the thickness of the silver layer increased. For 

thicker films (  25 nm), the following observations can be made: 

(i) The transmittance was largely confined to the visible range. 

(ii) The band width of the transmittance narrowed as the thickness of the 

silver layer increased. 

(iii) The maximum transmittance decreased as the thickness of the silver 

layer increased. 

(iv) The infrared reflectance progressively increased as the thickness of the 

silver layer increased. 

(v) The minimum reflectance was obtained for a wavelength around 500 

nm. This wavelength shifted to lower values as the thickness of the 

silver layer increased. 

These observations are consistent with the results on heat mirrors fabricated by using 

other dielectrics, such as ZnS [11] and TiO2 [12]. The maximum visible transmittance 

was 88.3% at λ = 554 nm, and was obtained for the heat mirror with a silver layer 

thickness of 25 nm. This value is among the highest reported values for transparent heat 

mirrors. 
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Figure ‎4.5: Reflectance and transmittance of WO3/Ag/ WO3 coatings of thicknesses 

35/18/35 (nm). The film was deposited on fused silica substrate 
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Figure ‎4.6: Reflectance and transmittance of WO3/Ag/ WO3 coatings of thicknesses 

35/25/35 (nm). The film was deposited on fused silica substrate. 
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Figure ‎4.7: Reflectance and transmittance of WO3/Ag/ WO3 coatings of thicknesses 

35/32/35 (nm). The film was deposited on fused silica substrate. 
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Figure ‎4.8: Reflectance and transmittance of WO3/Ag/ WO3 coatings of thicknesses 

35/39/35 (nm). The film was deposited on fused silica substrate. 

 

The transmittance and reflectance of the films were measured after one year, and they 

showed a change of less than 1%. As a result, the films were durable and did not 

deteriorate significantly with time.  

4.3 Figure of Merit 

A figure of merit is used to characterize the performance of the heat mirror films 

(i.e. determine how much it transmits visible light and reflects infrared heat). TVIS and 

RIR should be calculated to determine the figure of merit, where TVIS is the average 
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transmittance of the film in the visible region and RIR is the average reflectance in the 

infrared region. TVIS and RIR are defined as follows: 

𝑇𝑉𝐼𝑆 =
 𝑇 𝜆  [𝐷 𝜆 𝑉 𝜆 ]

760

400
𝑑𝜆

 [𝐷 𝜆 𝑉 𝜆 ]
760

400
𝑑𝜆

                                                                           (5.1)  

𝑅𝐼𝑅 =
 𝑅 𝜆  𝑑𝜆

2000

760

  𝑑𝜆
2000

760

                                                                                                 5.2  

where 𝑇 𝜆 , 𝑅 𝜆 , 𝐷 𝜆  and 𝑉 𝜆  are the spectral transmittance, spectral 

reflectance, spectral distribution of sunlight and the spectral sensitivity of the human 

eye, respectively. The denominator insures normalization. The distribution of 𝐷 𝜆 ×

𝑉 𝜆  is taken from (ref. [29]) and is shown in Figure 4.9. 

 

 

 

 

 

 

 

Figure ‎4.9: Product of the spectral distribution of sunlight, 𝑫 𝝀  and the spectral 

sensitivity distribution of the human eye, 𝑽 𝝀 used in Japanese industrial standards. 

[29] 
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An ideal heat mirror has 𝑇𝑉𝐼𝑆 = 1 and 𝑅𝐼𝑅 = 1. This cannot be achieved 

practically because, when the thickness of the metal increases, 𝑇𝑉𝐼𝑆  decreases while 𝑅𝐼𝑅  

increases, and vice versa. Therefore 𝑇𝑉𝐼𝑆  and 𝑅𝐼𝑅  may be gathered in one figure of merit 

F which may be defined as:  [26] 

𝐹 = 𝑇𝑉𝐼𝑆 ∙ 𝑅𝐼𝑅                                                                                                (5.3) 

The functions 𝑇𝑉𝐼𝑆 , 𝑅𝐼𝑅  and F are plotted versus thickness of the silver layer for 

WO3/Ag and WO3/Ag/WO3 and are shown in Figures 4.10-4.12.  

 

Figure ‎4.10: TVIS of two-layer WO3/Ag and three-layer WO3/Ag/WO3 coatings for 

different thicknesses of the silver layer. The thickness of the WO3 layer is 35 nm. 

 

 

      



59 

 

 

Figure ‎4.11: RIR of two-layer WO3/Ag and three-layer WO3/Ag/WO3 coatings for 

different thicknesses of the silver layer. The thickness of the WO3 layer is 35 nm. 
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Figure ‎4.12: Figure of merit F of two-layer WO3/Ag and three-layer WO3/Ag/WO3 

coatings for different thicknesses of the silver layer. The thickness of the WO3 layer 

is 35 nm. 

 

In the case of three-layer WO3/Ag/WO3 coatings, the best visible transmittance 

𝑇𝑉𝐼𝑆  occurred at a thickness of 35/25/35 nm while the maximum 𝑇𝑉𝐼𝑆  for two-layer 

WO3/Ag occurred at a thickness of 35/39 nm. In both two and three layers, the infrared 

reflectance 𝑅𝐼𝑅  kept rising as the thickness of the silver layer increased, and this is 

reasonable since the metal layer is responsible for infrared reflectance. Likewise, the 

figure of merit F of the two-layer, shown in Figure ‎4.12, kept growing with increasing 

Ag layer thickness. However, for three-layer WO3/Ag/WO3 coatings when the thickness 
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of Ag layer is increased more, the figure of merit F reached the maximum value at an 

optimum Ag thickness of around 32 nm. After that, F started gradually decreasing 

because thicker metal layers destroy visible transmittance.  
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Chapter 5: GOLD-BASED MULTILAYER COATINGS 

In this chapter, the transmittance and reflectance of the multilayer coatings 

WO3/Au/WO3 and WO3/Au are presented. The thickness of the WO3 layer was 35 nm, 

while the thicknesses of the Au layer were 20, 28, 36 and 44 nm. 

5.1 Reflectance and Transmittance of Two-Layer (WO3/Au) Coatings 

The transmittance and reflectance spectra of two-layer WO3/Au coatings are 

shown in Figures 5.1-5.4 for different values of the thickness of the gold layer. These 

films did not show the desired properties of a transparent heat mirror, namely high 

visible transmittance along with high IR reflectance. 
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Figure ‎5.1: Reflectance and transmittance of WO3/Au coatings of thicknesses 35/20 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎5.2: Reflectance and transmittance of WO3/Au coatings of thicknesses 35/28 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎5.3: Reflectance and transmittance of WO3/Au coatings of thicknesses 35/36 (nm). 

The film was deposited on fused silica substrate. 
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Figure ‎5.4: Reflectance and transmittance of WO3/Au coatings of thicknesses 35/44 (nm). 

The film was deposited on fused silica substrate. 
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5.2 Reflectance and Transmittance of Three-Layer (WO3/Au/WO3) 

Coatings 

The transmittance and reflectance spectra of three-layer WO3/Au/WO3 coatings 

are shown in Figures 5.5-5.8 for different values of the thickness of the gold layer. A 

heat mirror with a very thin gold layer (Figure ‎5.5) did not exhibit the required 

selectivity. Selectivity was improved as the thickness of the gold layer increased. For 

thicker films (  28 nm), the following observations can be made: 

(i) The band width of the transmittance narrowed as the thickness of the 

gold layer increased. This band width was wider than that of 

WO3/Ag/WO3 coatings [6]. 

(ii) The maximum transmittance decreased as the thickness of the gold layer 

increased. 

(iii) The infrared reflectance increased as the thickness of the gold layer 

increased. 

These observations are consistent with the results on WO3/Ag/WO3 coatings shown in 

Section 4.3. The maximum transmittance was 83.9%, at λ = 674 nm and it was obtained 

for the heat mirror with a gold layer thickness of 28 nm.  
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Figure ‎5.5: Reflectance and transmittance of WO3/Au/ WO3 coatings of thicknesses 

35/20/35 (nm). The film was deposited on fused silica substrate. 
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Figure ‎5.6: Reflectance and transmittance of WO3/Au/ WO3 coatings of thicknesses 

35/28/35 (nm). The film was deposited on fused silica substrate. 
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Figure ‎5.7: Reflectance and transmittance of WO3/Au/ WO3 coatings of thicknesses 

35/36/35 (nm). The film was deposited on fused silica substrate. 
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Figure ‎5.8: Reflectance and transmittance of WO3/Au/ WO3 coatings of thicknesses 

35/44/35 (nm). The film was deposited on fused silica substrate. 

 

 

 

The transmittance and reflectance of the films were measured after one year, and 

showed a change of less than 1%. As a result, we can say that the films were durable 

and did not deteriorate significantly with time.  
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5.3 Figure of Merit 

The concept of figure of merit was introduced in section 5.3. Figures 5.9-5.11 

show plots of 𝑇𝑉𝐼𝑆 , 𝑅𝐼𝑅  and F versus the thickness of the gold layer for multilayers of 

WO3/Au and WO3/Au/WO3.  

It is obvious from Figures 5.9 and 5.10 that the visible transmittance and IR 

reflectance of WO3/Au/WO3 were better than those of WO3/Au. In the case of 

WO3/Au/WO3, the best visible transmittance 𝑇𝑉𝐼𝑆  occurred at a thickness of 35/36/35 

nm while the 𝑇𝑉𝐼𝑆  of WO3/Ag decreased as the thickness of the gold layer increased. In 

both two- and three-layer coatings, the values of infrared reflectance 𝑅𝐼𝑅  kept rising, 

and they approached each other as the thickness of the gold layer increased. This 

implies that the metal layer was the main cause for reflecting the infrared radiation. 



73 

 

 

Figure ‎5.9: TVIS of two-layer WO3/Au and three-layer WO3/Au/WO3 coatings for 

different thickness of the gold layer. The thickness of WO3 layer is 35 nm.  
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Figure ‎5.10: RIR of two-layer WO3/Au and three-layer WO3/Au/WO3 coatings for 

different thickness of the gold layer. The thickness of WO3 layer is 35 nm. 
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Figure ‎5.11: Figure of merit F of two-layer WO3/Au and three-layer WO3/Au/WO3 for 

different thickness of the gold layer. The thickness of WO3 layer is 35 nm. 
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5.4 Comparing the Performance of (WO3/Ag), (WO3/Au), 

(WO3/Ag/WO3) and (WO3/Ag/WO3) Coatings 

Now, a question may arise. Which coating is better? Two or three layers, silver-

based or gold-based multilayers?  This question can be answered by looking at the 

figures of merit. Then, depending on the applications, the decision can be made. For 

example, if visible transparency of the film has high priority in the application, the 

evaluation should be based mainly on 𝑇𝑉𝐼𝑆  measurements, while if reflecting heat is 

more important in the application, then 𝑅𝐼𝑅  measurements should be heavily considered. 

However, some applications need good performance in both IR reflectance and visible 

transmittance. In that case, the figure of merit  𝐹 (= 𝑇𝑉𝐼𝑆 ∙ 𝑅𝐼𝑅) is used in the 

evaluation. Figure ‎5.12 shows the figure of merit F of the (WO3/Ag), (WO3/Ag/WO3), 

(WO3/Au) and (WO3/Au/WO3) coatings. Using  𝑇𝑉𝐼𝑆 , 𝑅𝐼𝑅  and F measurements, the 

following observations can be made: 

(i) The three-layer (WO3/Ag/WO3 and WO3/Au/WO3) coatings were better 

than two-layer (WO3/Ag and WO3/Au) coatings. 

(ii) The IR reflectance RIR for all coatings increased as the thickness of the 

metal layer increased.  

(iii) Regarding the two-layer coatings, the performance of the WO3/Ag 

coatings was comparable to the WO3/Au coatings, where the values of F 

were close as shown in Figure ‎5.12. 
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(iv) The WO3/Ag/WO3 coating showed the best performance transparent heat 

mirrors when the thickness of the silver was 32 nm. 

 

 

 

Figure ‎5.12: Figure of merit F of WO3/Ag, WO3/Ag/WO3, WO3/Au and WO3/Au/WO3. 
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5.5 XPS Depth Profiles of (WO3/Ag/WO3) and (WO3/Au/WO3) 

The major factor affecting the stability of a heat mirror is the diffusion of the 

metal atoms across the dielectric layers [30]. Also, depositing a dielectric layer on top of 

the metal layer damages the surface of the metal to some extent [31]. This induces 

instability in the metal layer and subsequent dissociation of metal atoms from the 

metallic layer [31]. The diffusion process reduces the effective thickness of the metal 

layer [32]. The selectivity of heat mirrors depends on the sharpness of the layers’ 

interfaces, which is degraded by inter-diffusion [15]. Figures 5.13 and 5.14 show the 

XPS depth profiles of   WO3/Ag/WO3 and WO3/Au/WO3. The profiles were calculated 

from the areas of the W 4f, O 1s, Ag 3d, and Au 4f peaks, taking into account the 

atomic sensitivity factor of each peak. It is obvious from the XPS depth profiles that the 

interfaces between the layers were not sharp. This may indicate the occurrence of inter-

diffusion between the tungsten oxide and the metal layers. The atomic concentration of 

oxygen is almost double the concentration of tungsten. This indicates that the dielectric 

layers were WO2 although the starting dielectric material was WO3.  
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Figure ‎5.13: XPS depth profile spectra of WO3/Ag/WO3 of thickness 35/25/35 nm done 6 

months after the deposition. It shows a diffusion of silver in the WO3 layers. 
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Figure ‎5.14: XPS depth profiles of WO3/Au/WO3 of thickness 35/28/35 nm done 6 

months after the deposition. It shows a relatively smaller diffusion of gold in the 

WO3 layers. 
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Chapter 6: Conclusion 

Transparent heat mirrors based on WO3/Ag, WO3/Au, WO3/Ag/WO3, and 

WO3/Au/WO3 multilayers were fabricated by using thermal evaporation. The effect of 

the layer thickness of the metals (Ag and Au) and dielectric (WO3) on the optical 

spectra was investigated. Suitable transparent heat mirrors were obtained for WO3 with 

a thickness of 35 nm. The three-layer coatings (WO3/Ag/WO3 and WO3/Au/WO3) 

exhibited better transparent heat mirror performance than two-layer coatings (WO3/Ag 

and WO3/Au). The performance of the WO3/Ag coatings was comparable to the 

WO3/Au coatings. For all coatings, the infrared reflectance increased as the thickness of 

the metal layer increased. The WO3/Ag/WO3 coatings showed the best performance 

transparent heat mirrors. These coatings exhibited excellent visible transmittance, with a 

maximum around 88.3% at 554 nm. For 35-nm-thick tungsten oxide layers, the 

optimum thicknesses of the silver layer and the gold layer were 32 and 44 nm, 

respectively. The XPS depth profiles showed that the dielectric layers were WO2. 
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Suggestion for further work: 

 Investigate the WO3 layers of 45 and 55 nm thicknesses. 

 Using other metals such as Al and Cu. 

 Investigate five-layer (D/M/D/M/D) coatings. 

 Deposit the films by using chemical and sputtering deposition techniques. 
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Appendix A:  Multilayer Films for a WO3 Thickness of 70 nm 

As illustrated in the theory, getting a good transparent heat mirror requires the 

thickness of the dielectric to be greater than λ/8nD, where λ is the wavelength 

corresponding to minimum reflection, and nD is the refractive index of the dielectric at 

that wavelength. The refractive index of WO3 equals 2.014 at λ =550 nm which is the 

center visible range. Therefore, the thickness of WO3 layers must be greater than 34 nm. 

In this study, two thicknesses of WO3 were investigated. The first thickness was 35 nm 

which is the lowest possible thickness. This thickness produced high-quality transparent 

heat mirrors whose properties were presented in chapters 4 and 5. The second thickness 

(70 nm) did not produce a suitable heat mirror and its results are presented here for 

comparison. 
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A.I  Three-layer (WO3/Ag/WO3) 

 

Figure A.1: Reflectance and transmittance of WO3/Ag/WO3 of thicknesses 70/18/70 (nm). 

The film was deposited on fused silica substrate. 

 



85 

 

 

 

Figure A.2: Reflectance and transmittance of WO3/Ag/WO3 of thicknesses 70/25/70 (nm). 

The film was deposited on fused silica substrate. 
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A.II  Two-layer (WO3/Ag) 

 

Figure A.3: Reflectance and transmittance of WO3/Ag of thicknesses 70/18 (nm). The 

film was deposited on fused silica substrate. 
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Figure A.4: Reflectance and transmittance of WO3/Ag of thicknesses 70/25 (nm). The 

film was deposited on fused silica substrate.  
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Figure A.5: Reflectance and transmittance of WO3/Ag of thicknesses 70/32 (nm). The 

film was deposited on fused silica substrate. 
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Figure A.6: Reflectance and transmittance of WO3/Ag of thicknesses 70/39 (nm). The 

film was deposited on fused silica substrate. 
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A.III  Three-layer (WO3/Au/WO3) 

 

Figure A.7: Reflectance and transmittance of WO3/Au/WO3 of thicknesses 70/20/70 

(nm). The film was deposited on fused silica substrate. 
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Figure A.8: Reflectance and transmittance of WO3/Au/WO3 of thicknesses 70/28/70 

(nm). The film was deposited on fused silica substrate. 
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Figure A.9: Reflectance and transmittance of WO3/Au/WO3 of thicknesses 70/36/70 

(nm). The film was deposited on fused silica substrate. 
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Figure A.10: Reflectance and transmittance of WO3/Au/WO3 of thicknesses 70/44/70 

(nm). The film was deposited on fused silica substrate. 
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A.IV  Two-layer (WO3/Au) 

 

Figure A.11: Reflectance and transmittance of WO3/Au of thicknesses 70/20 (nm). The 

film was deposited on fused silica substrate. 
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Figure A.12: Reflectance and transmittance of WO3/Au of thicknesses 70/28 (nm). The 

film was deposited on fused silica substrate. 
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Figure A.13: Reflectance and transmittance of WO3/Au of thicknesses 70/36 (nm). The 

film was deposited on fused silica substrate. 
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Figure A.14: Reflectance and transmittance of WO3/Au of thicknesses 70/44 (nm). The 

film was deposited on fused silica substrate. 
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