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國立交通大學  光電工程研究所 

 

摘要 

隨著資訊與網路時代的來臨，光電系統的應用日益普及化。其中的光學元件

也幾乎需要鍍製各類膜層以彰顯其效果，但無論製造方法為何，幾乎所有的膜都

有應力存在的問題，此應力在精密光學應用上會引起一些問題。此應力若為壓應

力(膜在平行於表面方向膨脹)，當應力太大時，膜層會挫曲。若應力為張應力(膜

在平行於表面方向收縮)，當應力超過膜層的彈性限度時，會導致膜破裂。因此，

膜的應力會造成光學元件的變形，這在精密光學上是必須考量的重要因素。在本

論文中經由反應氣體流量比，鍍後熱處理，離子助鍍，鍍率控制，及添加鎢元素

等製程參數的控制，我們探討應力對高密度多工分波器，雙色鏡，及三元Ta1-xWxNy

硬膜的性質影響效應。 

 

高密度多工分波器(DWDM)是依據Fabry-Perot原理設計的全介質膜，以Ta2O5

和 SiO2分別當高低兩種折射率材料，並用反應式離子助鍍法製作。DWDM 分波器

中心波長對溫度的穩定性取決於對製程的精準度及穩定度。在本論文中，經由製

程及壓力的調控，我們可以調整中心波長的大小使之符合ITU的規範需求，並選

用適當熱膨脹系數的玻璃當基材，則可精準的控制中心波長的位置。 

 



 ii

在本論文中，探討了鍍後熱處理製程對兩種型式濾波器的效應，一種是DWDM

分波器；當退火溫度超過250oC時，中心波長會隨著溫度的增加而增加，並且此

效應是永久的。因此，我們可以用此技術調整應力的大小以控制中心波長的漂移

量。另一種是雙色鏡的T50% 波長位置隨溫度變化的情形，此溫度就如同雙色鏡置

放在操作中的投影機內部所遭遇的溫度一般。此雙色鏡鍍製於不同種類的玻璃

上，並比較 T50%位置的漂移量。由實驗結果，我們可以預測不同折射率值的玻璃

其波長漂移量，並依此找出最恰當的玻璃材料當基材，使 T50%波長位置有最小的

變化量，如此就可避免投影之影像色彩失真。在本論文中，我們研究了Ta2O5, TiO2, 

Nb2O5 和SiO2等材料之應力性質。 

 

在本論文中，對二元TaN及三元Ta1-xWxNy硬膜經由反應氣體流量比，鍍後熱

處理，離子助鍍，濺鍍鍍率控制，及添加鎢元素等製程參數的控制，我們探討了

其對應力、硬度、抗刮度、抗氧化性，及表面粗糙度等性質的影響效應。從TaN

及 Ta1-xWxNy的硬度、抗刮度測試結果顯示最佳的 N2/Ar 流量比為 0.9 到 1.0，而

TaN 滲 W 形成 Ta1-xWxNy膜，則可增加膜層的硬度、抗刮度、抗氧化性，及降低表

面粗糙度。最佳的比率為[W/(W+Ta)]=0.85。從鍍率及濺鍍加離子助鍍的實驗可

得知主要的應力來源是濺鍍原子。在高N2/Ar流量比、低鍍率的情況下會造成高

壓應力，而高壓應力又會導致高硬度，高壓應力主要是由離子及原子的敲擊效應

造成的。從本論文的研究結果得知Ta1-xWxNy膜無論是在硬度、抗刮度、抗氧化性，

及表面粗糙度等性質都比TaN膜優越。最終，我們提出未來將研究複合膜以用來

降低應力值。 
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Abstract 

 

Nearly all films, by whatever means they are produced, are found to be in a state 

of internal stress. The internal stress in evaporated thin films raises problems in 

precise optical application. The stress may be compressive (i.e., the film would like to 

expand parallel to the surface) so that in extreme cases it may buckle up on the 

substrate. Alternatively the film may be in tensile stress (i.e., the film would like to 

contract), and in certain cases the forces may be high enough to exceed the elastic 

limit of the film so that it breaks up. Because the stress in the film is large enough to 

distort the optical component being coated, it is an important practical consideration 

for the highest-precision optics. In this thesis, by control of process parameters (i.e., 

reaction gas flux ratios, post-annealing, ion assisted deposition, deposition rate, and 

tungsten doping in the coating processing), we studied the effects of stress on dense 

wavelength division multiplexing filters, dichroic mirror, and ternary compounds 

tantalum tungsten nitride film. 

 

Dense wavelength division multiplexing (DWDM) filters were designed as 

all-dielectric Fabry-Perot filters, and fabricated by reactive ion-assisted deposition 
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with Ta2O5 and SiO2 used as high- and low- refractive-index layers, respectively. The 

accuracy and stability of the coating process were evaluated for fabricating the 

DWDM filters for the temperature stability of the center wavelength. In this thesis, by 

process and stresses control, we can adjust the central wavelength of DWDM filters to 

meet International Telecommunications Union (ITU) requirements, and use the 

substrate with moderate CTE's to accurately control the position of the central 

wavelength.  

 

The effect of two types of filters with post-deposition thermal treatments was 

studied in this thesis. One type is the central wavelength of DWDM filters increases 

with increasing post-deposition annealing temperature, when temperature above 

250oC, this is a permanent bake-shift effect. It therefore appears possible to “tune” 

the stress of DWDM filters with this post-deposition annealing technique to shift the 

center wavelength. The other type of filter is the position of T50% wavelength shift of 

dichroic mirror with increasing substrate temperature; this is the condition with the 

dichroic mirror operating inside the projector. Dichroic mirror was deposited on 

different type substrates for comparison of the amplitude of T50% wavelength shift. 

From the results of this experiment, we can predict the shifts of the wavelength and 

choose the most appropriate substrate material for dichroic mirror to obtained T50% 

wavelength change minimum, i.e. to avoid color change of the projection image. 

Mechanical properties such as stress of Ta2O5, TiO2, Nb2O5 and SiO2 single layer 

films with different deposition processes have been investigated for this study.  

 

For tantalum nitride (TaN) and ternary compounds tantalum tungsten nitride 

(Ta1-xWxNy) hard films, the effects of N2/Ar flux ratios, post-annealing, ion assisted 

deposition, deposition rate, and W doping in the coating processing variables on 
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the properties of hardness, load critical scratching, oxidation resistance, stresses 

and surface roughness was investigated. The optimum N2/Ar flux ratio in view of 

the hardness and the critical load of the TaN and Ta1-xWxNy films ranged from 0.9 

to 1.0. Doping W into TaN to form Ta1-xWxNy films led to a significant increase of 

hardness, critical load, oxidation resistance, and reduced surface roughness. The 

optimum doped ratio was [W/(W+Ta)]=0.85. From deposition rate and IAD 

experiments, the stress of films main contribution is due to sputter atoms. The 

lower deposition rate at high N2/Ar flux ratio brought about higher compressive 

stress. High compressive residual stress accounts for high hardness values. The 

relatively high compressive stress was attributed primarily to peen by atoms and 

ions during film growth. According to this study, the Ta1-xWxNy films were 

excellent in hardness and strength against a high temperature, and sticking 

phenomena can essentially be avoided. Therefore, ternary compounds Ta1-xWxNy 

films outperformed binary compounds TaN films on mechanical properties and 

oxidation resistance.  
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Chapter 1 

 

Introduction 

 

 

1.1 Thin Films and Residual Stress 

 

The development of thin film deposition technologies has made it possible to 

utilize the optical properties of thin films in a wide variety of applications. Thin films 

are used in optical devices to control the reflectance, transmission and absorption of 

an incident optical beam. These modern optics components, such as mirrors, 

antireflection coatings, narrow band pass filters, require the maximum possible 

efficiency. The thin film structure may be part of another optical device, such as an 

antireflection coating on a lens, or the entire optical portion of the device may be 

composed of thin film as in the case of optical communication and information 

storage disks. In either case, the thin films are deposited on a substrate and remain on 

the substrate during service.  

 

Virtually all vacuum-deposited coatings are in a state of residual stress. The 

residual stresses are composed of a thermal stress and an intrinsic stress. The thermal 

stress is due to the difference in the thermal expansion coefficients of the coating and 

the substrate materials. The intrinsic stress is due to the accumulating effect of the 

crystallographic flaws that are built into the coating during deposition. In soft, low 

melting point materials such as aluminum, bulk diffusion tends to relax the internal 

stresses and to prevent their accumulation. However, these diffusion processes can 
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cause flaws such as holes and hillocks to form. In hard, higher melting point materials 

such as titanium dioxide deposited at low temperatures (e.g. the case of antireflection 

coatings on plastic substrates), intrinsic stresses accumulate and tend to dominate over 

thermal stresses. 

 

It is generally recognized that performance of a coated system is strongly 

influenced by the residual stresses in the coating since these directly affect a variety of 

phenomena, including the physical properties of the films, adhesion, generation of 

crystallographic defects, and formation of surface growth such as hillocks and 

whiskers [1]. Excessive tensile stress may produce cracking of the film and/or 

substrate, and compressive stress can cause buckling [2]. Therefore, determination 

and control of stress is an important scientific issue for both functional thin films and 

engineering coatings from the viewpoint of performance and integrity. 

 

 

1.2 General Aspects of Thermal and Intrinsic Stresses 

 

The stress may arise from a mismatch in the coefficient of thermal expansion 

between the substrate and the film if deposited at high temperature and operated at a 

lower temperature or from a mismatch in the elastic modulus if deposited on a 

substrate under stress. Other factors may contribute to residual stress, including 

contamination by impurities, the presence of defects after deposition, and occurrence 

of solid state transformations. Residual gas, oxygen and water vapor in thin films 

usually cause compression when deposited in a poor vacuum, or when annealed in air 

after deposition. Most grown oxide layers are compressive, since oxidation results in 

an increase in molar volume. Strongly bound water molecules, which are not desorbed 
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during a vacuum exposure of samples, also produce compressive stress. In short, the 

purer the film, the greater the tendency for tension, and oxygen and other impurities 

tend to add compressive stress. If a thin film is deposited free of impurities 

(polycrystalline or epitaxial), there is a tendency for the stress values to be tensile 

where the major contribution is a volume effect and not an interfacial one. In this case, 

tensile stress is generated and the final grain size is determined by minimization of the 

sum of the strain energy and surface energy. If the temperature is high enough, 

recrystalization takes place to decrease the large stored energy. These relaxations 

generally lead to high tensile stress. This phenomenon depends on the mobility of 

adatoms and, accordingly all the stress vs. thickness can be classified in two groups, 

as shown in Figure 1-1 [3]. The curve of type I is typical for high melting point 

materials with low mobility of adsorbed atoms, and exhibits only tensile film stress 

with increasing film thickness. When depositing low melting point materials with 

high material mobility, the total stress is normally considerably smaller and tensile. 

Compressive stresses are sequentially built up with increasing film thickness and the 

resulting stress curve is of type II. The compressive stress built into low melting point 

materials under best vacuum conditions originates from a compressive strain built up 

at the metal substrate interface during the island growth stage of the film due to 

surface tension effects. At the end of the coalescence stage, this interface strain 

reaches its maximum value. Above the thickness corresponding to the continuous film, 

incremental stress is, again, tensile since the grain boundary relaxation is then the 

only remaining stress contribution. 
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Fig. 1-1. Schematic presentation of the stress versus thickness curves of high melting 

point (type I) and low melting point (type II) materials. 

 

 

In addition to thermal stress, the elementary processes that may produce intrinsic 

stress can be classified as the following: 

(a) incorporation of atoms from residual gases, 

(b) differences of the lattice spacing of monocrystal substrates and the film during  

epitaxial growth, 

(c) variation of the interatomic spacing with crystal size, 

(d) recrystalization processes, 

(e) microscopic voids and special arrangements of dislocation, 

(f) phase transformations. 

 

In other words, the following deposition parameters are expected to influence the 

coating stress: (1) substrate temperature; (2) working gas species; (3) working gas 

pressure; (4) deposition rate; (5) angle of incidence (orientation of deposition surface 
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relative to direction of coating flux); (6) apparatus geometry; (7) distance between the 

substrate and the source. 

 

 

1.3 Compressive Stress and Tensile Stress 

 

The sign of stress (compressive or tensile) can be easily understood using the 

diagram sketch in Figure 1-2[4]. For a composite structure (thin film-substrate) with a 

convex curvature, the film is under a compressive stress (i.e., the film would like to 

expand parallel to the surface). This stress is assumed to be negative. For a composite 

structure with a concave curvature, the film is under a tensile (positive) stress (i.e., the 

film would like to contract). 

 

 

“+”              “─” 

 
 

Figure 1-2. Curvature induced by compressive and tensile coatings. 

 

 

A number of stress models have been invoked in the literature to explain both 

tensile and compressive stress in vacuum deposited thin films, and will be depicted in 

Chapter 2. 
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1.4 Measurement Techniques  

 

If a film is deposited in stress on a thin substrate, the substrate will be bent by a 

measurable degree. A tensile stress will bend it so that the film surface is concave, 

and a compressive stress so that it is convex. There are many ways to measure the 

residual stresses of a coating. The most often used and most practical method is the 

deflection method [5], where the coating residual stresses are determined by 

measuring the curvature or deflection of the substrate induced by the residual stresses 

in the coating. To calculate the residual stresses, the linear relation of Stoney [6] or 

Brenner and Senderoff [7] is widely used to predict film stress from the measured 

curvature. If the curvature of the substrate is determined before and after the film 

deposition, the average biaxial stress throughout the entire film thickness can be 

determined using the modified Stoney’s equation. The deformation of the substrate 

due to the stress is measured either by using a thin cantilevered beam as a substrate 

and calculating the radius of curvature of the beam and hence the stress, from the 

deflection of the free end, or by observing the displacement of the center of a circular 

disk.  

 

Stress may also be measured by x-ray or electron-diffraction techniques. The 

position of the diffracted line gives the interplanar spacing of the set of lattice planes 

corresponding to the line, and the strain in the crystallites forming the film may be 

deduced from this. Alternatively, the stress may be deduced from the shape of the 

diffracted beam by apportioning the line broadening to components resulting from 

small particle size and from strain. It should be noted that x-ray and 

electron-diffraction techniques will give the strain and hence the stress in a crystallite 

lattice. This is not necessarily the same as that measured by substrate bending since 
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the stress at the grain boundaries may not be the same as that in the crystallites. 

 

 

1.5 Motivations and Objective of this Thesis  

 

Since stress can limit the reliability and function of thin film-based devices due 

to peeling, cracking and curling, a better understanding of the mechanisms that result 

in the build-up or relaxation of stress is highly desirable. Stress can have various 

origins, e.g. different lattice constants or different thermal expansion coefficients of 

the film and substrate, which is denoted as thermal stress. Usually, the main part of 

stress is built in during the film growth, and this is denoted as intrinsic stress.  

 

In this thesis research, three main issues related to stress were studied and 

developed.  

(1) Stresses and temperature stability of DWDM filters prepared by reactive 

ion-assisted E-gun evaporation. In this work, the temperature stability of 

narrow-band-pass filters is measured in situ on different types of substrate for 

DWDM filters in optical-fiber transmission systems. The DWDM filters were 

designed as all-dielectric Fabry-Perot filters and fabricated by reactive 

ion-assisted deposition. Ta2O5 and SiO2 were used as high- and low- 

refractive-index layers, respectively, for constructing the DWDM filters. The 

accuracy and stability of the coating process were evaluated for fabricating the 

DWDM filters by the temperature stability of the center wavelength. The center 

wavelength shift was determined to be greatly dependent on the stress of the 

filter. 
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(2) Optical and mechanical properties changed on thin-film filters with 

post-deposition thermal treatments. In this work, the effect of two types of filters 

with post-deposition thermal treatments; one is the central wavelength of 

thin-film narrow band pass filters increases with increasing post-deposition 

annealing temperature, when temperature above 250oC, this is a permanent 

bake-shift effect. It therefore appears possible to “tune” the stress of narrow band 

pass filters with this post-deposition annealing technique to shift the center 

wavelength. The other is the position of T50% wavelength shift of dichroic mirror 

with increasing substrate temperature; this is the condition with the dichroic 

mirror operating inside the projector. Dichroic mirror was deposited on different 

types of substrates for the comparison of the amplitude of T50% wavelength shift. 

We can predict the shifts of the wavelength and choose the most appropriate 

substrate material for dichroic mirror with minimum change of T50% wavelength 

change minimum, i.e. to avoid color change of the projection image. Mechanical 

properties such as stress of Ta2O5, TiO2, Nb2O5 and SiO2 single layer films with 

different deposition processes have been investigated for this study.  

 

(3) Effects of processing variables on tantalum nitride by reactive ion-assisted 

magnetron sputtering deposition. In this work, the binary compounds tantalum 

nitride (TaN) and ternary compounds tantalum tungsten nitride (Ta1-xWxNy) 

exhibit interesting properties such as high melting points, high hardness, and 

chemical inertness. The nitrides were deposited on tungsten carbide (WC) die 

and silicon wafers by ion-beam-sputter evaporation of the respective metal 

under nitrogen ion-assisted deposition (IAD). The effects of N2/Ar flux ratios, 

post-annealing, ion assisted deposition, deposition rate, and W doping variables 

in the coating processing on the properties of hardness, load critical scratching, 
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oxidation resistance, stresses and surface roughness of thin films deposited were 

investigated. The optimum N2/Ar flux ratio in view of the hardness and the 

critical load of the TaN and Ta1-xWxNy films was ranged from 0.9 to 1.0. Doping 

W into TaN to form Ta1-xWxNy films led to a significant increase of hardness, 

critical load, oxidation resistance, and reduced surface roughness. The optimum 

doped ratio was [W/(W+Ta)]=0.85. From deposition rate and IAD experiments, 

the main contribution of stress of films is due to sputter atoms. Low deposition 

rate at high N2/Ar flux ratio brought about high compressive stress. High 

compressive residual stress accounts for high hardness values. The relatively 

high compressive stress was attributed primarily to peen by atoms, ions and 

electrons during film growth. According to this study, the Ta1-xWxNy films were 

excellent in hardness and strength against a high temperature, and sticking 

phenomena can essentially be avoided. Ternary compounds Ta1-xWxNy films 

outperformed binary compounds TaN films on mechanical properties and 

oxidation resistance.  

 

 

1.6 Organization of this thesis 

 

The thesis is organized as following: The origins of stress, including intrinsic and 

thermal stresses, stress distribution, and stress models is presented in Chapter 2; 

adhesive failure of coatings and stress compensation techniques are also described in 

this chapter. In Chapter 3, the methods for measuring stress are summarized, and 

deformation of the substrate and stress–curvature relationships are described. Stresses 

and temperature stability of DWDM filters are described in Chapter 4. In Chapter 5, 

we demonstrate the optical and mechanical (stresses) property changes in thin-film 
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filters with post deposition thermal treatments. In Chapter 6, we investigate the 

effects of processing variables on tantalum nitride by reactive ion-assisted magnetron 

sputtering deposition. Discussions and summary of this dissertation, and 

recommendations for future work are given in Chapter 7. 
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Chapter 2 

 
Origins of Stresses 

 

 
2.1 Introduction 

 

Films deposited by various techniques usually exhibit mechanical residual stress, 

which can be tensile as well as compressive, depending on the deposition conditions. 

Because the stress influences practical properties such as film adhesion, crack 

behavior, etc., its dependence on the various deposition parameters has been studied 

for a long time. Nevertheless, the behavior and physical origins of the stress, 

especially the intrinsic stress, are still not well understood, notwithstanding much 

experimental data [1-8]. 

 

Stress is a common property of thin films. Lattice misfit between film and 

substrate is the main source of stress in heteroepitaxial film growth, whereas surface 

stress dominates in homoepitaxy [9-11]. All types of defects in crystalline material 

that influence the interatomic distances are sources of intrinsic stress [12-16]. The 

understanding of stresses in epitaxial film growth has improved significantly during 

recent years [17]. Stresses in poly and nanocrystalline films are mainly due to 

disturbed crystallographic order, like at grain boundaries or due to impurities and 

defects, whereas interfacial and surface stresses play only a minor role. Thermal 

stresses result from differences in the thermal expansion coefficients between 

substrate and film material, if films are deposited or modified above or below room 
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temperature. It should be kept in mind that thermal expansion coefficients are 

dependent upon crystalline structure and that the surface temperature can undergo 

significant changes during film deposition if the thermal conductivity of the film 

material is poor and the energy flux onto the surface is high. 

 

If the film growth mechanism causes a certain strain, which is usually due to 

energetic ion bombardment, the stress in a super-hard material (one with a high 

Young’s modulus) will be significantly higher as compared with that in a ‘soft’ 

material. On the other hand, hardness usually increases with compressive stress in 

hard coating materials, known as defect hardening. Thus, film stresses are beneficial 

and baffling, making control of stresses and understanding of the crucial mechanisms. 

The basics of stress formation in amorphous and poly or nanocrystalline films are still 

not well understood. 

 

 

2.2 Thermal Stresses 

 

When a coated substrate is at a temperature that is different from its temperature 

during deposition, a thermal stress will be present as a result of the differences in the 

film and substrate thermal expansion coefficients. For the thin films used in optical 

coatings, the film thickness is generally less than 10-4 times the substrate thickness. 

Under these conditions, plastic flow in the substrate can generally be neglected and 

the thermal stress thσ  induced in the film by the film substrate bonding is given in a 

one-dimensional approximation by  
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where Yfilm is Young’s modulus of film, filmν is Poisson’s ratio of film, αfilm and α

sub are the average coefficients of thermal expansion for the film and substrate, subT  

is the substrate temperature during deposition, and mesT  is the temperature during 

measurement. 

 

 

2.3 Intrinsic stresses 

 

The intrinsic stress can be defined as that component of the total measured stress 

that cannot be attributed to thermal stress. It is due to the cumulative effect of the 

crystallographic flaws that are built into the coating during deposition. The intrinsic 

stresses are similar to the internal stresses that are formed in a bulk material during 

cold working. In the low temperature deposition case, the stresses result from the 

strain, which is associated with the various lattice defects created by the deformation. 

The intrinsic stresses are strongly dependent on the conditions of deposition. 

 

The magnitude of intrinsic stresses in physical vapor deposition (PVD) films is 

found to be related to the microstructure of films, i.e., morphology, texture, and grain 

size, depicted by the structure-zone diagrams as shown in Fig. 2-1[18].  
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Fig. 2-1. Zone model for the grain structure of vapor deposited metal films modified 

to include the bimodal grain size distribution in zone T, and also including the 

mechanisms that are proposed to control the grain structure in each of the zones. 

 

 

Currently, the compressive stress is directly linked to the dense structure of thin 

films. According to Sundgren [19], a higher energy results in more defects on the 

surface, thereby increasing the number of preferential nucleation sites, and thus 

decreasing the grain size. This effect is known to favor a compressive state of the 

coating, and it partially explains the compressive intrinsic stress evolution of films. 

 

The densification of films produced by ion beam-assisted deposition (IBAD) 

may be attributed to the distortion of the growing surface layer by energetic particles; 

these phenomena can be analyzed on the basis of the ion peening model [20]. A 

collision cascade model showed that the film density improvement could be caused by 

the recoil implantation of near-surface atoms, which is a momentum-dependent 

process [21]. The variation of the intrinsic stress with the normalized momentum, Pn, 

can be depicted by an idealized curve corresponding to the state of continuous, 
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amorphous or polycrystalline films deposited at low temperatures; the normalized 

momentum is given by the product between the momentum transferred from incident 

energetic particles to condensing atoms incorporated in the films and the ratio 

between the fluxes of incident particles and condensing atoms. Three distinct zones or 

regimes appear in this diagram depending on the normalized momentum or impact 

energy, which is the total kinetic energy of species colliding with the film surface per 

atom condensed and incorporated in the film as shown in Fig. 2-2[22]. It is generally 

admitted that a columnar structure is associated with a tensile stress and dense films 

with a lower or a compressive stress.  

 

 

 
Fig. 2-2. Idealized intrinsic stress versus normalized momentum, Pn, which is related 

to the kinetic energy of particles impinging on the film surface per condensing atom 

or impact energy per atom. 
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2.4 Stress Distribution 

 

The details of the stress distribution between a coating and substrate can be very 

complex; however, some useful generalizations can be made. Fig. 2-3 shows an 

idealized representation of the normal stresses across the cross-section of a 

homogeneous film and freestanding substrate at a point far from an edge. The stress 

distribution is determined by the requirement that the sum of the normal force and 

bending moments over the total cross-section be zero. The first requirement means 

that stresses of an opposite sign must form in the substrate to balance those in the film. 

The stresses thus reverse sign at the interface. The second requirement means that the 

substrate must bend to balance the bending moment, which is produced by the 

stressed film on one of its surfaces. Thus the stresses in the substrate must change sign 

as shown in Figure 2-3, so that the substrate stresses on the surface opposite the 

coating have the same sign as those in the coating. In most coating cases, the film 

thickness is much less than that of the substrate, so that the stress in the substrate is 

only a very small fraction of that in the film. Under these condition the substrate 

bending is negligible. Accordingly no variation in film stress, due to substrate bending, 

is shown in Fig. 2-3[24]. 

 



 17

 

Fig. 2-3. Schematic representation of stress distribution across coating and substrate 

cross-section.  

 

 

The intrinsic stress must become zero at a free edge of the coating, as shown in 

Fig. 2-4. Typically, the intrinsic stress is relatively constant throughout the coating 

thickness, as shown in Fig. 2-3. Under these conditions the interface shear stress is 

proportional to the coating thickness and to the gradient in the average intrinsic stress 

along the coating. Thus, the interface shear stress is concentrated at the film edge, as 

indicated in Fig. 2-4. A de-adherence stress, which is normal to the interface and 

dependent on the gradient of the shear stress, is also predicted to develop. 

Consequently, the interface bond must withstand a shear force per unit width of the 

coating, which is proportional to the coating thickness (integrated stress) and an 

associated normal force. Therefore, for a given intrinsic stress level and 

coating-to-substrate bonding, there is a maximum coating thickness that can be 

tolerated before loss of adhesion results. 
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Fig. 2-4. Schematic representation of interface shear stress distribution [24]. 

 

 

The concentrated shear force at the film edges distorts the substrate and film in 

such a way that the strain is continuous across the film-substrate interface at points 

away from the edge. If the film is scratched, cracked, or if poor adhesion develops at 

some point on the surface, then a redistribution of these shear stresses must occur so 

that the substrate and coating strains are again matched at the interface. Thus a scratch 

can be the precursor to a catastrophic failure of coating adhesion. This points out the 

usefulness of forming scribed scratch patterns prior to performing the tape-pull type 

of adhesion test. 

 

 

2.5 Cohesive and adhesive failure of coatings 

 

Interfaces between dissimilar materials are susceptible to debonding and sliding. 

The coating failure mode by cracking and by spalling are dependent both on the 

sign/magnitude of residual stress and on the relative strengths of coating and 
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coating-substrate interface. Under tensile conditions, through-thickness cracks 

develop from pre-existing defects in the coating and these generate shear stresses 

along the interface which may result in de-adhesion. Under compressive stress, 

spallation may result either from the growth of a tensile, wedge crack along the 

interface or by buckling and cracking of the coating [25]. Cracks that form within thin 

brittle layers extend normal to the principal tensile stress and interact with interfaces. 

The interaction leads to tunnelling or channelling modes of crack extension. These 

modes have a steady-state release rate which can be obtained from the solution to the 

two-dimensional plane strain problem for the cracked layer well behind the 

propagating crack front [26]. When a crack tunnels through one of the brittle layers, 

simultaneous slip or debonding at the interface can increase the steady-state energy 

release rate, and thereby lower the resistance of that layer to cracking. However, these 

same effects reduce the stress concentration in adjacent layers, suppressing the spread 

of cracks out of a given layer [27].  

 

Separation at the layer-substrate interface occurs when, depending on the loading 

direction, either the tensile stress perpendicular to the interface or the compressive 

stress parallel to the interface exceeds a critical value cσ . In terms of energy, this 

means that a separation at the interface increases when the resulting decrease in 

elastic strain energy is at least equal to the energy required to create new surfaces 

along the interface. Assuming linear elastic behaviour of the coating-substrate system, 

the tensile stress necessary to increase a separation of length s is given by: 
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where Y* is the effective Young’s modulus of the coating-substrate system and Gc is 

the critical crack extension force which corresponds to the energy necessary to extend 

the separation. The crack growth may be of a slow and stable nature, when the elastic 

strain energy in the system is increased only slowly to the critical value and some 

limited plasticity at the crack tip exists. A rapid increase of strain energy results in 

unstable crack growth [28]. 

 

The mode of coating failure depends upon the stress state in the coating. 

Residual tensile stresses tend to induce coating fracture normal to the interface (see 

Fig. 2-5.), while residual compressive stresses provide a driving force for buckling 

and eventual spallation. The mechanism of spallation of coatings under lateral 

compression is determined by the relative fracture strengths of the coating-substrate 

interface and the coating. The mechanics of spalling have been analyzed by 

evaluating the crack driving force in the presence of an interface separation 

(microcrack). The analyses indicate that, for flat coatings, a driving force for crack 

growth at (or parallel to) the interface only arises when elastic buckling of the coating 

initiates [27]. This occurs because no long-range tensile or shear stresses exist at the 

interface in the unbuckled state. Buckling can only occur when there is a pre-existing 

separation and when the compressive stress exceeds the critical value cσ  given by 

[29]:  
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where k is a constant approximately equal to 14.7, Yfilm and filmν  are, respectively, 
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the Young’s modulus and Poisson’s ratio of the coating, tfilm is the coating thickness 

and c is the radius of separation between the coating and substrate. When the critical 

stress is exceeded and buckling occurs, a driving force for crack growth develops. 

Growth of the initial flaw will occur when the crack driving force exceeds the critical 

value for the weakest material element within the vicinity of the interface. The 

extension of the crack eventually leads to spalling (Fig. 2-5 [30]). The coating can 

spall from a flat surface when the interface reaches a critical size, cs 

where: 
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Flat surfaces, subject to a zero stress normal to the interface are most resistant to 

spalling. An additional crack driving force exists in the presence of a curved substrate, 

and spalling will occur sooner than predicted by Eq. (2-4) in regions of the substrate 

with small radii of curvature. 
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Fig. 2-5. Failure modes of a thin coating under residual stress: (i) delamination 

(coating under tensile stress and ‘weak’ interface, i.e. low adherence); (ii) 

perpendicular microcracking (coating under tensile stress and ‘strong’ interface); (iii) 

buckling and spalling (coating under compressive stress). 

 

 

2.6 Stress Models 

 

2.6.1 Recrystallization and Grain Boundary Model 
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Various models have been developed in order to explain film stress behavior [31]. 

Usually they concentrate only on the tensile or the compressive stress. The most 

current model for intrinsic tensile stress is the ‘‘grain boundary relaxation’’ model 

[32-34]. In this model the tensile stress is explained by the mutual attraction of 

columns (grains) at the grain boundaries. Although this model leads to a tensile stress 

depending on the grain dimensions, no particular dependence on parameters like ion 

flux or energy was derived. All the models are similar, in that they invoke some 

mechanism for the constrained shrinkage during the film growth that is required to 

produce the tensile stress. One class of model assumes that arriving atoms are initially 

incorporated into the growing coating as a disordered surface layer because they 

become buried before they can form a completely ordered structure as indicated in Fig. 

2-6 (a)[36]. Subsequent rearrangement and shrinkage of the disordered material 

produces the tensile stress [35]. A second class invokes the use of grain boundaries 

[37]. One such model considers that the stress is built up by the volume contraction, 

which results when two grains coalesce to form a pure grain and, therefore, eliminate 

a grain boundary. The shrinkage is equal to the difference between the thickness of the 

eliminated grain boundary and the interatomic spacing. A second model argues that a 

tensile stress is a natural consequence of a pure grain boundary (i.e. no trapped 

impurity species) because the combination of the free surface and grain energies per 

unit area yields an asymmetric force field, which produces a net tensile strain. Thus, 

for example, in a columnar coating, such as that shown in Fig. 2-6 (b)[38], the grain 

boundary area and the intrinsic tensile stress increase linearly with the coating 

thickness. 
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Fig. 2-6. Schematic representation of models for intrinsic stress formation: (a) 

recrystallization model; (b) grain boundary model.  

 

 

The grain boundary model is explained briefly as follows. Lattice relaxation 

forced by the energetic interaction between grain boundaries causes the elastic 

deformation, which expresses itself macroscopically as observable mechanical stress. 

The close approach of two free surfaces (surface energy sγ ) in the formation of a grain 

boundary (grain boundary energy gbγ ) results in a change in energy: 

 

gbs γγγ −=∆ 2                                (2-5) 

 

in the case of large-angle grain boundaries, gbγ equals (1/3) sγ  and therefore the 
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change in energy can be calculated according to ( ) sγγ 35=∆ . Part of the energy 

produces a constrained relation of the lattice atoms in the grain boundary, yielding a 

few percent of the unstrained lattice constant. The elastic deformation is responsible 

for the macroscopically observed tensile stress σ , according to Hooke’s law. The 

energetic minimum, as can be seen in Fig. 2-7[39], is exactly at the lattice constant 

and its size is given by the above mentioned ( ) sγ35 . 

 

 

Fig. 2-7. Grain boundary potential energy.  

 

According to the grain boundary model, a reduction in mechanical stress arises 

if: 

1. The crystallite size increases and hence the number and the surface of the grain 

boundaries reduces, and/or 

2. The energetic interaction becomes weaker because the free surface energy is 

decreased owing to sorption or segregation phases. 
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2.6.2 Atomic Peening Model 

 

For the compressive stress various pictures and models have been proposed. 

They reproduce some experimental trends in the compressive stress behavior, e.g. the 

stress dependence on the ion energy. Although in specific experiments absorbed gas 

atoms may contribute to the compressive stress, most models [40-43] attribute 

compressive stress to the ‘‘atomic peening process’’, in which atoms are injected into 

the growing film, due to the effect of bombarding energetic particles at the surface.  

 

A possible atomic peening mechanism is illustrated in Fig. 2-8[24]. The 

magnitude of both the average energy and the flux of these species increase with the 

atomic mass of the coating material. High working pressure reduces this energy by 

scattering the reflected argon atoms. Thus the onset of the tensile stresses is extended 

to higher angles of incidence or higher pressures as the atomic mass of the coating 

material is increased. The argon flux is the greatest and most energetic for small 

scattering angles as shown in Fig. 2-9. Thus the tendency to develop large 

compressive stresses is much greater for the cylindrical post magnetrons than for 

other sputtering system geometries. 
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Fig. 2-8. Atomic peen model for production of compressive stresses in sputtered 

coatings deposited at low working pressures.  

 

 

Peen model proposed to explain the formation of compressive intrinsic stresses 

in relatively dense films is based on two major assumptions [31]. The compressive 

intrinsic stress is assumed to be caused by film atoms implanted below the surface of 

the film by knock on processes. In addition, thermal spikes are assumed to reduce the 

stress by causing displacement of the implanted atoms. The implanted atoms are in 

metastable positions and if they acquire more than some excitation energy, Ed, will 

escape from their metastable position to the surface of the film. The compressive 

intrinsic stress in the film can be expressed as follows: 
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where Uo is the sublimation energy or cohesive energy of the deposited material, cφ  

the flux of atoms condensed on the film surface and incorporated in the growing film; 
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Pφ  and EP are the flux and kinetic energy of incident energetic species, respectively. 

The factor ka in Eq. (2-6) is equal to ( )[ ]3
5

016.0
−

dEρ  where ρ  is a 

material-dependent parameter which is of the order of unity; K is the proportionality 

factor between the relative volumetric distortion and the fractional number of atoms, 

n/N, displaced from equilibrium positions in the films, i.e., K(n/N). The parameters κ  

and k in Eq. (2-6) are generally unknown and can be determined as fitting parameters 

for a least-squares fit to data for which the kinetic energy, EP, ion flux, Pφ , and 

deposition rate of films, cφ , are known. In the model, the compressive stresses are 

due to atomic peening, and the decrease at higher bombarding energies is due to stress 

relaxation caused by higher-energy collision cascades, which enhance the atomic 

diffusion of recoil-implanted atoms back to the surface.  

 

In sputtering, the compressive stresses are believed to be caused by energetic 

argon atoms, which originate at the cathode (target) surface [44]. When argon ions are 

incident on the sputtering target, there is a significant probability that they will be 

neutralized and reflected [45]. They then pass backward in the direction of the 

substrates as energetic neutral atoms. The effect is illustrated in Fig. 2-9[46]. Both the 

probability of reflection and the fraction of the initial ion energy that is retained by a 

reflected atom increase as the atomic mass of the target increases relative to that of the 

bombarding ion [47]. This is believed to explain the mass dependence of the critical 

pressure and the critical angle of incidence. 
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(a) 

 
(b) 

Fig. 2-9. Influenced of sputtering apparatus geometry on flux of energetic reflected 

argon atoms which reach substrates.  
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For target materials having a high atomic mass relative to the working gas, the 

reflected argon atoms can have energies which approach the energies of the incident 

ions (several hundred electron volts). Thus the reflected atoms can be sufficiently 

energetic to penetrate into and become buried in the growing coating [48]. 

Compressive stresses have been found in coatings deposited in the presence of 

substrate argon ion bombardment (deposited by bias sputtering) and correlated with 

the measured argon content of the coatings [49]. The compressive stresses are 

attributed to this argon content. It is not known whether the argon atoms produce the 

stresses by becoming trapped in the coating or by driving surface atoms into the 

coating (forward sputtering) through an “atomic peening” process. We are inclined to 

believe that it is primarily a peening-type process that is responsible for the stresses in 

magnetron sputtering since the measured compressive strains in coatings deposited at 

low pressures are independent of the argon content. The kinetic energies of the 

sputtered metal atoms leaving the target also increase with atomic mass. When the 

coating flux is normal to the substrate, the columnar crevices are very narrow and the 

coatings have the dense fibrous structure zone T transition structure shown in Fig. 

2-10[50].  
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Fig. 2-10. Schematic representation of the influence of substrate temperature and 

argon pressure on the microstructure of metal coatings deposited using cylindrical 

magnetron sputtering source. T (K) is the substrate temperature and Tm (K) is the 

melting point of the coating material. 

 

Compressive stress arises when a growing film is bombarded by atoms or ions 

with energies of tens or hundreds of eV (electron volts) by a process of “atomic 

peening”. The energetic ions cause atoms to be incorporated into spaces in the 

growing film which are smaller than the usual atomic volume and this leads to an 

expansion of the film outwards from the substrate. In the plane of the film, however, 

the film is not free to expand and the entrapped atoms cause macroscopic compressive 

stress. 

 

The net stress results from the competition between the stress formation induced 

by the knock-on implantation of film atoms below the film surface and the relaxation 
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induced by thermal-spike-excited processes. For a thin film, the stress is proportional 

to  

 

3
5

2
1

)1(
)(

aEj
R

EYE
film

i
+−

∝
ν

σ                      (2-7) 

 

where E is the ion energy, R is the net depositing flux, j is the bombarding flux, a is 

the material-dependent parameter, and Y and filmν  are Young’s modulus and 

Poisson’s ratio, respectively. A large normalized flux, R/j, results in a maximum stress 

with increasing ion energy and a power law, σ 6/71 −−∝ Ea , decrease for a large ion 

energy. In addition, sufficiently large ion energies that reduce the stress may also 

cause significant damage or reduced film density. Figure 2-11[42] shows the stress 

predicted by Eq. (2-7) for three values of the normalized flux R/j.  

 

 

 

Fig. 2-11. The variation in compressive stress with ion energy predicted by Eq. (2-7), 

for R/j = 1, 5, and 20.  
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2.7 Stress Reduction and Compensation Techniques 

 

Intrinsic stresses strongly influence the mechanical properties and the stability of 

thin films. The occurrence of large stresses, which may approach the plastic limit, can 

cause films to crack and delaminate from the surface. It is, therefore, of utmost 

importance to control the stress level during film deposition and to be able to predict 

the stress relaxation during the service life of the film. 

 

The tension in turn produces a shear stress between the bottom layer and the 

substrate. The coating fails when this stress exceeds the adhesion. It is the tension not 

stress that increases with film thickness. The net tension can be balanced by several 

methods: 

(1) Modification of the process: 

Intrinsic stress depends mostly on flow rate and composition ratio of reaction 

gases, ion bombardment (during deposition or subsequent to the deposition), 

deposition temperature as well as on the conditions of the substrate surface, and 

can vary from tensile to compressive. Hence, by an appropriate setting of the 

above parameters, it is possible to control stoichiometry and refractive index, 

and nearly stress-free films can be obtained [51-54].  

 

(2) Tension compensation in discrete layers:  

The tension is the product of the stress and the metric thickness. It may be 

possible to compensate the tension by depositing a multilayer stack containing 

layers that are alternately compressively and tensively stressed [55]. Such 

tension compensation can occur in a SiO2-TiO2 multilayer by alternating 

tensively stressed high-index titania layers with compressively stressed 
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low-index silica layers. A MgF2-CeO2 multilayer, on the other hand, offers no 

tension compensation because both materials are tensively stressed. 

 

 

Fig. 2-12. Stress versus thickness for a multilayer structure of thorium fluoride and 

zinc sulfide. 

 

 

(3) Mixtures of materials:  

Composite films with adjustable refractive index are important in the preparation 

of many optical devices such as rugate filters, antireflection, notch filters and 

integrated optical waveguides because these optical devices require not only 

alternating layers of high- and low-index materials, but also must contain layers 

with specific refractive index values to obtain the desired properties. It is 

desirable in producing zero-stress materials to use mixtures of components 

having opposite stresses. Co-evaporating or co-sputtering compressively and 

tensively stressed materials in the proper ratio can achieve stress compensation. 

More discussion about composite films can be found in Chapter 7. 
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2.8 Summary 

 

For thin films, depending on the deposition process, both tensile and 

compressive stresses can be created. With increase in temperature, the compressive 

stress existing in the amorphous film decreases due to relaxation of thermal stress. In 

general, evaporated crystalline thin metal films tend to be in tension, mainly caused 

by grain boundaries of the films, the tensile stress being proportional to the 

grain-boundary area. The neighbouring crystallites are strained in tension since the 

interatomic forces at the boundaries tend to diminish any existing gap. Compressive 

stresses arise from a process of “atomic peening” when a growing crystalline film 

experiences a bombardment with energetic particles in the range from tens to 

hundreds of electronvolts. By the bombardment, atoms close to the surface are being 

recoil implanted into the film into spaces smaller than the usual atomic volume. The 

film expands outwards from the surface and macroscopic compressive stresses are 

formed in the plane of the film. At lower bombardment energies, these compressive 

stresses have been observed experimentally to increase with the square root of the 

bombarding energy, to saturate, and even to decrease at higher energies.  



 36

 

Chapter 3 

 

Stress Measurement 

 

 

3.1 Introduction 

 

An excessive tensile stress may lead to film cracking, while a compressive stress 

may result in film buckling or delamination. Because it is of vital importance to 

understand and control the residual stresses in thin films, much work has concentrated 

on measurements of these stresses. Stress is rarely measured directly. Rather, strain is 

measured and stress is inferred from the mechanical properties of the material. X-ray 

diffraction [1], nano-indentation [2], Raman [3], and infrared spectroscopy [4-5] are 

commonly used, ex-situ, for the measurement of stresses. Different curvature 

measurement techniques [6-10] have been employed to measure the stress in-situ or 

ex-situ. Experimental techniques for stress measurement in thin films, which are 

based on the observation of substrate curvature induced by stress, are gaining 

increasingly widespread use. Flinn and Nix [11] discuss applications for metal films 

on semiconductor substrates, and recent refinements for in situ measurements of 

curvature during vapor deposition are described by Floro [12]. Most data on substrate 

curvature are interpreted on the basis of the classical Stoney formula [13]. This 

formula follows from analysis of a film-substrate system which is based on several 

assumptions [14-15]. Among these, the main assumptions are: 

1. both substrate and film thickness are laterally uniform and both are very small  

compared to the lateral extent of the system,  
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2.  film thickness << substrate thickness,  

3.  the substrate material is homogeneous, isotropic and linearly elastic,  

4.  the film material is isotropic (or at least transversely isotropic),  

5.  the film stress is laterally uniform, 

6.  edge effects near the periphery of the substrate are inconsequential, 

and  

7.  strains and rotations are infinitesimal.  

 

These assumptions have many consequences, but perhaps the most significant for 

stress measurement is that the deformed shape of the substrate mid-plane is spherical 

or, equivalently, its curvature is laterally uniform. 

 

 

3.2 Methods of Measurement 

 

A wide variety of methods exist for measuring the stress in thin films. Basically, 

the experimental techniques for measuring stress in thin films on substrates can be 

classified into two large categories: (a) lattice strain based methods, i.e., X-ray 

diffraction; and (b) physical surface curvature-based methods. The X-ray diffraction 

methods include the traditional sin2Ψ approach [16], the grazing incidence X-ray 

diffraction geometry and high-resolution X-ray diffraction [17]. X-ray 

diffraction-based methods generally rely on the measurement of variation of lattice 

spacing. On the other hand, the curvature techniques based on the Stoney equations 

[18] can be readily applied to both crystalline and non-crystalline thin films. 
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3.2.1. X-ray Diffraction 

 

X-ray diffraction method allows for measurement of both the micro- and 

macrostrain, identification of the existence of shear, and depth profiling of the strain. 

The two principle methods are the ψ2sin  method and the peak broadening method 

[19].  

(a) The ψ2sin  method is based on measurement of the peak position shift (lattice 

d-spacing change) as a function of the angle of incidence,ψ , of the radiation. 

The relationship between the angle of incidence and strain is given by 
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                      (3-1) 

 

where σ  is the stress, and do and ψd are the reference and measured 

d-spacings, respectively. The stress is obtained from the slope of the plot of the 

lattice spacing vs. ψ2sin , and the technique usually employs high-angle 

reflections in order to obtain the greatest accuracy in d-spacings measurement. 

(b) Measurement of X-ray peak broadening is the second method. Peak width is 

affected by both crystal size and strain and is given by 
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where tfilm is the film thickness, ds is the lattice spacing, and )2( θ∆ is the 

FWHM in radians. By plotting )2(cos θθ∆  vs. θsin  the strain contribution to 

the peak broadening is obtained.  
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Application of the X-ray diffraction technique usually shows a more complex 

relationship than that predicted by Eq. (3-1) and (3-2). On the other hand, diffraction 

techniques require crystalline phases that provide sufficient diffraction contrast to be 

present and cannot be applied to amorphous material. Therefore, we do not use this 

method in our experiments.  

 

3.2.2 Substrate Curvature 

 

The substrate curvature method is a convenient method for measuring the global 

stress in thin films because it involves only the physical properties of the film and 

substrate and does not require knowledge of the elastic properties of the film. In this 

thesis, we use this method in our experiments. 

 

3.2.2.1 Stress–curvature relationships 

 

To convert the curvature to stress, the most frequently used stress–curvature 

(1/r) relationship is the Stoney’s equation, given as: 
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where )1( subY ν−  is the biaxial modulus of the substrate, st is the thickness of the 

substrate and ft  is the thickness of the film. Since bare substrates often have 

appreciably large inherent curvature (1/ro) prior to deposition, a modified Stoney 

equation is often used  
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The term )1( subY ν−  in this Stoney’s equation is a constant (~181 GPa for a (1 0 0) 

Si single crystal substrate) [20]. Note that the average stress can be obtained by 

simply measuring the curvature of the specimen; the elastic properties of the thin film 

are not needed. This approach will be used as a consistent method for purposes of 

comparison. 

 

3.2.2.2 A laser scanning device  

 

Stress measurements were conducted on a commercially available instrument 

that uses a laser to measure the radius of curvature r of a substrate before and after 

coating. A laser beam reflected on the backside of the substrate traced the variation in 

the radius of curvature during the deposition process. The laser scanning principle is 

illustrated in Fig. 3-1 by drawing the laser beam paths  [21-25].  

 

 

 
 

Fig. 3-1. Principles of laser scanning. 
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The optical system consists of a 0.5 mW laser generator, a galvanometer driven 

micro-scanner, an optical lens with nominal focal length of 2000 mm, and a position 

sensitive detector (PSD). Since the rotation mirror is placed at the focal plane of the 

optical lens, its rotation produces parallel beams that scan (nearly) perpendicularly 

over the specimen surface. If a specimen were perfectly flat, the reflected beams 

would be parallel and thus focused into a single point at the focal plane. In this case, 

the PSD would not sense any displacement of the reflected beams while the scanning 

takes place. For a specimen with a radius of curvature r, however, the reflected beams 

from the specimen are no longer parallel and therefore cannot be focused into a single 

point at the focal plane. A simple geometrical consideration leads to: 

 

Lf
l

r 2
1
=                   (3-5) 

 

where f is the focal length of the optical lens, L the scanning distance on specimen and 

l the displacement distance of the reflected beam on the PSD. The scanning process 

and data acquisition were computer controlled. During scanning, the beam 

displacements li were recorded, and simultaneously plotted (on the computer screen) 

against 2fDi , where Di is the accumulated scanning distance after step i. The 

preceding equation assumes that (1) the stress is biaxial and uniform across the area 

scanned/measured, (2) the film thickness is much less than the substrate thickness, (3) 

the substrate diameter/length is at least twice the substrate thickness, (4) the substrate 

is of uniform thickness and the elastic constant does not vary across the substrate, and 

(5) the maximum deflection due to bending is less than approximately half the 

substrate thickness. The stress induced variation of the Newton fringe pattern of 

circular glass discs (thickness: 1.1 mm, diameter: 50 mm), before and after coating, 
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was used to determine the residual intrinsic film stress fσ  [26]. The radius of 

curvature r was determined from photographs of the ring pattern taken before and 

after film deposition ( md , jd  are the diameters of two interference rings, λ  is the 

monochromatic wavelength). 
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The different radius of curvature, the thickness of the substrate st  and that of the 

film ft  and the elastic substrate data Young modulus Y and Poisson's ratio sν  were 

then used to calculate the intrinsic film stress fσ  according to Eq. (3-4). The 

presented stress values are mean values obtained from several different samples. The 

accuracy of the stress measurement is about 10%. 

 

3.2.2.3 Deflection of a circular disk (Interferometric method) 

 

The measurement can be carried out during or after film deposition. With this 

method, the deflection of the center and the warping of the brim of a circular disk of 

glass, quartz or metal (initially plane) are measured under the influence of the stress 

produced by a deposited film. An optical plane test glass serves as reference as shown 

in Fig. 3-2. The Newton’s interference rings arising in monochromatic light between 

the test glass and the disk are measured by a known method and the radius of 

curvature r is determined from this. 
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where Y: Young’s modulus of substrate, ts: thickness of substrate, D: diameter of disk 

(substrate), tfilm: thickness of film, subν :Poisson’s ratio of substrate, δ : deflection of 

substrate, and r: radius of curvature of the disk (substrate). 

 

 

 

Fig. 3-2. Schematic representation of an apparatus for the determination of 

mechanical stresses by observing Newton fringes between a stressed circular substrate 

disk and an optical flat. 

 

3.2.2.4 Bending of a rectangular lamina 

 

In the bending method, the substrate is usually between three and fifty times 

longer than it is broad. The beam curvature is found by measuring the deflection 
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either of one end of the beam while the other end is clamped, or of the middle of the 

beam if it is supported at both ends as shown in Fig. 3-3. Commonly, cantilevers, 

clamped at one end, are used, and their bending is measured either electrically or 

optically. For the use in ion beam-assisted or plasma-based deposition systems, 

optical methods are to be preferred, as they are not sensitive to electric and magnetic 

fields, or the charge-up of the substrate. The dependence of electrical, magnetic or 

phonon parameters on stress can be employed for stress measurement, but defects, 

morphology, crystallite size, etc. can affect these parameters as well. Moreover, these 

film properties can usually only hardly be assessed in situ during film growth or 

processing and the depth resolution is rather limited. Bending of plate and beam 

cantilevers has been used for a long time to obtain information on the film force and 

average (global) stress. Also, the influence of the sample position on the bending data 

has to be compensated for, as changes in the energy flux to the substrate, as well as 

changes in the temperature of a sample heater stage, will cause changes in the sample 

position due to thermal strain. In such studies, film stress is usually estimated by 

measuring the curvature of a substrate while depositing material on it. The change in 

curvature is then related to an average in-plane stress in the film through the Stoney 

equation. 
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here L is length of lamina. 

 

 



 45

 

Fig. 3-3. Method of measuring stress by bending techniques (microscopic observation 

of the movement of the free end).  

 

 

3.3 Summary 

 

Many measurements of the internal stresses in evaporated coatings have been 

reported. Many of the data appear inconsistent. This is probably due to difficulties in 

controlling the deposition parameters. The substrate temperature, residual gas level, 

deposition rate and coating thickness have been found to be important. The substrate 

temperature is particularly important because of its role in determining the relative 

levels of the intrinsic and thermal stresses as shown in Fig. 3-4[27].  

 

 

Fig. 3-4. Schematic representation of thermal and intrinsic stress contributions.  
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Chapter 4 

 

Stresses and Temperature Stability of DWDM Filters  

Prepared by Reactive Ion-Assisted E-Gun Evaporation 

 

 

4.1 Introduction 

 

Dense wavelength division multiplexing (DWDM) in optical fiber transmission 

systems is attractive for long-distance, large-capacity, and two-way optical transport 

networks. Basically, three main technologies, each one with its own set of advantages 

and disadvantages, are currently employed for the high-volume manufacturing of 

DWDM devices: thin film interference filters, fiber Bragg gratings, and planar 

arrayed waveguide gratings [1-2]. Among these technologies, the insertion and 

polarization dependent losses of the DWDM systems fabricated using interference 

filters are lower than those of the DWDM systems fabricated by other techniques [1]. 

Therefore, the technology for producing interference filters for large-volume and 

low-cost DWDM systems becomes very important. 

 

The mechanical and optical properties of thin films strongly depend on the 

structure, microstructure, and composition of thin film material. They can therefore be 

influenced by the production technology. The most significant property of a thin film 

DWDM filter is its ability to locate the center wavelength position on a substrate 

accurately, which meets International Telecommunications Union (ITU) requirements.  
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Residual stresses in thin films can cause severe problems for a number of 

applications in advanced technology [3]; for instance, tensile stress decreases the film 

quality due to by the formation of cracks, and compressive stress may initiate 

blistering; both, in extreme cases, can lead to the peeling off of the film; for DWDM 

filters, both can cause center wavelength shift. 

 

Residual stresses often impose limitations on the selection of coating material (1) 

A highly stressed material shall be avoided, although it may have excellent optical 

properties, and (2) a coating material is often selected to compensate the stress. As an 

example of the former criterion, magnesium fluoride is usually avoided as a DWDM 

coating material because it crazes when its optical thickness exceeds a quarter-wave at 

about 2 µm, and for the second criterion, Ta2O5 and SiO2 are usually used as high- and 

low- refraction-index materials, respectively. A DWDM filter was fabricated by the 

deposition of more than 120 layers of oxygen-based dielectric materials, namely, SiO2 

and Ta2O5.  

 

However, only limited data about stress on a single-layer Ta2O5 or SiO2 film have 

been published [4-6]. Leplan et al. investigated the correlation between the intrinsic 

stresses and density of evaporated SiO2 film; an increase in compressive stress level 

was observed as the film density increased [4]. Pauleau et al. investigated the 

decrease in the intensity of compressive residual stress with an increase in the 

logarithm of the exposure time of SiO2 film to room air (aging time) [5]. Strauss et al. 

investigated the gas pressures influence on the optical and mechanical properties of 

Ta2O5 film. At low total pressure high refractive indices, a high compressive film 

stress and a high relative film density were found to decrease with increasing gas 

pressure. A post deposition heat treatment at 350oC in air for 4 h resulted in marked 
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decreases in refractive index and film stress [6]. 

 

We report on the influences of the stresses of the DWDM filter consisting of 

multilayer Ta2O5 / SiO2 coatings on center wavelength shift. By the in situ 

measurement of spectral curves with different temperatures on different types of 

substrate, we can determine the optimum deposition conditions in the IAD process to 

obtain low-stress, high-packing-density Ta2O5 / SiO2 dielectric film for dense 

wavelength division multiplexing (DWDM) filters in optical-fiber transmission 

systems. By process control, we can adjust the DWDM filter stresses to shift the 

central wavelength position outside the substrate effective area range for our benefits. 

 

 

4.2 Principles and Design of Dense Wavelength Division Multiplexing Filters 

 

The basic structure of the narrow-band-pass filter used for a DWDM system is 

constructed based on an all-dielectric Fabry-Perot filter [7]. Fig. 1 shows the 

cross-sectional view of an all-dielectric Fabry-Perot filter, which consists of two high 

reflectors separated using a spacer.  

Reflector1

Reflector2
nd

T1
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R1, φ1

R2, φ2

1

2
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Fig. 4-1. Cross-sectional view of all-dielectric Fabry-Perot filter. 
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The transmittance (T) of the Fabry-Perot filter is given by 
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high reflectors 1 and 2, respectively, and n and d are the refractve index and metric 

thickness of the spacer, respectively. From Eq. (4-1), the maximum transmission is 
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The positions of the transmission peaks pλ (the center wavelength) are then given by  
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When the ambient temperature changes, the optical path lengths of the film layers 

change because of the thermo optical and thermal expansion effects, which cause the 

center wavelength to shift. From Eq. (4-2), there are two factors causing the central 

wavelength to shift: the variation in the refractive index of the film and that in the 

physical thickness of the film. The change in refraction index caused by stress is 
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called the photoelastic effect [8]. The stresses translate between the coating and the 

substrate by shear at the interface, causing the coated systems to contract, elongate 

and bend, and of the spectral wavelength to shift. The layer thickness and number of 

cavities are very critical factors for the fabrication of DWDM filters. Furthermore, the 

spectral profile of the DWDM filter is strongly dependent on the number of cavities 

and thickness of the spacer. The top and width of the transmission band become flatter 

and narrower with increasing number of cavities and thickness of the spacer, 

respectively. According to the requirements of ITU, the pass bandwidth of 100 GHz 

DWDM must be larger than 0.45 nm at -0.3 dB and the stop-bandwidth must be 

smaller than 1.1 nm at –25 dB. 

 

 

4.3 Experimental 

 

Optical thin films were prepared using a specially designed coating system, as 

shown in Fig. 4-2. The system contains two electron-beam guns, a high-speed rotating 

substrate holder (1200 rpm), and an RF ion source for ion-assisted deposition (IAD). 

The starting materials employed for the process were Ta2O5 and SiO2, with 

evaporation rates of 0.6 nm/s and 1.3 nm/s, respectively. The refractive indices at 

1550 nm for Ta2O5 and SiO2 were 2.135 and 1.445, respectively. The ion gun was 

operated with an RF ion source excited at 13.56 MHz and an anode powered at 600W. 

Oxygen was used as the inlet gas. The layer thickness of the filter was controlled 

using an optical monitor system, which contained mainly a monochromator and a 

fiber-optic system with collimating optics; a light source halogen lamp and an InGaAs 

sensor. The monochromator was an optical device consisting of double gratings, 

which operated from 900~1700 nm with a resolution of 0.08 nm. Deposition rates 
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were monitored using a quartz crystal monitor system, which was located near the 

substrate holder facing the ion source.  

 

 

 
Fig. 4-2. Coating system for DWDM filters. 

 

The chamber was pumped down to 2×10-3 Pa before deposition. Mass-flow- 

controlled pure oxygen (5N) was delivered to the ion source. The working pressure 

was 1.5×10-2 Pa for the deposition of all the films. The beam current and beam 

voltage of the ion source were 400 mA and 900 V, respectively. During the deposition 

process, the substrate temperature was maintained at 200ºC using the substrate heater. 

The layer thickness of the filter was optically directly monitored using the turning 

point method [9].  

 

To obtain a high-quality single-layer film, after many test runs using the adjusted 
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evaporation rates and working oxygen pressure, we fixed the evaporation rates and 

working pressure, and then changed the beam voltage of the ion source from 600 to 

1100 V. The transmission spectra of test samples from 900 to 1800 nm were measured 

with a Hitachi model U4001 spectrophotometer. The optical constant and thickness of 

each film were calculated using the homogeneous envelope technique [10]. At the 

850~950 V range; Ta2O5 film had a maximum refractive index of 2.135. However, 

above 950 V, the root mean square surface roughness of the film increased. The 

obtained single-layer film showed a high moisture resistance. No shift of the spectral 

transmittance curves was observed before and after soaking the films in water at an 

ambient temperature for 24 h, indicating that the packing density of the films is very 

high. The surface roughness of the single-layer films was analyzed by atomic force 

microscopy. The root mean square surface roughness of Ta2O5 and SiO2 were 0.28 

and 0.30 nm, respectively, which are very close to that of a bare glass substrate of 0.2 

nm. These results indicate that this coating process can obtain films with an excellent 

quality. 

 

After the DWDM filter multilayer deposition process, we can control the 

substrate temperature inside the vacuum chamber to set the point value using the 

substrate heater. Then we can scan the wavelength of the optical monitor system to 

measure the optical spectrum to derive the central wavelength of this DWDM filter in 

real time, and change to another temperature, and so on. Two series of experiments 

have been preformed: the deposition of different thin film designs of DWDM filters 

on a WMS02 substrate and that of the same thin film designs on four different types 

of substrate, namely, WMS02, WMS15, WDM100 and F7. Some mechanical 

characteristics of these four types substrates were shown in Table 4-1. 
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Wavelength(nm) 

Transm
ittance(dB

) 

Table 4-1. Characteristics of four types of DWDM substrate. 

(According to glass data sheet of Ohara, HOYA and SCHOTT Inc.) 

Company OHARA OHARA HOYA SCHOTT 

Type WMS-02 WMS-15 WDM-100 F7 

Young’s modulus (Gpa) 85 96 74.12 77 

CTE (ppm/K, 0 ~ 200oC) (Fig. 4-7) (Fig. 4-7) ----- ~10.3 

Poisson’s ratio 0.25 0.15 0.2584 0.254 

 

 

4.4 Results and Discussion 

 

4.4.1 Center wavelength shift and stresses 

 

A thus fabricated the spectral transmittance (dB) curve of a four-cavity 100 GHz 

DWDM filter shown in Fig. 4-3, meets the requirements of ITU.  

 

 

 

 

 

 

 

 

Fig. 4-3. Spectral transmittance (dB) curve of four-cavity100 GHz DWDM filter. 
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The structure and properties of the coating are sensitive to deposition parameters. 

The intrinsic stress, a characteristic of the deposition process, can be tensile or 

compressive. Its sign and magnitude depend on parameters such as the particle energy, 

deposition rate, and physical or chemical incorporation of material. The incorporation 

of gas into the films may also cause lattice expansion, resulting in the development of 

compressive stress. 

 

There is no suitable stress model accounting for all the tensile or compressive 

residual stresses in evaporated thin films. However, for reactive ion-assisted 

evaporation, Davis proposed a simple model to explain the formation of compressive 

stress in thin films by ion bombardment [11]. In this model, the net stress results from 

the competition between the stress formation induced by the knock-on implantation of 

film atoms below the film surface and the relaxation induced by thermal-spike-excited 

processes. For a thin film, the stress is proportional to  

 

3
5

2
1

)1(
)(

aEj
R

EYE
+−

∝
ν

σ                  (4-3) 

 

where E is the ion energy, R is the net depositing flux, j is the bombarding flux, a is 

the material-dependent parameter, and Y and ν are Young’s modulus and Poisson’s 

ratio, respectively. A large normalized flux, j/R, results in a maximum stress with 

increasing ion energy and a power law, σ 6/71 −−∝ Ea , decrease for a large ion energy. 

In addition, sufficiently large ion energies that reduce the stress may also cause 

significant damage or reduced film density. In this experiment, from the analyzed 

optical properties of Ta2O5 and SiO2 films, the optimum deposition conditions in the 

ion-assisted deposition process were as follows: the beam current and beam voltage of 
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the ion source were 400 mA and 900 V, and the Ta2O5 and SiO2 evaporation rates 

were 0.6 nm/s and 1.3 nm/s, respectively. Highly energetic vapor species (e.g., ions) 

promote the formation of dense structures [12]. In this experiment, O2 ion 

bombardment during deposition makes the films less tensile (or more compressive). 

In Fig. 4-4, the cross-sectional morphologies of the Ta2O5/SiO2 film surface were very 

smooth, showing that the film microstructure is very dense and that Ta2O5/SiO2 film 

in this experiment is compressive. 

 

 

 

 

 

 

Fig. 4-4. Cross-sectional morphologies of Ta2O5/SiO2 100GHz filter deposited using 

DWDM coater. 

 

 

4.4.2 Different thin film design deposited on same type of substrate 

 

Stress behavior was related to the film microstructure. Film porosity was 

observed to increase with increasing gas pressure, but was observed to decrease with 

increasing deposition and substrate annealing temperatures. Porosity arises due to a 

limited atom mobility, which, for a given species, depends both on the energy of the 

vapor species incident on the growth surface and on the substrate temperature. Denser 

structures, such as those generated by ion-assisted deposition or those generated at 

high substrate temperatures, have a low tensile or high compressive stress. 

 

SiO2 

Substrate 

Ta2O5
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Fig. 4-5 depicts the results for four types of DWDM filter design deposited on 

the WMS02 substrate. The temperature stability of the central wavelength is 

 4104.7 −× nm/ oC. It is observed that for all the four types of DWDM filter, the curve 

of central wavelength shift vs. substrate temperature is similar, i.e., the central 

wavelength decreases with increasing temperature and changes in a small range only.  
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Fig. 4-5. Four types of DWDM filter design deposited on WMS02 substrate. 

 

For any elastic substance, Poisson’s ratio must be between 0 and 0.5. A 

maximum value of 0.5 indicates that the material is aqueous. Such a material exhibits 

the greatest contraction when it is pulled in the x and/or y direction(s). A minimum 

value of 0 indicates that substrate-induced stress no longer causes the film to shrink in 

the z direction but, rather, expands it in only the x-y directions. The volume of 

materials that have Poisson's ratio of less than 0.50 increases under longitudinal 

tension and decreases under longitudinal compression. 

 

The expansion in the x-y directions without contraction in the z direction implies 
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the creation of pores in the film. For most substances, Poisson's ratio that lies between 

0.2 and 0.4 results in a fairly large reduction in averaged packing density. In other 

words, the refractive index of the film decreases as the ambient temperature increases. 

Therefore from Eq. (4-2), the central wavelength decreases with increasing 

temperature, as revealed in Fig. 4-5.  

 

4.4.3 Same thin film design deposited on different type of substrate 

 

In this case, for the WMS02, WDM100 and WMS15 substrates, the central 

wavelength decreases with increasing substrate temperature. Upon heating, the 

stresses tend to be more tensile, indicating that the films have a smaller coefficient of 

thermal expansion (CTE) than the WMS02, WDM100 and WMS15 substrates. For 

Fabry-Perot-type filters, the optical thickness of the spacer layers is the most critical 

factor in the determination of the filter central wavelength as well as other details of 

the filter passband. The decrease in the compressive stress is attributed to the effect of 

stress relaxation, causing reductions in filter spacer thickness and central wavelength. 

 

However, when the substrate temperature is above 95oC, the central wavelength 

of the WMS15 substrate increases with increasing substrate temperature, which is 

inversely proportional to that obtained when the substrate temperature is below 95oC. 

For the F7 substrate, the central wavelength increases with increasing substrate 

temperature, which is different from other substrate materials in this experiment. This 

is attributed to the fact that the films have a larger CTE than the glass substrates for 

temperatures above 95oC. Upon heating, the stresses tend to be more compressive, 

causing increases in filter spacer thickness and central wavelength. Fig. 4-6 depicts 

the center wavelength shifts of five-cavity 156 layer DWDM filters deposited on four 
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types of substrates, namely, WMS02, WMS15, WDM100, and F7. 

 

1536.4

1536.5

1536.6

1536.7

1536.8

1536.9

1537

1537.1

1537.2

20 40 60 80 100 120 140 160 180 200

Substrate temperature (ºC)

C
W

L
 (n

m
)

 F7

WMS 15

 WMS 02

WDM100

 

Fig. 4-6. Results of four types of substrate deposited with same five-cavity 156-layer 

DWDM film design.  

 

For the WMS02 and WMS15 substrates, by comparing the data shown in Fig. 4-6 and 

the glass data of Ohara Inc. The curves of central wavelength vs temperature and 

those of CTE vs temperature are found to be inversely proportional with each other, as 

shown in Fig. 4-7, i.e., the higher the CTE value, the lower the central wavelength 

shift. From this experiment, we can predict unknown CTE values of other substrate 

materials using in situ measured CWL shifts. 
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Fig. 4-7. Comparison of curves of central wavelength vs temperature and curves of 

CTE vs temperature for WMS02 and WMS15 substrates. 

 

The experimental results obtained in §4.3.2. and 4.3.3. are found to be in fairly 

good agreement with the theoretical statement. This series of experiments has showed 

that an important factor pertaining to this temperature-dependent center wavelength 

stability is the volumetric distortion of the film caused by stress applied to the 

substrate. The consideration of this phenomenon leads one to conclude that, if the 

coefficient of thermal expansion of the film is smaller than the coefficient of thermal 

expansion of the substrate, DWDM filters deposited on thermally expanded substrates 

are subject to considerable compressive stress from the substrate as the substrate 

temperature decreases after the evaporation. The stress applied to the film deposited at 

a step temperature is much greater than that applied to the film deposited at a lower 

temperature. The higher the temperature of the substrate during the evaporation 

process, the larger the refractive index of the film when cooled to a lower temperature, 

as revealed in Fig. 4-5, in which the central wavelength decreases with increasing 

temperature.  
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4.5 Summary 

 

DWDM filters are strictly used in the optical fiber communication field. A small 

wavelength versus temperature drift of DWDM filters has a significant influence on 

the system performance of high-density wavelength division multiplexing 

applications. In this study, we investigated the central wavelength shift effect of stress 

on DWDM filters. The center wavelength shift dependence on temperature in DWDM 

filters made of multilayer films is described in relation to the thermal properties and 

stress of different optical thin film design and various substrates materials. The results 

of this study suggest that the temperature stability of the central wavelength of a 

DWDM filter, which has Ta2O5 and SiO2 as high- and low- refractive-index layers and 

produced by the IAD process is mainly dependent on its substrate and coating 

materials properties, i.e., the CTE’s of the substrate and coating materials. 

 

From the results of this series of experiments, we can reveal the stress effects of 

DWDM filters and improve the methods of managing thermal effects. By process 

control, we can adjust DWDM filters stresses to meet ITU requirements, and use the 

substrate with moderate CTE’s to accurately control the position of the central 

wavelength outside the substrate’s effective area to our advantage.  
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Chapter 5 

 

Optical and Mechanical Property Changes in Thin-Film Filters  

with Post Deposition Thermal Treatments 

 

 

5.1 Introduction 

 

Optical thin-film dichroic mirrors are usually used as color-splitting and 

color-combining components for projector systems [1]. Current trends in the 

development of projectors are focused on achieving a high brightness, a high color 

saturation, a large image area, a compact size, a light weight and a low price. 

Improvements in brightness and color performance are especially important for 

projectors with a large image area. Metal halide lamps are used as light sources due to 

their high power efficiency. However, light emitted from metal halide lamps contains 

a high amount of IR radiations, which adversely affects brightness and causes a 

system temperature increase, which is detrimental to the performance of dichroic 

mirrors. The efficient separation of light into highly saturated colors is achieved using 

dichroic mirrors, which can easily change the color area to meet different color 

standards by optical thin film design. Because optical thin film components are 

operated at high temperatures, dichroic mirrors with an excellent temperature stability 

are required; otherwise the color area would change. With the above considerations, 

dichroic mirrors were designed using TiO2 and SiO2 as high- and low-refractive-index 

materials, respectively, and fabricated by reactive electron-beam deposition (REBD) 

on various types of coefficient thermal expansion (CTE) substrate at 300oC. From 
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real-time-measured spectral curves, for dichroic mirrors fabricated at different 

temperatures on various types of substrate, we can determine the appropriate substrate 

for projectors with a wavelength shift minimum, i.e., with a color change minimum. 

However, to our knowledge, there has been no report on the dichroic mirror 

wavelength shift mechanism of the temperature effect with different types of 

substrate. 

 

Another type of filter studied here is a thin-film narrow-band-pass filter (NBPF). 

An important application of narrow-band-pass filters is in high-density wavelength 

division multiplexing (DWDM) systems in fiber optic communications. DWDM 

filters are required to separate many wavelengths traveling through a single fiber [2]. 

NBPF is strictly used in optical fiber communications. A small wavelength versus 

temperature drift of the NBPF has a significant influence on the system performance 

of DWDM applications. The most important requirement of such a filter is to have a 

precise central wavelength. The channel spacing and center wavelength tolerance are 

0.39 and 0.08 nm for 50 GHz at a wavelength of 1550 nm, respectively. A DWDM 

filter was fabricated by depositing more than 120 layers of oxygen based dielectric 

materials, namely Ta2O5 and SiO2. Since the characteristics of the sources Ta2O5 and 

SiO2 are different, the thickness variation across the substrate in the radial direction 

differs between Ta2O5 and SiO2. Consequently, the center wavelengths markedly 

differ from each other and are not within a single channel. The coating uniformity for 

a DWDM filter is extremely critical; the variation in optical thickness must be less 

than 10-4 to meet the required specifications.  

 

Coating uniformity can be improved by many methods, such as the use of coater 

design with special masks [3], and by choosing the appropriate source position [4], 
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source material, monitor system [5], and coating process [6-7]. However, the 

aforementioned techniques are necessary for film uniformity, but not sufficient. We 

report on a study of stresses in a DWDM filter that influence center wavelength shift 

in post deposition thermal treatments. By post deposition thermal annealing we can 

adjust out-of-specification DWDM filters stress to shift central wavelength to meet, 

the International Telecommunications Union (ITU) channel requirement, in other 

words, the effective filter uniformity area can be extended.  

 

 

5.2 Experimental 

 

5.2.1. Prepare of filters 

 

5.2.1.1. DWDM filter 

 

An optical thin-film NBPF was prepared by a special design coating system with 

an RF ion source for ion-assisted deposition (IAD). The refractive indices at 1550 nm 

for Ta2O5 and SiO2 were 2.135 and 1.445, respectively. The NBPF thin film was 

coated on two different types of substrate, namely, WMS02 and WMS15. Detailed 

descriptions of this experimental configuration and the process have been given 

elsewhere [8]. The deposited substrate plates were 100 mm in the diameter and 10 

mm thick. After the deposition, we reduced the thickness of substrate plates to 1.4 and 

1.6 mm by grinding and polishing, then cut the plates to 2.0×2.0, 1.8×1.8, 1.6×1.6 

and 1.4×1.4 mm2 in area for the experiment. 
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5.2.1.2. Dichroic mirror 

 

Another type of filter studied here is a dichroic mirror consisting a number of 

alternatingTiO2 and SiO2 layers prepared by reactive electron beam deposition 

(REBD) at a substrate temperature of 300oC in a coating system. The experimental 

configuration of the coater is shown in Fig. 5-1. The starting materials of Ti3O5 pellets 

and SiO2 grains placed in a rotating 4-pocket crucible (25 cm3) were used for the 

depositions of TiO2 and SiO2, respectively. Thickness monitoring was accomplished 

using broadband optical monitor scanning from 400 to 730 nm. Six B270 monitoring 

glass plates with a diameter of 25.4 mm were located at the center of the chamber for 

monitoring each layer thickness. The deposition rates of TiO2 and SiO2 were 

maintained to be nearly constant at 0.2 and 0.8 nm/s, respectively. The substrate 

holder comprised four planetary planar plates with a radius of 25 cm. The typical base 

pressure prior to evaporation was 1×10-3 Pa pumped by a cryo pump combined with 

a mechanical pump. The working pressure was 2×10-2 Pa with the addition of pure 

oxygen (99.99%). The same dichroic mirror thin film was coated on five different 

types of substrate, namely, Boroflot, D263T, BK7, B270, and WMS02. According to 

the optical thin film interference theory, the basic construction of the dichroic mirror 

in this experiment was that of long-pass filters (H/2 L H/2)
18

, where H and L 

represent the quarter-wave optical thickness of TiO2 and SiO2, respectively, and have 

high degrees of transmission of red and yellow lights and a high degree of reflection 

of blue light. To get the maximum passband transmission, dichroic mirrors should be 

designed to match the substrate into the surrounding medium [9]. 
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Fig. 5-1. Experimental configuration of REBD coater, broadband optical monitor 

system and thermal sensor. 

 

 

5.2.2 Post deposition thermal treatment and measurement 

 

5.2.2.1 DWDM filter 

 

In this experiments, we used 2.0×2.0, 1.8×1.8, 1.6×1.6, and 1.4×1.4 mm2 four 

different size of DWDM filter chips, and coated on WMS02 and WMS15 two types 

of substrate with thickness 1.4 and 1.6 mm, respectively. A temperature-controlled 

oven was used to perform annealing on filter chips. Annealing temperature was 

programmed to combine with rising temperature, constant temperature and cooling 

down three steps, with 5oC/min ramp-up and ramp-down rates. In the constant 

temperature step, the maximum heating temperatures ranged from 250 to 320oC, and 
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dwell time was fixed at 4 h. Spectral transmittance curves were then measured on the 

optical spectrum analyzer. 

 

5.2.2.2 Dichroic mirror 

 

Wavelength shift measurement as well as coatings of dichroic mirror with 

various substrates were performed in the same REBD coater chamber with a 

homemade broadband optical monitor. We put a dichroic mirror at the monitoring 

glass position for spectral measurement. The spectral transmittance curves of all the 

samples were measured using broadband optical monitor, with scanning from 400 to 

730 nm at a frequency 10 cycle/s. The broadband optical monitor system, which 

contained mainly single gratings with a resolution of 0.5 nm and a fiber-optic system 

with collimating optics, a light source halogen lamp and an 1024 pixel Charge 

Coupled Devices (CCD) array was used as detector. During the measurement, we 

controlled filter temperature inside the vacuum chamber to a set value using a quartz 

lamp heater and a thermal sensor, as shown in Fig. 5-1. Then we can measure the 

optical spectrum to derive the T50% (wavelength at 50% transmittance point) 

wavelength shift of this dichroic mirror in real time, and change temperature. 

 

 

5.3  Results and Discussion 

 

5.3.1. Intrinsic stress measurement of post deposited films. 

 

In this experiment, various thin films materials were deposited on silicon wafers 

of 0.53 mm thickness for stress measurement. Stress was measured using the stress 
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measure instrument FSM8800 by the laser curvature method. Substrate curvature was 

determined by measuring the deflection of the laser beam. When the film is much 

thinner than the substrate, intrinsic stress iσ can be calculated using Stoney’s equation 

[10]. 
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Here, r1 and r2 are the radii of curvature of the substrates measured before and after 

the deposition of thin films. Y and subν  are Young’s modulus and Poisson’s ratio of 

substrate, respectively, ts and tfilm are the thickness of the substrate and film, 

respectively. In the case of physical vapor deposition (PVD), additional stresses are 

introduced into the coating by ion bombardment, which occurs during the deposition 

itself. The properties of thin films can be improved significantly when the deposited 

film is subjected to low-energy ion bombardment. Ion-assisted deposition (IAD) can 

modify film microstructure, and stress is a structure-sensitive property. For IAD, 

compressive stress due to ion impact in thin films increases with the square root of ion 

energy [11]. Results of residual stress of Ta2O5, TiO2, SiO2 and Nb2O5 single-layer 

films are shown in Fig. 5-2. 
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Fig. 5-2. Comparison stresses of four types of thin film coating material change with 

heated substrate and IAD, intrinsic stress in IAD is more compressive than that in 

heated substrate (IAD parameters: Ion voltage- 950 V, Ion current- 400 mA). 

 

 

Fig. 5-2 shows that with increasing substrate temperature, the tensile film stresses in 

Ta2O5, TiO2, and Nb2O5 films decrease, and the stress in the SiO2 film changed from 

tensile stress to compressive stress. All the films, thickness were 300 nm. From the 

comparison of the measured film stresses, it can be concluded that intrinsic stress in 

IAD is more compressive than that in 300oC-heated substrate deposition for Ta2O5, 

TiO2, SiO2, and Nb2O5 films. The results of stress measurement on single layers of 

Ta2O5, TiO2, and SiO2 illustrate that even under optimum deposition conditions, 

complete stress compensation within Ta2O5 / SiO2 and TiO2 / SiO2 multilayers is not 

possible. Therefore, we must focus on the effect of stress on precise thin film 

components. 
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5.3.2 DWDM filter 

 

A DWDM filter is designed according to the principle of the Fabry-Perot filter 

[12]. The positions of the transmission peak pλ (the center wavelength) of the 

Fabry-Perot filter is given by 
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where 1ϕ  and 2ϕ  are the phases of reflectors, and n and d are the refraction index 

and metric thickness of the spacer, respectively. From Eq. (5-2), the optical thickness 

of the spacer layers is most critical in the determination of the filter central 

wavelength position. There are two factors causing the central wavelength to shift: 

variations in the index of refraction of the film and variations in the physical 

thickness of the film. The change in the refractive index caused by stress is called the 

photoelastic effect [13]. The stress translates between the coating and the substrate by 

shear at the interface, causing the coated systems to contract, elongate, bend and shift 

their spectral wavelength. When ambient temperature changes, the optical path 

lengths of the film layers change because of the thermo optical and thermal expansion 

effects, which cause the center wavelength to shift. 

 

In this experiment, the filter chip is heated; with increasing temperature film 

viscosity decreases, and the film stack cannot expand laterally and thus thicken 

vertically; the central wavelength increases. This is a result of the substrate CTE being 

smaller than that of the film stack and the substrate being much thicker than the film. 

A return to room temperature increases the film viscosity; the multilayer film structure 

gets thicker. During this relaxation period, the films get thicker vertically, producing 
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creep of the central wavelength toward longer wavelengths. This thermal effect is 

inelastic and accounts for a permanent shift in the central wavelength toward longer 

wavelengths. The bake-shift mechanism is active only at elevated temperatures, and 

its effect is observed after the filter temperature is returned to ambient. A post 

deposition heat treatment at above 250oC on air for 4 h results in a marked increase in 

refractive index and decreases film stress. When a filter is elevated above 250oC and 

is returned to ambient temperature, creep in the central wavelength is observed. This 

is a permanent bake-shift effect. 

 

Figure 5-3 shows the results of the four DWDM filter chips of different areas but 

the same 1.4 mm thickness deposited on the WMS02 substrate with different 

annealing temperature and thin film designs: It is observed that the central wavelength 

shifts linearly increased with annealing temperature and substrate area. It is also 

shown that for these two different thin-film designs, the curves of central wavelength 

shift vs substrate temperature were similar, but the amplitude of wavelength shift for 

100 GHz 4-cavity 128-layer design was larger than that for 100 GHz 5-cavity 

156-layer design. This is mainly because of total spacer layer thickness of the front 

(32L; 8576 nm) being larger than the latter (24L; 6432 nm), i.e., from eq. (2), the 

optical thickness of the spacer layers is most critical in the determination of filter 

central wavelength. 
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Fig. 5-3. Comparison of central wavelength shift vs. temperature, substrate size and 

film design for DWDM filter chip deposited on WMS02 substrate. 

 

 

In Fig. 5-4, it is shown that for same 1.6×1.6×1.6 (thickness) mm3 filter chips, 

the curves of central wavelength shift vs. substrate temperature were similar, but the 

amplitude of wavelength shift for the substrate WMS15 was larger than that for the 

substrate WMS02; both deposited with same 100GHz five-cavity 156-layer thin film 

design. From this experimental result and the proceeding statement, we can predict 

the CTE values of the substrate WMS02 to be larger than that of the substrate 

WMS15, and this prediction is consisting with the data in Table 5-1, some 

characteristics of the six types of substrate used are shown in Table 5-1. 
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Fig. 5-4. Results of center wavelength shift vs. annealing temperature with two types 

of substrate, deposited with same substrate size and same thin-film design. 

 

 

Table 5-1. Characteristics of six types of substrate. (According to glass data sheet of 

Ohara and Schott Inc.) 

Company Type Young’s 

modulus (GPa)

CTE 

(×10-7/oC)

Poisson’s ratio 

Ohara WMS02 85 ~110 0.25 

Ohara WMS15 96 ~90 0.15 

Schott B270 71.5 95 ----- 

Schott BK7 81 83 0.208 

Schott D263T 72.9 72 0.208 

Schott Borofloat 63 32.5 0.20 

 

An accurate thickness of the layers and the number of cavities are very stringent 

for DWDM filters. Furthermore, the spectral profile of the DWDM filter is strongly 
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dependent on the number of cavities and the thickness of spacer. From equations (5-2), 

the optical thickness of the spacer layers is most critical in the determination of filter 

central wavelength. An optical thin film design theory simulation shows that the 

spacer layer thickness increased by 0.02 and 0.04%, respectively causing the positions 

of the center wavelength of the filter to shift by: 0.24 and 0.50 nm, respectively, as 

shown in Fig. 5-4; this is consistent with our experimental results. However, if the 

center wavelength shifts beyond 0.50 nm, the ripple of the passband will be larger 

than 0.3 dB, which will not meet the required specifications. Therefore, the center 

wavelength shifts must within the range from 0 to 0.5 nm for this method; according 

to requirement of ITU, this is sufficient to change the center wavelength from one 

channel to another. 
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Fig. 5-5. Spectral curve changes of DWDM filter with a spacer layer thickness 

increased by 0.02 and 0.04%. 
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5.3.3 Dichroic mirror 

 

In general, residual stress can be decomposed into thermal and intrinsic (non 

thermal) stresses. After a complete thermal cycle, the net change in thermal stress 

should be zero if the thermo mechanical properties of the material are not changed. 

Therefore, any net change in residual stress after a complete thermal cycle indicates a 

fundamental change in intrinsic stress, as in 5.3.2 DWDM filter experiments. Thermal 

cycling experiments are therefore, particularly useful for assessing the role of 

temperature dependence on residual stress in thin films. 

 

In the dichroic mirror experiments, when substrate temperature increased from 

25 to 250oC, the T50% position of dichroic mirror were changed from one wavelength 

to another depending on the type of substrate as shown in Fig. 5-6, i.e., except 

substrate Boroflot, the T50% positions of all the other substrates shift to shorter 

wavelengths, and an almost linear curve of wavelength shift vs. CTE is observed. 

From Fig. 5-6, we can found the T50% wavelength shifts λ shift were proportional to the 

thermal residual stress thσ , and are calculated using 
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where Y and filmν , are Young’s modulus and Poisson’s ratio of the film, subα  and 

filmα  are the CTEs of the substrate and film, respectively, and T∆  is the 

temperature change from 25 to 250oC. Fig. 5-6 also reveals that the optimum 

substrate was that with a CTE of 58 x10-7/oC to obtain a zero T50% wavelength shift 
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for the dichroic mirror case. In the 5.3.2 DWDM filter case, the annealing 

temperature was above 250oC, and the annealing changed the intrinsic stresses of the 

filter, and is a permanent bake-shift effect. But in the dichroic filter case, because the 

temperature of the dichroic filter inside the projector was below 250oC, this 

processing only change the thermal stress of the dichroic filter, which is a temporary 

wavelength-shift effect. 

 

 

Fig. 5-6. Results of T50% wavelength shift vs. CTE with the same dichroic mirror  

thin film design deposited on five types of substrate. 

 

 

5.4 Summary 

 

In this study, we investigated the thermo optical behavior of dichroic mirror and 

DWDM filters after post-deposition thermal cycling and annealing. For DWDM 

filters, IAD coating gave high-density oxide films due to constrained volume 

expansion that exhibit a significant compressive residual intrinsic stress. 

High-temperature annealing provides a driving force to partially release intrinsic 
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compressive stress. Therefore, residual compressive stress should be reduced after 

annealing. Only temperatures above 250oC enhanced the increase in density, 

decreased compressive stress and increased film thickness due to relaxation effects. 

This property of the Ta2O5 / SiO2 multilayer on annealing can be exploited. We can 

use gentle post-deposition annealing to adjust the transmittance peak position of 

multilayer filters after deposition and spectral measurement. The amplitude of the 

shift toward longer wavelengths depends on the maximum heating temperature, which 

is a permanent bake-shift effect. 

 

For dichroic mirror experiments, because the operating temperature inside the 

projector was below 250oC, this processing only changes the thermal stress of the 

dichroic filter. From Eq. (5-3), this is caused by differences in thermal expansion 

coefficient between the substrate and the film material, and is a temporary 

wavelength-shift effect. The thermal stress behavior was almost linear through the 

heat cycle from room temperature to 250oC. It is possible to reduce the temperature 

dependence by adopting a substrate with a suitable CTE, which can be estimated from 

an experimental curve.  

 

From the results of this series of experiments, we can determine the 

post-deposition annealing effects of DWDM filters and improve the methods of 

“enlarging” the effective coating area of a single channel for our advantage. As for 

dichroic mirrors, an intermediate CTE substrate for accuracy can be used to control 

the position of T50% wavelength to avoid the thermal stress effect in the projector. 
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Chapter 6 

 

Effects of Processing Variables on Tantalum Nitride  

by Reactive Ion-Assisted Magnetron Sputtering Deposition 

 

 

6.1 Introduction 

 

In the opto-electronics industry, the aspherical lens has been widely used since 

it could give high resolution, lightness, and low cost to optical products. Recently, a 

large quantity of the aspherical lens has been produced using the precision glass 

molding technology. In the molding process, a die for press-molding glass optical 

elements needs a base material having heat resistance and sufficient strength to 

withstand press-molding of optical glass elements. In order to press-mold glass 

optical elements having high accuracy repeatedly by means of a die, it is necessary 

to deposit a protective film on the die which is stable at high temperatures, has 

excellent resistance to oxidation, and is inert with respect to glass to avoid sticking 

to the lens. In addition, the protective films must have excellent mechanical 

strength so that the surface accuracy is maintained when pressed. 

 

Transition metal nitride films have been applied to improve the useful lifetime 

of dies. Among a wide variety of materials used for this purpose, TaN is one of the 

main candidates [1-5], which fits well with most of the requirements, but its main 

limitation is the oxidation at high temperature. To overcome this issue and extend 

application of the nitride coatings, a second transition metal is usually doped for 
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increased heat resistance and strength to withstand press molding of optical glass 

elements; here tungsten is proposed to be the most effective dopant. Tungsten was 

alloyed into the TaN network to form ternary Ta1-xWxNy coatings. The chemical 

composition of Ta1-xWxNy thin films strongly depends on the nitrogen partial 

pressure and on the tungsten to tantalum target power ratio. A variation in one of 

these two parameters causes mechanical properties and oxidation resistance to 

change. However, to our knowledge, no report on the use of TaN composite films 

with various W compositions as the protective layer for die-coated molding glass 

has been presented. It would be interesting to investigate the influence of 

Ta1-xWxNy composite films with various compositions on the properties of 

as-deposited and post annealed films and to compare these results. The aim of this 

study is the investigation of the processing variables’ effects on mechanical 

properties and oxidation resistance of TaN and Ta1-xWxNy coatings. 

 

6.2 Experimental 

 

6.2.1 Sample Preparation 

 

The tantalum nitride and tantalum tungsten nitride films were prepared using an 

ion beam assisted deposition (IBAD) setup. Tantalum and tungsten were evaporated 

by bipolar d.c. magnetron sputtering gun and simultaneously bombarded with a 

mixture of nitrogen and argon ions from an ion source. The coating chamber was a 

home made system with two 3” AJA sputter guns and one Commonwealth Mark II 

End Hall ion gun. The tungsten carbide and silicon substrate was located at the upper 

center of the chamber with a distance of 15 cm from each sputter gun center, and the 

rotating speed of the substrate was fixed at 800 rpm. Tungsten carbide (WC) 
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substrates were machined into blocks of ϕ  15 × 5 mm and polished with diamond 

particles with grain sizes down to 1µm, degreased and ultrasonically cleaned in 

acetone and ethyl alcohol, and subsequently dried in flowing nitrogen gas before 

deposition. Pure Ta target (99.95 % purity) and W target (99.95% purity) were used as 

starting materials for the deposition of TaN and Ta1-xWxNy films. The series of 

experiments was performed at various power using an advanced energy DC power 

supply AE 2500 connected with a Sparc LE. The ion gun was operated at anode 

potential of 40 V. Mass flow-controlled pure argon (5N) was delivered to the sputter 

gun, ion gun and its hollow cathode with flow rates about 40, 40 and 20 cm3/min, 

respectively. One of the major parameters in the reactive sputtering process was the 

ratio of the N2 flux to the Ar flux, which was varied from 0.1 to 1.0. Various amounts 

of nitrogen (5N) ranging from 4 to 40 cm3/min were introduced through ion gun.  

The total working pressure was less than 3.0 × 10-1 Pa. The layer thickness of the 

films was monitored using the deposition time method. Both the substrates and targets 

were first pre-sputtered by ion source for cleaning. In order to enhance the adhesion, 

the Ta films were deposited on substrates as interlayer prior to each deposition. The 

deposition conditions are presented in Table 6-1.  
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Table 6-1. Deposition conditions, deposition rate, chemical composition for  

TaN and Ta1-xWxNy films. 

Deposition parameters TaN Ta1-xWxNy 

Flow rate of Ar/N2 (ml/min) 4~40 

DC power to Ta target (W) 0~300 

4~40 

0~300 

DC power to W target (W) 0~300 0~300 

Deposition rate (nm/min) 15.2 16.5 

Ta content (at.%) 48.7 8.2 

N content (at.%) 51.3 49.5 

W content (at.%) --- 42.3 

Ion source voltage (V)  

/ current (A) 
40/4 

Total film thickness ( mµ ) 2.1 

Ta interlayer ( mµ ) 0.1  

Substrate rotating speed (rpm) 1200  

Substrate temperature (°C) room temperature 

Working pressure (Pa) 1~3×10-1  

 

 

6.2.2 Hardness, roughness and critical scratching load 

 

The surface hardness of the films both in as-deposited and heat-treated states 

were measured with a hardness tester (MHT-4, Anton Parr) equipped with a Knoop 

indenter. The Knoop hardness values of the coatings were calculated according to the 

applied load and the measured length of long diagonal of the indentation impression; 

the Knoop test allowed the hardness testing of brittle materials such as glass and 

ceramics. The applied loads were 15 g for films of thickness 2 µm, while the dwell 

time was fixed at 15 seconds. The thickness and the Young modulus of the deposit 
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have to be known to evaluate the hardness of a thin film following the model of 

Dichot and Lasage [6].  

 

Molded lens surface roughness was measured by instrument Talysurf PGI 840. 

The adhesive strength of the coating was measured by a scratching adhesion tester 

(Romulus III Universal Tester, Quad Inc., Japan). A stylus with radius of 300 µm was 

drawn over the sample surface for 1 cm under a continuously increasing normal force 

of 1 N/sec until the coating was detached. The normal force causing detachment is 

defined as the critical load. The morphology of scratch channel was investigated with 

an optical microscope. The scratch test is conducted to investigate the adhesion 

strength and intrinsic cohesion of the deposited coatings. 

 

6.2.3 Stresses  

 

The stresses of thin coatings are commonly determined by directly measuring the 

deformation of a substrate coated on one side with a film and employing Stoney’s 

equation [7]. In these experiments, various process films were deposited on (100) 

silicon wafers of thickness 0.53 mm for stresses measurement, and stresses were 

measured using the stress measure instrument FSM8800 based on the laser curvature 

method [8]. The substrate curvature was found by measuring the deflection of laser 

beam. When the film is much thinner than the substrate, intrinsic stresses iσ can be 

calculated using Stoney’s equation. 
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where r1 and r2 are the radius of curvature of substrates measured before and after 

deposition of thin films. Y and subν  are Young’s modulus and Poisson’s ratio of 

substrate, respectively, ts and tfilm are thickness of substrate and film, respectively. In 

the case of physical vapor deposition (PVD), additional stresses are introduced into 

the coating by ion sputtering and ion bombardment, which occurs during the 

deposition process itself. The properties of thin films can be improved significantly 

when the depositing film is subjected to low-energy ion bombardment. Ion-assisted 

deposition (IAD) can modify film microstructure and stress, and is a structure 

sensitive property. For IAD process, compressive stress due to ion impact in thin films 

increases with the square root of the ion energy [9]. 

 

6.2.4 Oxidation resistance 

 

The annealing experiment was done in a rough vacuum furnace at 0.2 Pa 

pressure for 2~ 180 h, and the annealing temperature of coated samples was 580°C, 

same as in the molding process. The non-sticking of glass to the die surface is the key 

property requirement for glass molding dies. Since the surfaces of glass molding dies 

and forming tools are constantly in contact with the molten glass, any interaction 

between them can result in sticking, or even adherence between the glass and die 

materials. This sticking may result in adhesive wear and damage to either the glass 

product or the die surface, or both. Furthermore, because molten glasses readily 

dissolve additional oxides up to some saturation concentration, a material must be 

oxidation resistant to avoid sticking to molten glass.  

 

Oxidation resistances of tantalum nitride and tantalum tungsten nitride films 

were measured by the quantitative EDS (Energy Dispersive X-ray Spectroscopy) 
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analysis of composite films before and after annealing process. EDS can provide 

qualitative, or with adequate standards, quantitative analysis of elemental composition 

with a sampling depth of 1-2 microns. 

 

 

6.3 Results and Discussion 

 

Binary compounds TaN and ternary compounds Ta1-xWxNy composite films were 

successfully formed by a magnetron sputtering co-deposition process. Here we 

evaluate the effects of N2/Ar flux ratios, post-annealing, ion assisted deposition, 

deposition rate, and W doping in the coating processing variables on the properties of 

hardness, load critical scratching, oxidation resistance, stresses and surface roughness.  

 

6.3.1 Hardness, roughness and critical scratching load 

 

Hardness and critical scratching load of the TaN and Ta1-xWxNy coatings on WC 

substrates for various N2/Ar flux ratio, are shown in Fig. 6-1, where the critical 

scratching load of TaN and Ta1-xWxNy films invariably increased with the increase of 

N2/Ar flux ratio. As seen in Fig. 6-6, the compressive stress of TaN and Ta1-xWxNy 

films increased with increase of N2/Ar flux ratio also. That is because the compressive 

stress could prevent cracking [10]. The increase in compressive stress with N2/Ar flux 

ratio as in Fig. 6-6 could therefore explain the higher critical loads in samples 

deposited at higher N2/Ar flux ratio. Results in Fig. 6-6 also suggest that it is possible 

to prevent cracking and enhance adhesive strength by providing surface compressive 

stress. 
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Fig. 6-1. Hardness and adhesion strength of the TaN and Ta1-xWxNy films as a 

function of the N2/Ar flux ratio. (Ar flow was fixed at 40 cm3/min, and [W/(W+Ta)] 

= 0.85). 
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Fig. 6-2. Annealing effect on hardness and critical scratching load of Ta1-xWxNy films 

as a function of the tungsten content. (N2/Ar flux ratio was fixed at 1.0) 
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Fig. 6-3. Hardness of a material as a function of the grain size. 

 

 

 

1

2

3

4

5

6

-0.1 0.1 0.3 0.5 0.7 0.9 1.1

Relative W content   W/(W+Ta)

R
ou

gh
ne

ss
 R

a 
(n

m
)

Before annealing

After annealing

 

Fig. 6-4. Annealing effect on roughness of Ta1-xWxNy films as a function of the 

tungsten content. (N2/Ar flux ratio was fixed at 1.0) 

 

 

From Figs 6-2 and 6-4, we found a strong tendency for the hardness of 

Ta1-xWxNy films to increase with increased W doping in the coating while surface 

roughness decreases. This was attributed to the reduction of grain size described by 
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the Hall Petch relationship [5]: 

 

H(d)=H0+ Kβ-1/2.                       (6-2) 

 

Here, H(d) is the hardness of materials with grain size β. H0 and K are specific 

constant of the materials. This effect is especially prominent for grain size down to 

tens of nanometers as shown in Fig. 6-3 [11]. The hardness of these nanostructured 

materials is considered to be driven by grain boundary enhancement [13-14].  

Fig. 6-2 also indicated that after annealing experiments, the hardness and critical 

load of Ta1-xWxNy films were reduced. This was due to oxidation of tantalum. Since 

the bonding energy of Ta-N (146 kcal mol-1) is smaller than that of Ta-O (229 kcal 

mol-1) [15], Ta is oxidized more easily than nitride. The formation of Ta-O with a low 

hardness leads to a greater decrease in the hardness of the Ta1-xWxNy layer with 

Ta-rich range than W-rich range. The oxygen concentration at TaN is higher than that 

in the WN sample. Particularly in the TaN layer and at the top surface of the films, the 

oxygen concentrations are high. A similar trend is found in the variation of the 

adhesion strength with the annealing process (similar to molding process). After 

annealing process, the film deposited on the substrate was distorted due to the 

difference in the expansion coefficient between the film and the substrate during the 

thermal cycle. Consequently, the adhesion was degraded. Moreover, stress is 

concentrated in a following cooling step here and there on the molding surface, which 

causes cracks to occur on the molding surface. This results in a phenomenon such that 

the molding surface of the mold is scooped or removed in spots causing surface 

roughness to increase as shown in Fig. 6-4.  

 

 



 87

6.3.2 Stresses  

 

In general, residual stress can be decomposed into thermal and non-thermal 

(intrinsic) stresses. After a complete thermal cycle, the net change of thermal stress 

should be zero if the thermo-mechanical properties of the material are not changed. 

Therefore, any net change in the residual stress after a complete thermal cycle 

indicates a fundamental change in intrinsic stress. Annealing experiments are 

therefore particularly useful to assess the effect of temperature dependence on the 

residual stress in thin films. 
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Fig. 6-5. Comparison of the effect of IAD process on the stress of Ta1-xWxNy films as 

a function of the tungsten content. (N2/Ar flux ratio was fixed at 1.0) 

 

 

A compressive stress is characteristic of films deposited by ion-beam sputtering 

deposition (IBSD) [16]. Fig. 6-5 shows that the stress of ion-beam-sputtered films 

deposited without ion assisted deposition (IAD) is compressive and has only a little 

smaller value than ion-beam-sputtered films deposited with IAD using a low-energy 
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Ar+ ion beam. This result can be understood by considering the “peening effect” of 

energetic incident species on the growing film [17]. In our case, the argon atoms and 

ions reflected from the target and sputtered atoms both have high momentum and may 

induce the compressive stress by this peening effect. The kinetic energy of the 

sputtered atoms was high enough to saturate the packing density of films. This tends 

to prove that the stress of films main contribution is due to sputter atoms. Fig. 6-5 also 

shows that the stress of Ta1-xWxNy films increases with increased W doped, and 

reaches maximum at [W/(W+Ta)]=0.45. Dissolved tungsten in the TaN structure 

would cause an expansive lattice and was considered as the reason for increasing 

compressive stress. 
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Fig. 6-6. The stress of Ta1-xWxNy films deposited at various N2/Ar flux ratios. (Ar 

flow was fixed at 40 cm3/min, and [W/(W+Ta)] = 0.85).  

 

 

The stress value of Ta1-xWxNy films deposited at various N2/Ar flux ratios shows 

that for N2/Ar = 0 ~ 0.3 range as shown in Fig. 6-6, in which Ta-W alloy was nitrified 

to ceramics, the stress value increase was faster than for N2/Ar = 0.3 ~ 1.0 range. For 

N2/Ar = 0.3 ~ 1.0 range, at high N2/Ar flux ratio, the compressive stress of Ta1-xWxNy 
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films was higher than that of those deposited at low N2/Ar flux ratio. When films were 

deposited at high N2/Ar flux ratio, the work pressure was relatively high (Ar flow was 

fixed), which resulted in a decrease in deposition rate (sputtering power was fixed). 

That caused the peening by atoms and ions during sputtering to be more enhanced at 

high N2/Ar flux ratio, resulted in an increase in compressive stress. That peening by 

atoms and ions during sputtering could cause internal stress in deposited films has 

also been discussed by other researchers [18]. 

 

From Figs. 6-2 and 6-5 it is also observed that a high compressive residual stress 

accounts for high hardness values. For reactive E-gun ion-assisted deposition, Davis 

proposed a simple model to explain the formation of compressive stress in thin films 

by ion bombardment [9]. In this model, the net stress results from the competition 

between the stress formation induced by the knock-on implantation of film atoms 

below the film surface and the relaxation induced by thermal-spike-excited processes. 

For a thin film, the stress is proportional to  
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Here E is the ion energy, R is the net depositing flux, j is the bombarding flux, a  is 

the material-dependent parameter, and Y and ν  are Young’s modulus and Poisson’s 

ratio, respectively. In these experiments, magnetron ion sputtering deposition with 

highly energetic vapor species (e.g., ions) promotes the formation of dense structures 

[19], giving the films more compressive stress. In Fig. 6-7, the increase in magnetron 

discharge power corresponds to an increase in the flux of substrate bombarding 

particles caused by the larger degree of ionization of magnetron discharge [20]. The 
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kinetic energy of the depositing atoms/molecules has been considered as a major 

factor determining the adatom mobility and formation of the nucleated clusters [21]. 

With higher depositing energies, the nucleation rate will be enhanced and coatings 

with more compressive stresses developed. In our study, the higher compressive 

stresses of the coatings were achieved with increasing tantalum magnetron sputtering 

powers as shown in Fig. 6-7. Compressive intrinsic stresses in nitride films can be 

controlled through energetic particle bombardment during growth, which creates 

lattice defects of larger effective molar volume than that of the host lattice. For 

magnetron sputtering, the energetic particles generated from the sputtering gas are 

back-scattered inert gas neutrals or ions of Ar or the reactive gas (i.e., Ar+ and N2
+) 

accelerated by an ion source for IAD process. 
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Fig. 6-7. Increase in magnetron sputtering power of TaN caused films more 

compressive stresses. 
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6.3.3 Oxidation resistance 

 

The oxidation resistance experiment (similar to molding process) was done in a 

rough vacuum furnace at 0.2 Pa pressure for 180 h, the annealing temperature of 

coated samples was 580°C. Under these high temperature and rough vacuum 

conditions, there is enough oxygen available to take part in residual gas reactions. The 

residual oxygen content (measured by EDS) is mainly located at the surface and 

partly replaces the nitrogen[22]. Ta has a strong affinity to oxygen and forms oxides 

of different compositions as shown in Fig. 6-8. But after doped W, [W/(W+Ta)]=0.85, 

the oxidation resistance was improved, as shown in Table 6-2. When nitrogen ions 

(IAD process) are implanted during deposition, the amount of oxygen is decreased 

while a larger amount of nitrogen is incorporated. In this case, the majority of 

nitrogen is introduced by implantation rather than by residual gas reactions, as shown 

in Table 6-3. 
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Fig. 6-8. Evaluation of the effect of annealing process on chemical composition of 

TaN films as a function of the N2/Ar flux ratio (with IAD process). 
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Table 6-2. The quantitative EDS analysis of TaN and Ta1-xWxNy composite films 

before and after annealing process; here films were deposited at N2/Ar = 1.0 flux 

ratio and by IAD process. 

Composites of TaN 

(atomic ratio, %) 

Composites of Ta1-xWxNy 

(atomic ratio, %) 

 

Ta N O Ta W N O 

Before annealing 45.83 53.22 0.95 7.18 42.24 50.04 0.54

After Annealing 

(580oC, 180 h) 45.56 19.44 35 7.18 42.27 40.61 9.94

 

 

Table 6-3. Comparison of the effect of IAD process on oxidation of TaN and 

Ta1-xWxNy films. (films were deposited at N2/Ar = 1.0 flux ratio)  

Composites of TaN 

(atomic ratio, %) 

Composites of Ta1-xWxNy 

(atomic ratio, %) 

 

Ta N O Ta W N O 

Only sputtering 

deposition 45.83 48.47 5.7 7.18 42.24 47.44 3.2 

IAD process 45.83 53.22 0.95 7.15 42.27 50.04 0.54

 

 

After 180 h annealing process, the color and lightness of TaN thin film were 

changed and reduced. The color variation in TaN was investigated with respect to the 

atomic ratio between nitrogen and tantalum and with oxygen as the contaminant. The 

variation of thin film composition results in the variation of free electron 

concentration, which mainly influences the reflectivity and color of nitrides; oxygen 
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content in the thin films was correlated to their color [23]. The response of free 

electrons to the reflectivity can be described by the Drude model [24]. This model 

explains the relation of the number of free electrons, Ne, an electronic charge, e, an 

effective mass, me, and plasma frequency pω  as follows: 

 

e

e
p m

eN 2
2 4πω =                                   (6-4) 

 

The color of film is observed from the reflected light and is described by the 

reflection coefficient or reflectivity R. The reflectivity Rr is related to the number of 

electrons in terms of the plasma frequency, 
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The increase in the number of free electrons increases the reflectivity of the material. 

The more oxygen, the more free electrons of tantalum are consumed for TaN films 

and the less light is reflected from the thin films as shown in table 6-2. The reduction 

of lightness of TaN thin film with oxygen content shows the reduction of the intensity 

of the reflected light. The cause of the reflectivity and color change is the reduction of 

the free electrons with increased oxygen content. 
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6.4 Summary 

 

From the results of this series of experiments, we can reveal the effects of N2/Ar 

flux ratios, post-annealing, ion assisted deposition, deposition rate, and W doping in 

the coating processing variables on the critical properties of hardness, critical load, 

oxidation resistance, stresses and surface roughness. For TaN and Ta1-xWxNy films, 

we can make the following conclusions: 

 

1. The optimum N2/Ar flux ratio in view of the hardness and the critical load of the 

TaN and Ta1-xWxNy films is in the 0.9 to 1.0 range. 

2. Doping W into TaN to form Ta1-xWxNy films led to a significant increase of 

hardness, critical load, and oxidation resistance, and reduced surface roughness. 

The optimum doped ratio was [W/(W+Ta)]=0.85. 

3. From deposition rate and IAD experiments, the stress of films main contribution 

is due to sputter atoms. 

4. The lower deposition rate at high N2/Ar flux ratio brought about higher 

compressive stress. High compressive residual stress accounts for high hardness 

values. The relatively high compressive stress was attributed primarily to 

peening by atoms, ions and electrons during film growth. 

 

According to this study, the Ta1-xWxNy films are excellent in hardness and 

strength against a high temperature, and sticking phenomena can essentially be 

avoided. Ternary compounds Ta1-xWxNy films outperformed binary compounds TaN 

films for molding glass process. Ta1-xWxNy should be good candidates for protective 

coatings against molding process.  
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Chapter 7 

 

Conclusion 
 

 

Understanding and controlling stress effects in thin films turns out to be crucial 

in order to reduce the substrate bending as well as to avoid defects such as cracks, 

bulges and wavelength shifts. 

 

From the results presented in Chapters 4, 5, and 6, thin films made by modern 

techniques such as ion beam sputtering or ion beam assisted deposition are dense and 

show a compressive intrinsic stress. Most of all, we can greatly improve the 

performance of DWDM filters, dichroic mirror and ternary compounds Ta1-xWxNy 

films by controlling the stress. 

 

(A) Stresses and temperature stability of DWDM filters  

 

DWDM filters are strictly used in the optical fiber communication field. A small 

wavelength versus temperature drift of DWDM filters has a significant influence on 

the system performance of high-density wavelength division multiplexing 

applications. The center wavelength shift dependence on temperature in DWDM 

filters made of multilayer films is described in relation to the thermal properties and 

stress of different optical thin film design and various substrates materials. The results 

of this study suggest that the temperature stability of the central wavelength of a 

DWDM filter, which has Ta2O5 and SiO2 as high- and low- refractive-index layers and 
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is produced by the IAD process, is mainly dependent on its substrate and coating 

materials properties, i.e., the CTE’s of the substrate and coating materials. 

 

From the experimental results, we can understand the stress effects of DWDM 

filters and improve the methods of managing thermal effects. By process control, we 

can adjust DWDM filter stresses to meet ITU requirements, and use the substrate with 

moderate CTE’s to accurately control the position of the central wavelength outside 

the substrate’s effective area to our advantage.  

 

 

(B) Optical and mechanical property changes in thin-film filters with post 

deposition thermal treatments 

 

This study investigated the thermo optical behavior of dichroic mirror and 

DWDM filters after post-deposition thermal cycling and annealing. For DWDM 

filters, IAD coating process produced high-density oxide films a significant 

compressive residual intrinsic stress due to constrained volume expansion. 

High-temperature annealing provides a driving force to partially release intrinsic 

compressive stress. Therefore, residual compressive stress should be reduced after 

annealing. Only temperatures above 250oC enhanced the increase in density, 

decreased compressive stress and increased film thickness due to relaxation effects. 

This property of the Ta2O5 / SiO2 multilayer on annealing can be exploited. We can 

use gentle post-deposition annealing to adjust the transmittance peak position of 

multilayer filters after deposition and spectral measurement. The amplitude of the 

shift toward longer wavelengths depends on the maximum heating temperature, 

which is a permanent bake-shift effect. 
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For dichroic mirror experiments, because the operating temperature inside the 

projector was below 250oC, this processing only changes the thermal stress of the 

dichroic filter. This is caused by the differences in thermal expansion coefficient 

between the substrate and the film material, and is a temporary wavelength-shift effect. 

The thermal stress behavior was almost linear through the heat cycle from room 

temperature to 250oC. It is possible to reduce the temperature dependence by adopting 

a substrate with a suitable CTE, which can be estimated from an experimental curve.  

 

From the results of this series of experiments, we can determine the 

post-deposition annealing effects of DWDM filters and improve the methods of 

“enlarging” the effective coating area of a single channel for our advantage. As for 

dichroic mirrors, an intermediate CTE substrate for accuracy can be used to control 

the position of T50% wavelength to avoid the thermal stress effect in the projector. 

 

 

(C) Effects of processing variables on tantalum nitride by reactive ion-assisted 

magnetron sputtering deposition 

 

From the above results, we can reveal the effects of N2/Ar flux ratios, 

post-annealing, ion assisted deposition, deposition rate, and W doping in the coating 

processing variables on the critical properties of hardness, critical load, oxidation 

resistance, stresses and surface roughness. 

 

The compressive stress is caused by inert gas atoms trapped in the growing film, 

so that a tensile film stress can be converted to a compressive one as the ion energy 
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increases. For TaN and Ta1-xWxNy films, we can conclude the following: 

1. The optimum N2/Ar flux ratio in view of the hardness and the critical load of the 

TaN and Ta1-xWxNy films ranges from 0.9 to 1.0. 

 

2. Doping W into TaN to forme Ta1-xWxNy films led to a significant increase of 

hardness, critical load, and oxidation resistance, and reduced surface roughness. 

The optimum doped ratio was [W/(W+Ta)]=0.85. 

 

3. From deposition rate and IAD experiments, the stress of films main contribution 

is due to sputter atoms. 

 

4. The lower deposition rate at high N2/Ar flux ratio brought about higher 

compressive stress. High compressive residual stress accounts for high hardness 

values. The relatively high compressive stress was attributed primarily to 

peening by atoms, ions and electrons during film growth. 

 

Compressive intrinsic stresses in nitride films can be controlled through 

energetic particle bombardment during growth which creates lattice defects of larger 

effective molar volume than that of the host lattice. For magnetron sputtering, the 

energetic particles generated from the sputtering gas are back-scattered inert gas 

neutrals or ions of Ar or the reactive gas (i.e., Ar+ and N2
+) accelerated by a negative 

substrate bias potential towards the growing film. 

 

According to this study, the Ta1-xWxNy films are excellent in hardness and 

strength against a high temperature, and sticking phenomena can essentially be 

avoided. Ternary compounds Ta1-xWxNy films showed more optimum performance 
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than binary compounds TaN films for molding glass process. Ta1-xWxNy should be 

good candidates for protective coatings against molding process. 

 

(D) Future work 

 

The goal of this research is to explore the effect of stress on precise optical 

devices. During this work, we have demonstrated that the performance of DWDM 

filter, PTV filter, and hard coatings for molding glass has great potential to be 

improved by controlled the stress of films. In our work, we have already found some 

limitations in the control of deposition process for reduce stress. For example, IAD 

process could improve properties of films, but this process always increased the 

compressive stress. 

 

Composite films are a potential technique to reduce the stress; co-evaporating or 

co-sputtering compressively and tensively stressed materials with adequate ratio 

achieved stress compensation as shown in Fig. 7-1[1]. The composition in the film 

could have important consequences with respect to the development of residual stress, 

mainly due to the difference in phase transformation behaviors [2]. Modifying the 

film structure of polycrystalline materials such as PrF3 by adding a glassy material 

such as La2O3 produces a more amorphous structure and reduces the grain size and 

stress of the films.  
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Fig. 7-1. Stress in a co-evaporated PrF3-La2O3 film as a function of the 

percentage composition of La2O3. 

 

 

It was desirable in considering zero-stress materials made from mixtures of 

components having opposite stresses to work with mixture proportions as close to 

50:50 as possible. This minimizes the chance of preferential evaporation from the 

mixture and facilitates evaporation rate control in the case of the two-source 

evaporation. During the investigation, it was found that two candidate components 

having equal and opposite stress at a given thickness will not necessarily form a 

zero-stress film when mixed in equal proportions. 

 

Another important consideration of the suitability of mixtures for stress-free 

films is the sensitivity of the zero-stress condition to composition variations. For 

example, the zero-stress condition for magnesium/zirconium oxide mixtures is 40:60, 

or reasonably close to equal proportions. A fuller investigation of the stress versus 

composition function, however, showed that this combination was extremely sensitive 

to composition in the zero-stress region. The function is shown in Fig. 7-2. It was 

evident that this particular combination would create serious control problems. The 
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sensitivity of the zero-stress condition to mixture composition proved to be a problem 

for most of the material combinations that were investigated, which was unfortunate 

since certain mixtures exhibited other desirable properties such as durability and low 

scatter. 

 

 

Fig. 7-2. Film stress versus mixture ratio for films of constant thickness 

deposited by evaporating a zirconium oxide/magnesium oxide from an electron 

beam source. 

 

 

Rapid changes in stress near the zero value were also exhibited by magnesium 

oxide/thorium oxide mixtures (Fig. 7-3) and by zinc sulfide/cerium fluoride mixtures 

(Fig. 7-4), the latter mixture showing slowly varying values in the high tensile range.  
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Fig. 7-3. Film stress versus mixture ratio for films of constant thickness simultaneous 

evaporation of magnesium oxide and silicon dioxide from two separate electron beam 

sources. 

 

 

 

Fig. 7-4. Stress versus thickness for films of constant thickness deposited by 

evaporating a zinc sulfide/cerous fluoride mixture from an electron beam source. 
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Mixing two or more materials allows the possibility to change many properties 

of the thin films, such as refractive index, extinction coefficient, microstructure, stress, 

resistivity, surface roughness, etc. Another benefit of composite films was to produce 

films with wide range of refractive indices, making the co-evaporating process 

excellent for novel coating application. New optical and optoelectronic devices 

require properties of thin films which are not possible to achieve by using existing 

materials. The small number of available materials with suitable refractive index 

limits design of multilayered optical devices, although theory predicts that better 

devices could be produced if these materials were available [3]. Mixing films 

potentially enables achievement of a homogeneous mixture, and consequently a 

refractive index which does not exist in a bulk material. A coating design, which 

requires any intermediate refractive indices or a continuous range of refractive indices, 

may be produced.  

 

Therefore, based on the requirements of coating material properties discussed 

above, we propose to develop new composite films that are low stress and have 

specific refractive index value for future work. 



 104

References in Chapter 1 

 

[1] H. Windischmann: CRC Critical Rev. Solid State Mater. Sci. 17, 547 (1992). 

[2] M.D. Drory, M.D. Thouless, A.G. Evans: Acta Metallurgica 36, 2019 (1988). 

[3] R. Abermann: Vacuum. 41, 1282 (1990). 

[4] S. Tamulevicius: Vacuum, 51, 127 (1998). 

[5] A.J. Perry, J.A. Sue and P.J. Martin, Surf. Coat. Technol., 81, 17 (1996). 

[6] G.G. Stoney, Proc. R. Soc. Lond. A, 82, 172 (1909). 

[7] A. Brenner and S. Senderoff, J. Res. Natl. Bur. Stand. (U.S.), 42,105 (1949). 

 

 

References in Chapter 2 

 

[1] H. Windischmann: Crit. Rev. Solid State Mater. Sci. 17, 547. (1992)  

[2] F. Spaepen, A.L. Shull:. Solid State Mater. Sci. 1, 679 (1996). 

[3] F.M. d’Heurle, J.M. Harper: Thin Solid Films 171, 81 (1989). 

[4] J.A. Thornton, D.W. Hoffman: Thin Solid Films 171, 5 (1989). 

[5] G.S. Was, J.W. Jones, L. Parfitt, C.E. Kalnas, M. Goldiner, Mater. Res. Soc. Symp. 

396, 479 (1996). 

[6] A.J. Perry: Mater. Sci. Eng., A Struct. Mater: Prop. Microstruct. Process. 253, 310 

(1998). 

[7] A. Misra, M. Nastasi: Appl. Phys. Lett. 75, 3123 (1999)  

[8] A. Misra, S. Fayeulle, H. Kung, T.R. Mitchell, M. Nastasi: Appl. Phys. Lett. 73, 

891 (1998). 

[9] R.A. Roy, R. Petkie, A. Boulding: J. Mater. Res. 6, 80 (1991). 

[10] J.H. Hsieh, C. Li, W. Wu, R.F. Hochman: Thin Solid Films 424, 103 (2003). 



 105

[11] E. Lugscheider, K. Bobzin, Th. Hornig, M. Maes: Thin Solid Films 420– 421, 

318 (2002). 

[12] L. Karlsson, A. Ho¨rling, M.P. Johansson, L. Hultman, G. Ramanath: Acta Mater. 

50, 5103 (2002). 

[13] T.Z. Gorishnyy, L.G. Olson, M. Oden, S.M. Aouadi, S.L. Rohde: J. Vac. Sci. 

Technol. A 21, 332 (2003). 

[14] Y. Pauleau: Vacuum 61, 175 (2001). 

[15] W. Tang, K. Xu, P. Wang, X. Li: Mater. Lett. 57, 3101 (2003). 

[16] G.C.A.M. Janssen, R. Hoy: J. Vac. Sci. Technol. A 21, 569 (2003).. 

[17] R. Koch, Appl. Phys. A 69, 529 (1999). 

[18] Grovenor CRM, Hentzell HTG, Smith DA: Acta metall, 32, 773 (1984). 

[19] J.E. Sundgren: Thin Solid Films 128, 21 (1985). 

[20] D'Heurle FM:. Metall Trans 1, 725 (1970). 

[21] Muller K-H. J Appl Phys 59, 2803 (1986). 

[22] Y. Pauleau: Vacuum 61, 175 (2001). 

[24] J.A. Thornton, D.W. Hoffman: Thin Solid Films 171, 5 (1989). 

[25] M.D. Thouless, J. Vac. Sci. Technol. A9, 2510 (1991).  

[26] J.W. Hutchinson, Z. Suo, Adv. Appl. Mech. 29, 63 (1992). 

[27] S.J. Howard, Y.C. Tsui, T.W. Clyne: Acta Metall. Mater. 42, 2823 (1994). 

[28] M.D. Drory, M.D. Thouless, A.G. Evans: Acta Metall. 36, 2019 (1988). 

[29] A.G. Evans, M.S. Hu, M.D. Drory: J. Mater. Res. 3 , 1043 (1988). 

[30] V. Teixeira: Thin Solid Films 392, 276 (2001). 

[31] C.A. Davis: Thin Solid Films 226, 30 (1993). 

[32] J.D. Finegan, R.W. Hoffman: J. Appl. Phys. 30, 597 (1959). 

[33] F.A. Doljack, R.W. Hoffman: Thin Solid Films 12, 71 (1972). 

[34] M. Itoh, M. Hori, S. Nadahara: J. Vac. Sci. Technol. B9, 149 (1991). 



 106

[35] W. Buckel: J. Vac. Sci. Technol., 6, 606 (1969). 

[36] H. Oikawa and Y. Nakajima: J. Vac. Sci. Technol., 14, 1153 (1977). 

[37] E.Klokholm, B.S. Berry: J. Electrochem. Soc. 115, 823 (1968). 

[38] J.A. Thornton, D.W. Hoffman: Thin Solid Films 34, 185 (1976). 

[39] H.K. Pulker: Coating on glass, 1984. 

[40] H. Windischmann: J. Appl. Phys. 62, 1800 (1987).  

[41] H. Windischmann: J. Vac. Sci. Technol. A9, 2431 (1991). 

[42] C.A. Davis: Thin Solid Films 226, 30 (1993). 

[43] J.-D. Kamminga, T.H. de Keijser, R. Delhez, E.J. Mittemeijer: Thin Solid Films 

317, 169 (1998). 

[44] J.A. Thornton, J.Tabock and D.W. Hoffman: Thin Solid Films 64, 111 (1979). 

[45] W. W. Lee and D. Oblas: J. Appl. Phys., 46, 1728 (1975). 

[46] R. E. Honig and W. L. Harrington: Thin Solid Films 19, 43 (1973). 

[47] J.A. Thornton, A.S. Penfold: Cylindrical magnetron sputtering. In J.L. Vossen 

and W. Kern (eds.), Thin Film Processes, Academic Press, New York, 1978. 

[48] E. V. Kornelsen: Can. J. Phys., 42, 364 (1964). 

[49] R. D. Bland, G. J. Kominiak and D. M. Mattox: J. Vac. Sci. Technol., 11, 671 

(1974). 

[50] F. R. Flory: “THIN FILMS FOR OPTICAL SYSTEMS”, Marcel Dekker, Inc. , 

New York, p.98 (1995). 

[51] P. J. French, P. M. Sarro, R. Mallee, E. J. Fakkeldij, R. F. Wolffenbuttel: Sensor 

Actuat, A58, 149 (1997). 

[52] J. M. Olson: Mater Sci. Semicond. Process, 5 (2002) 51. 

[53] B. S. Chou: IEEE Electron Device Lett., 18, 599 (1997). 

[54] M. Klanjsek-Gunde, M. Macek: J. Appl. Phys., A74, 181 (2002). 

[55] J. R. Kurdock and R. R. Austin: Physics of Thin Film, 10, 274 (1978). 



 107

References in Chapter 3 

 

[1] W. Donner, H. Dosch, S. Ulrich, H. Ehrhardt, D. Abernatly: Appl. Phys. Lett. 73, 

777 (1998). 

[2] Y. Yamada, Y. Tatebayashi, O. Tsuda, T. Yoshida: Thin Solid Films 295, 137 

(1997). 

[3] J.A. Sanjurjo, E. Lopez-Cruz, P. Vogel, M. Cardona: Phys. Rev. B28, 4579 

(1983). 

[4] T.A. Friedman, P.B. Mirkarimi, D.L. Medlin, K.F. McCarty, E.J. Klaus, D.R. 

Boehme, H.A. Johnsen, M.J. Mills, D.K. Ottesen, J.C. Barbor: J. Appl. Phys. 76, 

3088 (1994). 

[5] P. Widmayer, P. Ziemann, S. Ulrich, H. Ehrhardt: Diamond Relat. Mater. 6, 621 

(1997). 

[6] R. Venkatraman, P.R. Besser, J.C. Bravman, S. Brennan, J. R. Koch, D. Winau, A. 

Fuhrmann, K.H. Rieder: Phys. Ref. B44, 3369 (1991). 

[7] N. Honda, F. Shoji, S. Kidoguchi, Y. Hamada, M. Nagata, K. Oura: Sensors and 

Actuators A62, 663 (1997). 

[8] M. Bickler, U.v Hulsen, U. Laudahn, A. Pundt, U. Geyer: Rev. Sci. Instrum. 69, 

460 (1998). 

[9] J.W. Gerlach, T. Kraus, S. Sienz, M. Moske, M. Zeitler, B. Rauschenbach: Surf. 

Coat. Technol. 281, 103 (1998). 

[10] G. Moulard, G. Contoux, G. Motyl, G. Gardet, M. Courbon: J. Vac. Sci. Technol. 

A16, 736 (1998). 

[11] P.A. Flinn and W.D. Nix: Mater: Res. Soc. Proc. 130, Pittsburgh, PA, p. 41. 

[12] J.A. Floro, G.A. Lucadamo, E. Chason, L.B. Freund, M. Sinclair, R.D. Twesten, 

R.Q. Hwang: Physical Review Letters 80, 4717 (1998). 



 108

[13] G.G.Stoney: Proc. Roy. Soc., A82, 172 (1909). 

[14] L.B. Freund: J. Mech. Phys. Solids 44, 723 (1996). 

[15] M. Finot and S. Suresh: J. Mech. Phys. Solids 44, 683 (1996). 

[16] I.C. Noyan, T.C. Huang, B.R. York: Critical Rev. Solid State Mater. Sci. 20, 125 

(1995). 

[17] S.G. Malhotra, Z.U. Rek, S.M. Yalisove, J.C. Bilello: J. Vac. Sci. Technol. 15, 

345 (1996). 

[18] F.J. Von Preissig: J. Appl. Phys. 66, 4262 (1989). 

[19] E.D. Specht, R.E. Clausing and L. Heatherly: J. Mater. Res., 5, 2351 (1990). 

[20] W.A. Brantley: J. Appl. Phys. 44, 534 (1973).  

[21] A.K. Sinha, H.J. Levinstein, T.E. Smith: J. Appl. Phys. 49, 2423 (1978). 

[22] J.T. Pan, I. Blech: J. Appl. Phys. 55, 2874 (1984). 

[23] P.A. Flinn, D.S. Gardner, W.D. Nix, IEEE Trans. Electron Devices 34, 689 

(1987). 

[24] A. Witvrouw, F. Spaepen: J. Appl. Phys. 73, 7344 (1993). 

[25] J.F. Geisz, T.F. Kuech, M.G. Lagally: J. Appl. Phys. 75, 1530 (1994). 

[26] H.K. Pulker: Coatings on Glass, 3rd. 345 (1987). 

[27] J.A. Thornton, D.W. Hoffman: Thin Solid Films 171, 5 (1989). 

 

 

References in Chapter 4 

 

[1] R. Chua and B. Cai : Lightwave, 64 (1998). 

[2] J. Minowa and Y. Fujii: J. Lightwave Technol. LT-1, 116 (1983). 

[3] Hans K. Pulker: Thin Films for Optical System. 455 (Marcel Dekker, Inc. edited 

by Francois R. Flory. 1995). 



 109

[4] H. Leplan, B. Geenen, J. Y. Robic and Y. Pauleau: J. Appl. Phys. 78, N2, 962 

(1995). 

[5] Y. Pauleau, J. Y. Robic and H. Leplan: J. Appl. Phys. 79, N9, 6926 (1996). 

[6] G. N. Strauss, W. Lechner, H. K. Pulker: Thin Solid Films, 351, 53 (1999). 

[7] H. A. Macleod: Thin-Film Optical Filters. (Macmillan, New York, 1986) 2nd ed. 

Chap. 7, 244. 

[8] J. F. Nye: Physical Properties of Crystals-Their Representation by Tensors and 

Matrices 243 (Oxford Science Publication, Oxford, 1993). 

[9] H. A. Macleod: Opt. Acta 19, 1 (1972). 

[10] R. Sawnepoel: J. Phys. E; Sci. Instrum.16, 1214 (1983). 

[11] C. A. Davis: Thin Solid Films 226, 30 (1993).  

[12] K. H. Muller: Appl. Phys. A 40, 209 (1986). 

 

 

References in Chapter 5 

 

[1] P. Wierer and H. Spitz: Photonics Spectra. 27, N9, 95 (1993). 

[2] R. Chua and B. Cai : Lightwave. 15, 64 (1998). 

[3] F. Villa, A. Martinez, and L.E. Regalado: Appl. Opt. 39, 1602 (2000). 

[4] I.C. Stevenson: Society of Vacuum Coater 41st Annu. Tech. Conf. Proce., 281 

(1998). 

[5] H.A. Macleod and E. Pelletier: Opt. Acta. 24, 907 (1977). 

[6] F. Flory, E. Pelletier, G. Albrand, and Y. Hu: Appl Opt. 28, 2952 (1989). 

[7] C. Grezes-Besset, R. Richier, and E. Pelletier: Appl. Opt. 28, 2960 (1989). 

[8] Chao-Tsang Wei  and Han-Ping D. Shieh: Jpn. J. Appl. Phys. 44, 7577 (2005). 

[9] H. A. Macleod: Thin-Film Optical Filters (Macmillan, New York, 1986) 2nd ed, 



 110

Chap. 7, p. 234. 

[10] G.G. Stoney: Proc.R. Soc. 9, 172 (1909). 

[11] H. Windischmann: J. Appl. Phys. 62, 1800 (1987). 

[12] H. A. Macleod: Thin-Film Optical Filters (Macmillan, New York,  

1986) 2nd ed, Chap. 7, p. 244. 

[13] J. F. Nye: Physical Properties of Crystals-Their Representation by Tensors and 

Matrices (Oxford Science, Oxford, 1993) p. 243. 

 

 

References in Chapter 6 

 

[1] C. Angelkort, A. Berendes, H. Lewalter, W. Bock, B.O. Kolbesen: Thin Solid 

Films. 437, 108 (2003).  

[2] C. Mitterer, F. Holler, D. Reitberger, E. Badisch, M. Stoiber, C. Lugmair, R. 

Nobauer, Th. Muller, R. Kullmer: Surf. Coat. Technol. 163-164, 716 (2003).  

[3] W. Ensinger, K. Volza, M. Kiuchi: Surf. Coat. Technol. 128-129, 81 (2000).  

[4] E. Harry, M. Ignat, Y. Pauleau, A. Rouzaud, P. Juliet: Surf. Coat. Technol. 125, 

185 (2000).  

[5] O. Durand-Drouhin, A.E. Santana, A. Karimi, V.H. Derflinger, A. Schutze: Surf. 

Coat. Technol. 163-164, 260 (2003). 

[6] D. Chicot and J. Lesage: Thin Solid Films. 254, 123 (1995). 

[7] G.G. Stoney: R. Soc.Proc. 82, 172 (1909). 

[8] Chao-Tsang Wei  and Han-Ping D. Shieh: Jpn. J. Appl. Phys. 44, 7577 (2005). 

[9] C. A. Davis: Thin Solid Films. 226, 30 (1993). 

[10] H. Oettel and R Wiedemann: Surf. Coat. Technol. 76-77, 265 (1995). 

[11] Sam Zhang, Deen Sun, Yongqing Fu, Hejun Du: Surf. Coat. Technol. 167, 113 



 111

(2003). 

[12] B.H. Park, Y.I. Kim, K.H. Kim: Thin Solid Films. 348, 210 (1999). 

[13] A. Niedhofer, T. Bolom, P. Nesladek: Surf. Coat. Technol. 146-147, 183 (2001). 

[14] O. Kubaschewskl, E.L. Evans, C.B. Alcock: Metallurgical Thermochemistry, 4th 

ed, Pergamon, Oxford, 1967. 

[15] T. Serikawa and A. Okamoto: J. Electrochem. Soc. 131, 2928 (1984). 

[16] F. D’Heurle: Metall. Trans. 1, 725 (1970). 

[17] D. W. Hoffman and J. A. Thornton: Thin Solid Films, 45, 387 (1977). 

[18] K. H. Muller: Appl. Phys. A 40, 209 (1986). 

[19] T. Gredić and M. Zlatanović: Surf. Coat. Technol., 48, 25 (1991). 

[20] D. L. Smith: Thin Film Deposition: Principles and Practice (McGraw-Hill, 1995), 

p. 477. 

[21] F. Esaka, H. Shimada, M. Imamura, N. Matsubayashi, T. Sato, A. Nishijima, A. 

Kawana, I. Ichimura, T. Kikuchi, K. Furuya: Thin Solid Films 281-282, 314 

(1996). 

[22] S. Logothetidis, I. Alexandrou, A. Paperdopoulos: J. Appl. Phys. 77, 1043 

(1995). 

[23] S. Nudelman, S.S. Mitra: Optical Properties of Solids, Plenum Press, New York, 

NY, 1969. 

 

 

References in Chapter 7 

 

[1] J. R. Kurdock and R. R. Austin: Physics of Thin Film, 10, 274 (1978). 

[2] Y.Q. Fu, H.J. Du: Surf. Coat. Technol., 153, 100 (2002). 

[3] H. A. Macleod, Thin-Film Optical Filters. Macmillan, New York, 1986, 2nd ed.) 


