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ABSTRACT 

This study investigates various properties of titanium oxide thin films. The 

samples are prepared by electron-beam evaporation of the Ti203 material in an oxygen 

environment. Papers about the vaporization study of the titanium-oxygen system are 

reviewed; special attention is paid to the congruent vaporization in the titanium-oxygen 

system. The occurrence of congruent vaporization in our coating system is discussed. 

The compositions of the fihns are identified by Rutherford Backscattering Spectrometry. 

The effect of water vapor and the substrate temperature on the oxygen contents in RBS 

measurements is discussed. 

The optical properties of the samples are measured. With the spectrophotometric 

measurements, the methods for deriving the optical constants of transparent and opaque 

films are developed. The absorption of the TiOi film is investigated, and the 

corresponding mechanisms are discussed. The envelope method is employed to find the 

optical band gap of the TiOa fihn. The electrical resistivity of the titanium oxide films are 

measured with the four-point probe method, and the phenomenon of metal to insulator 

transition is demonstrated. The tensile stresses in our titanium oxide films are examined 

with a Nomarski microscope. The grain boundary model is adopted to explain the 

influence of thickness and oxygen content on the stresses development in thin film. 

Molecular dynamics simulation is used to study the structure and the thermal expansion of 

titanium dioxide rutile. 
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CHAPTER! 

INTRODUCTION 

The titanium-oxygen system is one of a number of binary metal oxides which have 

profound influence on both applications and fundamental scientific research. This system 

is well known for the complexity of its oxidation states. Many solid phases are identified 

or proposed; among them are Ti20, TiO, Ti203, TisOs, Ti407, TiOi, and Magneli phases 

TinOjn -1 with n running fi"om 5 to 10 [1]. In the gas phase, Ti, TiO, TiOa, O, and O2 are 

found [2], Depending on the oxidation states, the titanium oxides can be identified as 

conductor, semiconductor and insulator; the optical property of them varies fi-om opacity 

to transparency accordingly. Such a complicated system provides excellent opportunities 

for studies that may reveal behavior applicable to other systems. The phase diagram of the 

Ti-0 system has been investigated by several authors [3,4]; the one published by Roy and 

White is presented in figure 1.1 [3]. 

Titanium oxide films not only inherit the properties fi-om their bulk counterpart but 

also possess some unique properties due to their peculiar thin-film structure. It is well 

known that a columnar micro-structure with pore-shaped voids between the columns is 

characteristic of thin film materials prepared by the thermal evaporation. As far as optics 

is concerned, optical coatings are vitally important in optical systems and devices of all 

kinds. They consist of assemblies of layers of different refiractive indices in which 

interference is controlled to yield the desired properties. The objective is the modification 



in a purposeful way of the optical properties of surfaces. The complexity necessary in a 

coating design depends on the ratio of high to low index in the available materials. The 

lower this ratio the more difficult and complicated the design. In the visible region of the 

spectrum, titanium dioxide has the highest index of all materials that have been found 

suitable for optical coatings. It has high transparency in the region from visible to near 

infrared, good mechanical properties, and chemical resistance [5]. It is therefore much 

used. Also the non-stoichiometric TiO* films are widely used for different purposes [6,7]. 

Unfortunately, titanium oxide in thm film form possesses many undesirable characteristics. 

It loses oxygen when melted for evaporation, and this loss must be replaced. It has a 

complicated microstructure that depends very strongly on deposition conditions. It exists 

in many different forms and the suboxides are all heavily absorbing. It has complex 

chemical properties. All this makes it diflBcult to control in optical coatings. Any 

improvements in our understanding of titanium oxide thin films would be valuable. 

A variety of processing methods are used to prepare thin films [8]; among them, 

electron-beam evaporation is probably the most widely used technique for producing 

highly pure fihns. The material placed in a water-cooled crucible is bombarded by the high 

energy electron beam. Since the material in contact with the crucible remains solid, the 

melted material in fact is contained in a crucible of itself Under this circumstance, no 

reaction of the material with the container will takes place, which secures the purity of the 

fihns. In this work, titanium oxide films were prepared by e-beam vaporization of Ti203 

material in an oxygen environment. The purpose of this work is to investigate and 

compare various properties of these oxide films. 
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Figure 1.1. The temperature condensed phase diagram for the Ti-0 system. ( after Roy and 
White [3]) 

1.1. Outline of dissertation 

Since the Ti-0 system has so many phases in the solid state, we need to determine 

which phase is most appropriate as the starting material for optical coatings. Congruent 

vaporization, which provides the stable vapor species, is the criterion that we adopt for 

decision. The concept of congruent vaporization, the means for identifying the 

composition that yields congruent vaporization, and its significance to optical coatings are 

presented in chapter 2. Papers published in the literature about this topic are collected and 

reviewed in this chapter. 



The process for preparing titanium oxide films is described in chapter 3. The 

repeatability of thin film compositions and the influence of water vapor and substrate 

temperature on the compositions are investigated with the Rutherford Backscattering 

Spectrometry. The relationship between the compositions of titanium oxide films and 

oxygen pressures is found, and it is then applied to produce more oxide films for the 

properties study. The congruent vaporization that may occur in our system is also 

discussed. 

The optical properties, including transmission, reflection, and absorption of the 

films, are presented in chapter 4. Two commonly used optical constant calculation 

methods, the envelope method and R - R' method are derived and applied to solve for the 

optical constants of titanium oxide films. The oxygen deficiency in TiOa films and its 

consequence are discussed. The role of water vapor in the absorption of Ti02 films is 

presented. In the end, the optical band gap concept is introduced and the band gap of 

Ti02 films is determined. 

The tensile stress developed in the titanium oxide films is discussed in chapter S. 

The cracks in the films are examined by means of a Nomarski microscope. The grain 

boundary model in conjunction with the effect of oxygen is used to explain the stress 

development. 

Chapter 6 shifts the topic to computer simulation. The hard-disk model for thin 

film growth simulation is reviewed and its results are demonstrated. Finally, the molecular 

dynamic simulation is used to simulate the titanium dioxide rutile structure at room 



temperature as well as the structural thermal expansion at high temperatures. Finally, 

conclusions and comments of this study are given in chapter 7. 

The operational principles of Rutherford Backscattering Spectrometry and the 

envelope method are included in appendix A and B. 
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CHAPTER 2 

THE CONGRUENT VAPORIZATION IN THE TITANIUM-OXYGEN SYSTEM 

The information gathered from the vaporization study of a chemical system is valuable 

to the advancement of science and technology. The results, such as the gaseous species in the 

vapor phase, mechanisms of the physico-chemical reactions, and thermodynamic properties of 

the system, give important guidance in the synthesis of new compounds. 

The thermodynamic properties of titanium-oxide have been studied extensively and the 

results are summarized for each form of titanium oxide in the JANAF Tables [9]. One 

phenomenon that we are most interested in, especially for thin-film coatings, is congruent 

vaporization. This is the process that yields the constant vapor species. In this chapter, the 

process of vaporization study is introduced first, which is followed by the concept of congruent 

vaporization. Next, the equipment and experiments are described. \^th the above 

background, we then start the review of a series of papers published by Gilles and others 

regarding the congruent vaporization in Ti-O system. The conditions, processes, and results 

are summarized for each experiment, and their significance to multi-layer coatings. This will 

allow us to have a foundation for understanding high temperature processing. 

2.1. Vaporization processes 

Gilles [10] has described that a vaporization study usually proceeds through several 

stages such as: characterization of the chemical system, identification of the gaseous species, 
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measurement of the relative proportions of the vapor species, writing of the chemical reaction, 

measurement of the vapor pressure, and deduction of the thermodynamic quantities. 

However, for a v^r pressure measurement to be meaningful in the vaporization 

study, a chemical system must be well defined. The conditions for such a chemical system are 

determined by the phase rule [11] 

F  =  C - P  +  2 ,  ( 2 . 1 )  

where F is the number of degrees of freedom of the system, C is the number of components, 

and P is the number of phases in equibTirium. Note that F becomes F= C-P+1 if the 

temperature is fixed. 

According to the phase law, for a two-component system at constant temperature to 

have a meaningfiil pressure measurement, one of the following three conditions must be met: 

(a) there must be three phases present, (b) there must be two phases of the same composition, 

or (c) there must be two phases whose compositions are specified and fixed. 

For a system satisfying the requirement (b), C equals to 1, P equals to 2, and F 

becomes 0. As a result, the pressure in the system is fixed and its measurement will be 

meaningfiil. This is the requirement for the so-called congruent vaporization, the detailed 

discussion of which is given below. 
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2.2. Congruent vaporization 

The vaporization processes can be classified as either congruent or incongruent. A 

congruent vaporization process is one in which the vapor has the same composition as the 

condensed phase from which it arises. On the other hand, in an incongruent vaporization 

process, the gas has a composition difierent from that of the condensed phase or phases. 

Equations (2.2) and (2.3) are two examples of congment and incongruent reactions 

respectively 

^x^y(,s) ^*-1 ̂ y-Kg) (2-2) 

^X^yis) ^y-Kg) ' (2-3) 

where s and g stand for the solid and gaseous phases. 

Congruent vaporization, which fulfills the requirement for the vapor measurement, is 

an important process in high temperature study. Most binary inorganic systems have no 

congruent vaporization phases, since quite often their components have different vapor 

pressures. Some systems have one congruent vaporization phase like the titanium-oxygen 

system. Only a few systems have two congruently vaporizing compositions, for instance the 

praseodymium-sulfiir system [12]. 

Whether vaporization is congruent or not can be experimentally verified by examining 

the residue after successive vaporizations of the same sample. If the residue always has the 

same composition, the process is a congruent one, otherwise, it is not. 
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2.3. Instruments and principles for the vapf>ri7atinn stiiHy 

In a vaporization study, a Knudsen eSlision cell combined with a mass spcctromcter is 

the most common method of studying complex chemical systems. Figure 2.1 [13] shows the 

feature of a typical Knudsen cell, which is an inert crucible with a thin orifice maintained at a 

constant temperature in a high vacuum system. Ideally, the orifice is sufficiently small so that 

the vapor pressure building up inside the cell is in the equilibrium state and the vapor effiises at 

the equilibrium rate. 

Efhision 

i 
DUIUsion 

DilTusion 

DllTusion 

Figure 2.1. Schematic diagram of a Knudsen cell with the oxygen eflEiision through orifice 
and difiiision through the walls. ( after Serge Banon et al. [13] ) 
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If the vapor pressure inside the cell is low enough such that the mean free path of the 

vapor is greater than the dimension of the orifice, the kinetic theory of the ideal gas can be used 

to find the rate of efiiision. Thus, if the area of the orifice is Ao, the number of particles that 

escape per unit time is [14] 

where Z is the number of collisions per unit time per unit area of a particle, p is the equilibrium 

pressure, m is the mass of a particle, and T is the temperature inside the cell. In experiments, 

the amount of mass Am transported in a time interval A/ can be decided by the mass 

difference of the crucible-sample combination before and after the vaporization. With a known 

sample temperature, the vapor pressure can be calculated as 

The vapor species in the experiment is identified by a mass spectrometer, which in 

general contains an ion source, an analyzer, and a detector [15]. The atomic and molecular 

vapor species efilising from the Knudsen cell are admitted to the mass spectrometer, where 

they are ionized by the ion sources. The charged vapor species are then focused and 

accelerated into the analyzer section, where they are separated according to their individual 

(2.4) 

yjl jrmkT ' 

Am llTckT (2.5) 
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mass to charge ratios. The merging ion beams finally enter the detector, an electron multiplier 

commonly, and are analyzed. 

So 6r, the ideal conditions for effiision are assumed. In practice, however, the efiiision 

conditions are not ideal. Some of the &cts are [16]: the wall of the cell where orifice is located 

is not infinitely thin, the vaporization coefiScient is not equal to unity, the crudble has a special 

shape, the condensing molecules might migrate along the surface and re-evaporate fi'om a 

different location, the liquid sample might creep up the wall of cell and out through the orifice, 

the crucible might be not inert for some materials, etc. To handle the nonideal effiision 

situations, more comprehensive consideration is needed. One nonideal case can be found in the 

paper given by Chatillon et al. [17], 

2.4. The congruent vaporization in the titanium-oxveen system 

The composition of congaient vaporization in the Ti-0 system is determined by Gilles 

et al. The idea that they used to find the congruent composition was that if only one 

congruently vaporizing phase exists in a two-component system, then as vaporization 

proceeds, the composition of the condensed system will change until the congruently 

vaporizing phase has been reached. After that, vaporization continues without change in 

composition [18]. 

2.4.1. Congruent vaporization in solid phase 

In their study of the vaporization of the crystalline titanium oxides, samples of TiiO, 

TiO, Ti203, and mixtures of TisOs with Ti407 and of Ti407 with TisOp were heated in tungsten 
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Knudsen crudbles. Also samples of Ti02 were heated in a small platinum crucible inside a 

molybdenum crucible, since Ti02 would reaa with the molybdenum in direct contact. The 

residue was analyzed both by combustion and by X-ray diffraction. They found that the 

residue in each case was TisOj or the composition of residue was closer to TisOs than the 

composition of the initial phases. Th^^ conclude that the Ti-0 system has only one congruent 

vaporization phase which is TisOsd) [19]. 

In a succeeding study on the congruent vaporization of TiaOs phase, mass 

spectrometers were used by Wahlbeck and Gilles [20] to identify the vapor species over 

Ti30s(,). Three TisOs samples of different preparation methods were involved. The Ti02^ 

species was only detected with the second sample, which was prepared by the arc melting 

method. No evidence of Ti02(g) could be detected in the other two experiments. The TiO(g) 

and 0(g) were identified in the third experiment and the intensity ratio of TiO : O was also 

determined as 1.0 : 0.6. As a result, th^ concluded that the vaporization reaction is 

(2.6) 

With the vapor pressure measurement, they also derived the value for the dissociation 

energy Do° of TiO(g), 167.38 ± 2.30 kcal/mole. This value was about 10 kcal/mole higher than 

that previously reported by Berkowitz et al. [21] and others. Gilles [22] also reported that the 

10 kcal difference would appear in the other thermodynamic properties of the titanium-oxygen 

system, but no satisfactory resolution for either discrepancy was achieved. 
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Later, Drowart et al. [23] used the results from their mass spectrometric studies of 

isomolecular reactions involving ScO, YO, and TiO lo support tlie uissociation aiergy 

Do°(TiO) = 157.8 ±1.0 kcal/mole. Combining this result with the auxiliary data of the Ti-0 

system, they proposed that the principal reaction in the sublimation of TisOj should be 

(2.7) 

They also suggested that Wahlbeck and Gilles should have observed tungsten oxide 

species in their mass spectrometric measurements. In response, Gilles et al. [24] re-examined 

their original mass spectrometric records. Neither TiOi® signal nor tungsten oxide species was 

found. 

Attempting to resolve the discrepancies, Hampson and Gilles [25] launched a large 

scale investigation which included: (1) two successive vaporization experiments, (2) five mass 

spectrometric vaporization experiments, (3) two mass spectrometric isomolecular exchange 

experiments, and a mass spectrometric silver calibration. One additional exchange reaction was 

studied during one of the five mass spectrometric vaporization experiments. 

The results of their first two types of experiments confirmed that TisO^j) is the 

congruently vaporizing phase. The second type of oqjeriments proved that the principal 

reaction for the congruent sublimation is 

ThO^s) TiO^g^ + 2 (2.8) 
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And the third type of experiment verified that the dissociation energy of TiO(g) should be 

Do'(TiO) = 156.9 ± 2.2 kcl/mole. 

In this dissertation, we are more concerned about the outcomes of their first two types 

of experiments for their relevance to optical coatings. The general procedure of each 

experiment and the consequences are summarized below. 

In the vaporization experiments, both Ti407 sample and TiiOs sample were vaporized 

fi-om tungsten Knudsen crucibles. The general procedure was to partially vaporize the sample 

for successive periods of less than about 12 hours, and to examine the residue of each stage by 

X-ray difl&action. Two successive vaporizations were performed on the Ti407 sample. Both 

TijOs and Ti407 phases were present in the X-ray photographs of the residue fi-om both 

vaporizations, but relatively more TijOs was present after the second vaporization. For the 

sample Ti203, four stages vaporization were executed. After the third vaporization, the residue 

was predominantly TisOj, while only TijOs lines were present in the X-ray photograph of the 

residue of the last vaporization. 

In the mass spectrometric vaporization experiments, the first two experiments involved 

samples that had been prepared and used by Wahlbeck and Gilles [20] in their earlier 

vaporization study on the congruently vaporizing TiaOs. The motivation was to see if any 

reasons could be found to explain why TiOz^ ions were only observed with one of the samples, 

the arc-melted, oxygen-rich TisOs sample, but not observed with the other two TisOs samples 

produced by other ways in Wahlbeck and Gilles' experiments. It was also to see whether the 

W-0 species could be found. 



In the experiment MS-1, the vapor pressure residue sample TisOs was vaporized. This 

was the second portion of the residue from WahToeck and Gilles" eSusion vapor-pressure 

measurements. The first portion of the residue was already used by them in their mass 

spectrometric experiments. The sample was vaporized from tungsten Knudsen crucible 

number 119 in the mass spectrometer. The main observation of this experiment was that the 

TiO'̂ /Tr intensity ratio was continuously decreasing during vaporization. By the end of the 

study, the TiO* signal was no longer detectable. An X-ray photo of the residue was taken just 

before the TiO" became undetectable. No TisOs was present in the photograph, and the only 

structure that showed up was recognized as a TiC lattice. This observation indicated that the 

TisOj sample was reduced by carbon in the crudble during the eariy stages of the heating 

process. The carbon might be introduced by the Eloxing process during the fabrication of 

crucible number 119. 

Based on what they observed, a reasonable explanation for the failure of Wahlbeck and 

Gilles to observe both Ti02(g) and tungsten-oxygen species was deduced by Hampson and 

Gilles. They attributed the feilure to the carbon content in the tungsten Knudsen crucibles that 

were used by Wahlbeck and Gilles for their mass spectrometric measurements. 

Experiment MS-2 was the continuation of the second mass spectrometric vaporization 

study in Wahlbeck and Gilles' serial experiments. An arc-melted, oxygen-rich TisOs sample 

was contained in tungsten Knudsen crucible number 7 which was made using tungsten carbide 

drills. Not surprisingly, the results of this reinvestigation were in general agreement with what 

Wahlbeck and Gilles had reported previously, except that W-0 species were detected. Both 

Ti02'̂  ion and W-0 species were observed in this study as suggested by Drowart et al. [23]. 
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To unequivocally decide the principal reaction accounting for the congruent 

v^iization of TisOs, three remaining experiments involving two freshly prepared samples 

were performed. The oxygen-rich Ti407 and the metal-rich TiaOs sample, about 20 mg of 

each, was vaporized in the mass spectrometer for periods of up to 500 hours. The ion 

intensities of those species originating in the Knudsen crudble, particularly TiO* and Ti02^ 

were monitored at regular intervals as the samples approached the congruently vaporizing 

composition from both metal-rich and oxygen-rich sides. Figure 2.2 is a duplication of the 

original work; however, only the TiC)2* and TiO* btensity ratio curves are kept for our 

descriptions. 

The initial stoichiometry of the metal-rich sample was Ti3O4.g47i0.012 and its X-ray 

pattern indicated that it contained a small amount of Ti203 in addition to TiaOs. Curve MS-3 in 

Fig. 2.2 shows the Ti02*/Ti0* ion intensity ratio plotted as a fimction of time. The ratio 

increased lineariy from about 0.2 to 1.0 after about 50 hours vaporization. The ratio then 

became a constant till the end of the experiment. After 371 hours, 68% of the original material 

had vaporized, and an X-ray photograph of the residue indicated that TijOj was the only phase 

present. In this study, the time needed for this metal-rich TisOj sample evolved to congruent 

vaporization composition TisOs is about 50 hours, which can be estimated by the intensity ratio 

curve. 
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Figure 2.2. Intensity ratios of ions during vaporization of samples which were originally 
metal-rich TisOs in MS-3 and oxygen-rich TIaO? in MS-4 and MS-5. ( after Hampson and 
Gilles [25]) 

For the oxygen-rich sample, the initial stoichiometry was Ti4O7.oiftto.oi6, which was 

divided into two portions. 23 mg from the first portion of the sample was vaporized in two 

stages from a tungsten crucible. The purpose of this experiment was to observe how the ion 

intensities varied as the overall composition of the sample altered to the congruently vaporizing 

composition in the TiaOs phase. Curve MS-4, pt. 1 in Fig. 2.2 shows the Ti02''/Ti0'̂  ion 

intensity ratio of the first stage of the experiment, which lasted 184 hours. 26% of the original 

material had vaporized, and an X-ray photograph showed that the residue was almost 

completely TisOs, though two of the most intense Ti407 lines were still present. This 

observation indicated that part of the Ti407 sample had changed to TisOs. 



The second stage of the experiment was continued with 6.7 mg of the residue from the 

first stage experiment. Curve MS-4, pt. 2 in Fig. 2.2 shows how the TiOj^TiO* ratio fell from 

about 4.0 to 0.8, where the congruently vaporizing composition in the TisOs phase was 

reached. No X-ray photograph was taken for this stage since the sample was completely 

evaporated at the end of the experiment. 

In the last mass spectrometric vaporization experiment, a second portion of the 1140? 

sample was vaporized continuously for 332 hours. 40% of the origjnal 16.6 mg had vaporized, 

and an X-ray photograph of the residue showed that it contained only TisOs. The ratio of the 

ion intensity Ti02*/Ti0'̂  is plotted in curve MS-5, which is a resemblance of the combination of 

curves MS-4 pt. 1 and MS-4 pt. 2 in Fig. 2.2. Referring to curve MS-5, it seems that the 

vaporization process can be divided into three periods. For the first 100 hours, the condensed 

material in the crudble was apparently a two phases mbcture of Ti4C)7 and TisOs, while for the 

last 100 hours it was congruently vaporizing TisOs. In the intermediate region, the crucible 

contained compositions in the single phase TisOs region which were oxygen-rich with respect 

to the congruently vaporizing composition, and which were continuously approaching this 

composition during the vaporization process. 

The results of the Hampson and Gilles' mass spectrometric vaporization experiments 

clearly demonstrate that before the congruently vaporizing composition is achieved, the 

compositions of the condensed as well as the vapor phases alter continuously during the 

evaporation. This is exactly what we try to avoid in thm-film optical coatings. 

Figure 2.3 is a calculated transmission curve of a thin-film filter. The design of this 

filter, air / L (2H2L/ 2HL / Glass, is a typical quarter-wave stack. In this design, H stands for 
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the high index quartenvave layer, and L represents the low index quartewave layer. Following 

the design, the high index T1O2 thin nim and low index SiOz thin Slni are alternately deposited 

on the substrate in a high vacuum chamber. According to the design, the optical thickness, 

which is the product of the physical thickness and refractive index of the film, needs to be 

consistent for all the high index layers as well as for the low index layers. To achieve this 

requirement, for each coating material, the consistency of the evaporation becomes a crucial 

issue for the manufacture. 

100 

70 

1600 600 800 400 1000 1200 1400 
WAVELENGTH (nm) 

Figure 2.3. Transmission curve for a thin-film filter design of Air / L (2H2L)' 2HL / 
Glass. 

2.4.2. Congruent vaporization in liquid phase 

Right after Gilles et al. found that Ti305(.) is the congruent vaporization phase in the 

crystalline titanium-oxygen system, they [26] extended the study into the liquid phase of the 

Ti-0 system. The same methodology that they used before was applied in the experiments, 



except that the vaporization temperature was maintained at above the melting point of each 

involved sample. For TisOj, it is 1774 ± 10' C [1], concluded that the congrucntly 

vaporizing composition for the liquid titanium oxides is between the compositions of TisOs and 

Ti407. In the vapor phase, the TiO(g) is the only titanium-containing species mentioned in their 

paper, though TiOi® should have appeared as in their vaporization study involved the solid 

phases. 

Initiated by Gilles et al. 's congruent vaporization studies [19, 20, 26], Pulker et aL 

conducted an extensive study on the TiOa films produced by reactive evaporation of various 

titanium oxides [27], Five different oxides, Ti, TiO, Ti203, TisOs, and Ti02 were evaporated 

from resistance-heated W and Ta boats and by electron beam evaporation. Without refilling 

the containers, different starting materials were successively vaporized in an oxygen backfilled 

environment to produce the TiCb films. The refractive index of the Ti02 film was calculated 

for each vaporization of different starting materials. The indices of the films evaporated with Ti 

or TisOs are constant and independent of the sequence of the deposition. With the other 

oxides, TiO, Ti203, and Ti02, the indices of refiaction are different from the index obtained 

from TisOs vaporization initially. But as the deposition continues successively, the indices 

approach and finally coincide with the values from TijOs. In order to interpret their 

observation, the results from the vaporization studies published by Berkowitz et al. [21] and 

Gilles et al. were cited by Pulker et al. Regarding the constant refiactive indices of Ti02 films 

deposited from TisOs, they attributed the constancy to the unchanging composition in the 

residue after each evaporation and the only Ti-containing species in the vapor was TiO. 

Though Ti02 is the other Ti-containing species in the vapor phase, as verified by Gilles et al. 
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finally, Pulker et al's paper demonstrates that it is possible to deposit Ti02 films with identical 

indices of refiiaction in the Ti-0 system. And this repeatability is the property that w-e really 

need in the thin film miilti-layer febrication. 

In thin film coatings, to reduce the production time, the materials are often heated 

above their melting points to gain high deposition rate. Therefore, we are more concerned 

about the congruent vaporization in the liquid phase. Before we close this chapter, one more 

vaporization study relevant to the congruent vaporization in the liquid phase of the Ti-0 system 

published by Banon et al. [13] is described. According to their calculation, at the temperature 

1877°C ( 2150° K), the congruent vaporization of liquid Ti203-Ti02 mbctures in molybdenum 

crucible occurs in the composition range TizOs-TisOj. Our experimental results using TizOs as 

the starting material seem to support this conclusion. The detaDs of our work will be presented 

in the next chapter. 

In their study, Banon et al consider the sample and container as a composite chemical 

system, in which the vaporization of the samples, the reaction between the samples and the 

crucibles, and the diffusion of oxygen through the containers are all taken into account. Figure 

2.1 schematically shows the diflRision of the oxygen through the Knudsen cell and the eflusion 

of vapors through the orifice. 

They tried to explain and estimate the influence of the crudble material and the oxygen 

difiiision on the composition of congruent vaporization. They assumed that: (1) The reaction 

between the sample and the cell is not strong enough to produce, with the crudble material, an 

oxide that can dissolve into the sample, especially when the sample is a liquid mboure. The 

only oxides fi^om the crudble that are stable are in the gaseous phase. (2) The diffusion 



through the walls is negligible or not possible for the metallic compounds. (3) The ideal limit is 

completely " neutral" conditions, which means that there are no chemical interactions and no 

diffusion. 

In terms of their previous activity measurements for Ti, TiO, and TiOa [28], and the 

JANAF tables [9] for the standard pressures P° of O, O2, Ti, TiO, and TiOj, the composition of 

the escaping flow, which contains all the efilised vapors and the difiused oxygen, was 

calculated at two temperatures 1627°C ( solid phase) and 1877°C (liquid phase). 

The calculations were performed under three different conditions. The ideal case 

involves an inert crudble, in which no oxygen difiusion and interaction between the sample and 

cell can occur. In the other two conditions, two non-inert molybdenum crucibles, one with and 

one without the oxygen difiusion flow are involved. They concluded that to keep the solid 

TisOs compound in congruent vaporization, the standard pressure of Ti02 in the JANAF tables 

should be inaeased by a factor of 4 to 14. In liquid phase, at the temperature of 1877°C, the 

congruent vaporizations, under different conditions, occur between the compositions TijOs and 

TiaOj. The composition is TiOuTs for the congruent vaporization in the ideal case. Th^ also 

pointed out that the influence of the molybdenum crudble is stronger in the liquid than in the 

solid phase, and oxygen difiusion may become an important cause in shifting the composition 

towards the Ti203 composition. At a higher temperature, they expected the evolution of O, Ti, 

TiO, and TiOa activities would lead the congruent composition even closer to the TijOs liquid 

composition. Figure 2.4 shows the partial pressures of gaseous species over this liquid Ti203-

Ti02 system; TiO and Ti02 are the two major titanium containing species in the vapor phase. 

The congruent composition TiOuTs for the ideal case is also marked in the diagram. 
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Figure 2.4. Partial pressures of gaseous species over liquid Ti203-Ti02 system. ( after 
Serge Banon e/ a/. [13]) 

The congruent vaporization composition resulting from their calculation is not 

consistent with the Gilles et al's [26] vaporization study results, in which the congruent 

vaporization composition in the liquid phase is between TisOs and Ti407. Though the 

elucidation was not conclusive, Banon et al. attempted to attribute this discrepancy to the 

oxygen in the fiamace background, which might efiiise back into the effusion cell, balance the 

outcoming flow of oxygen and establishing a steady-state vaporization for an oxygen-rich 

composition in the range between TisOs and Ti407. 
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2.5. Closing remarks 

From the above discussion, we learned that for llie titanium-oxygen system, TiiOjt,, is 

the congruent vaporization composition in the solid state, and in the liquid state it may be 

between compositions TiiOs and TisOs. 

In addition, we learned the complexity of vaporization study. Banon etcd's paper, for 

example, clearly demonstrated that congruent compositions are sensitive to the thermodynamic 

and physicochemical interactions with the container as well as with the environmental 

conditions. We should realize this in advance before applying the results from vaporization 

studies to thin film coatings. 
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CHAPTERS 

SAMPLE PREPARATION 

Thanhiin oxide thin films can be prepared in various ways such as sputtering and 

evaporation, which are the two most commonly employed methods [29,30], In this chapter, 

each method will be briefly introduced in terms of the cases reported in literature. In our 

laboratory, reactive evaporation was used to deposit titanium oxide thin films, the compositions 

of which were determined by Rutherford Backscattering Spectrometry. 

The reactive sputtering of titanium in an argon-oxygen plasma environment was used 

by Geraghty and Donaghey [31,32]. The compositions of the titaniimi oxide fihns were 

controlled by varying the oxygen mole fiaction in the argon plasma. Yang [33] directly 

sputtered a titanium-dioxide compound target in a pure argon atmosphere to yield titanium 

oxide films. The characteristic of his experiment is that the 0/Ti ratio was controlled by the 

variation of the substrate bias, and no oxygen backfill was required. 

Thick titanium oxide films were synthesized by Grossklaus and Bunshah [34]. 

Titanium was evaporated fi-om a rod-fed electron beam source in the presence of oxygen. The 

various compositions were obtained by variation of the oxygen pressure. A novel way to 

deposit titanium oxide thin films was reported by Nozoye and Nishimiya [35], The equipment 

that they used was a combination of a pulsed molecular beam source and an electron beam 

metal source, which is schematically illustrated in Fig. 3.1. The process started with the 

deposition of a monolayer of titanium atoms onto a substrate. Then the pulses of oxygen were 
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injected to the substrate N times at a repetition rate of 1 Hz. After the process was repeated 

for 600 cycles, a titanium oxide thin film was synthesized. By this method, single phase 

titanium oxide films with controlled Ti/O ratio were obtained by controlling oxygen gas pulse 

number^and the substrate temperature. 

(h) 

ro:oi«:-r'X»y»: 
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Figure 3.1. Schematic diagram of the vaporization apparatus: (a) electron beam metal 
source, (b) shroud, (c) quartz microbalance film thickness monitor, (d) shutter, (e) 
quadrupole mass spectrometer, (f) pulsed molecular beam source, (g) substrate, and (h) 
heating device. ( after H. Nozoye and N. Nishimiya [35]) 
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Since the compositions of titanium oxide films are determined by the oxygen pressures 

in reactive evaporation, the first goal in our work is to find the composition and o^Q^gen 

pressure relation. Ailer this relationship is found, the process is then repeated to prepare the 

samples for the property studies. 

3.1. Equipments 

The reactive evaporation was performed in a Balzers BAK 760 coater. The illustration 

of a Balzers BAK 760 box coater is shown in Fig. 3.2 . The size of vacuum chamber is about 

0.81 m^ A rotary vane pump assisted by a Roots blower is used for initial evacuation of the 

chamber to the pressures of 5 x 10 mbar. Final evacuation is by a cryopump and a final 

pressure as low as 2 x 10mbar can be reached. Most of our depositions were performed at 

base pressure between 2 x 10 mbar and 5 x 10 mbar. The coater is equipped with two 

electron beam guns and two resistive sources for material evaporation A 12-cm Kaufinan type 

ion gun can be installed for reactive or non-reactive ion-assisted deposition. The ion current 

density is measured with a Faraday cup mounted on the substrate rack. The deposition rate 

and thickness of the film are controlled with a quartz crystal oscillator. The optical thickness of 

the film can also be in-situ monitored with an optical monitor in either transmission or 

reflection mode. The temperature of the chamber is regulated with a set of substrate heaters 

which are connected to the thermocouple-temperature control system. The chamber can be 

backfilled with the desired gas through a regulation valve mounted in the side wall of chamber. 
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This valve is interfeced to chamber's Bayard-Alpert ionization gauge and automatically adjusts 

the gas flow rate to maintain a constant pressure in the coater. 

Figure 3.2. Schematic drawing of a Bakers 760 coating chamber. ( after Jacobson [37]) 

3.2. Experiments 

It is well known that the properties of a thin film are influenced by process parameters 

such as deposition rate, substrate temperature, and background gas pressure [36]. As a result, 

in order to find the relationship between the composition of the film and the oxygen partial 

pressure, the deposition rate and the substrate temperature were fibced during depositioa The 

quartz crystal monitor of Balzers BAK 760 chamber is interfaced to the power system of the e-
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beam source and the e-beam energy is adjusted automatically to maintain a constant 

evaporation. In addition, the feedback circuits of both the heater-thermocouple and the 

regulation valve-ionization gauge ensure that both temperature and pressure are under control 

during depositions. 

3.2.1. The repeatabilitvtest 

Before the relationship between 0/Ti ratio and O2 pressure could be determined for 

our system, one more question needed to be addressed. The question, whose answer 

establishes the uniqueness of this relation, asks whether or not the work was repeatable. 

To answer this question, we need to realize that, for optical coatings, the chemical 

reaction between oxygen and vapor species takes place primarily on the substrate surface 

during reactive evaporation [38]. Therefore, a prerequisite condition for reproducibility is that 

the evaporation must provide stable vapor species. From Chapter 2, we learned that only 

congruent evaporation provides stable vapor species and there is only one congruent 

vaporization composition in the Ti-0 system. In addition, this composition can be obtained by 

continuous vaporization of titanium oxide material until the congruent vaporization is reached. 

After that, the composition does not change as the evaporation proceeds. With this idea in 

mind, we began the experiment by repeatedly evaporating Ti203 in the BAK 760 chamber. 

The substrate rack b our system contains four holders, three of which can be shielded 

from the vapor flux during deposition with a set of holder masks specially designed for this 

purpose. The substrate rack can be rotated manually from outside the chamber, such that only 

one holder is allowed to be exposed to the vapor flow at a time. With such a device, four 
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samples were prepared sequentially, under similar conditions, without breaking the vacuum. 

The e-beam source was used to evaporate the material contained in a molybdenum crudble. 

The starting material is 99.9% pure Cerac TijOs crystalline tablets; the trigonal structure of 

these violet-black tablets is identified by X-ray diffiaction in the &ctoiy. Two substrates, one a 

graphite slab for RBS analysis, the other a glass slide (2" x 2" x 0.03", Kodak) for optical 

measurement, were used. The quartz crystal monitor was in operation and the deposition rate 

was set at 0.4 nm / sec, with film thickness of 100 nm. The oxygen gas was introduced into the 

chamber through the regulation valve for reactive deposition. Two temperatures were chosen, 

one at ambient temperature, the other at 200° C. The reason for choosing 200° C is that, in 

thin film production, titanium dioxide thin films are often deposited on heated substrate m order 

to obtain high reflective index and good durability [39]. 

Since the chamber temperature was expected to increase, with consequent out-

gassing, due to the heat radiating fi-om the evaporation source, the chamber was out-gassed 

before the evaporation was performed at a temperature higher than the desired temperature for 

hours, until the chamber pressure dropped back to about 2.0 x 10 mbar range. 

The experiments were divided into two groups depending on whether or not the 

oxygen was introduced during evaporation. Each group included two series of depositions 

performed at ambient temperature and at 200° C respectively. The group number one was 

assigned to the evaporations without oxygen being admitted to chamber. Two series of 

depositions 941A B C D and 942A BCD were in this group. The general information for 

series 941 was: chamber temperature 200° C, out-gas temperature 200° C, and base pressure 
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4 X 10 mbar. For series 942, the information was: ambient chamber temperature, out-gas 

temperature 100° C, and base pressure 1.5 x 10 mbar. The evaporations in group number 

two were reactive evaporations at oxygen pressure 8 x 10 mbar. For deposition 943A B C 

D, the temperature was set at 200° C, and the chamber was out-gassed at temperature 250° C 

for hours, until base pressure 2 x 10 mbar was reached. An out-gassed temperature of 150° 

C, ambient chamber temperature and base pressure 1.5 x 10 mbar were the conditions for 

d e p o s i t i o n  9 4 4 A  B C D .  

A molybdenum crucible previously designated for evaporating TiaOs in our laboratory 

was used in this woiic. Before each series of experiments, several Ti2C)3 tablets were added to 

the residue remaining in the crucible; both were then pre-melted until only liquid phase 

appeared in the container. The substrates were deposited sequentially without waiting for the 

system to cool down between depositions. Consequently, the chamber temperature varied 

from run to run, the effect of which will be discussed later. 

In addition to the repeatability test, we also wanted to determine the range of 0/Ti 

ratio that we could get when using TiaOs as the starting material. 

To find the lower limit of 0/Ti ratio, no oxygen was admitted during the evaporation. 

The upper limit was expected to be Ti02 when the oxygen partial pressure was in the 5 x 10 

m b a r  t o  5  x  1 0  m b a r  r a n g e ,  a c c o r d i n g  t o  t h e  l i t e r a t u r e  [ 4 0 ]  a n d  o u r  e x p e r i e n c e ;  8  x  1 0 m b a r  

was chosen for the upper limit in this part of experiment. 

The compositions and optical properties of the films were used to determine the 

repeatability. The optical properties were measured with a Gary 2415 spectrophotometer, and 
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the results are discussed m the next chapter. The O/Ti ratios were measured with Rutherford 

Backscattering Spectrometer by Dr. J. A. Leavitt, Dr. L. Mcintyre, and their colleagues in 

Pltysics Department of the University of Arizona. 

The results of RBS analysis are crucial in our study. This not only provide the 

information between O/Ti ratio and Oj partial pressure but also give us a chance to see if the 

congruent vaporization can be established in our system. In order to take full advantage of 

RBS measurement and realize its limitation, we have to acquaint ourselves with this 

measurement. However, only the pertinent facts needed to read the backscattering spectra of 

the Ti-0 system are discussed and given in appendix A. 

3.2.2. The Q/Ti ratio versus O7 pressure 

The second part of experiments, which contains deposition series 951A B C and 952 A 

BCD, oxygen partial pressures were altered to deposit various titanium oxides. The same 

process parameters as previously used were adopted, except that chamber temperature was set 

at 200° C for all runs. Before each series of evaporations, the chamber was de-gassed at 250°C 

and was allowed to cool down between depositions in order to keep temperatures consistent. 

Again, the RBS was employed to identify the compositions of the films; the results were then 

used to establish the relationship between O/Ti ratio and O2 pressure. 
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3.3. Results and discussion 

3.3.I. The repeatability test 

The results of the repeatability test will be presented first, followed by the study of the 

relation between the compositions and the oxygen pressures. 

Table 3.1 presents the O/Ti ratio as well as the conditions for each deposition. With 

the assumption that the only random errors were those involved in the RBS measurements, the 

average of each deposition series was taken, whose value and the associated uncertainty is 

listed in the last column of the table. Table 3.1 clearly demonstrates that the ratio of oxide films 

is repeatable, though minor discrepancy occurs between runs. As we emphasized in the 

previous paragraph, this repeatability is a direct outcome of the stable vaporizations. 

If we assume that the O/Ti ratios of the films reflect the O/Ti ratios of the materials in 

the vapor phase as well as in the liquid phase, the results of the RBS analysis can be used to 

identify the congruent vaporizing composition in a coating system. Thus, in spite of no X-ray 

diffi^ction verification, the average compositions resulting fi^om series 941 and 942 indicate 

that a congruent composition, in liquid phase, may be lying between the compositions TiiOa 

and TisOs. This is in agreement with the conclusion given by Banon et al. [13]. 

With the results fi-om our observation and literature search, we are able to describe the 

evolution of TiaOs material in our coating system The melting point of TijOa is 1839 ± 10° C 

[1] and is expected to be lower than this value in vacuum. In liquid state, the material 

decomposes and the constituents vaporize at different rates. As a consequence, the 
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composition of the liquid phase continues varying until the congruent composition is reached. 

After that, the constituents vaporize proportionally to maintain a constant composition in the 

liquid phase. In our system, the congruent vaporization may be established either during the 

material pre-melting period or within the first evaporation of each deposition series. 

Sample Po. Ti Tf TiOx TiO, 
(mbar) (°C) (0/Ti) (average) 

941A none 213 220 1.57 ± 0.01 
94 IB none 219 224 1.57 ± 0.01 
94IC none 218 223 1.55 ± 0.01 
94 ID none 218 227 1.60 ± 0.02 1.57 ± 0.02 

942A none 40 71 1.61 ± 0.02 
942B none 71 96 1.61 ± 0.01 
942C none 95 116 1.60 ± 0.02 
942D none 114 132 1.60 ± 0.01 1.61 ± 0.01 
943A 8 X 10*^ 206 211 1.96 ± 0.02 
943B 

O
 X 

00 

216 222 1.96 ± 0.02 
943C 8 X IQ-' 222 225 1.95 ± 0.02 
943D 8 X 10"^ 223 228 1.97 ± 0.02 1.96 ± 0.01 

944A 8 X IQ-^ 30 53 2.00 ± 0.02 
944B 8 X 10"' 54 82 2.05 ± 0.02 
944C 8 X 10"' 83 107 2.05 ± 0.02 
944D 00

 
X o
 106 127 1.99 ± 0.02 2.02 ± 0.03 

Table 3.1. The Oxygen / Titanium ratio and processing parameters of deposition series 
941, 942, 943, and 944. 

The vaporization process can be divided into two stages in terms of the time when the 

shutter is opened in our BAK 760 coating chamber. Figure 3.3 is a typical power diagram of 

the electron-beam source fi^om the manufecture's manual [41]. It shows the power rising 

linearly through two sequential steps before shutter opening. In this period, the material be^ns 
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de-gassing and melting. The material is completed melted by the time the shutter opens. The 

e-beam source power then levels and fluctuates in order to keep a constant deposition rate. A 

pre-set deposition rate 0.4 nm / sec was obtained within 10 seconds after the shutter was 

opened in the experiments, and the rate was very stable through the A^ole process. Though 

the temperature inside crucible was not known, we assume that a constant vaporization 

temperature maintained inside the molybdenum crucible attributes to the stable deposition rate, 

since the vapor flux that determines the deposition rate is a function of evaporation 

temperature. 

shutter dosed 
shatter opened 

C 

degassing and melting 

power rising 

Time 

Figure 3.3. Startup power of electron gun versus time [41], 
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3.3.1 .a. The effect of water vapor 

Deposition series 941A B C D and 942A BCD were designed to evaporate T12O3 

niaterial consecutively without oxygen in the background. Ideally, on the substrate, only the 

vapor species evaporated from the crucible are supposed to condense and form film, but the 

residual gases in the chamber arrive at the substrate simultaneously. In previous work done by 

Lehan [42], the residual gases in our BAK 760 chamber have been analyzed with a quadrupole 

mass spectrometer mounted before the gate valve. Between 60 and 80% of the residual gas is 

composed of water vapor, with the remainder identified as nitrogen, oxygen, and various 

organics, in order of abundance. In addition, optical coatings deposited using an e-beam 

source are well known to have a columnar microstructure with distinct voids, which become 

filled with moisture when exposed to atmosphere [43,44]. As a result, we expect that the RBS 

analysis presents a higher oxygen abundance than the ojq^gen contained in the vapor species 

during evaporations. 

The amount of water vapor contained in the film is influenced by the substrate 

temperature both during and after deposition. The film deposited at high substrate temperature 

tends to be dense with less voids, so that water vapor can not easily penetrate after exposure to 

air, as compared with films deposited at low substrate temperatures. The high substrate 

temperature also reduces the chance of water vapor being adsorbed by the film during 

deposition, the mechanism of which was proposed by Ritter [45] and is given later. These two 

aspects clearly indicate that high substrate temperature does not favor water vapor absorption 

by the film. This is the phenomenon that we have observed in experimental series 941 and 
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series 942. The average 0/Ti ratios are 1.57 ± 1.27% and 1.61 ± 0.62% for the series 941 and 

series 942, which were deposited at 200° C and at ambient temperature respectively. 

As &r as congruent composition is concerned, the value of the 941 series is more 

reliable than the value of the 942 series, since less water is contained in those films. Referring 

to the results firom Banon et al. 's paper [13], we conclude that the congruent composition lies 

between TiOu and TiOij? in our coating system. 

Series 943 and 944 were carried out with oxygen partial pressure in the background. 

The mean values of 0/Ti ratio for series 943 and series 944 are 1.96 ± 0.51% and 2.02 ± 

1.49% respectively. The compositions of these experiments follow the trend that the higher 

substrate temperature, the lower oxygen / titanium ratio. Hence, the films deposited under the 

higher substrate temperature would have the lower transmittance, which will be illustrated in 

the next chapter. 

3.3 • 1 .b. The temperature effect 

We have discussed how the water vapor influences the RBS results. In the following, 

we concentrate on how temperature affects the reaction occurring on the substrate surfece 

between ojtygen and titanium-containing species. 

For e-beam evaporated TiCh films, Rao and Mohan [46] have observed a transmission 

reduction due to the temperature elevation. In the other case involving TiCb fihns, Kuster and 

Ebert [47] reported increases in film absorption with increases in substrate temperature when 

both neutral oxygen and ionized oxygen were used as the background gas in deposition. 
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The reduction of oxygen condensation coeflBcient was the reason ^en by Ritter [45] 

to explain the oxygen deficiency in silicon oxide films deposited on a heated substrate. He 

assumed that chemisorption of oxygen in the metal-oxide films is the precursor of oxidization 

of the films, so the chemisorption rate of oxygen is the crucial step in determining the oxidation 

state of the films. According to Hayward and Trapnell [38,48], the chemisorption rate of 

oxygen is 

dNo, dN„ , z -E (3.1) 

where the abbreviations chemi and incid stand for chemisorbed and incident Ch molecules in 

the units of number per unit area per unit time, ^ is the degree of coverage with oxygen, z is the 

number of nearest neighbors of a surfece site, o"is the condensation coeflBcient, and £ is the 

activation energy of chemisorption. Besides, it can be shown that the condensation coeflScient 

a is inversely proportional to temperature, which decreases as the temperature increases [48], 

Regarding the lower 0/Ti ratio of the titanium oxide films prepared in the higher 

temperature environment, Eq. (3.1) provides a plausible explanation. In addition, it also 

provides the information to cope with this adversity, such as inaeasing the activation energy of 

oxygen or raising the oxygen pressure. For instance, in Kuster and Ebert's experiment no 

matter what kind of oxygen had been used, the absorbance of TiOi films rises as the 

temperature rises. But at the same substrate temperature, depending on whether TiO or TijOs 

was used as the starting material, the ionized o^^gen reduces the absorption by a factor of 10 
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or 100 from the absorption obtained with naitral o^tygen. This significant improvement might 

result from the &ct that the ionized oxygen possesses higher activation energy than the neutral 

oxygen. In our experiment, the oxygen pressure was increased to 5 x 10 "* mbar in order to 

obtain TiOz films at 200° C. 

3.3.2. The 0/Ti ratio versus 0;j}ressure 

Table 3.2 includes the RBS data and the processing parameters for this part of the 

experiments. The results show that temperature uniformity is attainable and the oxidation of 

the films is increasing while the o^tygen partial pressure is increasing. 

Sample Po. Ti Tf TiOx 
(mbar) C C )  (0/Ti) 

951A 4 X 10"® 203 210 1.74 ± 0.02 
95 IB 8 X 10"® 202 211 1.79 ± 0.02 
951C 2 X 10"^ 201 211 1.91 ± 0.02 

952A 5 X 10-^ 195 205 2.04 ± 0.02 
952B 2 X 10'̂  199 210 1.88 ± 0.02 
952C 8.5 X 10^ 196 208 1.85 ± 0.02 
952D 3 X 10"^ 199 209 1.80 ± 0.02 

Table 3.2. The Oxygen / Titanium ratios and processing parameters of deposition series 
951 and 952. 

The 0/Ti ratio as a function of oxygen pressure is plotted in Fig. 3.4, where the 

average 0/Ti values of series 941 and 943 are used for plotting. In this figure, the curves 

followed by series 951 and 952 are different. Two reasons might attribute to this discrepancy. 

First, it is hard to prepare the chamber in the identical conditions once the chamber is exposed 
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to the atmosphere. Secondly, it is difScult to maintain a stable o^Q^gen partial pressure, 

especially when only small amounts of oxygen are admitted into the chamber. This was seen as 

the pressure gauge fluctuating during deposition. In fact, even if all the process parameters 

are kept the same for the e-beam or thermal evaporation, the characteristics of the films 

prepared in subsequent runs of the same preparatory system are rarely reproducible to the 

degree of perfection required in modem high-tech materials and systems. The main reason 

for this difficulty is that the inhomogeneity, which covers all the chemical, morphological, 

micro- and nano-structural features of the films, is introduced in these films during film 

growth [49], 
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3.3.3 • The structure of the titanium oxide films 

As pointed out by Guenther [43], optical thin-film coatings prepared by conventional 

physical vapor deposition tend to have columnar morphology and amorphous microstructure, 

due to low surface mobility of adatoms or admolecules. In his paper, Ti02 films deposited at a 

substrate temperature of 250° C seemed to be amorphous, with only a small amount of 

crystalline material as shown in X-ray analysis. Lottiaux et al. [50] studied the influence of film 

thickness and substrate temperature on the morphology and structure of titanium dioxide films 

prepared by e-beam evaporation. Th^ reported that electron microscope images have shown 

that Ti02 films are made of blocks about 40 nm in size and each block is made of small blocks 

about ten times smaller, which is illustrated in Fig. 3.5. They also reported that the thin fihn 

crystallinity varies with substrate temperature as well as with the film's thickness. When 

deposited onto a substrate at 200° C, films are always completely amorphous for thicknesses 

up to 70 nm. Deposited onto a substrate at 250° C, TiOa thin layers are completely amorphous 

for a thickness of 35 nm, but for a thickness of 50 nm, some crystals are shown in the electron 

dissection image. For a thickness of 70 nm, more crystals are observed. At a substrate 

temperature of 350° C, films are always partly crystallized. The number of small crystals in the 

films increases with the layer thickness. 
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3^ to 4 nm 

35 to 40 nm 

Figure 3.5. The morphology of reactive evaporated Ti02 thin film. (after M. Lottiaux et 
al. [50]) 

In our experiments, all depositions were carried out at chamber temperatures less than 

250° C, so that the films would be essentially amorphous. In Fig. 2.4, we have seen that, at an 

evaporation temperature 1877° C, the gaseous species above the TiiOa and Ti02 liquid 

mixtures are O, Ti, TiO, and Ti02; around the congruent composition TiOuTs, the pressures of 

TiO and TiOj are of the same order of magnitude and about 1000 times higher than the 

pressure of Ti. So we expect that in our evaporation of Ti203, TiO and Ti02 are the two major 

titanium-containing species in vapor phases, and the films formed by quenching and condensing 

them on the substrate consist of mixtures of TiO and TiOa molecules. Furthermore, due to the 

low substrate temperature, it is less likely that these two types of molecules would be able to 

fiilly interact and become a single phase of titaniimi oxide. We, therefore, believe that our films 

are mixtures of titanium oxides. In feet, the mixtures of titanium oxides in thick films have 

been reported by Grossklaus and Bunshah [34]. In reactive evaporation, these condensed 
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molecules then react with each other or with oxygen and oxidize on the substrate sur&ce. 

Thus the compositions of these films, determined by the RBS measurement, can have the 

values deviating the fi-om the Magneli series Ti„C)2D-i, n>2. We recall that this is the phases 

followed by the crystalline titanium oxides between compositions TiO and TiOj. 

3.4. Closing remarks 

In this chapter, we have shown that the information gathered fi-om vaporization studies 

enables us to explain what we had observed in our experiments. However, we should realize 

that the vaporization conditions are the major discrepancy between most vaporization studies, 

on the one hand, and thin film production techniques on the other. The vaporization studies 

are mostly performed under the Knudsen conditions, an equilibrium process, in which the 

equilibrium vapor builds up inside the Knudsen cell and vapor escapes fi-om an orifice under the 

equilibrium condition. In thin film production, on the other hand, material is often evaporated 

fi-eely fi-om an open boat or a crucible for the sake of high deposition rate and easy operation. 

This fi-ee evaporation is a non-equilibrium process, which is the method used for vapor 

measurement in the Langmuir technique [51], Both the Langmuir technique and the Knudsen 

technique are based on the kinetic theory of gas to determine the vapor pressure. But the 

vapor pressure Pl under Langmuir conditions usually is not the same as the pressure Peq under 

Knudsen conditions. They are correlated by the Langmuir coeflScient ol [51 ], 

^L^eq ' (3.2) 
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where 0 < < 1. Due to this discrepancy, the temperature for the congruent vaporization to 

occur in the Knudsen condition would not be the same as in the Langmuir technique. A higher 

evaporation temperature is usually needed to maintain the congruent vaporization under the 

Langmuir conditions [52], 

Moreover, as mentioned by Gilles et cd. [19], in evaporation studies, the possibility of 

reaction between the residual gases in a vacuum system and the sample in establishing a 

pseudocongruently vaporizing composition must be considered. We recall the experiments 

conducted by Gilles et al [26] to identify the liquid state congruent composition in the Ti-O 

system. In their studies, the experiments involving TiO samples could not yield conclusive 

results. The containers that they used to hold these samples have an orifice in the lid. They 

speculated that the variation in the condensed phase could have been accomplished by residual 

ojQ'gen entering through the crucible orifice. However, they used the same type of containers 

to evaporate TisOs or Ti305-Ti4C)7 mbctures and concluded that the congruent composition is in 

between TiaOs and TuOy. As reviewed in chapter 2, this conclusion was questioned by Banon 

etal. [13], although they did not point out the facts involving TiO samples. 

Regarding Pulker et al. 's evaporation experiments [27], we note that their fi-ee 

vaporizations were conducted in an oxygen filled environment and speculate that the pseudo-

congruent vaporization might occur in their systems, which leads the material in the crucible to 

change its composition toward TisOs in the course of evaporation. 

Finally, contamination can be a serious problem in practical situations, which can 

prevent the useful species fi^om appearing in the vapor phase, or even the occurrence of 
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congruent vaporization. In Gilles et aJ.'s [25] eariy vaporization experiment, we already have 

seen that carbon might be the reducing agent, preventing TiOj® and W-0 species from 

appearing in the vapor phase. 
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CHAPTER 4 

OPTICAL PROPERTffiS 

The optical properties of thin films are important both in fundamental and applied 

research. Like their bulk counterpart, thin films are characterized according to their optical 

properties as metal, semiconducting and dielectric films. 

For metal films, the optical spectra can be analyzed in terms of two distina transitions, 

intraband and interband, depending on the photon energy [53,54]. Intraband transition takes 

place at low photon energy, and interband transition occurs at higher photon energy. Metals 

have a large number of closely spaced energy states above the Fermi level in the conduction 

band, where the electrons can easily be excited to higher energy levels by incident photons. 

The electronic transitions within the same band are referred to as the intraband transitions. The 

nature of the high reflectivity in the visible and infi:ared regions of metal films is the result of 

intraband transitions. The energy band gap, which responds to the interband transition, is 

usually located in the ultraviolet regioa For incident photons having energies larger than the 

band gap, the interband transitions leads to an abrupt absorption in the optical spectra. 

Typically, the transmission curve of an optical thin film material, that is a 

semiconductor or a dielectric film can be composed of three distinct regions. Figure 4.1 

schematically shows the transmission spectra of such a material [55]. The transparent region n 

is situated between the fiandamental absorption edge, re^on I, and the long-wavelength limit, 

region HI. The absorption edge due to interband transition is associated with the energy band 
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gap of materials. With the energies less than the band gap, the photons ideally would be 

transmitted without absorption, but suner some absorption because of impurities or free 

earners in the transparent region. At the long wavelength limit, free carrier absorption or 

lattice vibrations can lower the transmission significantly. 

100 
Drop due to free 
carrier absorption 

Impurity absorptioiis 

Transparent region Lattice vibration 
absorption 

Fundamental 
absorption 

m 

Wavelength 

Figure 4.1. Schematic drawing of a transmission curve versus wavelength of an optical 
material. (after Black and Wales [55]) 

The optical behavior of a material is characterized by the complex index of refraction 

N. Thus, knowledge of the optical constants of a material is a prerequisite to its use for any 

application purposes. In the literature, numerous methods are described for the determination 

of the optical constants of thin-film materials. For instance, a paper titled " Multiple 
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determination of the optical constants of thin-film coating materials written by Amdt et al. 

[56] summarizes seven index solving techniques v^ch were used by seven laboratories to 

characterize SC2O3 and Rh thin films. The optical constants of each type of film obtained by 

di£ferent means are also listed in that paper for comparison. 

Two methods, the envelope technique and the R - R' method are emphasized in our 

study. The former method is used mostly in solving the optical constants of transparent or low 

absorption films; the later is used to find the optical constants of opaque films. The common 

characteristic of these two methods is that no initial solutions are needed in advance to start the 

calculations. 

In this chapter, the transmission of the films obtained fi-om our serial deposition 

experiments, as discussed in the previous chapter, will be discussed first. Optical constants 

solving techniques will be described and applied to determine the optical constants of titanium 

oxide films. The absorption property of various titanium oxide films will then be derived. 

Finally, the optical band gap concept will be introduced and applied to our samples at the end 

of chapter. 

4.1. Optical properties 

The optical properties of our films were measured with a dual-beam Cary 2415 

spectrophotometer. To measure the transmission, the sample is placed in one compartment 

while a reference compartment stands empty. Incident monochromatic light is split into two 

beams, one beam passing through the sample compartment and the other through the reference 

compartment, and the sample transmittance is the ratio of sample and reference signals. 
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An attachment having a " W-V " configuration is used with the spectrophotometer to 

measure the sample reflection. In this attachment, the reference beam follows a V shape path 

while the sample beam follows a W shape path before entering the detector port. Because the 

sample beam strikes the sample sur&ce twice at an incident angle of 4 degrees, taking the 

square root of the ratio of sample and reference signals yields the sample reflectance. 

figures 4.2 to 4.5 are the transmission curves of series 941 to 944. For each series of 

deposition, four transmission curves are plotted together for comparison. In general, the 

curves do not exactly repeat in the same series, even for samples having the same 0/Ti ratio. 

When their oxygen content increases, the films are more insulator-like, as interference fiinges 

appear in the transmission curves. 

10 

9 

8 

tf 7 
U 
I  «  

h 5 

1  ̂
I 3 

H 2 

1 

0 
200 400 600 800 1000 1200 1400 1600 1800 2000 

WAVELENGTH (nm) 

Figure 4.2. Transmission curves of deposition series 941. 
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Figure 4.3. Transmission curves of deposition series 942. 

Figures 4.2 and 4.3 show that the transmission of series 941 and 942 films gradually 

increases in both long and short wavelength regions and an interference peak shows up at the 

wavelength around 350 nm. Although the average O/Ti ratios of series 943 and 944 are not 

too much different from each other, 1.96 ± 0.01 for 943 series and 2.02 ± 0.03 for 944 series, 

their tmasmittances are quite different as shown in Figs. 4.4 and 4.5. All the samples of series 

944 have compositions equal or close to TiOj, but their transmissions in Fig. 4.5 indicate 

considerable absorption. We believe that water molecules adsorbed in the voids of films 

obtained fi"om e-beam evaporations increased the oxygen counting in RBS analysis, and the 

oxygen signal from the film itself is actually less than indicated by RBS. The optical behavior 

of these films seems to support this assumption. 
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Figure 4.4. Transmission curves of deposition series 943. 
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Figure 4.5. Transmission curves of deposition series 944. 
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The eflfect of substrate temperature on transmission also appears in Fig. 4.5, which 

shows that iiigh temperature does not lavor the oxidation taking place at t!ie substrate surface. 

As a result, more sub-oxidation phases are contained in the films prepared at higher substrate 

temperature, that leads to a higher absorption. To fiirther investigate the influence of 

temperature, another series of depositions, labeled 945A, 945B, 945C and 945D, were 

executed. The same processing parameters used for the 944 series were repeated, and the 

chamber was cooled down between depositions. The shutter was opened at a chamber 

temperature of 41°C and was closed at 65°C for all of the four depositions. Figure 4.6 shows 

the transmission curves; the consistency of measurements proves that the temperature is a key 

factor for determining the film oxidation state. 
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Figure 4.6. Transmission curves of deposition series 945. 
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Figures 4.7 and 4.8 contain the transmission curves of series 951 and 952. Generally, 

these curves exhTbit similar features. We emphasize that these films compnse mixed titanium 

oxides, so the similarity of behavior implies that the films have similar compositions but with 

diflferent proportionality. The films with higher transmittance contain more TiOj; on the other 

hand, more sub-oxidation states are expected in the films with higher absorption. 
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Figure 4.7. Transmission curves of deposition series 951. 

An experimental result given by Rao and Mohan [46] shows the connection between 

optical property and composition of Ti02 films. They evaporated TiO material with an electron 

beam in an oxygen filled chamber, both neutral and ionized oxygen were used. X-ray 

photoelectron spectroscopy revealed that the composition of TiC)2filni was a mixture of TiiOs 

and TiOa when neutral oxygen was used at ambient temperature. When an ionized oxygen was 

used for the same deposition conditions, the TiaOa content decreased considerably; at a 
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substrate temperature of250 °C and ^vith a discharge current of250 mA, the film composition 

is completely TiCh. They showed that the improvement of transmittance is the result of an 

increased TiOz component in the films. 
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Figure 4.8. Transmission curves of deposition series 952. 

To further explore the optical properties of titanium-oxide films, 5 more samples, run 

numbers 1013, 1014, 1015, 1016, and 1018 were deposited. In order to prepare these films 

for which the transmittance spans firom the range opacity to transparency, five processing 

conditions, mainly involving the variation of oxygen pressure fi-om previous deposition series 

conditions, were chosen. They include the parameters for 941D, 951 series and 952A. All 

films, thickness 1975 nm, were deposited on fiised silica substrates ( 1" x 1" x 0.062 " ). The 
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transmission curves of these five samples are included in Fig. 4.9. As the absorption increases, 

the sample color varies from gray-blue, black-blue, to black. 
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Figure 4.9. Transmission curves of various titanium oxide films. 

4.2. Optical constants calculation 

According to their transmissions, we can arbitrarily categorize thin films as transparent, 

semi-transparent and opaque. For instance, as shown in Fig. 4.9, sample 1014 can be thought 

of as a transparent or weakly absorbing film; on the other hand, samples 1013 and 1018 are 

opaque or highly absorbing films. Between these two extrema, there are semi-transparent films 

such as samples 1015 and 1016. 

As we mentioned before, only the optical constants of transparent and opaque films 

will be calculated in this work. We do not try to resolve the optical constants of semi-
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transparent fOms, though they can be determined by ellipsometry or by other inversion 

techniques associated with the photometric measurements. 

The envelope method is widely used to determine the optical constants of a transparent 

film in the visible or the IR region. In order to extend this method to find the optical constants 

in the short wavelength range, an iterative algorithm was developed [57]. The details of which 

are given in the Appendix B. Below, the R - R' method that solves the index of refiaction of 

opaque films is presented. 

4.2.1. R-R' method 

The complex index of refi"action n - i k  o f  a  non-transmitting film deposited on a thick 

transparent substrate can be resolved in terms of the air-incident and substrate-incident 

reflectances R and R' measured at normal incidence, as shown in the paper given by Minkov 

and Drashkova [58], 

(4-1) 

and 

R = + 
(4.2) 

where R,j and Ty are the reflectance and transmittance at the interface between media / and j. 
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Though these two equations can be solved by iteration, Minkov and Drashkova used the 

Newton-Raphson procedure; the initial solution that detemiines the success of the iteration is 

usually diflBcult to obtain for thin films. However, if the indec of the substrate n, is known 

beforehand, then /?i/in Eq. (4.2) can be calculated. Combining with /?a/from the Eq. (4.1), the 

complex index of reflection can be determined analytically, using 

The example used by Minkov and Drashkova is chosen for demonstration. The system 

is a single layer of magnetron-sputtered amorphous silicon fihn on top of a quartz substrate 

with rit = 1.47. The film is assumed to be homogeneous, isotropic, with no scattering loss. 

Table 4.1 lists the results using Eqs. (4.3) and (4.4), showing good agreement with the iterative 

results fi'om Minkov and Drashkova. Although the error analysis is not included here, the 

errors in the calculated indices stem directly fi'om the reflectance measurement errors and is 

sunple to estimate for these algebraic expressions [59]. 

( l - i 2 ) ( / ? , , - l ) ( n / - l )  (4.3) 

and 

(4.4) 
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A,(nm) R R' n k 

300 0.548 0.434 3.06 3.25 

350 0.513 0.392 3.90 2.83 

400 0.512 0.387 4.92 2.30 

450 0.483 0.356 4.96 1.69 

500 0.465 0.337 4.99 1.19 

550 0.456 0.328 4.89 1.12 

600 0.449 0.321 4.83 1.04 

Table 4.1. The optical constants of a layer of magnetron-sputtered aSi film on a quartz 
substrate. Equations (4.3) and (4.4) are used in the calculation. 

The superiority of this R - R' method to the other index solving methods is the 

simplicity of preparing and measuring the samples as mentioned by Minkov and Drashkova. In 

addition, the algebraic solution makes it easy to apply to any absorbing film as long as the film 

is thick enough for the effect of multiple reflections occurring inside the film to be ignored. 

This method might also provide an appropriate initial solution for a thinner absorbing film, 

where the multiple reflections cannot be ignored, to find the approximate thickness and the 

complex index of refiBction. Then iterative methods can solve for the exact R and R'. 



4.2.2. Optical constants of titanium oxide films 

The optical constants of sample 1013 and 1018 were solved by the R - R' method. 

Hgures 4.10 and 4.11 are the reflectance curves of these two samples measured in air-side and 

substrate-side incidence respectively. The low reflectance in the visible r^on and high 

reflectance in the IR region is the optical property required for solar absorber [60], though the 

reflection performance of these two samples might not be good enough for them to be used for 

this purpose. The index of refraction and extinction coeflBcients are plotted in Figs. 4.12 and 

4.13 correspondingly. The optical constants of sample 1014, typical values of dielectric Ti02 

films, are also included for comparison. Those values were calculated by the envelope 

technique as shown in Appendix B. Sample 1013 was deposited with no o^gen backfilled and 

sample 1018 was deposited at oxygen pressure 4 x 10"® mbar, its optical constants have a 

different appearance from sample 1014. Lower refiactive indices and higher extinction 

coeflBcients indicate that they are more metal-like. We recall that the process parameters used 

to deposit sample 1013 and 1018 are the same as used to prepare sample 941D and 951A, and 

the RBS results are TiOi.6o±o.o2 for 941D and TiO1.7410.02 for 951 A. These RBS data provide an 

indication of the compositions of sample 1013 and 1018, though they are unlikely to have the 

same compositions as the samples from different runs, even with the same process parameters. 

Yoshida [6] evaporated titanium with an electron beam gun in an oxygen environment 

to deposit TiOx films, which were used as AR coatings for metal solar absorbers. The 

composition x of the titanium oxide TiO* was measured using an electron probe microanalyser, 

the results showed that x increases from 1.8 to 2.0 with increasing oxygen pressure from 1 x 
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10'̂  Torr to 2 x 10"* Torr during deposition. The optical constants of those films, solved by 

the R - T method, are shown in Fig. 4.14. In general, the behavior of the refractive index 

follows a Cauchy type dispersion curve, except that the re&active index increases in the IR 

region for films deposited with oxygen pressure near 10*' Torr. 

In Fig. 4.14, a hump with peak at wavelength about 1100 nm ( 1.13 eV) appears in the 

extinction coeflScient curves for the films deposited with oxygen pressure below 1 x 10"* Torr 

in Yoshida's experiments. Similar behavior has been observed by other authors in the 

absorption spectra of reduced rutile crystals. Their reports are reviewed and summarized in the 

following paragraphs for their relevance to the absorption occurring in TiOa films. 
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Figure 4.10. Front surface reflection curves of samples 1013 and 1018. 
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Figure 4.11. Back surface reflection curves of samples 1013 and 1018. 
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Figure 4.12. Refractive indices of samples 1013, 1014, and 1018. 
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Figure 4.13. Extinction coeflBcients of samples 1013, 1014, and 1018. 
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Figure 4.14. The optical constants of TiO* films prepared at various oxygen pressures. (after S. 
Yoshida [6]) 



4.3. Infrared absorption of reduced nitile 

Rutile Ti02 single crystals are transparent from the fundamental absorption edge at 410 

nm to the absorption bands of lattice vibration that start at about 6000 nm [61]. When rutile 

crystals are reduced either by heating in vacuum or in a hydrogen atmosphere, a blue coloration 

appears in the crystals. This blue color originates from a broad absorption band that is centered 

at about 1200 to 1500 nm and extends over the whole transparent spectral region of the 

crystals. The nature of this absorption is not clear [62]. Cronemeyer [63] postulated that an 

ojtygen vacancy due to reduction acts as a doubly ionizable donor m rutile, and two electrons 

can be ionized from the vacant site. A helium atom immersed in a dielectric medium is the 

model that he proposed to simulate the oxygen vacancy. He reported that weakly reduced 

rutile has an absorption peak at about 1600 nm (0.75 eV), and for strongly reduced rutile an 

absorption maximum occurs at 1050 nm ( 1.18 eV ). These absorption peaks were also 

reported by other authors. Porter et al. [64] observed a broad absorption band peaked at 

about 1600 nm in the absorbance spectra of reduced rutile. Vratny and NCcale [65] found a 

slight dip at about 1100 nm in the reflectance spectra of reduced rutile. 

Besides oxygen reduction, rutile samples doped with lithium, phosphorus, and other 

impurities also demonstrate a broad absorption zone centered at about 1500 nm, as 

demonstrated by Bogomolov et al. [66]. Neither the shape of the spectral dependence nor the 

position of maximum absorption ( « 0.8 eV ) depends on the nature of the donors. Th^ 

concluded that the conduction band electrons donated by dopants or impurities strongly couple 
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with phonons and form small radius polarons; the broad absorption band is the result of the 

interaction of light with these polarons. 

Hippel et al. [67] attributed the discoloration band of reduced rutiles to ions 

instead of electrons trapped in oxygen vacancies as Cronemeyer proposed. Accompanying the 

oxygen loss, the interstitial Ti*"^ ions, which have an empty 3d orbit, or the Ti'*" ions near 

oxygen vacancies catch electrons and form Ti^* ions. The Ti^"^ ions with 4d^ configuration then 

act as electron donors and correspond to the blue appearance of reduced rutile. 

So for, we have focused on the absorption bands of slightly reduced rutile. It is known 

that during reduction, the rutile structure will only tolerate an oxygen deficiency of about 8 

parts per thousand before the defects order to form the " shear stnicture " phases [3]. The 

limited stoichiometry for rutile to maintain its structure is near TiOi592- Between this 

composition limit and TiioOw, a wide range of Magneli phases can exist. In the spectra of 

strongly reduced rutile, Cronemeyer [63] observed an absorption maximum at 1050 nm. 

Porter et al. [64] thought that Cronemeyer may have carried the reduction below the stability 

limit of rutile structure and formed a dij0ferent Magneli phase. A broad absorption maximum at 

1030 nm, corresponding to the composition TiseOri had been found by Bartholomew in 

Porter's laboratory [64]. Based on this observation and the position of absorption maximum of 

Cronemeyer's sample. Porter etal. suggested that the composition of his sample is Ti32063. 

Yoshida's [6] extinction coeflBcient curves show that the absorption peak at 1100 nm 

appears for the films with composition deviating fi'om TiOxo- To fiirther explore the optical 

behavior of our samples, the absorption spectra of these films are derived. 



79 

4.4. Absorption spectra oftitanium oxide films 

The absorbance of a film system Avith the configuration as demonstrated in Fig. B. 1 

can be written as; 

4 ,2 = 1 - 7 ^02-^. (4.5) 

where T02 and R02 are the transmittance and reflectance of the film as if it was deposited on a 

semi-infinite substrate. Absorption spectra of sample 1013 to 1018 are plotted in Fig. 4.15. 

Except for sample 1014, which has a composition close to TiOz, in general, a single broad 

absorption band is manifest in the visible re^on, which shifts gradually toward the IR region as 

the film's ojQ'gen content increases. Similar performance is found in the spectra of titanium 

oxide crystals as given by Porter et al. [64], However, the mechanisms responsible for this 

absorption are not well understood. 

There are three absorption peaks displayed in the spectrum of sample 1014. The most 

prominent one is the peak centered at wavelength 1100 nm; it is also shown in Yoshida's films. 

The second peak that we are interested in is located in the region between wavelength 400 nm 

to 500 nm. Two similar absorption peaks located at wavelength 490 nm and 920 nm were 

found by Heitmann [68] in the spectra of TiCh films, that were deposited by thermal 
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evaporation of TiO in a neutral oxygen environment. The last peak around wavelength 1400 

nm is due to the absorption of the msed silica substrate. 
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Figure 4.15. Absorption curves of various titanium oxide films. 

Ilse and Hartmann [69] observed a broad absorption band centered at 497.5 nm 

(20,100 cm*^) in solutions of the octahedral hexaaquotitanium (in ), [ Ti (HaO)^ ion. They 

assigned this band to a crystal field transition between the split levels of the term, namely, 

^2g -> ^ transition. Their observation may help us to oqjlain what we have found in our 

TiOj film. The absorption peak at 1100 nm in the spectra of our titanium dioxide films 

indicates that oxygen deficiencies occurred, and the Ti^" ions resulting fi"om oxygen defects 

react with water molecules adsorbed in the film and form [ Ti (H20)6 ions, which 

corresponds to the absorption band between 400 nm to 500 nm region. 
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We have seen that conventional reactive evaporation methods for depositing TiOj 

films, usually lead to a certain ojqrgen deficiency in the films. Several techniques have been 

developed to reduce the o^gen vacancies. It is known [61] that nitile loses oxygen quite 

easily at high temperature and the missing oj^gen can be restored by heating it at temperatures 

of600 °C or above in air or oxygen, according to the equation; 

(4.6) 

Amulf [5] reported that decomposed TiO* films can be rendered transparent by baking at 400 

°C in air for about an hour. Heitmann [68] used ionized oxygen associated with thermal 

evaporation of TiaOs material to achieve non-absorbing Ti02 films. McNeil et al. [70] 

employed ion-assisted deposition techniques to improve the stoichiometry of Ti02 films; 

oxygen ions were accelerated to bombard the TiOj films, which were formed by e-beam 

evaporation of TiO material in an oj^gen filled chamber. 

To recover the transparency, instead of heat treatment, a small amount of aluminum 

oxide can be added to the rutile crystal [61], The idea is to have Al^" ions purposely occupy 

the sites otherwise occupied by the Ti^"^ ions. The crystal becomes colorless and appears fiiUy 

oxidized, although oxygen ions are still missing, as indicated by the formula • 
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The same concept might be available for optical coatings to reduce the absorption peaks of 

T1O2 films. 

Doping can also be implemented for a specific purpose; a small amount of oxide can 

be mixed with the titanium oxide material to produce TiOj films. For instance, 5% CeCh was 

added to TiOa material to deposit Ti02 films such that the films are easily patterned in a 

CHCIF2 plasma [40]. Since the quantity of additive is usually very small, it does not alter the 

film's optical performance significantly. 

4.5. Optical band gap of TiO? film 

In thin-fim design, the band gap sets the limitation for the materials to be used in the 

short wavelength region. Ti02 film is one of the most important high index materials; its band 

gap is discussed below. 

4.5.1. Amorphous state 

Rutile is an insulator, or wide band gap semiconductor, whose filled valence band is 

predominantly of oxygen's 2p orbital and whose empty conduction band is composed of 

titanium's 3d, 4s, and 4p orbitals; the 3d orbitals dominate the lower portion of the conduction 

band [71]. For the amorphous state, it is known fi-om both experiment and theory that the 

valence and conduction bands retain their meaning. Tauc [72] assumed that the intrinsic 
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absorption of the amorphous solid is due to the transitions between those parts of the bands 

which correspond to the bands in the crystal. He furtlier assumed that those bands inv'oK'ed in 

the transitions are parabolic and only energy need be conserved for transitions such that any 

state in the valence band can be linked to any state in the conduction band. Based on these 

assumptions, he derived an empirical relationship that connects the absorption coefficient a and 

the band gap Eg ( optical band gap). It is written as 

a  = -r-(^v/-£ 
hv * 

(4.7) 

where .4 is a proportional constant. By plotting ( odiv versus hv, a straight line can be 

obtained which intercepts the hv axis at optical gap. Eg. This equation is well known as the 

Tauc formula and is widely used in amorphous semiconductors, though it is somewhat 

doubtfiil whether Eg really represents a true value for the optical gap [73]. 

Figure 4.16 is the ( cdiv versus hv plot of sample 1014. The first two tangent points 

of the transmission envelopes around the fimdamental absorption edge were used to plot the 

straight line, which intercepts the hv axis at 3.2 eV. This value is higher than the band gap of 

single crystal rutile, which has a value about 3.0 eV. Takeuchi [74] also reported a high gap 

value between 3.33 and 3.44 eV, for amorphous TiOa films prepared by r.j. sputtering. 
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Figure 4.16. (ahv versus hv plot of sample 1014. 

4.5.2. Crystalline 

Regarding the crystalline structure, the optical absorption in a semiconductor close to 

the gap behaves as 

zr xn (4.8) 
hv 

a  =  ̂ ( h v - E ^ y ,  
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w^ere n  depends on whether the transition is direct, n  = 1/2, or indirect, w = 2 [75], Note that 

this equation is similar to the Tauc formula; however, n = 2 in the Tauc equation does not 

necessarily imply an indirect transition, since the transition selection rules break down for 

amorphous semiconductors [76]. 

Fukushima et al. deposited the crystalline TiCb films by a reactive ionized cluster beam 

( RICB) [77]. The films prepared at an ojtygen pressure 1 ~ 2 x 10"* Torr showed the mixture 

of anatase and rutile structures. The direct band gap Eg is determined according to Eq. (4.8), 

and the value is in the range of 3.55 to 3.61 eV. 

Kozlowski e t  a i  [76] grew rutile films electrochemically on polycrystalline titanium 

substrates. They measured the photocurrent spectra of the films and determined the optical 

band gap using the equation given by Butler [78], The equation is 

rjhv = const{hv-)", (4 9) 

where rj is the quantum efficiency of the material. Note that the parabolic band structures is 

one of the assumptions in the derivation. 

The indirect bandgap of 3.3 eV and direa bandgap of 3.7 eV were found for a slowly 

grown TiOa nitile film by them. Later, Halley, Kozlowski and their colleagues [79] directly 
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coinpaFed the photoelectrochemical spectra of single crystal rutile with the spectra of this 

slowiy grown rutile film, and found that the data were indistinguishable within experimental 

uncertainty. They also obtained good agreement in the electronic structure calculations, so that 

they concluded that the bandgap in this slowiy grown Ti02 film and in single crystal rutile are 

essentially the same and equal to about 3.0 eV. Furthermore, they doubted that the assumption 

of parabolic band structure is valid in this TiC^case, and the value of 3.3 eV probably does not 

correspond to any bandgap in reality. 

4.6. The electrical resistivity of titanium oxide films 

Electrical properties of thin films have long been of practical importance and theoretical 

interest. The thin film conductors, insulators, and devices play a determinant role in today's 

fast growing microelectronics. The knowledge of bulk conduction provides a basis for 

understanding the thin film behavior. However, the thin film structure leads to some unique 

conducting properties of thin films, such as the size eflfects, the structure continuity effects, the 

electrode effects, and the existence of high electric field in films [80], 

The resistance of our titanium oxide films is presented below. The same parameters 

used for preparing samples 1013 to 1018 were applied to deposit other five titanium oxide 

fihns onto 1" x 1" fiased silica substrates for resistance measurements. The resistance of film 

was measured between two points at the middle of opposite edges by an ohmmeter. It 

increases drastically fi'om 300 Q for the film deposited without oxygen, to the value beyond the 
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measurement range of the meter for the film prepared with o^Qrgen pressure S x 10 mbar. 

The results are shown in Table 4.2. 

Sample 999 1000 1002 1003 1004 

Po^ {mbar) none 4x 10"® 5x 10"* 8x 10"® 2x10"'  

Resistance 300 n 40,000 n C O  1,500 n 3,000 n 

Table 4.2. The resistance of titanium oxide films. 

The semiconductor to metal transitions in titanium oxide crystals have been 

investigated by several authors [81,82], and the theories associated with the transitions have 

been developed [83]. We continue the resistance measurements of our titanium oxide films; 

instead of the semiconductor to metal transitions, the metal to insulator transitions in these 

oxide films were investigated. 

The samples were measured in a low temperature environment, and the instrument at 

Dr. Charies Falco's laboratory in Physics Department designed for measuring the resistance of 

high-temperature superconducting films was employed. Samples were measured in a closed-

cycle refiigerated chamber, and the chamber was evacuated. The van der Pauw [84] four-point 

probe method was used to determine the resistivity of the films. It is a simple way to determine 

resistivity of an arbitrary shaped samples if the foUowing conditions are met; (1) the contacts 

are at the circumference of the sample, (2) the contacts are sufficiently small, (3) the sample is 
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uniformly thick, and (4) the surface of the sample is singly connected, i.e. the sample does not 

have isolated holes. According to van der Pauw, the resistivity ^ of a sample is thus gjven by: 

P =  _ Tld {^aB.CD ^BCJM ) 

In2 
/ 

( r  
•as.CD 

(4. 10) 

In this equation, the RAB.a> is defined as cd = > where the current Iab enters the sample 
^AB 

through contact A and leaves it through contact B and =V d~^c 'S the voltage difference 

betw e en the contaas D and C. The Rbc, da is defined similaiiy. /is a function of the ratio Rab. 

CD ''Rbc. DA only, and it satisfies the relation 

^5£SL=/arccos/.. 
^AB.CD ^BCJ}A 

exp i f ) ]  (4.11) 

For a symmetrical sample such as a circle of a square, R^, cd is equal to Rbc. da and /is unity. 

The resistivity p then can be simplified as 

Ttd „ ^... (4.12) 
P ~ ^AB.CD ~ ̂ -^^^^AB.CD • 
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Only three samples 999,1003, and 1004 were measured in these experiments, and the 

electrical contacts were made using pressed indium. Since the transmission curves of samples 

1002 and 1014 overiapped each other, and these two samples were prepared under the same 

processing conditions, we deduce that they have the same thickness. The thickness of sample 

1014 determined by the envelope method is 246.16 ran. This value was therefore used in Eq. 

(4.12) to calculate resistivity of all these films. Figure 4.17 presents the resistivity of these 

samples as a function of temperature. The curves show the metal to insulator transitions 

occurred in all the samples, and the transition takes place at the lower temperature as the 

oxygen content in the film decreases. The sample 1004 which was prepared with the oxygen 

pressure 2 x 10mbar has a broad transition region, but the sample 1003 which was prepared 

with the oxygen pressure 8 x 10 mbar has a very narrow transition region. The resistivity of 

both of them rises drastically, after they become insulators. 

A variety of metal to insulator transitions such as band-crossing, Mott, Hubbard and 

Verwey transitions can occur in transitional-metal oxide crystals [85]. The mechanisms for the 

transitions occurring in our titanium oxides films are not clear to us; the volume variation may 

be a significant fector since many voids are contained in the thin fibn structure. 
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Figure 4.17. The resistivity versus temperature curve of samples 999,1003, and 1004. 

4.7. Colsing remarks 

In this chapter, we have seen that the knowledge from studying the bulk materials is 

helpfiil for us in interpreting thin-film performance. However, due to thin film unique micro-

structure, which is very sensitive to the process parameters, there are limits to the usefiilness of 

results derived fi-om the study of bulk materials. 
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CHAPTERS 

STRESSES IN THE TTTAMUM OXIDE FILMS 

The mechanical properties of thin films are very important since they determine the 

reliability of coated components. Thin films used in optical coatings are very brittle and 

are often subjected to very large stress. This leads to a number of problems ranging fi"om 

a simple distortion of a precisely figured optical surface to the complete failure of an 

optical component due to cracking, buckling, or delamination of its coating. Excessive 

stress can even deform or damage the substrate. Further, stress affects various properties 

of systems, such as the band gap in semiconductors, the transition temperature in 

superconductors, and anisotropy in magnetic films. 

Failure can occur at the fabrication stage especially when fi-esh coatings are first 

exposed to atmosphere. It can also develop during normal handing or operation, for 

instance, by exposure to high humidity, salt spray, high power lasers. X-ray radiation, etc. 

In order to improve the mechanical durability of a device, an understanding of the 

origin of the stresses in thin films is needed. We start this chapter by briefly reviewing the 

origin of thin-film stresses and the methods for stress measurement. We then study the 

stresses in our titanium oxide samples, concentrating mainly on the influence of film 

thickness and oxygen pressure on the stresses. 



5.1 Sources of stress 

In general, the total stress <7 observed in a nim consists of three components [86] 

o- = o-„. + or^ + (5.1) 

The external stresses ctcxl are the result of any externally applied forces. Thermal stresses 

^itwrm develop because of the difference in thermal expansion coeflBcients between the 

fihn and the substrate, which arise either during fihn production or through the following 

heating or cooling process. 

The last and most important part is intrinsic stresses amtr., which develop as the 

film is being formed. The nature of intrinsic stress is complex and there is no single model 

that can be used to explain the origin of it [86,87,88,89,90]. Here, we limit our attention 

to the grain boundary model [91], And we will use this model to explain the stresses that 

occurred in our titanium-oxide films. 

The grain boundary model was first proposed by Finegan and Hofifinan [91] to 

explain the intrinsic tensile stresses in polycrystalline films. According to this model 

[92,93], stress develops when the coalescence of isolated crystallites forms a grain 

boundary. Neighboring crystallites enlarge through deposition until a small gap exists 

between them. The attractive interatomic forces acting across this gap between adjacent 

grains cause an elastic deformation or relaxation of the grain walls. The grain boundary 

relaxation is constrained because the crystallites adhere to the substrate, and the result of 

the deformation is manifested macroscopically as observed stress. A schematic 
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representation of the grain boundary model is given in Fig. 5.1 [89], Pulker and Maser 

[93] empioyed this model to calculate the tensile stress in MgF2 and compressive stress in 

ZnS films, the values of which were in good agreement with the measured values. 

Figure 5.1. Schematic representation of the grain boundary model. ( after H, 
Windischmann [89]) 

The intrinsic stress is very sensitive to the process of thin film growth; it depends 

not only on the coating and substrate materials but also on the evaporation method and the 

coating conditions such as substrate temperature, deposition rate, incident angle of 

condensed atoms, layer thickness, impure gases and their pressure, etc. [94]. Wth this in 

mind, we focus on the effect of impure gases on intrinsic stress. 

Recall that films grown by the evaporation method tend to form columnar 

structure. The columns contain very fine crystals of the film material so that the column 

Grain 
Attractive Forces 



boundaries are like the grain boundaries in polycrystalline films [95]. Due to the porous 

microstructure, the films are prone to gases or impurities penetration and internal 

oxidation, which usually induce the compressive stress [86,96], For instance, Alexander 

and Hofi&nan [97] observed that tensile stress reduced as the oxygen content increased in 

Ni films. Pulker [98] reported that the tensile stress in MgFi films decreased when the 

material was doped with CaFz or BaFj. The mechanism of this impurity-induced stress is 

not clear, lattice distortion is one possibility. Several conditions can lead to the lattice 

distortion such as: (a) the incorporation of atoms of a size different fi-om the host, or (b) 

the reaction at grain boundaries producing a phase with a different molar volume, or (c) 

the reduction of grain surface energy [89]. 

5.2. Stress measurement techniques 

The bending-plate and bending-beam are the two most commonly used methods to 

determine stresses in films [86,98]. With the bending-plate method, a circular plate with a 

deposited film is on top of an optical flat. Due to the film stress, the plate is deflected 

fi-om the optical flat and a Newton's-rings interferometer is formed. The radius of 

curvature of deflected plate is determined by measuring the Newton's interference fiinges, 

which appear when the set up is illuminated with a monochromatic light source. With the 

radius of curvature r and the elastic data of the test plate, the fihn stress a is calculated 

according to 
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E, t] (5.2) 

6 r { \ . - v )  t f  '  

where E, and i' are the Young's modulus and Poisson's ratio of substrate, respectively; /, 

and //are the thicknesses of substrate and the film respectively. 

In the bending-beam method, a rectangular substrate is clamped either at one side 

or two sides; the deflection of the free end or the central deflection is measured. Wth the 

deflection measured, the radius of curvature of the strip is derived and a stress equation 

similar to Eq. (5.2) can be obtained. 

In our laboratory, a cat's eye interferometer [99], which has the same operating 

principle as the bending-plate method, is installed inside the vacuum chamber. With this 

equipment, we are able to monitor the stress development in situ during deposition [100]. 

5.3. Stresses in the titanium oxide films 

In this work, the stresses in our titanium oxide fihns was deduced from 

examination with a Nomarski microscope. The samples were prepared with the same 

processing parameters as applied in the previous experiments. Titanium oxide films were 

obtained by e-beam evaporation of TiaOs material with various oxygen pressures including 

no oxygen, 4x10"^ mbar, 8x10"^ mbar, 2x10'^ mbar and 5x10"* mbar. 

Experiments started with depositions of films of thickness 1000 nm. All films 

cracked at this thickness. Figure 5.2 shows the cracks in one of the films. In this picture, 

all cracks intersect only at right angles; although some of the lines may be parallel to each 
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other, at the points of intersection, the two cracks meet at right angles. The intersection 

of cracks at right angle is the characteristics of tensile stress; the explanation of this 

phenomenon can be found in Rancourt's book [101]. Tensile stress is attributed to the 

large number of grain boundaries of the films prepared by e-beam evaporation. 

Figure S.2. Photo of tensile failure in titanium oxide film as seen through an optical 
microscope. 

The peeling of films fi-om substrates is found in the samples deposited with oxygen 

pressures less than 10"' mbar. The film flakes tend to curl upward, which is a sign of 

tensile stress. No peeling is found in the samples having higher oxygen contents. Film 

flaking is the result of large tensile stress overcoming the film-substrate mterfacial 

adhesion. 

Regarding the deposition of metals on glass substrates [92,102], in general, an 

optimum adhesion is achieved only when the metal contacts the substrate through an oxide 
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bond. The adhesion is through a compound inter&ce formed between metal-oxide films 

and oxide substrates; for instance, chromium adheres very well to glass substrates because 

of oxidation. It seems that the oxygen-rich films have a stronger bonding to fused silica 

substrates, as shown in our samples. 

To examine the effect of film thickness as well as the oxygen pressure on film 

stress, more titanium oxide films were deposited. To distinguish the oxygen influence 

more effectively, only three oxygen pressures, no oxygen, 2 x 10 mbar and 5 x 10 

mbar, were kept for the experiments. Three more thicknesses 630 nm, 300 nm and 250 

nm were arbitrarily chosen. At a thickness of 630 nm, no cracks were observed in the film 

prepared with oxygen pressure 5 x 10 mbar. Cracks were observed in the other two 

films but no peeling was found in either fihn. At a thickness of 300 nm, cracks appeared 

only in the film deposited with no oxygen in the background. With still lower thickness 

down to 250 nm, no cracks were found in any films. The observed results are summarized 

in Table 5.1. 

no oxygen = l y .\Qr^mbar = 5 y .\Qr*mbar 

1000 nm cracks cracks cracks 

630 nm cracks cracks no cracks 

300 nm cracks no cracks no cracks 

250 nm no cracks no cracks no cracks 

Table 5.1. The tensile failure in titanium oxide films under various preparation conditions. 



Two conclusions can be drawn from our observations, (a) For the same oxygen 

pressure, fewer cracks were observed in the thinner nims than in the thicker films, (b) For 

the same thickness, no cracks or fewer cracks were observed in the films deposited with 

higher oxygen pressures. 

Our observations can be explained by the grain boundary model if we assume that 

the number of cracks in the films is proportional to the amount of tensile stress. 

According to the grain boundary model, the tensile stress originates fi-om the attractive 

forces between grains in the films. Thus, for a columnar grain structure, the grain 

boundary area and the tensile stress increase with films thickness [103]. Note that the 

grain boundary model provides a plausible explanation of what we have observed in our 

experiments; however, the stress formation is far more complicated than this model can 

describe. For instance, the average stress in thick films is relatively independent of the film 

thickness [87]. 

We discuss the effect of oxygen on the thin film stress under the assumption that 

the columnar structure is mainly determined by the vapor species that comes fi-om the 

vaporization source, and the chemical reaction between oxygen and vapor species takes 

place primarily on substrate surface. Thus, if there is no oxygen present, films should have 

similar structures and tensile stresses. The introduction of oxygen during deposition 

results in the incorporation of the oxygen atoms or molecules into the films, which reduces 

the surface energy of grain boundaries or the attractive forces between them [89]. This 

was the reason proposed by Martinz and Abermann [104] to explain the decrease of 

tensile stress in chromium films prepared in an oxygen environment. They thought that 
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the chromium oxide formation at grain boundaries suppressed the grain coalescence. With 

increasing oj^gen pressure, tlie amount of chromium oxide built into the chromium film 

increases and the tensile stress decreases responsively. We believe that we can interpret 

the effect of oxygen on our samples in the same way. We emphasize the somewhat 

qualitative nature of the use of crack numbers as a measure of film stress. This relies on 

the assumption that the different films have similar ability to sustain stress before cracking. 

5.4. Closing remarks 

It seems that the grain boundary model gives us a reasonable explanation of stress 

development in films without detailed information on film microstructure. Based on this 

model, the tensile stress due to attractive force between grain boundaries, can be tailored 

by reducing the voids in thin film micro-structure. The high compressive stresses were 

observed in titanium-oxide films by Yang [33], The fibns were obtained by rf-diode 

sputtering fi-om a titanium-dioxide compound target. He attributed the compressive 

stresses to argon incorporation into films, which reduced the voids and tensile stresses. 

The peening effect [104] is the other effect associated with the sputtering process. The 

momentum transfer fi-om the bombarding ions causes rearrangement of the atoms to form 

a dense film; the tensile stress within the film then is relieved consequently. In our 

laboratory, we also found that compressive stress accompanied ion-assisted deposition 

[106]. 
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CHAPTER 6 

STRUCTURAL INVESTIGATION OF TiOj RUTILE USING 

MOLECULAR DYNAMICS SIMULATION 

Over the past few decades, computers have played an increasing important role in the 

field of science. This is due in part to the fast advance in computer sciences and engineering. 

With the advent of the so-called supercomputer, many complicated issues virtuaUy unsolveable 

analytically can now be approached by simulation. To investigate a complex system, a well 

defined model system is usually required. Computer simulation is then used to study this model 

system, which allows us to evaluate the complex system and gain insight into its behavior. The 

other important feature of computer simulation is to fill the gap between theory and 

experiment. Some quantities or behavior may be impossible or difiBcult to measure in an 

experiment, but with computer simulation such quantities can be computed. 

There are two principal aspects of the structure of almost all optical thin films. A 

columnar miCTo-structure that possesses the pore-shaped voids between the columns, and a 

crystalline structure that persists even when the columnar structure is minimized by the 

energetic deposition methods like sputtering or ion-assisted deposition. 

Computer simulation can help us to understand both those aspects of micro-structure. 

The columnar structure has been much studied using ballistic, hard-disk models and these are 

touched on in the first part of this chapter, but the crystalline structure is much more difiBcult. 
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We believe that a simulation technique known as molecular dynamics simulation has great 

promise in this respect. We present here a shon introduction to this topic and some 

preliminary results that show great promise for further investigations and improved 

understanding. 

6.1. Hard-disk simulation ofthin film growth 

The hard-disk model has been widely used to simulate thin film growth by physical 

vapor deposition and has helped to understand the processes involved in the formation of 

microstructure. This model simulates thin film growth by the random ballistic aggregation of 

disks or spheres on a surfece. By this method, Henderson et al. [107] concluded that the 

columnar miaostructure and voids commonly observed in amorphous thin films are a natural 

consequence of the deposition process. They attributed the columnar structure to the self-

shadowing of the vapor beam by the growing film. Dirks and Leamy [108] employed the hard-

disk model simulation and found that the orientation of the columns ob^ed the tangent rule 

tana = 2xtan^, (6.1) 

which is an empirical equation derived by Nakhodkin and Shaldervan [109] relating the angle 

of vapor incidence, a, to the angle of column orientation, ft, the angles a and p are measured 

with reference to substrate normal. 

The high melting temperature of coating materials and the low substrate temperature is 

characteristic of optical coatings. As a consequence, the surface mobility of atoms or 
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molecules is assumed very low or negligible in optical coatings. It is the low mobility of 

particles which leads to the self-shadowing eSea and columnar formation in lliin Sim growth. 

To simulate the situation of limited mobility, the incident disk may remain at the site \^ere it 

impinged, or it may relax from the initial impingement site into the nearest cradle formed by 

two additional disks before its impingement [107,108]. Hgure 6.1 is a result of hard-disk 

simulation [110], in which the columnar structure follows the tangent rule and orients at about 

40°. The angle of incidence is 60° and the disks are immovable after th^ are deposited in this 

demonstration. 

Figure 6.1. Hard-disk simulation of film growth in the zero-relaxation limit, 60° angle of vapor 
incidence. ( after Sargent [110]) 

6.2. Molecular dynamics simulation 

Molecular dynamics (MD) simulation is a powerful tool for deriving the macroscopic 

and microscopic properties of a system. MD simulation essentially solves the Newtonian 
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equations of motion of an assembly of particles, the constituents of the system. The solution of 

these equations provides quantitative information on the structure of xxiaterials and thus 

predicts the relevant properties. 

Titanium oxide films fi'equently are complicated mixtures of both crystalline and 

amorphous material [50]. Here we study the TiOj crystalline structure and its amorphous 

stmcture using molecular dynamics simulatiotL A constant stress MD formalism [111] is 

implemented, and the program developed by Dr. Pierre D^miier in the Material Science 

Department of University of Arizona is used. 

Historically, MD was first developed by Alder and Wainwright [112] in 1957 to study 

the motion of an particle system with time. Until 1980, MD was limited to systems in which 

the volume was not allowed to fluctuate. However, in order to study systems under constant 

pressure, Andersen [113] developed a new MD calculation scheme, which includes the volume 

of the system as an additional dynamical variable. Later, Parrinello and Rahman [114] 

extended Andersen's idea to allow the volume as weD as the shape of the MD cell to vary with 

time. This algorithm, described below, is well suited to the study of the structural 

transformations in solids under external stress and at finite temperature. 

6.2.1. Constant stress MD 

In the constant stress MD formalism, a simulation cell which contains N  particles is 

defined by three vectors d, b and c in a space-fixed Cartesian coordinate system. The vectors 

a, 5 and c can have different lengths and arbitrary mutual orientations. Let ^ be a 3 x 3 
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matrix formed by { a , b , c  }; then the volume of the simulation cell is given by 

Q = a.{by.c). The position ^ of a particle / in a Cartesian coordinate system can be written 

i n  t h e  c o o r d i n a t e  s y s t e m  d e f i n e d  b y  v e c t o r s  a ,  b ,  a n d  c a s  / •  =  +  =  h s ^ ,  

where has components ( ) each going fi-om 0 to 1. The Hamiltonian governing the 

equations of motion of the system under a constant stress is given by: 

i i ) + p n ,  ^  ^  
i = l ^ i /)i ^ 

where the fiirst and second term are the kinetic and potential energies of the set of particles, the 

third term in Eq. (6.2) is the kinetic energy of the borders of the simulation cell, to which a 

mass W is artificially assigned, and the last term is the woiic done on the system by an external 

pressure p. 

The first two terms in Eq. (6.2) can be grouped as the internal energy 

,  (6.3) 

1=1 1 /)! 

1 ' 
therefore, to a small error of order —WTr{fi h), ones finds that Eq. (6.2) is nothing but the 

enthalpy 
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H = E + p n ,  (6.4) 

so that the associated simulation is conducted in the isoemhalpic-iscbaric ensemble. 

6.2.2. The potentials 

To reduce the computation time, it is usually assumed that the interaction between the 

particles in the system is described by the central, pairwise, and additive potentials. In our 

simulation, a Bom-Mayer-Huggjns type potential was used 

where the first term is a long range Coulombic potential, in which r, is the distance between 

particles, qt, qj are the charges of particle / and 7; the second term is a short range core-core 

repulsive potential and Ag, cTj are the two parameters of this exponentially decaying term, and 

the last term is a short range Van der Waals attractive potential with Q as a coefficient. 

Note that the Coulombic term in Eq. (6.5) is a long range potential; in order to speed 

the convergence of this term, the Ewald summation method [115] is incorporated in the MD 

calculation. 

a a 

n. 

(6.5) 
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6.2.3. Periodic boundary conditions 

Typically, the number of particles yVin a simulation study is on the order of 10^ or less, 

and the size of the simulation cell is finite. To reduce the effect of the cell's sur&ces and 

simulate more closely the behavior of an infinite system, a periodic boundary condition is 

usually imposed [116]. Figure 6.2 shows the periodic boundary conditions for a two-

dimensional system. The particles of interest lie in the central cell, which is surrounded by 8 

image cells ( 26 image cells for a 3D system). Each image cell contains N particles in the same 

relative positions as in the central cell. When a particle enters or leaves through one side of the 

central cell, the movement is balanced by an image of that particle leaving or entering through 

the opposite side. Thus only the motion of the particles of the central cell need be followed 

by the computer, and the system is somewhat representative of a small volume embedded in a 

bulk sample of the material. 

t 
o 

t t 

I T 
o 

T 
o T 

Figure 6.2. Periodic boundary conditions used in a two dimensional system. 
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6.3. Structure of crystalline and amorphous TiO^ 

Titanium dioxide exists in three crystalline modifications, anatase, brookite, and futile. 

The structure of both anatase and rudle are tetragonal, whereas brookite is orthoiiiombic 

[117], Rutile is the thermodynamically stable form at all temperatures, but anatase and 

brookite retain their structures until heated to high temperatures, at which they transform 

irreversibly to rutile. The reported transition temperatures are 800° C-1100° C for anatase, and 

700° C - 1300° C for brookite [118], Brookite has never been observed in vacuum-deposited 

films but was found in dip-coated films [98]. Below, we studied the structure of rutile, as well 

as of Ti02 glass, by the simulation method. 

6.3 • 1 • The potentials for Ti02.svstem 

In MD calculations, the motion of particles is governed by the interatomic forces, 

which are the derivatives of interatomic potentials. Therefore, finding a proper potential for the 

system is crucial to the simulation. Three Bom-Mayer-Huggins potentials derived for the rutile 

and titanium-oxygen based system by different authors [119,120,121] were listed in the Table 

6.1. To find the proper potential for our work, the potentials in Table 6.1 were systematically 

used to simulate the rutile structure. The resulting structures show that only the potential 

parameters used by Lewis and Catlow [119] to calculate the defect energy in BaTiOs systems 

produce the correct rutile structure, so that we adopted the same Ti-0 and 0-0 parameters for 

the rutile simulations. Note that the Ti-Ti interaction term in the short range Bom-Mayer-

Huggins potential was neglected in our calculation, since it is smaller than the Coulombic 

interaction between them [122]. 
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A,3(eV) C6(A°) QCeVA"^) 

Ti-0 877.2 0.3810 9.0 

0-0 22764.0 0.1490 43.0 

Table 6.1 .(a), from Lewis and Catlow [119]. 

A.j(eV) <^5 ( A°) Cii(eVA^) 

Ti-0 656.7 0.4043 0.0 

0 - 0  22764.0 0.1490 27.1 

Table 6.l.(b). from Catlow and James; Mackrodt and Stewart [120], 

Ajj(eV) a!j(A°) QjCeVA"^) 

Ti-Ti 9577 0.184911 18.847 

Ti-0 1164 0.329489 11.998 

0 - 0  159700 0.1513088 22.897 

Table 6.l.(c). from Matsushima and Iguchi [121], 

6.3.2. The rutile ( TiO^^') structure 

Figure 6.3 shows the crystal structure of rutile. The Ti ions are octahedrally 

coordinated, and the structure can be viewed as consisting of TiOe octahedra which share 

edges and comers in such a way that each o^tygen ion belongs to three neighboring octahedra 

[123], 
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o Oxygen 

# Titanium 
a = 0.4584 nm 

Figure 6.3. Schematic diagram of a rutile crystal structure. (after P. Kofstad [123]) 

6.3.3. Simulation of crystalline TiO;. 

The simulation cell contains 216 particles including 72 Ti and 144 O ions. The 

structure of rutile, as shown in Fig. 6.3, was used as the initial structure for the crystal 

simulation. The temperature and pressure were 300° K and 1 atm for rutile simulation. The 

time step A t for MD simulation usually is on the order of 10"^' second or approximately 1% 

of the period for an atomic vibration. The time step 5.37 x 10sec was chosen, and the total 

number of simulation steps was 3000. The mass of the borders of the simulation cell, FF, was 

artificially assigned as 5 max ( oxygen mass). Figure 6.4 shows the radial distribution functions 

(RDF) obtained from the simulation; it clearly displays the crystalline structure of the system. 

The cell  dimension or=4.615^"resulting from simulation matches the value a=4^84^° 

[123] from experiment very well, but c=3240/4° is about 10% higher than the experimental 

data c=1.9S9A'. 



110 

T i - T i  

TiOz Rutile 

1 , • I ' i I < I ' \ I /1 \ I /i f. I 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

r (angstrom units) 

Figure 6.4.(a). Radial distribution function of Titanium-Titanium for the simulated Ti02 rutile. 
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Figure 6.4.(b). Radial distribution fijnction of Oxygen-Oxygen for the simulated TiOz rutile. 
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Figure 6.4.(c). Radial distribution fianction of Titanium-Oxygen for the simulated TiOj rutile. 

6.3.4. Simulation of amorphous Ti07 

In the second part of structure simulation, Ti02 glass was obtained through two stages. 

Liquid TiC)2 was set up first by " melting " the crystalline Ti02 at 2200° K for 6000 simulation 

steps; the liquid was then ultrafest quenched to room temperature and the system was allowed 

to reach equilibrium in a period of 6000 time steps. Figures 6.5 and 6.6 present the radial 

distribution fiinctions for liquid TiOzand for Ti02 glass respectively. These figures demonstrate 

that the long range structures disappear in the systems, which is the characteristic of an 

amorphous state. Note that Phule [124] has used MD simulation to find the coordination 

number for titanium, which is 6 in TiOz rutile and 4 in TiOj glass. This suggests that crystalline 

Ti02 contains the TiOe octahedral structure and amorphous TiOj contains the Ti04 tetrahedral 

structure. 
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Figure 6.5.(a). Radial distribution fimction of Titanium-Titanium for the simulated liquid TiOa. 
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Figure 6.5.(b). Radial distribution fiinction of Oxygen-Oxygen for the simulated liquid TiOj. 
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Figure 6.5.(c). Radial distribution fimction of Titanium-Ojtygen for the simulated liquid TiC)2. 
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Figure 6.6.(a). Radial distribution function of Titanium-Titanium for the simulated TiOaglass. 
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Figure 6.6.(b). Radial distribution function of Oxygen-Oxygen for the simulated Ti02 glass. 
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Figure 6.6.(c). Radial distribution fiinction of Titanium-Oxygen for the simulated TiOjglass. 
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6.4. Thermal expansion of the HO^iutile 

It is heiptiil to explore how the solid holds together in a thermal expansion study. 

Burdett et al. [125] reported a nearly isotropic shrinkage of the structures of both TiOj rutile 

and anatase upon cooling from 295° K to 15° K. Based on the experimental results, they 

concluded that the balance of attractive Ti-O and repulsive 0-0 interactions control the details 

of the overall structures. Thermal expansion of rutile and anatase was studied by Rao et cd. 

[126], they concluded that the coeflBcients of thermal expansion for anatase are smaller than 

those for rutile at room temperature; however, the coeflBcients for anatase increase rapidly as 

the transition temperature is approached and become greater than those for rutile. The increase 

of thermal vibration amplitude of the ions facilitate the transformation of anatase to rutile. 

The MD simulation with constant stress formalism is an appropriate veWcIe to study 

the thermal expansion as well as the phase transition of a system, and the program developed 

by Dr. Pierre Deymier has been successfully used to study the glass formation of NaCl and 

ZnCk ^sterns [127]. In the following, we continue our simulation to study the thermal 

expansion of TiOj rutile system. 

The rutile structure that resulted from the room temperature calculation was heated 

up successively at intervals of 50° K. The desired temperature was imposed instantaneously 

on the ^stem, which was then equilibrated for 3000 time steps. To reduce any artificial effects 

on the system, for temperatures higher than 1350° K, the time step was decreased to 

5.37 X 10 sec and the simulation period was increased to 15000 steps. For temperatures 

higher than 1600° K, the time step and the interval were reduced and increased still further, to 

1.07 X 10 sec and to 30000 steps respectively. Figure 6.7 shows the volume of a unit cell of 
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rudle as a function of temperature. The experimental data from Meagher and Lager [128] are 

also presented tor comparison. The slope of the curve obtained from the simulation is in good 

agreement with the experimental result, although the simulation yields a larger cell volume than 

the experiment does. The volume expands linearly as the temperature rises; however, an 

abrupt volume increment expected to occur at the melting point, about 2100° K for mtile, is 

not seen in the simulation curve. This may be due to the &ct that the potential we chose for 

simulation was originally derived for the crystalline BaTiOs systems [119], and was not proper 

for liquid simulatioa The same reason may cause the simulation to yield the density 

1.96 g / cm^ of liquid Ti02 at 2200° K, which is fer smaller than the experimental value 

3.22 g/cm^ [129]. 
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Figure 6.7. Unit cell volume of rutile as a function of temperature. The measured data are 
from Meagher and Lager (ref [128]). 
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6.4.1. The thermal expansion coefficient 

The thennai expansion coefficient is defined as 

1 /r-C (6-6) 
a = — (  —  ) ,  

^ T-25' 

where Ij is the length at desired temperature. 

The thermal expansion coefficients (x,, otc of the cell dimension can be derived from the 

radial distribution function of Ti-Ti. The first peak in Fig. 6.4.(a) corresponds to two titanium 

ions located at the two ends of a cell edge along the c-axis, the distance of which therefore 

determines the length of unit cell in that direction. For the same reason, the third peak in 

Fig. 6.4.(a) determines the length of the unit cell in the a direction. The simulation data at two 

temperatures 300° K and 1000° K were taken to calculate the average oc. and etc. Table 6.2 

lists the results of simulation, which are in a good agreement with the experimental data. The 

values of the anisotropy (Oc /a,) are greater than unity, which implies that the cell expands 

anisotropically as the temperature rises. The radial distribution function also reveals the 

interatomic distances and angles in rutile, which are valuable for understanding the structural-

electronic relationships in inorganic solids [125]. 
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Average Thermal 
Expanaon Coefficient 

Measured [126] Measured [128 ] Simulated 

a. 8.32 X 10^ 7.51 X 10-^ 7.74 X 10"^ 

CXc 1.09 X 10-' 1.04 X 10-' 1.10 X 10"' 

Table 6.2. The measured and simulated average thermal expansion coefficients along a-axis 
and c-axis of unit cell. The numbers in parentheses are the reference number. 

6.5. Closing remaiics 

In this chapter, we have seen the capability of computer simulation and its limitations. 

However, with the fest growing calculation ability of computers, most of the limitations can be 

resolved. The potential of simulation is unlimited; so is its contribution to the advancement of 

material sciences and technologies. A very interesting topic for further study would be the 

properties of rutile with oxygen deficiency. This could be simulated by removing the oxygen 

ions fi-om the crystal and replacing them with twice the number of electrons, so as to keep the 

^stem electrically najtral. This would be a major study so we leave it for the future 

investigation. 
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CHAPTER? 

CONCLUSIONS 

We have seen that the information gathered from the high temperature vapor study 

lays the ground for us to understand the deposition process. In fact, the coater and the 

environment used for deposition are very similar to that designed purely for high 

temperature study. Due to the complexity of thin film growth, for years, semi-empirical 

rules are developed to explain most of the thin film properties. Those rules have been 

employed to explain what we have observed m our experiments. We now conclude with a 

brief summary of this study. 

7.1. Summary 

Congruent vaporization, which provides a stable vapor species, is very significant 

in optical coating. The temperature inside the crucible not only determines the deposition 

rate but also determines the vapor species. In general, titanium oxide films contziin a 

mbcture of phases of titanium oxides. It appears that congruent vaporization can occur in 

our coating system, and the congruent composition is between Ti203 and TisOs. However, 

to confirm definitively the occurrence of congruent vaporization, a fiirther series of 

vaporization experiments involving TiO, TisOs, Ti407, TiOa, or other titanium oxides as 

well, is required. A mass spectrometer to monitor the gas species during evaporation, and 

X-ray diffraction to examine the residue after evaporation are also needed. To fiirther 
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determine the role of water vapor in thin film stoichiometry, the hydrogen content should 

be analyzed. 

With e-beam evaporation and conventional conditions for optical coatings, it is 

difficult to obtain stoichiometric, low absorption TiC)2 films. The problem may arise fi-om 

two conditions. First, the material decomposes during evaporation. Secondly, the 

substrate temperature is not high enough for the condensed oxides to react and form a 

single oxidation phase. 

In the derivation of film optical constants, combination of the envelope method and 

iteration algorithm expand the utility of this method to the short wavelength region, which 

may provide an easy way to find the optical band gap for thin film materials. The 

equations derived for R - R' method can easily be applied to solve for the optical constants 

of opaque films. 

The grain boundary model is a semi-empirical model usefiil for calculating the 

tensile stress in some cases. To determine the stresses in titanium oxide films, 

measurements are needed during or after the deposition. 

With the advance of computer science and technology, more realistic potentials 

and systems can be used to simulate thin film growth and properties. Further impact on 

thin-film science and technology is anticipated. 
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APPENDIX A 

RUTHERFORD BACKSCATTERING SPECTROMETRY 

In this appendix, only the basic concepts and associated formulae needed to acquire 

composition in&rmation from the RBS spectra of the titanium oxide films are reviewed. The 

book by Feldman and Mayer [130] is the main source for our review, though Backscattering 

Spectrometry by Chu et al. [131] has more detailed coverage of this topic. 

A.1. Kinematic factor 

The main idea involved in Rutherford Backscattering Spectrometry is the classical two-

body collision problem [132]. A collimated beam of Helium ions is incident on a stationary 

sample target. The incident particles then undergo elastic collisions with the sample's nuclei. 

The collisions are governed by the Coulombic repulsion between the positively charged nuclei 

of the projectile and target atom. 

Figure A.1 shows a projectile of mass Mu moving with velocity Vo and energy Eo, 

colliding with a stationary target atom of mass After the collision, the projectile and the 

target atom have velocities and energies F}, Ei and V2, E2 respectively. The kinematic factor K 

is defined as the ratio of the projectile energy after the collision to that before the collision. For 

Ml less than A/2, 
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K = EJE, (A-1) 

* > 

1 + (M, /M2) 

A subscript is usually added to K, i.e., Km2, to indicate the mass of target atom. The kinematic 

factor depends only on the mass ratio of the two particles and on the scattering angle. In the 

laboratory, both the mass M and the incident energy Eo of projectile are known. The 

scattering angle can be defined by the detector's position. So, by measuring the energy Ei after 

the collision, the mass and the identity of target can be found. 

A.2. Scattering cross section 

The number of target atoms per unit area is determined by the probability of collision 

between the incident particle and target atom. The differential scattering cross section. 

V2 

Figure A. 1. Schematic diagram of a two-body collision. 
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da! dfi, of a target atom decides the probability of collision. For an incident particle scattered 

by a target atom into a differential solid angle d£l centered about the scattered angle 6, the 

differential scattering cross section is defined as 

dcr{d) ^ _ Number of particles scattered irtodQ. (A.2) 

dSl Total number of incident particles 

where N is the volume density of atoms in the target and / is the thickness of target. The 

product of N and t is thus the areal density of the target atoms. 

In reality, the detector subtends a finite solid angle O rather than a differential solid 

angle dQ, so that one defines an average differential scattering cross section o(0). 

where by convention a(9)\s called scattering cross section. The number of detected particles 

Qd, therefore, can be calculated fi^om Eq. (A.2) and (A.3) as 

Q^ = a{9)-Q-Q-Nt, (A.4) 

where Q is the total number of incident particles in the beam. In Eq. (A.4), the a(d) and Q are 

known values and the number of incident and detected particles are counted, so that the areal 
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density, Nt, can be determined. For a compound target, once the Nt value of each component 

is found, the composition can be calculated by the ratio of the Nt values. 

A.3. Stopping cross section 

Before scattered by the nuclei embedded in the target atoms, the Helium ions lose 

energy during the process of penetration. The energy loss is primarily through inelastic 

collisions with atomic electrons. The energy loss AE is proportional to the product of the 

distance AX that the projectile traverse in the target and the atomic volume density N. The 

proportionality factor is defined as the stopping cross section £; where 

Since the energy loss AE depends on the electronic structure of the target atom, the 

stopping cross section £ can be thought of as a signature of the target atom. For a compound 

target, the energy loss is the sum of the losses for the constituent elements, weighted by the 

abundance of the elements. This postulation is known as Bragg's rule. Based on this rule, the 

stopping cross section of a target of composition is given by 

e = (\l  N)dEldx. (A.5) 

=m£'^ +n ,  (A.6) 
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v^iiere ^ and i are the stopping cross section of the constituents A and B. 

A.4. Backscattering energy loss factor 

Before scattered by the target nuclei, the energy loss of a normal incidence He ion into 

a depth A" is 

J rhr dx 
0 

dx^'" 

dE, 
where ~^\m is a constant value. Various approximations can be made for this value, 

depending on the film thickness and the energy of the projectile. The energy of incident 

particles at depth X is thus 

£ ( - y ) . - r .  

where Eq is the initial energy of He ions. 

After large-angle scattering by the target nuclei, the He ion has energy K • E{X), 

where K is the kinematic factor defined as before. The particle loses energy along the outward 

path and emerges fi'om the target with an energy 
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(A-9) 

where d is the scattering angle. Again, different approximations can be used for the 

is determined by energy difference between the He ions scattered from the front and the back 

sur&ce of the target. It is 

where ^ is the thickness of film, and /"Sy is defined as the backscattering energy loss fector. 

Equation (A. 10) gives the relationship between the measured energy spectrum of the 

projectile and the scattering geometry. Figure A.2.( a ) schematically shows the scattering of 

projectiles by a compound film of composition A and B. The projectiles scattered by atoms 

deeper in the film will have less energy than those scattered nearer the surfece. The energy loss 

during penetration also leads to a higher scattering yield due to the fact that the scattering cross 

section <t is inversely proportional to the square energy of the projectile. These effects are 

illustrated in figure A.2.( b). 

determination of —1^ . The ener©r width SE of backscattering spectrum of a thin film target 

SE = KE^-E, (A. 10) 

—I +—1——I 
\cos(e)\dX^'^^ 

= A/[s], 
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Figure A.2.(a). Schematic diagram of backscattering from a compound fihn of 
composition AB. A.2.(b). The resulting scattering spectrum with illustrating quantities 
defined in the text. 

A.S. Example - the composition of titanium oxide film 

Figure A.3 is a backscattering spectrum of a titanium oxide film (run 952A) deposited 

on a carbon substrate. The incident energy of "^He ions is 1.892 Mev. The backscattering ions 

were measured at ^ « 170° with a silicon surfece barrier detector. Both the energies and the 

associated numbers of the scattered ions were recorded and analyzed with a multichannel 

analyzer. The detailed information about how the RES data was analyzed in order to 

determine the composition of thin film samples can be seen in the Ph. D. Dissertation by J. P. 

Lehan [42], Below, we only include the steps required to get composition for sample 952A. 
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Figure A.3. Backscattering spectrum of thin film sample 952A. 

XOOO eoinito PS 
q—" o.7^ V- 0.03 Mr 

cr 11 • X.04V- 0.03 

The peak integration method is used to calculate the stoichiometry of the film. For a 

compound target, if there is no peak overiap for individual elements, the areal density of each 

element / is given by 

I J' o-o, n Q 

where aoi is the scattering cross section at 1 Mev, 0^, is total counts of the peak area, and 

E' is the mean of the squared energy of the projectile during transit. For sample 952A, after 
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subtracting background counts and assuming counting obeys Poisson statistics, the total counts 

become 

=A2199±201 

= 10291 ± 103, 

where the variances are the square root of the summation of total counts of the peak area and 

background counts. 

The Rutherford scattering cross sections at 1 Mev are ( in the units of 

10'^"* cm^/steradian) 

=2.512 

=02965. 

The ratio of areal density of O and Ti atoms yields the stoichiomerty x of the sample film, thus 

[WOn 

The value of x is about 2.04, found by inserting all of the values above into Eq. (A. 12). 

Ignoring the errors in the scattering cross sections, the relative uncertainty of the stoichiometry 

is given by 
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Ar _ j ^Qd„  ̂
(A-13) 

•r \ L J . 

which turns out to be 0.01, so the stoichiometiy of sample 952A becomes TiOio4± 0.02. 

A.6. Density calculation 

We have seen that the RBS measurement provides the areal density of each element in 

a compound fihn; combining this infonnation with an independent measurement of the film's 

thickness, the density of film can be determined [133,134]. The film density is simply the areal 

density divided by film's thickness. 

where p is the film's average density, r is the film's thickness, and ni is the atomic weight (in 

grams / atom) of each elemental atom. 

For sample 952A, composition TiOicM* 0.02, the areal densities for titanium and oxygen 

atom are (in units of lO" atoms / cm^) 

1 (A. 14) 

[Ntf =62%.61 

= 1280.66. 

The atomic masses are (in units of 10'^ g / atom) 
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ot" = 7.95 

m° = 2.66. 

Using the envelope technique, which is described in ^pendix B, the film's thickness was 

determined to be 221.88 nm. Applying Eq. (A. 14) to the film's thickness with other pertinent 

values yields 

p = 3J9 g I cm^. 

This value is lower than the densities of TiOz crystal structures, which are 4.26 g / cm^ 

for rutile and 3.84 g / cm^ for anatase [135], and is higher than the value 3.57 g / cm^ of TiCb 

fihn deposited by reactive evaporation on a Bk-7 glass substrate reported by Huppauff et al. 

[136], 
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APPENDIX B 

THE ENVELOPE METHOD 

The envelope method is a popular index-solving technique for semiconducting and 

dielectric thin films [137,138]. The method makes use of two envelope functions that are 

the primary sources for the derivation of the thin-film optical constants. The positions of 

the extrema then permit extraction of a value of film thickness that is used to complete the 

optical-constant extraction. With a transmission measurement only, the complex 

refi-active index as well as the thickness can be therefore be derived. The drawback of this 

method is that the indices derived from the envelopes are sensitive to the errors that occur 

in these functions, and there are great difiBcuIties in high-absorption regions. 

Computers are used to improve the accuracy of envelope drawing; however, 

complicated algorithms are needed in the process [139,140]. Minkov and Swanepoel have 

demonstrated that different algorithms have to be applied to draw the envelopes in 

different spectral regions [139] and a slight error in envelope drawing might lead to a 

significant error in index calculation. To avoid this obstacle and make it possible to tjike 

full advantages of the envelope method, we propose an approach in which linear 

interpolation (extrapolation) is used to build the envelopes over the whole spectral range. 

The envelope method is then used to find an initial solution for an iterative algorithm to 

minimize a pre-defined merit function, which sums the absolute value of the transmittance 

difference between measured and calculated values at each tangent point between the 
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envelopes and transmission curve. An optimized film thickness as well as the complex 

refi-active indices at all the tangent points through the whole spectral range can be found 

after completion of the iteration. 

B.l. Theory 

Partly for convenience, but also so that some needed comments can be included, 

the main steps of the envelope method are outlined below, in spite of the fact that this 

method is already well documented [137,138]. The system that we are dealing with, as 

shown in Fig. B.l, consists of a single layer film of thickness d and optical constant n- ik 

deposited on a transparent substrate which has finite thickness and index of refi-action s. 

The sample is illuminated normally with a thermal light source. The transmittance 7 of 

this film-substrate combination can be derived by the addition of intensities associated with 

the multiple reflections. It can be shown that 

T,, (B.l) 

\-R^R^ ' 

where Ta^is the transmittance into a semi-infinite substrate, and R20 is the reflectance in the 

substrate side if the substrate were an incident medium. T23 and R23 are the transmittance 

and reflectance at the air and substrate interface. For a transparent substrate, T23 and R23 

are given by 
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T = 
•'23 

^N, 

(N, +1)^ 

(B.2) 

(B.3) 

where ^ is the index of substrate, and the incident medium is air of index unity. 

0 Air 

1 N1 = n - /* 

' 
TO2 R20 

R23 

2 N z -  s  \/ 

3 Air T T23 

Figure B.l. System of a thin absorbing film deposited on a thick finite transparent 
substrate. 

To2 and R20 can be further explored by the matrix method [141] as shown in the 

following: 



where 

T = 
(6 + c)(6 + c)*' 
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(B.4) 

N:,b'+c' N^b'+c'̂  ' 

(B.5) 

cosS 
i sin S 

iN  ̂ sin 5 cosS N. 

(B.6) 

» /sin <5 
cosd 

/A'", sin cos^ 

(B.7) 

M 
J, iTtN^d = W-/A:, d= — .  

(B.8) 

After tedious algebraic manipulation, the transmittance expression given by 

Swanepoel [138] can be derived. The notations that he used are adopted here. Note that 

all the relevant equations reviewed in the following will be in their exact forms though 

traditionally the extinction coefiBcient k is ignored in the initial phase of the envelope 

method in order to resolve the coupled equations of n and k. 

The transmittance is thus given by 

r =  A'X 
B'-CX + D'X' 

(B.9) 
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where 

B' = [(w +1)^ + J(w +1)(« + s^) + j,  

-\-k^ -  +k^ ~ +1) 2cos(f> 

-A:^2(/J^ + yt^ - 5^) + (5^ + l)(n^ + - ij 2sin ^, 

D' = |(« -1)^ + j J(/i - l)(w - j, 

,  Annd ^ r 4> = —;—. ^ = exp(-a^/), a = —— 

(B.IO) 

(B.ll) 

(B.12) 

(B.13) 

(B.14) 

The parameter C can be expressed in a compact form as 

where 

C = '\c^ cos(^-f). (B.15) 

c, = 2^(71^ +k^ - l)(w^ + -5^) - 2k^{s^ + l)j, 

Cj = -2A:|2(w^ +k^ -5^) +{n^ + -1) (5^ + l)j. 

/ \ 

5= tan - I  

\C, y 

(B.16) 

(B.17) 

(B.18) 
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For a high index material, the upper and lower envelopes can be written as 

^ ^ A'X (B.19) 
top 

5'-Vc, +C2' X-^D'X^ ' 

and 

7, ^ A'X (B.20) 
b̂ottom 

B' + Îc^T  ̂X + D'X' ' 

respectively. 

The absorbance X can be either solved as 

f  -4^kd^ 

r-J 

(B.21) 

D' 

where 

A' E = 
top 2T 

4 c, +c. 

top 

(B.22) 
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or as 

^ f -A7ckd\ (B.23) 
r-J 

a 

where 

A' 4c, 
(B.24) 

boootlt A rjy A 
bottom  ̂

According to the envelope method, k was assumed to be near 0, and refractive 

index n(X) can be solved by the following equation [138]: 

(B.25) 

where 

^  _  2 5 - ^ 2 — ( B - 2 6 )  
T T 2 ' top bottom 
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Equations (B.25) and (B.26) clearly illustrate that the accuracy of n heavily relies 

on the accuracy of the two envelope functions, Tu>p and Tb<mom- To relieve this 

dependence, an iterative algorithm was developed. The details of this algorithm, which 

begins with an envelope method, will be described below. 

B.2. Procedure 

For easy illustration, sample number 1014, with the transmission ranging from 300 

to 800 nm, is used. The film is assumed to be homogeneous, isotropic, and the scattering 

loss is ignored. 

Step (1) With the transmission curve measured by the spectrophotometer, sketch 

the upper and lower envelopes manually. 

Step (2) Read off the tangent points of the transmission curve with its envelopes 

over the whole spectrum. In the weak absorption region, these points are usually 

coincident with the transmission extrema. Figure B.2 shows the presumed envelopes and 

measured transmittance curve. The tangent points are marked on the transmission curve. 

Note that the first two points in the highly absorbing region are separated from the 

transmission extrema. 
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Figure B.2. Transmission spectrum together with two presumed envelope curves of a 
TiOz film system. The measured tangent points and the computed envelope points marked 
on curves correspondingly. 

Step (3) Use linear interpolation in T(\) versus (1/X) coordinate to extrapolate or 

interpolate the missing data which are required for the index calculation. This scheme was 

used by Minkov and Swanepoel to draw the envelopes in the transparent region [139]. 

We apply it to build the envelopes in the whole spectral range since it is easily applied. 

The computed data points located on the envelopes can be seen in the Fig. B.2, and the 

values of these points are shown in Table B. 1. 
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X(nm)  Tiop Tfaotton n n«b 

353 0.5026 0.4933 1.5949 1.4765 

375 0.7965 0.5303 2.5597 1.4731 

413 0.9241 0.5942 2.5192 1.4688 

472 0.9290 0.6313 2.3963 1.4640 

573 0.9322 0.6540 2.3232 1.4588 

737 0.9343 0.6775 2.2489 1.4545 

Table B.l. The data points of envelopes of a transmission curve of T1O2 film as shown in 
Fig. B.2. The corresponding indices of refi'action calculated at each wavelength according to 
Eq. (B.25). The last column lists the indices of refi'action of fused silica substrate calculated 
fi"om dispersion formula given in reference [142]. 

Step (4) Calculate the index of refi^action using Eqs. (B.25) and (B.26). The 

envelopes construaed in step (3) are used in the calculation. Table B. 1 lists the calculated 

n values. The severe abnormality of the first data point is clearly shown in this table. It is 

not surprising to see this result, as the lower envelope at this wavelength obtained by 

linear extrapolation can not be relied upon. It also demonstrates that using linear 

interpolation (or extrapolation) is not a proper way to build the envelopes in the high 

absorption region. 

Step (5) Determine the interference order number. The tangent points fijlfill the 

envelope condition such as Cos(^ - f) = ± 1, which implies that 

 ̂= m;r + s, (B.27) 
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where m are integers. Ignoring the extinction coefficient leads to the quarter wave 

condition 

^Tcnd (B.28) 
—-— = m7c. 

A 

The order number at a reference point, for instance X3, can be estimated with the 

help of an adjacent maximum ( or minimum ) at X,i. The order number Wj at X3 can be 

written as 

- 1  

S"-! 

(B.29) 

where X3> A,i. 

Generally, a pair of maxima ( or minima ) in the transparent region is chosen for 

order estimation because accurate envelopes can be obtained in that region. The estimated 

order number might not be an integer, so that a near integer number that is an even or odd 

number depending on whether the transmittance is maximum or minimum will be assigned 

to that reference pomt. Once the order number of the reference point is determined, the 

order number of the other data points can be inferred automatically. 

Step (6) Calculate the thickness by Eq. (B.28). At this stage, the thickness 

calculated by Eq. (B.28) will be dispersive when different data points are used for 
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calculation. The dispersion might be coming from two aspects. First, wrong order 

numbers are assigned to the data points. The enect of wrong order numbers can be seen 

as the thickness dispersion in the transparent region. A new set of order numbers close to 

the one from step (5) can then be reselected for thickness calculations. This process can 

be repeated until the best order numbers are found. The optimized order number should 

yield the least thickness dispersion, especially in the transparent region. Second, 

dispersion results from the erroneous indices of refraction. This kind of thickness 

dispersion is obvious in the high-absorption region, even with the correct order numbers 

used in the calculation. 

To resolve the inherent errors in indices of refraction, which originate from the 

false envelopes, instead of attempting to improve the accuracy of the envelopes, we launch 

a two-stage iteration in which the influence of the envelopes is reduced to a minimum. 

Because the thickness d, index of refraction n and extinction coefficient k are connected to 

each other sequentially in the envelope method, for a given d, the optical constants can be 

solved in the first stage of the iteration. These three parameters are then put into a merit 

function and optimized together in terms of a minimum searching process. 

Step (7) Iterate the optical constants. The average value of thickness from step 

(6) is used as the initial value for iteration. All the data points are included in the 

averaging process though excluding the less accurate points might produce a better initial 

value. With the given thickness and order numbers from step (6), more consistent «(^) 

can be obtained by Eq. (B.28) for each data point. Once the index is determined, A(Xi) can 

be calculated with either Eq. (B.21) or Eq. (B.23). Note that, to solve the zeroth-order 
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extinction coeflBcient, which is followed by the envelope method, k is ignored in these two 

equation first. Swanepoel [138] suggested that Eq. (B.21), in which tlie upper envelope is 

used, would be more reliable than Eq. (B.23) which involves the lower envelope, for 

determining the absorption coeflBcient. Therefore, Eq. (B.21) is chosen to solve the 

extinction coeflBcient. However, in the highly absorbing region, for the wavelengths that 

have odd order numbers, instead of using the upper envelope data coming fi-om the linear 

interpolation (extrapolation), the measured tangent data in the lower envelope are used 

with Eq. (B.23) to calculate the k values. The reason for this choice is that the envelope 

data that are derived from linear interpolation (extrapolation) are inadequate in that 

region. 

More accurate optical constants can be acquired when the zeroth-order n and k 

values are put back into the Eq. (B.27) for index iterations, and into Eqs. (B.21) or (B.23) 

for extinction coeflScient iterations. Note that all the relevant equations used at this stage 

for iterations are all in their exact forms. 

Step (8) Optimize the thickness. A merit function defined as 

A = I|r^(-l,)-2L.a,)| (B.30) 
f 

is used to optimized the thicicness. In the merit function, is the transmittance 

measured with spectrophotometer and Tcai(h) is the calculated transmittance that is 

calculated by insertion of the thickness and the optical constants into Eq. (B.9). Because 
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optical constants are related to the thickness, as seen above, all three parameters in fact 

are optimized simultaneously througli tiie iterations. 

The goal of the optimization is to find a value of thickness for which the merit 

fiinction has a minimum value. A minimum bracketing method is used to search for this 

thickness. For a new trial thickness, a new set of optical constant can be found through 

step (7). The success of applying this technique is based on the thicker films having the 

lower transmission. As is normal in optimization, the values of the merit function of both 

thicker and thinner films will be larger than that of the film with optimized thickness. 

B.3. Application 

A program based on this algorithm has been written. For the Ti02 system 

mentioned above, the initial thickness of search is 276.16 nm and the final thickness is 

246.16 nm. Figure B.3 shows the search processes Avith initial approach fi-om the right. 

The points marked show the progress of the iterative bracketing procedure. 
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Figure B.3. The merit function of the TiOz film system. The iteration started at thickness 
276.16 nm and ended at thickness 246.16 nm. 

Table B.2 presents the optical constants after optimization as well as the calculated 

and the measured transmittances. Note that k value of the second wavelength point was 

calculated with the measured lower tangent data. The refractive indices from wavelength 

400- to 800-nm wavelengths were least-square fitted to the Cauchy fijnction: 

B C (B .3 I )  
n{X}= A+y+Y' 

where the Cauchy coefiBcients are A = 2.1735, B = 3.428 x 10^ nm^ and C = 4.017 x lO' 

nm^. This is consistent with the values obtained by other authors [143] for e-beam 

evaporated Ti02 films. 
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X(nm)  m n k Tmeu Tci 

353 8 2.8630 0.05463 0.5026 0.5026 

375 7 2.6650 0.00755 0.5303 0.5303 

413 6 2.5165 0.00072 0.9241 0.9241 

472 5 2.3967 0.00034 0.6313 0.6312 

573 4 2.3277 0.00008 0.9322 0.9322 

737 3 2.2455 0.00000 0.6775 0.6786 

Table B.2. Order numbers, optimized optical constants and both measured and calculated 
transmittance of Ti02 film system. 

After the optical constants at all these tangent points are found, one can obtain the 

optical constants of other wavelengths by solving the sets of envelope equations as given 

above, which is outside the scope of this paper. Instead, linear interpolation was used to 

find the optical constants at the wavelengths between the tangent points where the optical 

constants are known. The transmittance of the system was then calculated in the whole 

spectral range to examine the validity of these processes. Figure B.4 shows the calculated 

and measured transmittance curves. In general these two curves fit well at wavelengths 

longer than 410 nm. The average discrepancy at wavelengths shorter than 410 nm are ~ 

1.6%, ~ 1.2% in 350-375 nm range and 1.9% between 375 and 410 nm. Linear 

interpolation of the optical constants might be attribute to the discrepancy between the 

second and the third tangent points because the optical constants is experted to vary 

dramatically in this region. The difference between the first and second tangent points 
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might be due to the wrong choice of the tangent points, because the tangent points 

between the envelopes and spectrum are not as obvious in the highly absorbing region as 

in the transparent region. 

100 

80 
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computed tiananittance 
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Figure B.4. The measured and calculated transmission spectrum of the TiOz thin film 
system. Good agreement shown at wavelength larger than 410-nm. At wavelength 
shorter than 410-nm the average discrepancy about 1.6%. 

The second example is a model system that appeared in Swanepoel's paper [138], 

It consists of a 250 nm thick a-Si;H film on a thick glass substrate. The substrate had a 

constant index ^ = 1.51. The reflective index and extinction coeflBcient are 

/ IX  3x10"  
«(/l) = 1- 2.6 

(B.32) 

and 



k(A) = — xlO^ 
4^ 

IJxIO* 
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(B.33) 

respectively. 

Figure B.5 shows the transmission curve of this system. The initial thickness 

obtained by envelope method is 238.82 nm and the optimized thickness is 253.50 nm. The 

thickness error is ~ 1.4%. The reason for this error is that the transmission curve has only 

two oscillation peaks in this case, such that fewer points are involved in the merit function. 

The discrepancy between true envelopes computed according to Eqs. (B.19) and (B.20) 

and the data points from interpolation (extrapolation) are apparent in the Fig. B.5. Table 

B.3 shows the values of both theoretical and computed envelope data at each wavelength. 

The indices of refraction n gained by the use of the computed T,op and Tboaom values are 

also listed. The tremendous error at 527-nm wavelength resulted from the erroneous T,op 

value used in the calculation. Table B.4 displays the data after the optimization has been 

done. The average error in w is ~ 1.4%. In the ^ value calculations, the measured Tbottom is 

used again for the wavelength at 527 nm. At the 658-nm wavelength, the extinction 

coefficient is far off the true value which is due to the false top envelope value from liner 

interpolation. 

For this special case, a pair of more precise envelopes can be input manually, 

instead of being interpolated by computer, for the program to proceed the calculation. 
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Figure B.5. Transmission spectrum together with two true envelopes of a 250-nm film of 
a-Si:H on a finite transparent substrate. The calculated envelope points depart fi^om the 
true envelope curves. 

A.  ( nm)  Ttop TboOxnn ntr ncii 

527 0.3727,(0.7886) 0.2266 3.6802 4.7068 

581 0.8268 0.3687,(0.3166) 3.4887 3.8584 

658 0.9107,(0.8702) 0.4193 3.2929 3.2431 

775 0.9197 0.4600,(0.5363) 3.0995 2.7695 

Table B.3. The true and calculated (in parentheses ) data points of envelopes as well as 
the corresponding indices of refi-action of a 250-nm thick a-Si:H fihn system. 
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X(n m)  m TUr neal kir kcal Tmeu Ted 

527 7 3.6802 3.6297 0.10557 0.10783 0.2266 0.2266 

581 6 3.4887 3.4366 0.01284 0.01286 0.8267 0.8267 

658 5 3.2929 3.2435 0.00153 0.00794 0.4193 0.4192 

775 4 3.0995 3.0571 0.00019 0.00024 0.9197 0.9197 

Table B.4. Order numbers, true, optimized optical constants and both measured and 
calculated transmittance of a 250-nm thick a-Si:H film system. 

B.4. Conclusions 

Like the other optical constants solving techniques, which count on iterations to 

find solutions, the initial solution is crucial to the success of the iterations. Unfortunately, 

this initial solution usually is difficuh to obtain. However, in this proposed algorithm, the 

envelope method provides a very good initial step to start the iterations, although it itself 

is plagued by the accuracy requirement of the envelope functions. The initial thickness 

provided by the envelope method is then modified by the iteration algorithm which 

reduces the effect of the envelopes to a minimum. The envelopes do, however, form an 

important part of the calculation and may not be so far in error that they give a faulty set 

of starting values. 

In this paper, the tangent points between the transmission curve and its envelopes 

are determined manually which might be not sufBcient in some circumstance, for instance, 

in the heavy-absorption region. Our purpose is solely to demonstrate that the harsh 
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requirement of the envelope method might be alleviated such that, without too much 

elaboration, it is possible to use the computer to solve the optical constants in the whole 

spectrum, even in the highly absorptive region, as long as the interference fringes appear. 
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