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ABSTRACT 

All-dielectric optical notch filters centered at 1.55|j.m has been constructed, tested 

and analyzed. Optical notch filter design considerations such as choice of dielectric 

material pair, best structure of filters will be discussed. The actual optical notch filters 

show some absorption at 1.55|im. Special single Si and Si02 layers have been deposited in 

the same deposition condition as that for the construction of optical notch filters. Material 

analysis including absorption analysis has been done to figure out why optical notch filters 

show absorption and where absorption come from. 
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CHAPTER I 

INTRODUCTION 

1.1 Fabry-Perot Type Filters 

First described in 1899 by Fabry and Perot, the Fabry-Perot filter (interferometer) has 

profoundly influenced the development of thin-film optics. A basic structure of Fabry-

Perot filter consists of two flat mirrors separated by a spacer which is usually half 

wavelength thick. Since it works in the principle of multiple-beam interference, its 

fi"inges are very sharp. So, sometimes Fabry-Perot type filters are called optical notch 

filters or narrow-band filters. The Fabry-Perot filter can be used for the examination of 

the fine structure of spectral lines because of its measuring accuracy and high resolution 

or can be used as an optical notch filter to select one specific wavelength light and block 

all the other lights. The mirrors of the classical Fabry-Perot filter are made from metal 

coatings usually silver. The all metallic mirrors suffer the following problems: the 

mirrors have absorption and are delicate and easily damaged. To circumvent the 

problems that one encounters with metal mirrors, all-dielectric mirror coatings have been 

developed to replace the thin film metal coatings. Several benefits arise from this: (a) 

higher reflectivity can be achieved through increasing the number of layers in the 

dielectric stacks which function as high reflectors, (b) Filters can be made working in the 

spectral band where there is no good metal film reflectors, (c) The dielectric films are 

much more durable than the metal ones and can be cleaned directly without damage. 

The main purpose of this research is to design, construct and test the all-dielectric 

optical notch filters (1.55|im) which are fabricated by vacuum e-beam evaporation 



methods. Chapter n will review the basics of the thin film optics. Chapter III will address 

the vacuum evaporation technology and explain the setup of our vacuum evaporation 

system. In Chapter IV, we will analysze the performance of the optical notch filters 

fabricated by our vacuum e-beam evaporation system and compare the experimental 

results with the theory. In the final chapter, we v l̂l summarize the results, draw our 

conclusions for this optical notch filter research project and give some recommendations 

for future research. 

1.2 Research Goal 

Our goals in this research are first to develop a process to construct the optical notch 

filters then refine the vacuum e-beam evaporation process control to produce the optical 

notch filters exactly centered at 1.55|im with the following performance. 

A. The full bandwidth at half maximum (FWHM) for the collimated incident light 

should be equal or less than 5 nm. 

B. The peak transmittance at the central pass wavelength of the optical notch 

filter should be greater than 20%. 

C. The average transmittance for the wavelength out the pass-band should be less than 

1%. 

D. Analysis of any absorption showed in the optical notch filters. 

1.3 Design Strategy 

In order to meet the above spectral requirements of the optical notch filter, we utilize 

the following design strategy. 



A. Choose the material pair available with highest ratio of their indices of refraction. This 

can naturally narrow the FWHM of the optical notch filter. 

B. The structure of the dielectric stacks consisting of quarter wave layers of alternate 

high and low indices of refî action is arranged so that the high index layers are 

outermost and the stacks can achieve the highest reflectance which can cause the 

increase of the peak transmittance of the optical notch filter. 

C. Choose the high refi'active index material as the spacer material. This arrangement 

can minimize the blue shift effect. 

D. Optimize the deposition process through continuous tuning of the deposition 

parameters and keeping the same experimental condition. 



CHAPTER n 

OPTICAL INTERFERENCE FILTERS 

2.1 Introduction 

Optical thin film theory is essentially the Maxwell macroscopic theory of 

electromagnetic waves applied to the propagation of light across layered medium. A thin 

film has a physical thickness of the order of the wavelength of the light incident upon the 

film. We assume that the film is an optically isotropic medium characterized by its 

optical constant and defined in space by two parallel dividing planes with lateral 

dimensions being infinite. 

The incident light is considered as being plane, monochromatic and linearly polarized 

in one of two orthogonal states, s and p, with respect to the plane of incidence. The s 

polarized state has the electric vector of the incident wave perpendicular to the plane of 

incidence, while the p polarized wave has the magnetic vector perpendicular to the plane 

of incidence. 

Surface scattering is caused by the roughness of the planes bounding the film, while 

volume scattering is caused by the internal structure of the film material. 

In this theory chapter, we discuss the basic laws of optical coatings, the origins of 

interference phenomena. We then consider the manner in which these effects are 

combined to produce practical interference filters and focus on the dielectric thin film 

optical notch filters in which we are most interested. 

We confine our discussion to those coatings that are used for optical purposes. We do 

der nonoptical uses for coatings such as decorative, protective and electric. 



2.2 Basic Laws of Thin Film Optics 

Whenever light is incident on the boundary between two media, some of the light is 

reflected and some of the light is transmitted (undergoing refraction) into the second 

medium. There are several physical laws which govern the direction, phase and relative 

amplitude of the reflected and refracted light. 

2.2.1 Law of Reflection 

The law of reflection can be summarized as follows: 

1. The reflected wave's propagation vector lies in the pane defined by the incident 

wave's propagation vector and the normal to the boundary at the point where the 

incident wave intersects the boundary. The plane is called the incident pane. 

2. The angle between the reflected wave's propagation vector and the normal to the 

boundary 0r is equal to the angle between the incident wave's propagation vector and 

the normal Oj (Figure 2.1). 

ei = er (2.1) 

2.2.2 Law of Refraction 

The law of refraction can be summarized as follows: 

1. The propagation vector of the wave transmitted across the boundary lies in the 

incident plane. 

2. The angle between the transmitted wave's propagation vector and the normal to the 

boundary 9t is given by Snell's law 
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nt sin 6t = Uj sin 6i (2.2) 

Incident medium no 

Substrate or film ni 

\ e 9 / 

o\ 

Figure 2.1. Schematic diagram of reflection and refraction. The angle 9r of the 
reflected ray is equal to angle 9i of the incident ray. The deviation of the refî acted 
ray is dependent on the indices of the refraction of the media on either of the interface 
and on the anele of incident rav. 

2.2.3 Phase Change 

The phase change of the reflected wave for nonabsobing layer is 



( t ) = 
0 ifnO>nl 

n if nj >no. 

For absorbing substrates, the situation is more complex; the phase is given by 

.1 2noki 

no - n i -ici 

Where no, ni and ki are refractive index of incident medium, the real part and the 

imaginary part of the complex index of refraction for second medium, respectively. 

2.2.4 Reflected and Transmitted Energy 

Since we are only interested in normal incidence case in this thesis, let us limit our 

initial discussion to normal incidence and let the incident wave be a plane-polarized 

wave. The coordinate axes are shown in Figure 2.2. The xy plane is the plane of the 

boundary. The incident wave we can take as propagating z axis with the positive 

direction of the E vector along the x axis. Then the positive direction of the H vector will 

be the y axis. It is clear that the only waves which satisfy the boundary conditions are 

plane-polarized in the same plane as the incident wave. Before proceeding further, we 

need to define a sign convention for the electric and magnetic vectors in order that we can 

have reference for any phase changes that may occur. Since we will be emphasizing the 

electric vector, the most convenient sign convention is to choose the positive direction of 

E along the x axis for all beams which are involved. Because of this choice, the positive 

direction of the magnetic vector will be along the y axis for the incident and transmitted 

waves, but along the negative direction of the y axis for the reflected wave. 



H 
E 

H + 
E 

H 
E 

"Surface" 

Index no 

> X 

Index ni 

Figure 2.2 Convention defining positive directions of the electric and magnetic 
vector for reflection and transmission at an interface at normal incidence. 
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a. Electric vector continuous across the boundary. 

Ei + E, = Et (23) 

b. Magnetic vector continuous across the boundary. From Maxwell's equations, we get 

yoEi - yoEr = yiEt (2.4) 

Where yo = no (so/|io )̂ ,̂ yi = ni (8i/|ii )^'^, yo and yi are the characteristic admittance of 

the incident and second medium, EO and |io, Si and |j.i are the permittivity and 

permeability of free space and second medium, respectively. 

We can eliminate Etto give 

y i (Ei+E,) = yo(Ei-E,), 

I.e., 

Er _ y o - y i _ " 0 - " l 
Ei y o - y i "0-^1 

Similarly, eliminating Er 

Et 2yo 2no 

Ei yo+y i no + ni 

These quantities are called the Fresnel amplitude reflection and transmission coefficients 

and denoted by p and T, respectively. Thus 

y o - y i np-ni , ^ , , 
P= = (2.5) 

y o - y i n o - n i 



^^ 2>;, _ 2n, 

In this particular case (normal incidence), these two quantities are real, x is always a 

positive real number, indicating that according our phase convention there is no phase 

shift between the incident and transmitted beams at the interface. The behavior of p 

indicates that there will be no phase shift between the incident and reflected beams at the 

interface provided no > ni, but that if no < ni then there will be a phase change of n 

because the value of p becomes negative. 

We now examine the energy balance at the boundary. Since the boundary is of zero 

thickness, it can neither supply energy to nor extract energy from the various waves. The 

Poynting vector will therefore be continuous across the boundary, so that we can write 

net intensity = Re[ — ( Ei +Er)(yoEi - yoEr) * ] 

= Re[iEt(yiEt)*] 

(using Re(— E x H*) and equations (2.3) and (2.4). Now 

Er = pEi and Et = xEj 

I.e., 

net intensity = - yoEjEj * (1 -p ̂ ) = - yoEiEi * (yi/yo)T'. (2.6) 
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Now, -yoEiEi* is the intensity of the incident beam Ii. We can identify p- -yoE.E,* = 
^ 2 

p^ Ii as the intensity of the reflected beam Ir and (yi/yo) x x̂  -yoEiEi* = (yi/yo) xM, as 
Am 

the intensity of the transmitted beam It. we define the reflectance R as the ratio of the 

reflected and incident intensities and the transmittance T as the ratio of the transmitted 

and incident intensities. Then 

T = ^ = ^ r ' = 
h y<, Cvo+^'i) K + " i ) 

(2.7) 

^i y^ + >̂ i «o + ^x 

From equation (2.6) we have, using equations (2.7) 

(1-R) = T. 

(2.8) 

Equations (2.6), (2.7) and (2.8) are therefore consistent with our ideas of splitting the 

intensities into incident, reflected and transmitted intensities which can be treated as 

separate waves, the energy flow into the second medium being simply the difference of 

the incident and reflected intensities. 

2.2.5 Interference of Light 

The origins of interference lie in the wave nature of light and the superposition of 

coherent waves. The incident wave may interfere with one or more of the waves that are 
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amplitudes of these waves determine whether the resultant sum of these waves leads to 

constructive or destructive interference, and an increase or decrease in the reflectance or 

transmittance of the incident light. The incident waves may vary in wavelength, and there 

is, in general, a dependence of the performance of the wavelength. Coatings with strong 

wavelength dependence give rise to useful design such as bandpass filters and notch 

filters which are the case in this work. 

Figure 2.3 shows the effects of two simple case of interference. In the first, the two 

waves which have the same amplitude but with and 180° phase shift add to zero, thus 

leading to complete destructive interference, whereas in the second illustration, the phase 

shift is 360°, so complete constructive interference takes place. Other cases where the 

phase shift is different will be intermediate between these two possibilities. 

Amnlitude 
A 

Time 

Destructive Interference 

Amnlitude 

Time 

Constmctive Interference 

Fioiire 2 3 Constmctive and destructive interference of light waves 
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2.3 Interference Fihers 

2.3.1 Early History 

The earliest of what might be called modem thin-film optics was the discovery, 

independently, by Robert Boyle and Robert Hooke of the phenomenon known as 

'Newton's rings.' The explanation of this is nowadays thought to be a very simple matter, 

being due to interference in a single thin film of varying thickness.. However, at that 

time, the theory of the nature of light was not sufficiently far advanced, and the 

explanation of this and a number of similar observations made in the same period by Sir 

Isaac Newton on thin films eluded scientists for almost a further 150 years. Then, on 12 

November 1801, in a Bakerian Lecture to Royal Society, Thomas Young enunciated the 

principle of the interference of light and produced the first satisfactory explanation of the 

effect. Young's theory was far from achieving universal acceptance. Recognition came 

slowly and depended much on the of Augustin Jean Fresnel who, quite independently, 

also arrived at a wave theory of light. Fresnel's discovery, in 1816, that two beams of 

light which are polarized at right angles could never interfere, established the transverse 

nature of light waves. Then Fresnel combined Young' interference principle and 

Huygens' ideas of light propagation into an elegant theory of diffraction It was Fresnel 

who put the wave theory of light on such a firm foundation that it has never been shaken. 

For the thin-film worker, Fresnel's laws, governing the amplitude and phase of light 

reflected and transmitted at a single boundary, are of major importance. Fresnel also first 

summed infinite series of rays to determine the transmittance of a thick sheet of glass. 

Then Simeon Denis Poisson, in correspondence with Fresnel, included interference 
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effects in the summation to arrive at the important results that a half-wave thick film does 

not change the reflectance of a interface (an half-wave thick film is called spacer or 

cavity in the optical filters), and that a quarter-wave thick film of index (.Jn^) will 

reduce to zero the reflectance of a interface between two media of indices Us and no, this 

is the thumb rule for designing of anti-reflection coatings. 

In 1873, the great work of James Clark Maxwell, "A Treatise on Electricity and 

Magnetism," was published; and in his system of equations we have all the basic theory 

for the analysis of thin-film optical problems. These are the well-known Maxwell's 

Equations. 

At the same time, in the nineteenth century, a great deal of progress was being made 

in the field of interferometry. The most significant development, from the thin-film view, 

was the Fabry-Perot interferometer, a spacer bounding by two high reflection mirrors or 

stacks, which has become one of the basic types of structure for thin-film filters. We will 

discuss it in detail later. 

Developments became much more rapid in the 1930s, and indeed it is in this period 

that we can recognize the beginnings of modem thin-film optical coating. The most 

important factor in this sudden expansion of thin-film optical coatings was the 

manufacturing process. Vacuum evaporation was developed around the beginning of the 

twentieth while the sputtering was discovered about the middle of the nineteenth century, 

they are still the most common methods for manufacturing optical filters. 

Since then, tremendous strides have been made, particularly in the last few years. 

Filters with perhaps one hundred layers are not uncommon and uses have been found for 

them in almost every branch of science and technology. 
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2.3.2 The Classical Fabry-Perot Filter (interferometer) 

A Fabry-Perot interferometer consists of two flat plates separated by a distance ds 

and aligned so that they are parallel to a very high degree of accuracy. The separation is 

usually maintained by a spacer ring made of invar or quartz, and the assembly of two 

plates and a spacer is known as etalon. The inner surfaces of the plates are usually coated 

to enhance their reflectance. 

Figure 2.4 shows an etalon in diagrammatic form. The amplitude reflection and 

transmission coefficients are defined as shown. The basic theory has already been given 

in many optics literature (like Bom and Wolf), where it is shown that the transmission for 

a plane wave is given by 

T = ,/T T [1 + t/T T Sin ( - 0 ) 1 ( 2 . 9 ) 

Where 5 = (27cnsdsCos9s)/A<, ds and ns being the physical thickness and refractive index of 

the spacer layer. In order to simplify the discussion, let the reflectance and transmittance 

of the two surfaces be equal, let there be no phase change on reflection, i.e., let (t)a = (t>b = 

0. Then 

J 2 I 
T= ^ (210) 

( l - R s ) M + [4Rs/(l-Rs)^]sin^5 

4Rc 
F= ^ (2.11) 

(1 -Rs) ' 
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Etalon plates 

Reflecting 
coatings 

Spacer 

Direction of 
incident light 

4 
^ 'w 

Ta 

( 

Tb 

/ 

Spacer ring Us 

Figure 2.4 A Fabry-Perot etalon. The amplitude coefficients in the diagram are 
converted to the intensity of equation ( 2.9 ). 
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Jl 1 
(\-Rsf 1 + Fsin^5 

T = — ± - T — - ^ - . (2.12) 

If there is no absorption in the reflecting layers, then 

l - R s = Ts 

and 

1 
T= r—. (2.13) 

1 + Fsin^5 

The form of this function is given in Figure 3.5 where T is plotted against 5. T is a 

maximum for 6 = m%, where m =0, ±1, +2, ..., and a minimum halfway between these 

values. The successive peaks of T are knov^ as fringes and m is known as the order of 

the appropriate fringe. As F increase (Rs increases). The widths of the fringes become 

very much narrower. The ratio of the separation of adjacent fringes to the FWHM (Full 

Width at Half Maximum) is called the finesse of the interferometer and is written F. 

From equation (2.13), the value of 6 corresponding to a transmission of half the peak 

value is given by 

1 
0.5= :r-

1 + Fsin^5 

and if 6 is sufficiently small so that we can replace sin 6̂ by 5̂ , then 

1 1 
0.5 = :r and 5 = 

H-F5^ F /̂̂  

17 
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Phase Thickness 6 

Figure 2.5 Fabry-Perot fringes. The narrower curve is 
for finesse = 20 while the wider curve for finesse = 5. 
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which is half the width of the fringe. The separation between values of 5 representing 

successive fringes is TI, so that 

F= 

or 

7tRl'2 

The Fabry-Perot interferometer is used principally for the examination of the fine 

structure of spectral lines. The fringes are produced by passing light from the source in 

question through the interferometer. Measurement of the fringe pattem as a function of 

the physical parameters of the etalon can yield very precise values of the wavelengths of 

the various components of the line. Traditionally, those mirrors are silver coatings which 

subject to some absorption. Only those wavelengths that are integral muhiples of the air 

gap spacing are transmitted. To function properly, the surfaces must be parallel to very 

tight tolerances, and therefore, are difficuh to adjust. A solid version of this etalon can be 

made by replacing the air gap with a transparent thin film. Although such a device is no 

longer adjustable as the gap between the two reflectors is not variable, h does retain the 

fiher performance of its predecessor and is much more durable. We will discuss it in the 

following section. 

2.3.3 Solid Fabry-Perot Filters 

As mentioned in the previous section, the spacer medium between the mirrors in a 

Fabry-Perot filter does not have to be air. If the gap is a thin solid film, the performance 
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will be the same with the exception that the index of the gap is changed. In particular, this 

has an effect on the angle sensitivity of the fiher. The higher index the spacer is, the less 

the angle shift (that is why we choose Si as spacer material rather than Si02 in our notch 

fiher design, we will discuss it again later). Of course, these fihers do not have the 

normal incidence tunability that an air gap Fabry-Perot fiher has (because spacer is not 

variable), but the fihers can be tuned over a narrow range by tihing them. If such a fine 

tuning technique is to be employed in a fiher, it is necessary that the normal incidence 

pass band be at a wavelength longer than that at which one desires to operate the fiher, as 

the angle shift is only toward blue. 

If more than one Fabry-Perot cavity fiher is to used in tandem, they must be placed 

on separate, nonparallel surfaces or different optical elements so they do not add 

coherently. If they are placed on the same surface, they will interact by forming an 

additional uncontrolled Fabry-Perot filter in which the substrate thickness serves as the 

cavity spacer. 

When narrow band filters are used, the coherence of the light increases. This can be a 

source of difficulty if the light is sufficiently coherent that the thickness of the substrate is 

less than the coherence length of the light. In such a case, even coatings on opposite sides 

of a substrate can interact in a coherent manner and give rise to unexpected effects. Thus, 

it is prudent, when one is using very narrow bandpass fihers, to treat the system as if it 

were illuminated by a laser, and to use precautions similar to what would be used to 

eliminate interference effects. 

20 



2.4 All Dielectric Notch Filter 

Silver is the only practical metal to use to make Fabry-Perot etalons for use in the 

visible portion of the spectrum. All other commonly used metallic thin films have too 

much absorption. In the infrared, gold and a few other metals can be used. M\ of the 

metals that make good, low loss reflectors are delicate and easily damaged. This mirror 

problem makes metal mirror Fabry-Perot fihers useful in only a few special applications. 

To circumvent the problems that one encounters with metal mirror coatings all 

dielectric stacks have been developed to replace the thin film metal coatings. Several 

benefits arise from this: (1) higher reflectivities can be achieved; (2) filters can be made 

that can operate in spectral regions where there are no good metal film reflectors, such as 

in the near UV; and (3) the dielectric films are much more durable (especially for hard 

coatings) than the metal ones and can be cleaned directly without damages. 

All dielectric notch filter basically is a solid Fabry-Perot filter except that the two 

mirrors are made from stacks of ahemate high- and low-index layers, all one quarter 

wavelength thickness (see Figure 2.6). next, we wall discuss the muhilayer high reflector 

and the all dielectric Fabry-Perot fiher in details. 

2.4.1 Dielectric High Reflecter 

The mirror used in the all dielectric Fabry-Perot filters is a basic type of thin-film 

structure. Light which is reflected within the high-index layers will not suffer any phase 

shift on reflection, while those beams reflected within the low-index layers will suffer a 

phase change of 180°. It is fairly easy to see that the various components of the incident 

light produced by reflection at successive boundaries throughout the assembly will 
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reappear at the front surface all in phase so that they recombine constructively. This 

implies that the effective reflectance ofthe assembly can be made very high indeed, as 

high as may be desired, merely by increasing the number of ahernate high- and low-index 

layers. This is the basic form of the high-reflectance coating. When such a coating is 

constructed, it is found that the reflectance remains high over only a limited range of 

wavelengths, depending on the ratio of high and low refractive indices. Outside this zone, 

the reflectance changes abrupfly to a low value. Because of this behavior, the quarter-

wave stack is used as a basic building block for many types of thin-film filters. It can be 

used as a longwave-pass fiher, a shortwave-pass fiher, a straightforward high-reflectance 

coating , and most importantly as reflectors in a thin-film Fabry-Perot fiher (notch filter). 

If UH and UL are the indices of the high- and low-index layers and if the stack is 

arranged so that the high-index layers are outermost at both sides, then its optical 

admittance 

2 
Y=(—f^^^^- ( 2 .15 ) 

Where Usis the index ofthe substrate and (2p + 1) the number of layers in the stack. The 

reflectance in air or free space is then 

l-(nH/nL)^P(nH^/ns),2 P^^^_L_H LJ K H 8^2 (2.16) 

l + (nH/nL)^P(nH^/ns) 

The greater the number of layers the greater the reflectance. Maximum reflectance for a 

given odd number of layers is always obtained whh the high-index layers outermost. 

If 
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(ilH)2pV,,i 

then 

R = 1 - 4 ( ^ ) 2 P ^ 
"H nn^ 

and 

T = 1-R = 4 ( ^ ) ^ P - ^ (2.17) 

which shows that when reflectance is high, then the addition of two extra layers reduces 

the transmission by a factor of (ui/nH) . 

From the above equations, we can conclude that there are two ways to increase the 

reflectance of the mirrors (stacks of alternate high- and low-index quarter wavelength 

layers). First, the greater the ratio of high refractive index to low refractive index the 

greater is the corresponding reflectance. Second, the more layers the bigger is the 

reflectance. 

2.4.2 The All-Dielectric Notch Fihers (Fabry-Perot Filters ) 

An all-dielectric notch filter is shown in diagrammatic form in Figure 2.7. Basically 

this is the same as the Fabry-Perot with dielectric coatings and with a solid thin-film 

spacer and the observations made for them are also valid. The substrate need not be 

worked to a high degree of flatness although the polish must be good, because, provided 
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the plant geometry is adequate, the films will follow any contours without showing 

changes in thickness. 

Unfiltered light in 

f 

Quarter-wave 
layers < 

Half-wave \̂  
layer > 

Quarter-wave 
layers 

< 

V 

Cover glass 

fihered light out 

^ Reflector 

Spacer la 

^ Reflector 

Substrate 

Figure 2.6. The structure of an all-dielectric notch fiher. H symbolizes a precisely quarter-
Wavelength optical thickness layer of high-index material (Si), while L symbolizes a precisely 
quarter-wavelength optical thickness layer of low-index material (Si02). The spacer is a layer 
of half-wavelength. Wavelength refers to the wavelength of peak transmittance. 
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The bandwidth ofthe all-dielectric notch fiher can be calculated as follows. If the 

reflectance of each ofthe muhilayers is sufficiently high (R is close to 1) then 

4R 4R 4 
F= ^ = - Y = ^ (2.18) 

(1-R)^ j 2 ^2 

and 

^0 r. n ^ ^ n^^ 
= mf = — = —r (2.19) 

where AX^ is the halfwidth ( FWHM ) ofthe optical notch fiher. 

Since the maximum reflectance for a given number of layers will be obtained with a 

high-index layer outermost, there are really two cases which need be considered: The 

high-index spacer and low-index spacer cases both with high-index material outermost in 

the stacks. If x is the number of high-index layers in each stack, not counting the spacer 

layer, then in the case ofthe high-index spacer, the transmission ofthe stack will be given 

by 

4nT ^^n^ 
T = - S ^ . (2.20) 

and in the case of low-index spacer by 

4nL2x-lj^ 

Substituting these results into the expression for bandwidth, we find for the high-index 

spacer. 
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AX-h 4nL^''ns 
»«-,r« 2X+1 

'0 mjmj j 

and for the low-index spacer 

A>.K 4nT ^ ^ - ^ n 

2x, 
( 2.22) 

= 9 - ^ , ( 2.23 ) 

^ 0 mTmji 

where we are adopting the fractional half-width AX/>̂  rather than the resolving power 

>.o/Â h as the important parameter. 

In these formulae we have completely neglected any effect due to the dispersion of 

phase change on reflection from a multilayer. Seelŷ ^̂ ^ has studied the all-dielectric 

multilayer filter in detail and, by making some approximations in the basic matrix 

expression for the fiher transmission, has arrived at formulae for the first-order half-

widths as follows: 

High-index spacer 

.0 Tcnn̂ "̂̂ ^ ^U 
X -^ ^ ( 2.24 ) 

Low-index spacer 

AX^^W-\ ^n^j^ (2 .25) 

^0 T^^E. " H 

which are merely the eariier resuhs muhiplied by the factor (nH-nL)/nH. From equations 

(2.20), (2.21), (2.24) and (2.25), we can see two points. First, high-index spacer filters 

have higher reflectance for the stacks than low-index spacer case. Second, high-index 

spacer fihers have narrower FWHM than the low-index spacer case. 
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Since the all-dielectric muhilayer reflector is effective over a limited range only, side 

bands of transmission appear on either side ofthe peak and in most applications must be 

suppressed. The short-wave sidebands can be removed very easily by adding to the filter 

a long-wave pass absorption filter, readily available in form of polished glass disks from 

a large number of manufacturers. Unfortunately h is not nearly as easy to obtain short

wave-pass absorption fihers and the rather shallow edges of those which are available 

tend considerably to reduce the peak transmission of the fiher if the sidebands are 

effectively suppressed. The best solution to this problem is not to use an absorption type 

of fiher at all, but to employ as a blocking filter a metal dielectric fiher. Because metal 

dielectric filters used in the first order do not have long-wave sidebands, they are very 

successful in this application. Usually the three components which go up to make the 

final filter are cemented together in one assembly. 

2.5 Choices of Material Pair and Struaure of Optical Notch Fiher 

Si and Si02 are transparent at 1.55|a,m. The following formula is a well-known 

equation to calculate the cutoff wavelength from the bandgap. 

1.24 
X=-:— (2.26) 

where X is the wavelength in )Lim, while Eg bandgap ofthe material in electron voh. 

For Si, Eg = 1.12 ev. Then its cutoff wavelength is 

1.24 1.24 

For Si02, Eg = 7.75 ev. Then hs cutoff wavelength is 
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1.24 1.24 

The following table shows the ranges of transparency and refractive indices of Si and 

SiO. 

Si 

Si02 

Refractive index at 1.55|j,m 

3.0 

1.44 

Range of transparency in nm 

Above 1.1 

Above 0.16 

Why we chose Si, Si02 pair and high index material ( Si) as spacer. From equations 

( 2.20 ) and ( 2.21 ), h is obvious that the bigger the difference ofthe refractive indices 

between the high and low-index materials, the higher the reflectance of the stacks with 

the same number layers. Si and Si02 has a 1.56 difference in their indices. This is a good 

pair of high and low-index pair considering the availability of materials which both are 

transparent at 1.55|am and have a big difference in their refractive index. Another reason 

for choosing Si and Si02 is that there is plenty of data for the processing technology of 

Si and Si02. So, using Si and Si02, the stacks served as mirrors in the optical fiher 

naturally have higher reflectance which is desired as high as possible. The reason 

choosing high refractive index material Si rather than Si02 as spacer is to achieve smaller 

halfwidth (FWHM), less oblique incident effect and easy construction. In order to 
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analysis the difference of halfwidth because of choice of the high and low-index spacer, 

equations ( 2.24 ) and ( 2.25 ) are rewrite here. 

High-index spacer case 

AXu 4nT ^^n^ n u - n i 

T ^ = - ^ ^ ^ - V ~ ^ ' ( 224) 
A-o TIUH ^ H 

Low-index spacer case 

AXu 4nT^^~^n^ n u - n i 
1 ~ = 2x > ' ^ r ^ - ( 2 .25 ) 

Clearly, the halfwidth for the high-index case equals the halfwidth for the low-index case 

multiplied by a factor niJnn. Using high-index spacer resuhs in a smaller halfwidth 

compared with the low-index spacer case. 

From the analysis of Rancourt,̂ ^^^ considering the effect on the angle senskivity of 

the optical notch fiher, the higher index the spacer is, the less the blue effect. It means 

that when the incident angle is away from the normal, the resuhing shift of center 

wavelength to short-wavelength side is less than that of low-index spacer case. 

From the manufacturing and film quality view, the thinner the better for the same 

performance. The physical thickness of high-index spacer (Si) is only 48% of the 

physical thickness of low-index spacer (Si02). This is a big advantage if considering the 

simplicity of manufacturing, scattering due to nonuniformity, mechanical stress effects. 

In summary, choosing Si, Si02 as high and low-index material pair and high-index 

material Si as spacer results in better reflectance of the stacks, smaller halfwidth, less 

blue shift effect, less scattering losses and less mechanical and adhesion problems. All of 

them will contribute to a better finesse ofthe optical notch fiher. 
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CHAPTER in 

EXPERIMENTS AND TEST 

This chapter first review the deposition technology especially vacuum evaporation 

which is employed by us to produce our all-dielectric notch filters, then describes the 

vacuum evaporation system and optical notch filter performance testing system. 

3.1 Deposition Technology 

Vacuum deposition (or vacuum evaporation), is a Physical Vapor Deposhion (PVD) 

process in which the atoms or molecules from a thermal vaporization source reach the 

substrate without collisions with residual gas molecules in the deposhion chamber. 

Vacuum evaporation requires a relatively good vacuum. Vacuum deposhion normally 

requires a vacuum of better than 10""̂  Torr. At this pressure there is still a large amount 

of concurrent impingement on the substrate by potentially undesirable residual gases 

which can contaminate the film. If film contamination is a problem, a high (10' Torr) or 

ultrahigh (<10'^ Torr) vacuum environment can be used to produce a film whh the 

desired purity, depending on the deposition rate, reactivhies of the residual gases and 

deposition species, and the tolerable impurity level in the coatings. 

3.1.1 Vapor Pressure 

The saturation or equilibrium vapor pressure of a material is defined as the vapor 

pressure of the material in equilibrium whh the sohd or liquid surface in a closed 

container. At equilibrium, as many atoms return to the surface as leave the surface. Vapor 

pressure is measured by the use of a Knudsen (effusion) cell which consists of a closed 
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volume with a small orifice of known conductance. When the container is hold at a 

constant temperature, the material that escapes through the hole depends on the pressure 

differential. With a vacuum environment outside the orifice and knowing the rate of 

material escaping, the equilibrium vapor ofthe source have been presented in tabular and 

graphical form.̂ ^̂  

The vapor pressure of selected materials is a function of temperature. The slopes of 

the vapor pressure curves are strongly temperature dependent. The vapor pressures of 

different materials at a given temperature can differ by many orders of magnitude. For 

vacuum deposition, a reasonable deposition rate can be obtained only if the vaporization 

rate is fairly high. A vapor pressure of 10" Torr above a liquid melt are described as 

evaporating materials. 

Most elements vaporize as atoms but some, such as Sb, Sn, C, and Se have a 

significant portion of the vaporized species as clusters of atoms. For materials which 

evaporate as clusters, special vaporization sources, called baffle sources, can be used to 

ensure that the depositing vapor is in the form of atoms. It should be noted that as a 

material is heated, the first materials that are volatilized are high vapor pressure surface 

contaminates, absorbed gases, and high vapor pressure impurhies. 

A material vaporizes freely from a surface when the vaporized material leaves the 

surface with no collisions above the surface. The free surface vaporization rate is 

proportional to the vapor pressure and is given by the Herz-Knudsen vaporization 

f21 

equation:^' 

dN/dt = C (27imkT)-̂ ^̂ (p*-p) sec"̂  (3.1) 

where dN = number of evaporating atoms per cm of surface area 
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C = constant that depends on the rotational degrees of freedom in the liquid and the 

vapor 

P = vapor pressure ofthe material at temperature T 

P = pressure ofthe vapor above the surface 

K = Boltzmann's constant 

M = mass ofthe vaporized species. 

The maximum vaporization rate is when p = 0 and C = 1. In vacuum evaporation 

the actual vaporization rate will be 1/3 to 1/10 of this maximum rate, because of 

collisions in the vapor above the surfaces (i.e., p > 0 and C ;^1), surface contamination 

and other effects. ̂ ^̂  

3.1.2 Flux Distribution of Vaporized Material 

For low vaporization rates the flux distribution can be described by a cosine 

distribution.̂ ^̂ "̂̂ ^ With no collisions in the gas phase, the material travels in a straight line 

between the source and the substrate (i.e., line-of-sight deposhion). The material from a 

point source deposits on a surface with a distance and substrate orientation dependence 

given by the cosine deposition distribution equation (3.2). Figure 3.1 shows the 

distribution of atoms vaporized from a point source and the thickness distribution of the 

film formed on a planar surface above the point source based on equation (3.2). 

dm/dA = (E/7n^)cos(|)cose (3.2) 

Where dm/dA = mass per unh area 

E = The total mass evaporated 

r = the distance from the source to the substrate 
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Substrate 

Flux Distribution Curve 

8 

Source 

Figure 3.1 Distribution of atoms vaporized from a point source and the thickness 
distribution ofthe film formed on a planar surface above the source. 
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9 = the angle from the normal to the vaporization surface 

(j) = the angle from the source to the substrate line. 

At any point on the surface the angular distribution ofthe deposhing species is small 

since they originate from a point vaporization source. Generally the total area of 

vaporization in thermal evaporation is small, giving a small angular distribution of the 

incident atomic flux on a point on the substrate. In actuality, the flux distribution from a 

free surface may not be cosine but can be modified by source geometry, collisions 

associated with a high vaporization rate, level of evaporant in the source, etc. In such 

cases, the flux distribution must be measured directly. ̂ ^̂  A more complete model for the 

flux distribution from a Knudson (orifice ) source is given by Knudsen effusion model 

proposed by Ruth and Hirth.̂ ^̂  

Atoms leave a hot surface with thermal energies given by 3/2 kT, where k is 

Boltzmann's constant and T is the absolute temperature. The atoms have a Maxwell-

Boltzmann distribution in velocities. For example, for 1500°C evaporation temperature of 

copper, the mean kinetic energy ofthe vaporized copper atoms is 0.2 electron volts (eV) 

and the mean atom velocity is about 1 km/sec. 

3.1.3 Thermal Vaporization Sources 

Thermal vaporization requires that the surface and generally a large volume of 

material must be heated to a temperature where there is an appreciable vapor pressure. 

Common heating techniques for evaporation include resistive heating, high energy 

electron beams, low energy electron beams and inductive (rf) heating. Here we only 

focus on electron beams heating. 
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Focused high energy electron beams are necessary for the evaporation of refractory 

materials, such as most ceramics, carbon, and refractory metals. This "e-beam' heating is 

also useflil for evaporatmg large quanthies of materials. When vaporizing solid surfaces 

of electrically insulating materials, local surface charge buildup can occur on the source 

surface leading to surface arcing that can produce particulate contamination in the 

deposition system. 

In the deflected electron gun, the high energy electron beam is formed using a 

thermionic-emitting filament to generate the electrons, high voltages to accelerate the 

electrons, and electric or magnetic fields to focus and deflect the beam onto the surface of 

the material to be evaporated. Electron beam guns for evaporation typically operate at 10-

50kW. Using high-power e-beam sources, deposition rates as high as 50 microns per 

second have been attained from sources capable of vaporizing material at rate of up to 

10-50 kilograms of aluminum per hour. E-beam evaporators can be made compatible 

with Ultra High Vacuum (UHV) processing, depending on the capabilhy of vacuum 

pumping system. Generally e-beam evaporators are designed to deposh material in the 

vertical direction, but high rate e-beam sources have been designed to deposh in a 

horizontal direction. ̂ ^̂  

In many designs, the electron beam is magnetically deflected through > 180° to avoid 

deposition of evaporated material on the filament insulators. The beam is focus onto the 

source material which is contained in a crucible. Electron gun sources can have multiple 

pockets so that several materials can be evaporated by moving the beam or crucible, so 

that more than one material can be vaporized with the same electron in one processing 

without opening the chamber. 
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The high energy electron bombardment produces secondary electrons which are 

magnetically deflected to ground. The electrons ionize a portion ofthe vaporized material 

and these ions can be used to monitor the evaporation rate. The ions can also create an 

electrostatic charge on electrically insulating substrate. If the fixture is grounded, the 

electrostatic charge can vary over the substrate surface, particularly if the surface is large, 

affecting the deposition pattem. This variation can be eliminated by deflecting the ions 

away from the substrates by using a plate at a positive charge above the source or 

electrically floating the fixture so that it assumes a uniform potential. E-beam deposhion 

of dielectric materials can generate insulating surfaces, that can build-up a charge that 

causes arcing and particulate formation in the deposition system. 

The long-focus gun uses electron optics to focus the electron beam on a surface 

which can be an appreciable distance from the electron emitter. The optic axis is often a 

straight line from the emitter to the evaporant and therefore the gun must be mounted off-

axis from the source-substrate axis. 

High vohage electron beam guns are not generally used in a plasma environment 

because of sputter erosion ofthe gun-filament by positive ions. There are also problems 

with the reaction of the hot filament in reactive gases. In order to use an electron beam 

evaporator in a plasma or reactive gas environment, the electron emitter region can be 

differentially pumped by being isolated from the deposhion environment. 

Unfocused high-energy electron beam heating can be accomplished with an electron 

source by applying a voltage between the electron emitter and the source material or 

source container which is usually at ground potential. Such a source is referred to as 

work-accelerated gun. 
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3.1.4 Transport and Condensation of Vaporized Material 

In the vacuum environment, the vapor travels from the source to the substrate in a 

straight line with collision whh residual gas molecules. Physical masks can be used to 

intercept the flux, producing defined patterns of deposition on a surface. 

Thermally vaporized atoms may not always condense when they impinge on a 

surface; instead they can be reflected or re-evaporate. Re-evaporation is a function of the 

surface temperature and the flux of deposhing atoms. A hot surface can act as a mirror 

for atoms. 

When a thermally vaporized atom condenses on a surface, it gives up energy 

including: 

• Heat of vaporization or sublimation—a few eV per atom which includes the 

kinetic energy of the particle which is typically 0.3 eV or less. 

• Energy to cool to ambient—depends on heat capability temperature change. 

• Energy associated with chemical reaction which can be exothermic, when 

heat is released or endothermic, when heat is adsorbed. 

• Energy released on solution or heat of solution. 

The heat of vaporization for gold is about 3 eV per atom, and the mean kinetic 

energy is about 0.3 eV, showing that kinetic energy is only a small part of the energy 

released at the substrate during deposhion. However h has been shown, using 

mechanical velochy fihers, that the kinetic energy of the deposhing gold atoms is 

important to the film structure, properties, and annealing behavior. At high deposhion 

rate, the condensation energy can produce appreciable substrate heating. The deposition 

rates for vacuum deposition processes vary greatly. They can range from less than one 
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monolayer per second (<3A/s) to more than 3 microns/s. The rate depends on the 

thermal power input to the source, system geometry, material and the size ofthe crucible 

Generally the power input to the source is controlled by monitoring the deposition rate 

As shown in Figure 3.1, the deposition thickness uniformity from a vaporizing 

point onto a plane is poor. A more uniform deposit over a planar surface can be obtained 

by using muhiple sources with overlapping patterns; however this produces source 

control and flux distribution problems. By moving the substrate further away, the 

uniformity over a given area can be improved; however, the deposition rate is decreased 

as 1/r̂ . The most common technique to improve uniformity is to move the substrate in a 

random manner over the vaporization source, such as using a rotational substrate holder. 

Since the deposition is line-of-sight, deposition on rough or nonplanar surfaces can 

give geometrical shadowing effects resulting in nonuniform film thickness, surface 

coverage and variable film morphology. These problems can be alleviated somewhat by 

extended vaporization sources or substrate movement. 

3.1.5 Evaporation Monhoring and Control 

The principal process variables in vacuum deposhion are: 

• Substrate temperature, 

• Deposition rate, 

• Vacuum environment—pressure, gas species, 

• Angle-of-incident of depositing atom flux, 

• Substrate surface chemistry and morphology. 

38 



The substrate loses heat by conduction and radiation, and monitoring substrate 

temperature is often difficuh. Thermocouples embedded in the substrate fixture often 

given a poor indication of the substrate temperature since the substrate often has poor 

thermal contact to the fixture. In some cases, thermocouples can be embedded in attached 

directly to the substrate material. Optical pyrometers allow the determination of the 

temperature if the surface emissivity and adsorption in the optics is constant and know. 

When they are not known, the pyrometer can be used to establish a reproducible 

temperature even if the value is not known accurately. 

Soda-lime glass (common window glass), which is a glass material that is commonly 

used as a substrate material, has a high adsorption for infrared radiation so the IR 

pyrometer can look at the front surface of the glass while a radiant heater is heating it 

from the back-she and the pyrometer will not see the IR from the heater. Passive 

temperature monitors can be used to determine the maximum temperature a substrate has 

reached in processing. Passive temperature monitors involve color changes, phase 

changes (e.g., melting of indium) or crystallization of amorphous materials. 

The deposition rate is often an important processing variable in PVD processing. The 

rate can affect not only the film growth but h, along the deposhion time, is often used to 

determine the total amount of the material deposhed. The quartz crystal deposition rate 

monitor is the mostly commonly used in situ, real-time deposhion rate monitor for PVD 

processing. 

Single crystal quartz is a piezoelectric material, which mean that h responds to an 

applied vohage by changing volume which causes the surface to move. The amount of 
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the movement depends on the magnitude ofthe vohage. If the vohage is applied at a high 

frequency the movement will resonate at a frequency that depends on the crystalline 

orientation ofthe quartz crystal slab and hs thickness. Quartz crystal deposition monitors 

(QCM) measure the change in resonant frequency as mass (the film) is added to the 

crystal face. The change in frequency is directly proportional to the added mass. By 

calibrating the frequency change with mass deposhed, the quartz crystal output can 

provide measurements of the deposition rate and total mass deposhed. The frequency 

change of the oscillation allows the detection of a change of mass of about 0.1 

microgram/cm which is equivalent to less than a monolayer of the deposhed film 

material. 

The quartz crystal can be cut with several crystalline orientations. The most common 

orientation is the AT-cut which has a low temperature dependence of its resonant 

frequency near room temperature. Other cuts have a higher temperature dependence. The 

typical commercial quartz crystal deposition monitors have a crystal diameter of about 

one-half inch and a total probe diameter of about one inch. The crystal is coated on both 

faces to provide the electrodes for applying the voltage and is generally water cooled to 

avoid large temperature changes. 

Ideally the QCM probe should be placed in a substrate position. Often this is 

impossible because ofthe size ofthe substrate, fixture movement, or system geometry, so 

the probe is placed at some position where h samples a part of the deposhion flux. The 

probe readings are then calibrated to total film thickness deposited. As long as the system 

geometry and the vaporization flux distribution stays constant, then the probe readings 

are calibrated within a deposhion run and from run-to-run. The QCM probe can be 
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shielded so as to sample the deposition flux from a small area so several monitors can be 

used to independently monitor deposition from several vaporization sources close to each 

other. The output from the monitors can be used to control the vaporization rates as well 

as the deposition time. 

The major concerns whh the use of QCMc are calibration whh the actual deposition 

flux, probe placement, intrusion of the probe into the deposition chamber, temperature 

rise if the probe not actively cooled, and calibration changes associated with residual 

film stress and film adhesion to the probe face. The total residual film stress, which 

changes with film thickness, can change the elastic properties of the quartz crystal and 

thus the frequency calibration. In some cases, the magnitude of the change can be more 

than the effect of mass change. The presence of film stress and hs effect can be 

determined using two QCMs that have different crystalline orientations. Crystals with 

different orientations have different elastic properties. If there is no film stress then the 

probe readings should be the same during film deposition. I not, then film stress is 

probably a problem that has to be considered. Care must be taken in using this 

observation in that the stress in the film on the probe face may not be the same as the 

film stress present in films deposhed on the substrates. Often QCM probes are used for 

several or many deposhion runs. If the film deposhed on the probe has adsorbed gases or 

water vapor between runs then desorption of these gases and vapors can affect the 

calibration. 

Ionization deposition rate monhors are commercially available but are not commonly 

used. Ionization rate monhors compare the collected ionization currents in a reference 

ionizing chamber and an ionizing chamber through which the vapor flux is passing. By 
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calibration, the differential in gauge outputs can be used as a deposition rate 

monitor. ̂ ^̂  In electron beam evaporation, the ions that are formed above the molten 

pool can be collected and used to monhor the vaporization rate.'̂ ^ The optical emission 

of the exched species above the vaporization source can be used for rate monitoring. 

Some deposhion rate monhors use optical atomic adsorption spectrometry ofthe vapor as 

a non-intrusive rate monitoring technique. 

In many cases, the total amount of deposhed material is controlled by evaporating-to-

completion of a specific amount of source material. This avoids the need for a deposhion 

controller and is used where many repetitious deposhions are made whh a constant 

system geometry. 

3.1.6 Vacuum Deposition Configuration 

The primary function of the vacuum system associated with vacuum deposition 

processing is to reduce the level of contaminating residual gases and vapors to an 

acceptable level. Generally the vacuum chamber used for vacuum deposition is large, 

because the high radiant heat loads necessitate a large separation between the source and 

the substrate. We will review the main components of the vacuum deposhion 

configuration briefly next. 

We will introduce the batch-type vacuum deposition chamber. One important 

feature that is often found in vacuum deposhion chambers is the relatively large 

distance between the heated source and the substrates. This is to minimize the radiate 

heating from the source and allows elaborate fixture motion to randomize the position of 

the substrates. 
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Fixturing is used to hold the substrate while tooling is used to move the fixtures 

Tooling is used to randomize the substrate poshion and angle with respect to the 

direction of the depositing flux. A common tooling in vacuum deposhion is a spherical 

dome-shaped holder that maintains a constant line-of-sight distance between the source 

and substrates. Often this holder is rotated to randomize the position of the substrates. 

This results in improved surface coverage, a more uniform thickness distribution and 

more consistent film properties. Often material utilization in an evaporation process is 

poor unless proper fixturing and tooling is used to intercept the maximum amount ofthe 

flux. This can be accomplished by having the substrate as close as possible to the 

vaporization source, though this can result in excessive heating of the substrate during 

deposition. Substrate mounting should be such that particles in the deposition ambient do 

not settle on the substrate surface. This means mounting the substrates so that they face 

downward or to the side. Mechanical clamping is often used to hold the substrates but 

this entails having a region that is not coated. Mechanical clamping provides poor and 

variable thermal and electrical contact to the fixture surface and can resuh in variable 

substrate temperatures during evaporation process. 

3.2 Our Evaporation System 

This Section describes the evaporation system (refer to Figure 3.2) for optical notch 

fiher deposhion. It can be divided into several main parts: the pumping system, the e-gun 

evaporation source or Chamber , deposition thickness controller and the accessories. The 

development ofthe vacuum system, consisting ofthe pumping system and glass gar, will 

be discussed first. In addition, discussion of the support for the entire system will be 
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Figure 3.2 Schematic view of our vacuum evaporation system 
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included. The following will be a discussion of e-gun evaporation source. Finally, the 

thickness controller unh and vacuum gauges will be briefly discussed followed by a 

summary ofthe system configuration. 

3.2.1 System Support 

The initial development ofthe evaporation system began whh the construction ofthe 

support frame, which is made from iron plates and round iron as show in Figure 3.3. 

The round is cut and welded to provide a sturdy support frame that is 28 inches in 

height, 40 inches in length, and 30 inches in width. A two half-inch thick metal plates are 

placed across the top and bottom ofthe frame and for added support, four bars are welded 

to the middle ofthe four round irons. Polyurethane caster wheels, 2-1/2-inch in diameter, 

are welded to the bottom comers of the stand to provide mobility. The whole vacuum 

chamber consisting a glass jar and a stainless cylindrical chamber is mounted on the top 

plate ofthe frame. Pumping system is mounted between the top and bottom plates and the 

cryopump is connected with the chamber whh a gate valve while mechanical pump 

connected with a pneumatic valve. 

3.2.2 Vacuum System 

The vacuum system is the next phase in the development of the deposhion system. 

Inhial development ofthe vacuum system began with the acquishion of a roughing pump. 

The rotary roughing pump is capable of achieving pressures on the order of 10' Torr. 

The rotary roughing pump is a mechanical pump which transports (with the aid of rotors), 

compresses, and expels the gas. The roughing pump is the chamber through a manually 
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controlled electropneumatic valve which controls the on-oflf status of the port connected 

to the chamber. The gas expelled from the roughing pump is known to be carcinogenic. 

Therefore a ventilation system is devised from 3-1/2 inch PVC tubing that is directed to a 

roof vent. 

A cryogenic pump, Cryo-Torr 8 Cryopump, is utilized in addhion to the roughing 

pump to improve the vacuum. It operates on the principle that gases can be condensed 

and held at extremely low vapor pressure, achieving high speeds and throughputs at the 

cryogenic temperatures of the operating cryopump. Operating procedures require the 

cryopump pressure be below 50 Torr before turning on the compressor unit. Our design is 

to use a mechanical pump to drop down the pressure inside the chamber to the operating 

level of the cryopump first, then close the valve between mechanical pump and chamber 

which is isolated from the roughing system. Now we can tum on the gate valve between 

the chamber and the cryopump which is usually working all the time, then the crypump 

will further drop the pressure down to the desired level. 

One critical characteristic ofthe cryopump is that its performance depends heavily on 

the maintenance ofthe cryopump. Grases captured from the vacuum chamber and trapped 

in the cryopump through condensation and cryo-adsorption are held primarily in a solid 

form. Regeneration removes trapped gasses and is necessary to return the cryopump to its 

original operating capabilities. A gas line containing nitrogen can be directly connected 

to the purge valve on the cryopump to allow for the proper regeneration ofthe cryopump. 

The gate valve allows isolation between the chamber and the cryopump. Isolation permits 

the cryopump to continuously operate, thus reducing time interval (time needed to cool 
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down for the cryopump the cool down time is about two hours for every startup) between 

experiments. 

Monhoring of the vacuum pressure whhin the chamber is a critical element in the 

deposition of thin films. Since h is impossible to find a vacuum gauge that can give 

quanthative measurements in the vacuum region of interest (10̂ ^ to 10'̂  Torr), two 

vacuum gauges are employed. Two Varian ionization gauges (Ionization Gauge 0564-

k2500-303) and vacuum guage controller are used for the high vacuum measurement of 

the system. One is placed below the gate valve while the other is placed above. This 

arrangement of the gauges allows the pressure measurements inside cryopump and the 

chamber at the same time or separately. The ionization gauge measures pressure in terms 

ofthe number density of molecules and has a measuring range from 10' to 10' Torr. 

The controller unit has a display range from atmosphere to 10" Torr depending on 

modules used. 

The Varian low vacuum gauge (tc vacuum gauge type 0531) is a heat loss 

manometer, inferring the pressure of a gas by measuring the thermal loss of a heated 

wire, and has a measuring range from atmosphere to 10' Torr. It is used to indicate the 

actual pressure in the chamber in the roughing stage. When h shows the pressure enter 

the cryopump operating range, the mechanical pump will be isolated from the chamber 

and the cryopump will be swhched to the chamber to further drop the pressure in the 

chamber. 
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3.2.3 The Evaporation Source 

Electron beam heating is an efficient and practical way of achieving temperatures in 

excess of 3500°C for uniform optical coating and metallurgical processes. The 

Thermionics e-Gun™ source, which is bakeable to 250°C, and its control unhs, have 

been chosen to be part of our evaporation system. The e-Gun^^ source and the 

corresponding source control unh have the following features which are important for the 

construction of optical notch fihers. 

A. The e-Gun can be used to evaporate refractory and dielectric materials as well as 

the more common conductive and semiconductive materials. 

B. The e-Gun source control unit (power supply) provides convenient single-knob 

control of evaporation. The unh is current regulated and minor changes in line vohage 

do not affect the beam power. 

C. The source control unit has three safety interlocks that work in conjunction with the 

e-Gun evaporation source. 

1. Water-flow interlock to insure a proper water flow to the unit (at least Vi gallon 

per minute). 

2. Pressure interlock to make certain the control unit won't operate above 1x10'̂  

Torr. 

3. Cabinet interlock to make certain the power is safely disconnected when the rack 

panel door is opened. 

D. The maximum output power ofthe e-Gun '̂̂  source is 3kW. 

E. The e-Gun source can have up to five crucible positions (that is the model we 

have). 
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F. The crucible of five position e-Gun™ source will hold approximately 2.5 c.c of 

source material. 

G. An accessory liner is available. It is very useful. Several different types source 

material may be evaporated without cross contamination of the materials by simply 

removing the crucible liner after coating one material and inserting a crucible 

containing the next material. 

3.2.4 Evaporation Thickness Controller 

Most ofthe system's instrumentation is contained in one cabinet and can be seen in 

Figure 3.4. The Inficon evaporation thickness controller is mounted at the highest 

position. Directly under the thickness controller is the two vacuum gauge controllers. 

Below them is the e-Gun source control unit. We will only discuss Inficon IC/5 Thin 

Film Deposition Controller here. 

0 

It is equipped with high frequency crystal (6.0 MHz) and has a 0.00577 A rate 

resolution. So it is a precious controller with powerful program capabilhy. It can define 

up to 50 processes and with up to 250 layers for single process and can use up to 24 

materials. It also have the co-operation function which means two sources may operate 

concurrently. The range of Master Tooling Factor is 10.0 to 400.0% which means that 

sensor can install almost anywhere in the chamber. The PID Control Mode is enhanced 

with three parameters: Process Gain, Primary Time Constant and System Dead Time. 

Whh the right combination of these parameters different evaporants can be deposhed 

easily with slow or fast source. A process has two presoak stages with very small power 
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rising step. These features ensure a smooth soak and rate rising which is very important 

for automatic deposhion rate control. 

3.2.5 Summary of System Configuration 

The e-gun beam evaporation system for optical notch filter construction is configured 

as the following. 

1. Pumping system. An Alcatel M2008A mechanical pump is employed to rough the 

chamber. It takes about 20 minutes to drop the pressure inside the chamber to 1x10'̂  

Torr. A Helix CRYO-TORR® 8 high vacuum pump is used to reach and keep high 

vacuum ( <5xlO'̂  Torr ) needed by high quality deposhions. It takes about 2 hours to 

drop the vacuum to 1x10' Torr after switching the Alcatel mechanical pump to Helix 

CRYO-TORR 8 high vacuum pump. Consider them as a whole. The Pumping 

system needs about two and half hours to achieve the deposition operating condition 

(vacuum <5xlO"^ Torr ) after close the chamber. 

2. Chamber. It consists of a glass jar which gives the most space of the chamber and 

provides the visibility of the chamber and a topless and bottomless stainless short 

cylinder which accommodates eight ports used for power lines, vacuum gauges, 

cooling water circulation, displacer of the crucibles, crystal wires, and mechanical 

pump connection. 

3. Evaporation Source and Displacer. Thermionics e-Gun evaporation source is a 

3KW five poshion e-beam source with 2.5 c.c. crucibles. It takes few space in the 

chamber but be able to complete the work for optical notch filter deposition. Since the 

volume ofthe crucible is small, two crucibles of Si02 and two crucibles of Si should 
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be loaded each time for thirteen layer optical notch fiher deposition When the 

material in a crucible runs out, we only need to switch to another crucible with the 

same material at the intervals between layers whhout opening the chamber in the 

same process, avoiding unnecessary contamination and saving time. 

4. Deposition Controller. Inficon IC/5 Thin Film Deposhion Controller is able to 

provide small power rising step over The Thermionics e-Gun^^ source control unit. 

Its PID Mode with parameter choice can provide precious deposition control for 

many evaporants. With the continuous improved experimental value of Master 

Tooling Factor, I got several very good optical notch fihers which are centered almost 

at 1.55|j,m. 

5. Substrate Holder. I redesigned the substrate holder (refer to Figure 3.5) to be able to 

load in up to 36 18mm x 9mm substrates. This improvement can greatly increase the 

efficiency ofthe deposition through using the cosine distribution ofthe evaporant flux 

but avoiding the difficulty ofthe precious thickness control of deposhion. 

6. Cooling System. Another graduate student designed a new cooling water circulation 

system. It can provide almost constant 10°C water with an over half gallon flow rate 

to the crucible boat on the displacer and crystal. 

7. Instrumentation. Two vacuum gauge controllers and a Thermionics e-Gun source 

control unh work well for the optical notch fiher deposition. 

The above seven components comprise a complete tradhional e-beam thin film 

deposhion system. It has the advantages of simplicity, easy control, less contamination. 
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( 18mm X 9mm). This arrangement can fully utilize the cosine distribution of 
the evaporant flux. We can have tens substrates with only subtie differences in 
their thickness in a run. 
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It works good for the optical notch filter project and anti-reflection coatings projects 

It also serves as other purposes such as ohmic contact deposhion, interconnecting in the 

microstructure devices, and heat conducting layer deposition. 

3.3 Optical Notch Filter Test System 

In order to evaluate the performance ofthe optical notch filters deposited through our 

e-beam thin film deposhion system. A optical transmittance measurement system is setup 

exclusively for the optical notch fiher performance test. 

Figure 3.6 shows the diagram ofthe optical notch filter test system. It consists four 

main components. 

1. Fiber Optic Illuminator. It can provide light in a broad spectrum range including 

The 1.55 |Lim beam. The light intensity is adjustable so that h can be used in 

various attenuation cases. 

2. Substrate Holder and Fiber. The sample is inserted into the substrate holder so that 

the light passing in the fiber can pass the sample then enter the fiber again and finally 

reach the optical unit of the spectmm analyzer. The substrate holder can 

accommodate sample with size up to 18mm x 9mm. 

3. Anritsu MS9030A Optical Spectrum Analyzer. It has a wavelength range from 

0.35|Lim to 1.75|j,m with at least -55dBm to +10dBm measurement level range over 

its whole spectrum. It also provides some other features. Its large-size color display 
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Figure 3.6 Illustration of all-dielectric optical notch filter transmittance test system 

screen provides high-resolution, color selectable images that are easy to distinguish and 

see. 

TM 4. The computer (Pentium ) and Lab VIEW and Origin 5.0 software. With 

Lab VIEW data acquisition program, we can make the transmittnace test remotely through 

GPIB bus connecting the Anrhsu Optical Spectrum Analyzer whh The computer. Then 

we can utilize the rich data processing functions of Origin 5.0 to analyze the original 

data. 
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CHAPTER IV 

ANALYSIS AND RESULTS 

4.1 Theoretical Performance 

We will calculate the two most important parameters transmittance T ofthe stacks 

and halfwidth (FWHM) ofthe optical notch filters using some resuhs in chapter II here. 

Let us rewrite equations (2.19) and (2.20) as follows. 

4nT ^^Uc 
^ " (4.1) 

„ 2x+l 

XQ ^ mTiF m7c 
" =mf = = —r (4.2) 

Si and Si02 are the high-index and low-index material pair respectively while the 

substrate is cover glass, UH = 3.0, UL = 1.44, Us = 1.47 are the refractive indices for Si, 

Si02 and cover glass respectively at 1.55|im. Since x in equation (4.1) refers to the 

number of high-index layers in each stack, the total number of layers of one stack is 2x. 

There are two stacks and one spacer layer in each assembly of optical notch filter. 

Obviously the total number of layers in one optical notch fiher is 2x + 1. 

Let us assume Si and Si02 are absorptionless since crystal Si and pure Si02 are 

apparent at 1.55|j,m. For 5-layer corresponding to x = 1 optical notch filter, hs stack 

transmittace and halfwidth at 1.55nm can be calculated as following 

_ 4nL^X. _ 4x1.44^^^x1.47 _ 
^ ~ „ 2x+l ~ ^f.2xl+l -45.2/0 njj 3.0 
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^0 r. niTcF̂ ^̂  mTi IxTC 
~ = mr = =. = = 6 95 
^K 2 T 452 

A>-h 1 

A?ih = UAVoXo = 14.4% X 1.55nm = 223 nm. 

For 9-layer optical notch fiher 

4nL^''ns 4x1.44^''^ xl.47 

^0 r- mTiF̂ ^̂  mTi IxTC 
= mf = = — - = ——= 30.2 A>-h 2 T .104 

A;^!! 1 

A ĥ = 3.31%>.o = 3.31% X 1.55nm = 51.3nm 

For 13-layer optical notch filter 

_4nL^^ns _ 4x1.44^^^x1.47 
^ ~ „ 2x+l ~ ^ n2x3+l ~ •̂'*°'̂ ° 

UH 3.0 

Xo , mTtpl/^ mTt IxTt 
" =mf = : = — - = =131.1 

A>.h 2 T .024 

AXh 1 
= 0.76 % >.0 131.1 

A ĥ = 0.076%AK) = 0.076% x 1.55^m =11.8 nm. 

In the above analysis we have completely neglected any effect due to the dispersion 

of phase change on reflection from multilayers. Macleod^^°' has studied the all-dielectric 

optical fiher in detail and by making some approximations in the basic expressions for 
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the filter transmittance, has arrived at formulae for the first-order halfwidths. which, \\ ith 

a httie adjustment, become equal to the expression (4.2) muhiplied by a factor (nH-nL)/nn. 

^ ^ h = ^ ^ ^ 0 • (4.4) 

After considering the effect of the phase shift on reflection, the halfwidths of optical 

notch filters become smaller. Then 

For 5 layers optical notch fiher 

A. ^mrc U H - U L 3.0-1.44 
^^h ="^'^0 =223 X — — — n m = 116nm 

T UH 3.0 

For 9 layers optical notch fiher 

. . ^m7c U H - U L 3.0-1.44 
^^h =~:^XQ = 51.3 X —-——nm = 26.7nm 

I Ujj 3.0 

For 13 layers optical notch filter 

mTT njj - UL 3.0 -1.44 
AXu =——Xr\ = 11.8 X nm = 6.1 nm. 

T "̂  UH 3.0 

4.2 Experimental Results of Optical Notch Fihers 

With the experimental setup discussed in Chapter II, many mns of evaporation of 

optical notch filters have been performed. Since the properties ofthe thin-film are process 

dependent, careful process control has been taken including maintaining the same 

temperature of evaporation, level of evaporant in the cmcible, exact position of crucible 

and substrate. In addhion to that, the following experimental condhions keep unchanged 

through out all runs. 

o 

1. Deposition Rate: 5 A / second within 5% control error. 
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2. Cooling Water: flow rate is half gallon / minute; cooling water temperature is \0X. 

3. Vacuum: All evaporation is performed under vacuum pressure 2.0 x 10"̂  Torr. 

4. Crucible: Thermionics Al 11460-01 REVC crucible with 3 cubic cm volume. 

5. E-gun: Thermionics 3 kilowatts 5 poshion e-gun. 

6. Rate Controller: Inficon IC/5 deposhion thickness controller. 

7. The time intervals between evaporation of layers are about 5 minutes. 

The best optical notch fiher of 5 layer constmcted under the above conditions has the 

transmittance performance shown in Figure 4.1. It has a 97.2% peak transmittance ( at 

1.534|am ) whh 79 nm halfwidth. We have constmcted several 5 layer optical notch 

fihers with similar performance but a littie bh away 1.55 nm. 

For 9 layer optical notch fihers, the best one has 68% peak transmittance (at 

1.520nm) and 18 nm halfwidth. (see Figure 4.2). For 13 layer optical notch filters, the 

best one has only 22% peak transmittance ( at 1.544nm ) and 4.8 nm halfwidth (see 

Figure 4.3). All the above optical notch fihers are heavily process dependent. With the 

tight unchanged experimental condhions and precise thickness control, the above 

performance of optical notch filters is reproducible whh small center wavelength drift 

away from 1.55|j,m due to the thickness error of spacer layer. 

In order to compare the performance of 5, 9 and 13 layer optical notch filters. Figure 

4.4 combine Figure 4.1, 4.2 and 4.3 together and centered them all at 1.55|j,m. From 

Figure 4.4 the changes of performance is clear from 5 layer to 13 layer optical notch 

fiher. 

59 



0) 

o 
c 
E 
(/) c 
(0 

T3 
0) 

.N 

E 
o 

E 
c 
C9 

1 . 1 - 1 

1.0 

0.9 • 

0.8 • 

0.7 • 

0.6 • 

0.5 

0.4 

0.3 

0.2' 

O.I' 

0.0 • 

0.80-, 
0.75 
0.70 
0.65 
0.60 
0.55 

0) 
U 
c 
(0 
c 0.50 

0.45 

S 0.40 
0.35 
0.30 

T3 
0) 
N 

"TO 0.25 
i 0.20. 
^ 0.15-

0.10-
0.05-
0.00-

Performance of 5 layer optical notch filter using material pair 
Si, Si02 and Si spacer with peak transmittance 97.3% at 1.534 
^ m and halfwidth ( FWHW) 79 nm 

y 

1450 1500 1550 1600 1650 

Wavelength X in nm 
Figure 4.1 Performance of 5 layer optical notch filter 

Performance of 9 layer optical notch filter using material pair 
Si, Si02 and Si spacer with peak transmittance 68% at 1.520 
nm and halfwidth ( FWHM) 18 nm 

T-
i \ 

' V ^ >!''»'. t" 
V? 

—r-
1400 

1450 1500 1550 1600 

Wavelength k In nm 
Figure 4.2 Performance of 9 layer of optical notch filter 

60 



0) o c 

E 
c 

• o 
0) 
.bl 
lo 
E 

0.24 

0.22 

0.20 

0.18 

0.16 

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

0.00 

Performance of 13 layer optical notch filter using material pair 
Si, Si02 and Si spacer with peak transmittance 22% at 1.544 
nm and halfwidth ( FWHM ) 4.8 nm 

1650 1450 1500 1550 1600 

Wavelength X in nm 
Figure 4.3 Performance of 13 layer optical notch filter 

Performance of 5, 9 and 13 layer optical notch filters using material pair 
Si, Si02 and Si spacer aligned at 1 .SŜ m 
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4.2 Absorption Analysis of Optical Notch Filter 

Our actual optical notch fihers are not absorptionless. The absorption increases when 

the thickness rises. The intensity ratios of output and input for 5, 9, and 13 layer optical 

fihers are list in the table 4.1. We can treat our filter as an bulk material and follow the 

formula (equation 4.5) for the attenuation of a beam of light in an absorping material to 

calculate the effective absorption coefficient for the filter. 

///o=exp(-ad) (4.5) 

Where / is the emergent intensity, Io is the incident intenshy, a is the absorption 

coefficient, and d is the thickness ofthe filters. 

Table 4.1 The data for the calculation of effective absorption coefficient. 

Layers 

5 

9 

13 

Thickness in |Lim 

1.06 

1.85 

2.65 

Ratio oil/Io 

0.972 

0.68 

0.22 

After some calculation and data fit, the effective absorption coefficient a is 946.51 

cm"̂  (see Figure 4.5). In the following section, we will try to figure out where those 

absorption come from and how much Si, Si02 and interfaces account for. 

4.3 Absorption Analysis for Single Si. Si02 Layer and Interface 

I deposited a single Si layer and single Si02 layer both with thickness 2.6505 îm 

which is equivalent to the thickness of 13 layer optical notch fiher. I found that Si02 

showed almost 100% transmittance over the spectral range from 0.7 to 1.75 nm and Si 
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showed a big absorption which accounts for 71% of loss showed in the effective 

absorption coefficient. Here we assume that the rest of the absorption results from the 

rough interfaces between layers in the fihers stmcture, this assumption is supported by 

the large number of interfaces and the rough micrography picture ofthe front surfaces of 

fihers. 

In the following, we focus on the causes ofthe absorption in the Si I deposhed single 

Si layer which is the same Si used in the constmction of notch fihers. 1 also deposhed 

several layers of Si with higher purity at deposhion speed of 5 angstrom/sec and 2.5 

angstrom/sec to see the effects on the absorption coefficient of Si. 

Figure 4.6 shows the transmittace spectmm ofthe Si layers deposited with different 

purity Si at different deposhion speed. Next, we will directly employ two formulae (4.6) 

and (4.7) to calculate the refractive index change against wavelength and absorption 

dispersion over wavelength for single Si layer. 

Net loss = a = (-)ln{ ^^ ,,^ ^ } (2.6 f^^ 

Where L is the thickness of single Si layer, R is the reflectance coefficient at the interface 

between air and Si layer, and p is the intensity ratio between any maximum and the 

nearby minimum. 

where Av= ( l/>.2 -l/^i) is the wavenumber difference of any two nearby intensity 

maximums, n is the refractive index at that frequency of Si, d is the thickness, and c is the 

traveling speed of light in vacuum. 
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Figure 4.7 and Figure 4.8 show the original data for absorption coefficient and 

refractive index of Si against wavelength. 

1.4 1.6 1.8 2.0 

Thickness in ^m 

Figure 4.5 The effective absorption coefficient 
a = 946.5 1/cm for the notch filters. 
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Using those two formulae and first-order exponential data fit, I got Figure 4.10 which 

shows the refractive index dispersion function for Si, and Figure 4.9 which shows the 

absorption coefficient changes against wavelength. 

From Figure 4.9, we find absorption coefficient of Si is 670.85 cm'* at 1.513 nm. 

Following the changing trend, the absorption coefficient of Si is pretty close to this value 

at 1.55 |im. We also find that the purity of Si and deposhion rate do not play a big role in 

determining the absorption coefficient in the longer wavelength but play a important role 

for wavelength smaller than 1.1 |im which is the fiindamental edge, in other words, the 

purity and deposhion rate are important factors for the band stmctures of Si. 

From Figure 4.10 , we can see that the refractive index of Si increases rapidly when 

the wavelength decrease under around 1.0 |im. This observation agrees whh the results in 

the publications. We also find that purity is not important for the refractive index n of Si, 

but deposition rate can make a big difference in effecting the refractive index n of Si. 

From the Electron Micrograph pictures ofthe optical notch fihers, we can see that the 

front surfaces of our optical notch filters are pretty rough, it means deposition method can 

not form very good surfaces. The resuhing scattering losses from those rough interfaces 

in the notch fihers should account for the 29% loss showed in our notch fihers. 
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CHAPTER V 

CONCLUSIONS 

5.1 Conclusions 

1. 13 layer optical notch filter has a transmittance ( 22% ) and a halfwidth ( 4.8 nm ) 

at 1.55|Lim. 

2. Si we used is not transparent at 1.55nm and we determined hs absorption coefficient 

a and refractive index as functions of wavelength. 

3. Si02 shows a very small absorption ( under 1% ) at 1.55|im. 

4. Our e-gun evaporation system works well for the constmction of optical notch filters. 

5.2 Future Research Recommendations 

The following points can be considered for the continuing efforts on this project; 

1. New structure of optical notch filter assembly to have even narrower halfwidth with 

good sidebands blocking. 

2. Practical method to improve the deposhion thickness uniformhy, such as using a 

rotafional substrate holder to move the substrate in a random manner over the 

vaporization source. 

3. Try other high and low-index material pairs to design optical notch filters which 

operate at different wavelength ( for example, 0.85, 0.98 or 1.3|im optical notch 

fihers). 

4. Try different stmctures of optical notch fihers such as a high order spacer which can 

be made from solid material such as mica and has a very narrow FWHM in series 
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with a first-order optical notch filter which does not have sidebands on the longwave-

side with a FWHM equal to or smaller than the passband of the high-order optical 

fiher. The resuhant shape should be a very narrow passband with no longwa\e-

sidebands and shortwave-sidebands far away from the passband. 
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APPENDIX A 

EVAPORATION SYSTEM OPERATING PROCESURE 

lips: Always wear plastic glove for any work inside the chamber; keep the chamber open 

fime as short as possible to minimize the contamination from the air. 

A-1 Vacuum Preparation for Evaporation Process 

1. Start with all ports and valves closed (make sure gate valve is closed). 

2. Open collar valve. 

3. Start mechanical pump.. 

4. Tum on the vacuum gauge controller to monitor the pressure inside chamber in 

roughing stage. 

5. Wah about 20 to 30 minutes to drop the pressure in the chamber under 2.0 x 10'̂  

Torr. 

6. It is time to swhch to cryopump to further drop the pressure in the chamber. 

7. Close the collar valve. 

8. Tum off the mechanical pump. 

9. Open the gate valve. 

10. Tum off the vacuum gauge controller. 

11. Tum on the ion gauge controller to monhor the pressure in the chamber. 

12. Wah about one and half to two hours to let the cryopum to drop the pressure under 4 

X 10-̂  Torr. 

13. Now the evaporator is ready to do hs job. 
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A-2 Load in the Evaporants and Suh'̂ tratPQ 

1. Before open chamber make sure that gate valve is closed 

2. Open collar valve. 

3. Open vent valve. 

4. Wah about 5 minutes to ventilate the chamber. 

5 Pull up the glass jar to open the chamber. 

6. Load in the evaporants. 

7. Place the substrate holder the position. 

8. Pull down the glass jar to close the chamber. 

9. It is ready for the vacuum preparation operation. 

A-3 Pick up the Substrates and Change Evaporants 

1. Afler the evaporation process is complete, keep the substrate in the vacuum for some 

time to let it cool down. 

2. Close the gate valve to isolate the cryopump from the chamber. 

3. Open collar valve. 

4. Open vent valve. 

5. Wah about 5 minutes. 

6. Pull up the glass jar to open the chamber. 

7. Take out the substrate holder and change the evaporants if necessary. 

8. Close the chamber. 
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A-4 Cryopump Cooldown after Regeneration Process 

1. Start with all ports and valves closed. 

2. Open gate valve. 

3. Open collar valve. 

4. Start mechanical pump. 

5. Tum on the vacuum gauge controller. 

6. Wait pressure reading drops to 1 X 10' Torr. 

7. Close gate valve. 

8. Close collar valve. 

9. Tum off the mechanical pump. 

10. Tum on the Cold Head and Compressor Unit "ON-OFF" Swhches which are located 

on the front panel ofthe compressor unit. 

11 Swhch the ion gauge controUer connection to the ion gauge located on the cryopump. 

12. Tum on the ion gauge controller on to monhor the pressure inside the cryopump. 

13. After one and half hours the temperature indicator should down below 15^ . 

A-5 Cryopump Shutdown 

1. Close the gate valve. 

2. Shutdown the cryopump by means ofthe compressor-umt and cold-head "ON-OFF" 

switches. 

3. Do not expose the internal parts ofthe cryopump to the atmosphere immediately after 

shutdown. 
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4. It takes about two and half hours to warm the crypomp to ambient temperature with 

no heat load present. 
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APPENDDCB OPTICAL FILTER TERMS 

Index of refraction n 

A quantity assigned to a light-transmitting medium that indicates the relative speed of 

light in that medium. 

Dielectric 

A material whh both conductive and insulative electromagnetic properties. 

Plane of incidence 

The plan of incidence is defined by the direction ofthe incident and reflected beams. 

Center wavelength 

Wavelength at center of passband measured at 50% of peak transmission. 

Transmission T 

Ratio of transmitted energy to incident energy expressed as percentage. 

Reflection R 

Ratio of reflected energy to incident energy expressed as percentage. 

Peak transmission 

Highest transmission, occurs at peak wavelength. 

Bandwidth or Halfwidth ( FWHM) 

Width ofthe passband measured at half the peak transmission. 

Angle of incidence 

The angle formed by an incident ray of light and an imaginary line perpendicular to the 

plane of boundary. 
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Spacer layer 

A layer of material which has an optical thickness corresponding to an integral-half of the 

center wavelength ofthe band. 

Cut-on or Cut-off 

The cut-on is the wavelength of transhion from attenuation to transmission. The cut-off is 

the wavelength of transition from transmission to reflection. 

Optical Density (OD) 

Units measuring transmission usually in blocking regions. Conversion: -log(T)=OD. 

Wavenumber 

The inversion ofthe wavelength in centimeters. 
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