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ABSTRACT 

This dissertation describes the design and manufacturing techniques of antireflection 

coatings for the optical components of the MAESTRO spectrograph. This work was 

motivated by the need for a high-performance, robust and inexpensive anti-reflection 

(AR) coating for deep-space, faint object astronomical observations. I have created 

a new line of AR-filters, optimal for several different glass substrates, with a small 

number of layers. The possible ease of mass-manufacture of the Coyote® coating 

is also illustrated here. I also describe a possible new technique for overcoating 

aluminum and silver reflective films on glass substrates, as well as future directions 

for research. 
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Chapter 1 

INTRODUCTION 

1.1 Earth-Based Astronomical Spectrographs 

Imaging through a randomly inhomogeneous media imposes strong limitations on the 

resolution achieved by any earth-based optical system. Such is the case for terres

trial telescopes, where atmospheric turbulence limits the resolution of long-exposure 

astronomical images to approximately one arcsecond [1]. However, despite the re

cent success of space-based telescopes within the last decade, their cost has made the 

proliferation of such systems prohibitive. 

As a result, a new generation of large, earth-based telescopes have been built in 

different locations around the globe, such as Keck (Hawaii), Gemini, VLT and Mag

ellan (Chile) and the MMT in Arizona. Their large apertures make high-resolution 

optical spectroscopy of faint and distant objects possible for the first time [2]. 

Although increasing the angular resolution of terrestrial telescopes is still an open 

problem which demands the effort of many scientists and engineers working in dif

ferent fields [3], high-resolution echelle spectrographs attached to larger terrestrial 

telescopes are useful to the study of the intergalactic medium and contribute signifi

cantly to our knowledge of evolutionary cosmology [2]. 

1.2 The M.A.E.S.T.R.O. Spectrograph 

"MAESTRO" stands for Multiple Mirror Telescope Advanced Echelle Spectrograph. 

The Multiple Mirror Telescope has recently been converted to a single 6.5 m single 

primary mirror telescope [4], fabricated by the Steward Observatory Mirror Lab at 

the University of Arizona. The optical system for MAESTRO is depicted in Figure 
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1.1 below. It is a multi-configuration system, comprising of twenty-one zoom posi

tions for different wavelengths. All elements must be optimally AR-coated, with the 

exception of the calcium fluoride biconvex element at the center of the triplet, and 

the proximal surfaces of the outer two elements of the triplet. Those elements will 

be secured with Cargille 5610® laser oil, which will also act as index matching media 

between the glass surfaces, making the apphcation of an AR-filter on these surfaces 

unnecessary. 

30 LHYDUT 
MRESTRD FULL SYSTEM FI^Z RUC 15 ZQBS 

[ :\SIIIMIIFMBiFE£U3IIH.E1E.liniaUE.ZJ« 
CDNFIGURfl t rgNlBDF IB 

FIGURE 1.1. Full optical system layout for the MAESTRO Spectrograph. 

MAESTRO is an F/3 instrument, located at the F/5 Cassegrain focus of the Mul

tiple Mirror Telescope. The beam is converted onto F/3 via injection optical elements, 

manufactured locally by Tucson Optical Research Corporation. Those elements are 

optimally coated with the Gila® (calcium fluoride substrates) and Coyote® (fused 

silica substrates) anti-reflection filters described in Sections 4.3 and 4.5. The injection 
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30 LRYDUT 
MHESTRD FULL SVSTEM 
UED RUG 2B 2003 

FIGURE 1.2. Detail of the injection optical subsystem in MAESTRO. 

optical subsystem is shown below in Figure 1.2. 

MAESTRO also has two dispersing elements: an AR-coated fused silica prism, 

and a custom echelle grating, manufactured by Richardson Grating Labs, Inc. Its 

wavelength performance is optimal between 320 nm and 1100 nm, being effectively 

limited only by atmospheric transmission and silicon CCD performance. Detector 

performance is shown on Figure 1.3. 

1.3 Outline of this Work 

This dissertation describes my work at the Optical Sciences Center, Materials Sci

ence and Engineering dip-coating laboratory and Steward Observatory to design ex

tremely broadband and robust anti-reflection coatings for different glass substrates. 

The optimal broadband AR-coating for astronomy is one which (1) maximizes trans-
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FIGURE 1.3. Measured Quantum Efficiency of MAESTRO's CCD array. It was 
manufactured especially for the MAESTRO Spectrograph by Prof. Mike Lesser. 
From [5]. 



19 

mission, (2) has a flat transmission curve over a wide wavelength range, and (3) is 

resilient against temperature and humidity fluctuations caused by the mountaintop 

observatory environment. This was a research marked by lack of ideal hardware and 

environmental conditions, but also by the willing cooperation and mentoring from 

different faculty members and fellow students, for which I shall be eternally greatful. 

There are two approaches to dealing with such difficulties spawning from lack of 

resources, money and time: (1) one can resort to pouting, complaining and waiting 

for such ideal conditions; or (2) we can forge ahead making use of what we have, there

fore accumulating as much knowledge about whatever processes being investigated as 

possible. This is what I like to call "guerilla research", or "guerilla product develop

ment", since product development is the most significant fraction of my background. 

At times, I will be compelled to give less than conventional proofs of principle to 

make a point that would be ordinarily easy to make under ideal conditions. Because 

our manufacturing techniques are also under development, guerilla conditions are an 

even more influential factor in our results and some data are hard to generate in large 

quantities. Even so, my personal philosophy is to move ahead and make mistakes 

where applicable. It is always better to know a little more about a subject tomorrow 

than I did yesterday. Even if it is a paragraph, rather than a full book accumulation, 

milestones are the cumulative summations of small steps toward a goal. 

This research was a journey, so it shall be reported as a journey. I have chosen 

this approach so the reader can develop an understanding and appreciation for the 

work poured by myself and others into this project, as well as comprehend why some 

decisions and changes in approach were made upon being presented with experimental 

difficulties. It is therefore an anecdotal research narrative, a reporting method which 

suits my personality well and has been very successful in my 7 years experience 

lecturing and teaching in 3 distinct languages. 

I have made a summary of the required concepts and equations in order to ap

proach the coating designs. We start with fundamentals of electromagnetic theory. 
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going through the wave equation, time-harmonic fields, multiple-beam interference 

and basic coating design theory. All theoretical fundamentals necessary for the edu

cated reader to understand interference filters are shown in Chapter 2. 

Chapter 3 is a survey of different deposition methods we will be mentioning 

throughout this dissertation. This is to familiarize the reader with terms, processes, 

difficulties and successes encountered during this research. We shall not delve deeply 

into transport kinetics or thermodynamics, but attempt to make this familiarization 

intuitive to all who read this document. 

In Chapter 4 design starting points and first-generation prescriptions, along with 

their performance plots are shown. The process of choice of a moisture barrier is also 

illustrated, and we show that the search for a practical moisture barrier is still a work 

in progress. 

The coating design for fused silica substrates is tested with real data in Chapter 5. 

We report the hybrid manufacturing technique, as well as results from environmental 

testing. This is where we hit our first and second forks on the road. Successful pre

liminary resluts are reported, and we then use them to strengthen our manufacturing 

argument. Some optical properties of our chosen moisture barrier are also reported 

here for the first time, as well as some difficulties we encountered upon attempting 

to make it into a solid film layer. We also report a first successful attempt to evapo

rate a PVD-hardened compound atop a solgel layer. A first comparison with current 

commercially available coatings is also done at the conclusion of this chapter. 

Corrections to our prescriptions from Chapter 4 are presented on Chapter 6. We 

modified our prescriptions to include an outmost oxide-based layer on each case, to 

be a better match for our moisture barrier overcoat. These can be deposited via 

standard PVD techniques, as developed on Chapter 5. 

In Chapter 7, we re-test the new Coyote® prescription structure. We have re

placed the outermost aluminum oxide layer with a 50 nm thick silicon monoxide layer. 

This choice was made because we had plenty of silicon monoxide available, and it is 
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easy to be PVD this material atop solgel via simple evaporation. Guerilla research 

applied here: I chose to move forward and keep the data collection instead of wait

ing for for a fresh aluminum oxide purchase and waiting on a month-long queue for 

the electron-beam system used to deposit AI2O3. The vacuum chamber had an open 

queue for almost a full week, so the choice was obvious to me. 

Chapter 8 is an exploration of fringe benefits encountered in Chapter 5. It was 

inspired by an early discussion with Prof. Lesser of Steward Observatory [5], who 

pointed out the need for high-reflectance, environmentally resistant reflective metallic 

coatings. Here, the tests are conducted on a simple 150 nm aluminum layer and a 

100 nm silver layer, both PVDed atop borosilicate glass. 

Finally, in Chapter 9 several subjects are discussed. Among them are: possible 

solutions to the issue of depositing a hard coating layer on top of solgel with an 

electron beam, potentially better choices for moisture and environmental barrier lay

ers, and a proposed design for a long-lasting high-reflectance all-dielectric coating for 

telescope mirrors. Conclusions of this work axe also given in Chapter 9, as well as fu

ture plans for controlled differential deposition and the design of a novel narrowband 

astronomical filter. 
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Chapter 2 

THEORETICAL BACKGROUND 

2.1 Fundamentals of Interference Filters 

2.1.1 The Wave Equation 

In linear, isotropic media. Maxwell's equations and their correspondent material equa

tions are given by [6]: 

and: 

^ f) J~) ^ 
V x H - ^ ^ 7  ( 2 . 1 )  

V x E + ^  =  0  ( 2 . 2 )  
at 

V - D = p  (2.3) 

V • 5 = 0, where (2.4) 

7 = aE (2.5) 

D  = e E  (2.6) 

B  =  nH.  (2 .7)  

e = e^eo (2.8) 

fji = (2.9) 

1 c = (2.10) 
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defined as follows in the S.I. system of units: 

c = 2.997925 x 10®— (2.11) 
s 

«o = Att X 10"^— (2-12) 
m 

eo = 8.8541853 x 10"^^—. (2.13) 
m 

In the absence of sources, Gauss's law 2.3 becomes: 

V - D = 0 .  ( 2 . 1 4 )  

We can then take the curl of both sides of Faraday's law 2.2: 

dt 
V  X  { V  X  E ]  =  — ^ ( v  (2.15) 

and use the vector identity [6]: 

V x  ( ^ V x  A )  =  V ( V - A )  -  ( 2 . 1 6 )  

to substitute the right-hand side by the equality from Ampere's law (Eq.2.1) and find 

the well-known result: 

If the propagation medium is a dielectric (such as air, vacuum or glass), the electric 

conductivity a = 0 giving the result: 

V 'B =  (2 .18)  

2.1.2 Multiple-Beam Interference 

Let us consider the parallel film shown below in Figure 2.1, following Eugene Hecht's 

text [7]. Let the thickness of the dielectric film be d and 9t the angle of refraction of 
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FIGURE 2.1. Multiple-beam interference from a parallel dielectric film, from [7]. 

the transmitted beam, inside the film, and Aq the vacuum wavelength of the incident 

light field. We can then write that the total reflected amplitude at point P is given 

by the sum of scalar amplitudes, as such: 

E r  =  E Q [ r  +  t t ' r '  exp {i5) + ... + exp i (A'" — 1) 5] , (2.19) 

and similarly, the total transmitted amplitude is given at point P' by: 

E i  —  E qU '  [l + r'^ exp { i 5 )  + exp { i 2 S )  +  ... + exp i { N  —  1 ) 5 ]  .  (2.20) 

If we define 
O tt 

S  = — 2 n f d c o s e t ,  (2.21) 
Ao 

we can write the irradiance ratios of the reflected and transmitted beams: 

Ir _ Fsin^  ( I )  

h l  +  Fs in^d)  

and 
It 1 

li 1 +  Fs in^( | )  

(2.22) 

(2.23) 
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F is called the coefficent of finesse, and is defined as 

AR 

( l - R )  

2.1.3 Conservation of Energy 

F = -— ( 2 - 2 4 )  

A fundamental law of physics that is well demonstrated in Optics, Electromagnetics 

and Radiometry is asserted by James M. Palmer [8]: Everybody has to be some

place! Let A be the linear absorptance of a medium at a certain wavelength, 

and T and R its respective Transmittance and Reflectance. For normal incidence, we 

generally define: 

and 

R = Y  ( 2 . 2 5 )  
J-r 

T = j, (2.26) 
J-i 

where I q is the Irradiance normally incident onto an interface, I r is the normally 

reflected Irradiance from such interface, and It the Irradiance normally transmitted 

through said interface. Conservation of energy then states: 

l = A + R + T. (2.27) 

2.1.4 Complex Refractive Index 

As a general rule, the refractive index of a medium is defined by the ratio of the speed 

of light in vacuum, to the speed of light in the medium. Thus: 

N = - = n- i K .  (2.28) 
V  

N is called the complex refractive index of a medium, n is known as the real part or 

simply the refractive index of the medium, and K is the imaginary part or extinction 

coefficient of a medium. For lossless dielectric media such as air, vacuum, glasses or 

our coating materials, AC = 0, resulting in a real refractive index, OT N = n E M.. 
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2.2 Optical Admittance and its Importance in Coating De
sign 

2.2.1 Time-Harmonic Fields 

Time-harmonic fields are waveforms periodic in time. If we are to think of smooth 

functions, without singularities, then time-harmonic waveforms are sinusoidal (or cos-

inusoidal) in nature. Electromagnetic waves are three-dimensional, and their direction 

of propagation is given by the unit vector 5: 

's = ax (5y + 7$", (2.29) 

where a, jS and 7 are direction cosines for the wave [9]. The electric field propagating 

through dielectric media is then given by: 

E — £^oexp /27rA^\ , ^ 
l u t  -  — —  [ a x  +  p y  +  ' j z )  (2.30) 

However, for simplicity of argument, we can redefine the coordinate system at hand 

so that the wave propagates in the z direction. This coordinate standard is also 

consistent with the literature used at the University of Arizona [26] [27] [28]. We 

assume for all interface inputs a harmonic plane wave of infinite extent, propagating 

parallel to z. We can then write both the electric and magnetic fields in a simpler 

form: 

E — Eoexp [i {out — kz)] (2.31) 

and 

H  =  H q exp [i {ojt — kz)], (2.32) 

where the wavenumber k = real for dielectric media. Similarly, the angular 

frequency is related to the linear frequency / by a; = y. This notation is very 

convenient, because it allows us to incorporate any additional phase factors to our 

wave into the complex amplitudes in 2.31 and 2.32, as such: 

E q=  E q exp(i0) (2.33) 
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and 

H q= H o exp (i0) (2.34) 

2.2.2 Opticed Admittance 

For harmonic waves, E ,  H  and s form a right-handed vector triad, which can be 

displayed (in S.I. units): 

—  ( S X E )  =  H .  (2.35) 
C/i \ / 

jv 
0(1 

characteristic optical admittance of the medium: 

The quantity ^ has units of inverse impedance, or admittance. Indeed, this is the 

y ^ - - \ ( - )  (2-36) 

and in free space or vacuum, this is given by [11]: 

Yo = ^ S - 2.6544 x 10"^ S. (2.37) 
O i l  

A simpler format is given by [12] Macleod, and states that for plane harmonic 

waves, we can write optical admittance as a ratio of scalars only: 

y = I = § (2.38) 
£/ H f Q  

At optical frequencies (~ 10^^ Hz), looking at Equation 2.9, we verify that = 1. 

As a consequence we can write [11]: 

y = iVYo (2.39) 

and our vector triad becomes: 

H  = y ( s x E ^  =  N Y o  (s x . (2.40) 

Although optical admittance and refractive index are two distinct quantities, the 

change in units from characteristic admittance to free space is quite handy, for it 

allows us to utilize the same number for N and y. This is a trick valid only at the 

high optical frequencies, not applicable in other realms, such as microwave frequencies 

[12]. 
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2.2.3 Irradiance: The Time-Average Poynting Vector 

Irradiance of an electromagnetic wave is defined by the instantaneous amount of power 

flow per unit area through an arbitrary cross-section of the material. Both direction 

and strength of energy flow are given by the Poynting vector; 

' S  =  E  x H .  (2.41) 

A quick but interesting remark about the Poynting vector: it is not unique! This 

can be easily verified by choosing any arbitrary vector A. Let S' be defined as 

5+Vx^.  ThenV-^  =  V-^  +  V-(v  X and the  resul t  i s  V • ^  = V-^ .  

The total energy density of such electromagnetic field is: 

-D +  B - l iy  (2.42)  
" 2 

This is an important definition, because Poynting's theorem is a re-statement of 

conservation of energy: 
du —̂  —y —̂  

— + V • 5 + j • E = 0. (2.43) 

For a harmonic plane wave, however, we can write irradiance on a scalar form [7]: 

J = ^ Re X ^ Re (EoH*). (2.44) 

Now, we can express irradiance in terms of the electric field strength and the 

optical admittance: 

/ = i Re (y) (EE*) = ̂ nYoEoE*. (2.45) 

For the sake of completion, we also know that metallic coatings can be deposited as 

thin films. Metals are lossy by nature, and there are non-metallic coating materials 

which absorb electromagnetic energy as well [12]. Such energy losses are described 

by Beer's law: 

^ = -al. (2.46) 
dz 
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Notice that we are not using the well-known integrated form of Beer's law here, for it 

is only valid in cases when a is very small and independent of / [13] [14]. For stronger 

interactions between the optical field and the propagating medium, a = a(I) and 

the average power absorbed is 

Tabs ^ a {1)1, (2.47) 

which is then a nonlinear function of the incident irradiance itself inside the material 

at any point. Finally, the absorption coefficient is related to the imaginary part of 

the complex refractive index as follows: 

A ttk (/) «(/) = 
Ao 

(2.48a) 

2.3 Refraction at a Simple Dielectric Boundary 

Let us consider a an interface between two dielectric media of refractive indices uq and 

rii, respectively. Let an harmonic electromagnetic plane wave be normally incident 

on this interface, propagating along the ^ direction. The electric vector will be then 

parallel to the x direction and the magnetic vector will be aligned with the y direction 

for the transmitted and incident wavefronts {—y for the reflected wavefront). The 

incident, transmitted and reflected time-harmonic scalar waveforms are then: 

Eincident — 6Xp 

^tr a n s m i t t e d  ~  E f  G X p  
27^12;^ 

). i ut 

and 

^reflected exp i [ Ujt -\-
2'KnQz\ 

Ao / _ 

(2.49) 

(2.50) 

(2.51) 

The boundary conditions are then given by Born & Wolf [6], simplified by Macleod 

[11]. In essence, the tangential components of both the electric and magnetic vectors 

are continuous across the interface portrayed below: 

Ei — Et — Er (2.52) 
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Incident Ejected 

'V Vo 

H* •0 *H 

H* 

" i  X 1 

• ® ,  

* Transmitted 

FIGURE 2.2. Convention for positive field directions for waves at an interface, 

and 

HI = HT + HR, (2.53) 

i.e., both the electric and magnetic vectors are continuous across the boundary 2.2. 

This is illustrated by Macleod below [12].Then 

yo {Ei - Er) = y\Et 

using Equation 2.52 we can then eliminate variables as needed and define amplitude 

reflection and transmission coefficients [11]: 

yo - yi _ „ 

and 

Er 

E, 

yo + yi 

2yo ^ ^ 

(2.54) 

(2.55) 
yo + yi 

Because of conservation of energy across the boundary itself, which is thin, the Poynt-

ing vector will be also continuous across the boundary. Then the total Irradiance Inet 
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across the boundary will be: 

I, net Re \EI (VIE,)' \y,E.El (l-f?) = iyoiSiS; (2.56) 

and the quantities reflectance R and transmittance T from equations 2.25 and 2.26 

can now be revisited: 
ir 2 /' yo - yi R = Y  =  P  

and 

yo + yi 

4yoyi rp y 1 _2 
T 7 

(2.57) 

(2.58) 
(yo + yi)' 

Of course, if the material is an absorber, yi is then replaced by the admittance ni —in 

and the reflectance becomes: 

(no - wi)^ + 
Rabsorber , . o „ 

{no + mY + K^ 

and of course, the conservation of energy statement 

1 = A + R + T. 

(2.59) 

(2.60) 

is still valid. 

2.4 Reflectance of a Thin Film 

Although we are accustomed to referring to optical materials via their bulk properties, 

we must now start differentiating the bulk material from the thin film. A film or 

coating is said to be optically thin whenever interference effects can be detected in 

the electromagnetic waves it transmits or refiects; it is said to be thick when such 

effects are not detectable [12]. As a rule of thumb, we can expect substrates to be 

thick, or macroscopic, and coatings to be thin or microscopic, usually at a fraction of 

a wavelength of light in question. 

Now, when speaking about bulk materials, the surface admittance and the admit

tance within the material are one and the same. For the thin film, however, that is not 
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so, because the total electric and magnetic fields are modified by multiple partially-

reflected or partially-transmitted waves interfering with one another. Indeed, the 

admittance of a thin film will depend on a combination of factors including the layer 

thicknesses and admittance of the bulk substrate on which it is deposited. On a 

multilayer stack, it is common to find a surface admittance completely different from 

the bulk admittances of any of the materials used by themselves. Indeed, by now the 

reader must have realized that the thin film acts as an admittance transformer. 

Its surface admittance can singularly characterize the optical response of the coating 

in question. 

Surface admittances are calculated in simulation (e.g. the Essential Macleod® 

Software) via characteristic matrices which relate the electromagnetic fields in both 

sides of the thin film coating. We present that theory in the following section, largely 

borrowed from H. Angus Macleod's text [11]. 

2.4.1 Characteristic Matrices 

The reflectance of a multi-layer stack is calculated by replacing the multiple layers 

by a single equivalent admittance Y, defined to be the ratio of the total tangential 

magnetic and electric fields. Of course, this works better if we normalize the output 

electric field to unity and the output magnetic field to jsub- Keeping Eq.2.38 in mind 

then leads us to: 

(2.61) 

and: 

(2.62) 

where the phase thickness of any given layer 6j is given by: 

_ 2Tryjdj 
(2.63) 
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dj is the j-th layer geometrical thickness, and yj = {nj — inj). If the j-th layer is next 

to the substrate, the order of multiplication must be: 

B 
C 

1 

ysub 
.  [ M J  [ M J  [ M J ]  

Now all important parameters can be derived, i.e. Reflectance: 

R 

(2.64) 

Transmittance: 

and Absorptance: 

T = 

A = 

ypB - /y p B - C y  

^ y o B  +  c J  [ y o B - h C j  '  

4yo Re (y^ub) 

( y o B  +  C )  ( y o B  +  C ) * '  

4yo Re (BC* - Y^^B) 

(2.65) 

(2.66) 

(2.67) 
( y o B  +  C )  ( y o B  +  C )  

Potential TVansmittance of a thin film coating is defined as the ratio of the irradiance 

leaving the coating to the net irradiance 2.56 entering the stack, and it is a useful 

figure of merit to assess losses in multilayer coatings: 

lexit T Re {YSUB) 
Inet (1-i?) R e { B C * y  

Finally, the phase shifts on reflection: 

/ I m [ y , „ 6  ( B C * - C B * ) ] '  

(2.68) 

and transmission: 

(p — arctan 

= arctan 

V { y l t B B*-cc*) 

- l m { y o B  +  C y  

R e  ( y o B  +  C )  

(2.69) 

(2.70) 

2.5 The Quarterwave Rule and AR-Coating Design 

To understand the quarterwave rule we must understand the concept of constructive 

and destructive interference. Although fringe visibility is periodic [29], interference 

effects are better understood in the simpler situations of fringe visibility extrema. 

Whenever we have fully constructive interference (visibility V = 1), the wavefronts 



34 

involved are in phase with one another and the total amplitude is the sum of the 

individual amplitudes of the interfering waves. The opposite case is called destructive 

interference and, = 0, and implies that all wavefronts involved are completely out 

of phase with one another. Intuitively, the resulting wavefront amplitude will result 

from the difference of the interfering amplitudes. 

2.5.1 Ideal AR-Coating Design 

Recalling Presnel's relations [26], we know that wavefronts suffer a phase shift upon 

reflection at a simple boundary between lossless (dielectric) media, of either 0 or tt rad. 

Now, if we look at the phase thickness of a layer, which is also the phase shift suffered 

by a wave travelling through a thin film of physical thickness dj, shown in Eq. 2.63, 

we can use it to find out what is the thinnest, non-zero dielectric layer deposited on 

a substrate which will either give 0 or TT rad phase shift between the front and rear 

interfaces of the film. That will happen only if 5j = (7r/2) rad or rijdj = Ao/4. The 

matrices in Eq. 2.62 assume the form [11]: 

0 ± : '  Vj 
±iyj 0 

for an odd number of quarterwaves and 

±1 0 
0 ±1 

(2.71) 

(2.72) 

for an even number of quarterwaves. 

We can now utilize this background information and attempt to illustrate the use 

of the expressions above in AR-coating design. For the ficticious perfect anti-reflection 

coating, we require: 
yo 

" yo + Y 

Using Eq.2.62 we can then write: 

= 0, so that Y = Yo-

" B " r 0 f 1 1 j^Ysub 
" B " 

— yi 1 
— yi 

C . iyi 0 _ Ysub 

(2.73) 

(2.74) 
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and if we revisit Eq.2.61, we'll get: 

Y 
C y? 

B YSUB' 
which when plugged into Eq.2.73 will give the well-known result [29]: 

(2.75) 

(2.76) yi y/yoYsub-

2.5.2 Real AR-Coating Design 

Clearly, the ideal AR-coating is a mythical entity, for it does not exist in most real 

life cases. There will always be an admittance mismatch even if small, between 

incident medium and an optimal coating, which will imply on a residual reflectance 

still be present even at the design wavelength. For dielectric materials, we have real 

admittances, therefore: 

yi > ̂/yoysub• (2.77) 

The surface admittance at the front surface of the quarterwave layer is still given by 

Eq. 2.75: 

Y = ^ = at Zcoat = 0, 
B y sub 

which then implies 

Y > y„. (2.78) 

Of course, we have only exploited the special single-wavelength case so far. In 

reality, 0 < Zcoat < di, and there will be multiple partial waves interfering within the 

coating layer. Revisiting Eq. 2.63, we can then write the arbitrary phase thickness 

of the film between the plane of the substrate and the plane defined by the physical 

thickness Zcoat-

5i = "^T^y X^coat 

ao 

Eq. 2.62 then becomes: 

B i^Zcoat) 
C i^Zcoat) 

C0S(^1 

iyisin<5i cos(5i 

i sin S1 
yi 1 

y sub 

(2.79) 

(2.80) 
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2.5.3 Quarterwave Stack 

By now, the reader must have realized that the quarterwave rule can be applied 

multiple times. In essence, we transform any number of quarterwaves made from 

different materials into one equivalent admittance Y by applying Eq. 2.62 with the 

correct order of layer multiplication. The result is given by [11]: 

Y (2.81) 
ywiyl-ysub 

We must keep in mind that jsub appears in the denominator of Eq.2.81 only in the 

cases where the coating has an odd number of layers. For an even number of layers, 

Ysub appears in the numerator of our expression. The reflectance of the multilayer is 

then given by: 
„  ( y o - Y ) ( y „ - Y ) -

i y o  +  Y ) ( y , + Y y  
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Chapter 3 

COATING DEPOSITION PROCESSES 

3.1 Physical Vapor Deposition 

In Physical Vapor Deposition processes (also known as PVD processes), a material 

is deposited onto a substrate via vaporization of a (usually) solid condensed phase. 

The material to be deposited is physically transferred to the substrate in the vacuum 

without any chemical reactions involved. The system we used at the Optical Sciences 

Center is shown below on Figure 3.1, courtesy of Prof. Ghassan Jabbour's group [37]. 

Both thermal evaporation and sputtering are governed by common laws of ra

diative transfer [8]. When the lambertian approximations are valid, the equation of 

radiative transfer is separable into a radiation term, and an integral, which is the geo

metrical term. This geometrical configuration term is called the configuration factor, 

interchange factor, interchange coefficient or shape factor. We can define it as the 

ratio of the flux reaching surface 2, from surface 1, to the flux leaving surface 1: 

^ = (3-1) 

Interestingly, such factors are invariant for the same geometry [41], i.e.: 

(F2_I)A2 = (FI_2)AI. (3.2) 

There are entire catalogs of solved configurations all over the literature. A good 

source of such geometries is Siegel & Howell [42]. 
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FIGURE 3.1. Schematic and actual view of UHV chamber at OSC room 514. 

3.1.1 Thermal Evaporation 

Evaporation is a common technique to deposit thin film materials with melting points 

lower than 1100 °C. The material to be deposited is heated in a vacuum chamber, 

usually at a pressure between 10~® to 10~^torr. It is comprised of three basic steps: 

(1) Evaporation of the condensed phase; (2) Transport of the gas phase toward the 

substrate to be coated; and (3) Condensation/deposition onto the target substrate. 

In the evaporation phase, the material to be deposited is bombarded by a high-

energy source, such as an ion beam or electron beam. Thermal resistance heating 

is the most common method, and the one used in our experiments. The idea is 

to dislodge each layer of atoms or molecules from the surface of the material to be 

deposited, in effect sublimating or vaporizing them. 

In the transport phase, vaporized atoms or molecules move from the source to the 

target substrate through the vacuum. In the deposition phase, the material vapor is 

condensed on the surface of the cooler substrate exposed to the vapor. 
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3.1.2 Sputtering 

Sputtering consists of bombarding a target material with high-energy, chemically inert 

ions (Ar"^ is quite common) extracted from plasma. The intent is to cause ejection of 

atoms/molecules from the target material so they can be redeposited onto a chosen 

substrate purposely located in the vicinity of the target. Sputtering is generally 

slower than thermal evaporation techniques, but it is still the preferred method for 

materials which cannot be evaporated by thermal resistance methods, such as high-

melting point metals (i.e. gold), hard oxides and fluorides. It does not depend on heat 

to vaporize the material being deposited, but it is rather an atom-by-atom process. 

In sputtering, surface atoms are removed from the target by creating recoil cas

cades that come back out of the target, and which give surface atoms enough energy 

so that they are driven away from the target. There is a binding force which holds 

atoms to the target, and this is called the Surface Binding Energy, Esurf- An atom 

at the target surface is not confined on one side, so the energy required to remove 

it from its lattice site is less than if it was inside the solid and surrounded by other 

atoms. A surface atom has fewer electronic bonds which must to broken. Esurf is 

usually less that the Displacement Energy, Edisp, for the solid. This is depicted below 

on Figure 3.2, borrowed from Benninghoven et al. [43] 

Another way to view sputtering is the removal of near-surface atoms from the 

target. When a cascade gives a target atom an energy greater than the "surface 

binding energy" of that target, the atom may be sputtered. To actually be sputtered, 

the atom's energy normal to the surface must still be above the surface binding energy 

when it crosses the plane of the surface. The sputtering of a surface is described by a 

"Sputtering Yield", which is defined as the mean number of sputtered target atoms per 

incident ion. If the target is made of several elements, there is a separate sputtering 

yield for each element. 

The surface binding energy of an atom to a surface is known only for a few 
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FIGUR,E 3.2. Primary Ion Beam hitting target source and consequent particle re
moval. 
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materials, but it is common to use the heat of sublimation as an estimate. Typical 

values are: Ni (4.46 eV), Cu (3.52 eV), Pd (3.91 eV), Ag (2.97 eV), Pt (5.86 eV) and 

Au (3.80 eV). Only the cascades which reach back to the target surface are important 

to sputtering, so it is usually adequate to use only a thin target to simulate sputtering. 

For heavy ions, (heavier than 20 u), a target thickness of 100 A is usually adequate. 

In simulations, using a very thin target reduces the time spent calculating cascades 

which will not contribute to sputtering. For light ions, e.g. He, it becomes necessary 

to use thicker targets, often as thick as 1000 A. This is because ions may backscatter 

from deeper planes from within the target and cause sputtering as they exit from the 

target surface. A comparative picture between evaporation and sputtering is depicted 

on Figure 3.3, published by Rancourt [40]. 

Sputtering is particularly attractive for certain types of applications. Films of sev

eral different complex materials can be sputter deposited, and final thickness control 

of the deposited film is simple and easily reproduceable. 

3.2 Spin Coating 

In this section, we are referencing Professor Dunbar Birnie Ill's online tutorial on 

spin coating [30]. Spin coating is used most often when a flat substrate is involved, 

although this method can also be used to coat curved substrates such as lenses, under 

special air flow conditions [10] [49]. Magnetic discs, optical memories and most flat 

screen displays are coated by this method, especially when the coating material cannot 

take the ion bombardment or the high temperatures associated with PVD proccesses 

(i.e., our solgel solutions and a number of polymers). 

The method is indeed very simple. Materials which need to be deposited are 

dissolved or suspended into a solution, usually with a dry solvent compatible with 

the material at hand. The solution is then deposited onto the center of a preferrably 

symmetric, flat substrate and spun into a uniform thickness film, in excess quantities. 
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FIGURE 3.3. Sputtering and Evaporation chambers shown in the same scale. 
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DEPOSmOK 

FIGURE 3.4. Solution dispensing. 

to be cured and processed. Our preferred method is to use a syringe with a submicron 

particulate filter to keep contaminants out of the film. The whole substrate must be 

wetted as evenly as possible at this dispensing stage. This is illustrated below on 

Figure 3.4 borrowed from Professor Birnie's tutorial [30]. 

The second stage takes no more than two or three seconds, total. The spin coater 

turntable substrate comes from a state of rest, so it must be accelerated to the target, 

uniform angular speed as to produce a uniform film of the desired thickness of the 

substance being deposited. The excess solution is aggressively expelled from the 

substrate by the accelerated rotational motion. Even if spiral vortices form on the 

film dtiring acceleration, the user should not worry, for they are simply formed because 

the substrate below is accelerated faster than the surface of the applied fluid, which 

is of considerable depth due to the fluid excess. This mismatch is balanced out when 

the fluid becomes thin enough so the difference in speeds becomes negligible (after 

about a second or so). This stage and all of the pictures presented in this section are 

all borrowed, with permission, from Prof. Birnie's web tutorial as well [30] Fig.3.5. 

Mathematical modeling becomes easier when constant angular velocity u is achieved 

and a steady state system is reached. Gradual and mostly uniform fluid thinning oc

curs here, and fluid viscous forces dominate at this stage [30]. Centrifugal and viscous 

effects are now in balance. If we define a cylindrical coordinate system, with 2" aligned 
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FIGURE 3.5. Angular acceleration of substrate 

with the substrate axis of rotation, and the fluid velocity in the radial direction v {h), 

with the viscosity rj given in Poise, we can write: 

(3-3) 

With appropriately chosen boundary conditions, Emslie, Bonner and Peck found in 

the 1950s that film thickness is a function of time [45]: 

h(t)= ,2,' 
-^1 + 4:KhQt 

2 
where iC = •^, is a system constant, which we sometimes must approximate to 

be true [30]. Clearly, in a situation where progressive evaporation is present, con

centration of solute and conversely solution density would also be on the rise, so 

such equations must be used with engineering savvy and discretion. Droplets will 

be sprung off the edge of the substrate at a constant rate, as shown in Figure 3.6. 

Thinning rate at this stage is given by [45]: 

= -2Kh' (3.5) 
at 

The fourth and final stage is concurrent with the third stage in most practical 

situations. As time progresses diiring constant u rotation, evaporation effects start 

to dominate the system. This happens because the film has thinned too much for 

viscosity effects to be significant. As any volatile components evaporate more and 
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SPIN-OFF 

FIGURE 3.6. Effect of constant co spinning on liquid film. 

more until the solution effectively gels and "freezes" [30] [46]. Meyerhoffer postulated 

that is evaporation is constant throughout spinning at a constant u, and therefore 

added an evaporation rate term to Equation 3.5; 

dh {t) 

dt 
= -2Kh-^ - e, (3.6) 

where e is the evaporation rate in • Meyerhoffer took a piecewise, simplified 

approach to solving Equation 3.6. The approximating assumption was that stage 

three was entirely flow dominated, whereas stage four was entirely evaporation dom

inated. Setting the transition point at the condition where e = viscous_flow, the 

final coating thickness can finally be predicted to be: 

f exp(i) y 
h f  =  c o '  

2 { l - c o ) K j  '  

where CQ is the concentration of the substance of interest in the solution. Empirical 

data has shown the evaporation rate to be dependent on angular substrate speed: 

e = Cy/u. (3.7) 

Laminar airflow must be maintained at all times. A clean room/environment is better 

for coating purity and film uniformity. The process is illustrated in Figure 3.7. 
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FIGURE 3.7. Fourth stage of spin coating. 

3.3 Dip Coating 

Dip-coating is a very direct method used to apply fluid, or in-solution films to solid 

substrates. The theory is simple, and was first proposed by Landau and Levitch 

in 1942 [31]. They postulated that a solid emerging normally from a non-volatile 

solution of viscosity v, density p and surface tension <j, entrains (or draws along) a 

liquid layer of thickness: 

d = BaC'i, (3.8) 

where 

(3.9) 
\P9 j  

is the capillary length, g is the acceleration of gravity, i? is a constant, U is the 

withdrawal speed from the solution bath, and 

Uv 
C = ^ (3.10) 

is the capillary number. In 1964, Derjaguin and Levi [32] postulated that a thin layer 

of liquid will be indeed entrained onto the substrate only if the withdrawing speed 

exceeds some critical value, U > Ucritical- In the mid-1980s, Petrov and Sedev [33] [34] 

proved that UcriUcai depends on the static contact angle of the system, between solid 

and liquid media. Start considering the geometry depicted on Figure 3.8. Let us also 

consider the immersion solution a bulk volatile fluid, held at temperature Th- The 
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FIGURE 3.8. Schematic of film pulled by substrate at velocity —U. 
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flat, vertical plate is withdrawn from the bulk solution at speed U. H is the capillary 

rise height, and 62 ~ 1° is the contact angle between the film and the meniscus. 

Gravity acceleration is parallel to x. When the aforementioned liquid layer becomes 

steady, the mass lost to evaporation equals the mass brought into the film due to 

the viscous drag of the sohd from the liquid [35]. Becaiise now both film shape and 

length are steady, i.e. independent of time, we can assume steady-state 2-D flow. 

Setting the boundary condition between the solid and the free surface, and applying 

conservation of energy, mass and momentum, we can write: 

where Q is the volumetric flow rate across any fllm cross-section. J = K* (Tj — Ts) is 

the mass evaporation rate, T/ is the local interface temperature, Ts is the saturation 

temperature, p is the solution density and K* is the evaporation parameter, defined 

as: 

Here some of the constants are well-known: g is the accommodation coefficient [36], 

is the vapor density, is the molecular weight of the solution, A is the latent heat of 

evaporation of the solution and R is the universal gas constant. K* is an important 

parameter, because it measures the degree of non-equilibrium at the evaporating 

denotes zero fluid volatility. 

We must define a few more parameters. Let h  { x ,  t )  be the function fit of the 

interface shape of the film, as per Figure 3.8, origin given by the reference cartesian 

frame depicted. Define (J/p) = E (x), which is called the volumetric evaporative flow 

rate per unit length in the x direction. Van der Waals forces can be neglected for 

thicknesses larger than 0.1 jim [35]. M (a;) is the gradient of the Marangoni flow in 

^ + - = 0, 
dx p 

(3.11) 

(3.12) 

interface. Simply put, K* — 0 0  denotes extreme fluid volatility and K* —> 0 
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the X direction ^ The equation governing the steady interface shape is then: 

-[/(^^^) + E (x) + M (a;) = 0. (3.13) 

Considering the common case where E  ( x )  is thermally limited [35], and taking the 

Marangoni flow to be very small, we can simplify Eq. 3.13 into a more explicit form: 

^ ^ d h i x y  

and integrate: 

(3-") 
^ AK* 

™ = »•» 

Here, we are defining ho = (the characteristic film thickness where interface is 

out of equilibrium), AT = {TH — TS), KX is the thermal conductivity of the system, 

and Xq = 2fcrAT • Using Eq. 3.15, Hurd and Brinker calculated the slope at a: = 0, 

calling it the "apparent contact angle to the interface", 0 [38]: 

= (3.16) 
v dx J 2xo hoApU 

Hurd and Brinker verified such experimental results in 1990, and an experimental 

shape h (x) ~ ^/x [38]. 

^Marangoni effect is defined as the effect that a disturbance of the Uquid-hquid interface (due to 
interfacial tension) has on a mass transfer in a liquid-liquid extraction system. Put simply, it is the 
spreading of a liquid driven by a surface tension gradient, itself induced by a temperature gradient 
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Chapter 4 

ANTI-REFLECTION COATING DESIGNS FOR 

MAESTRO 

The following are prescription designs and characteristic curves for diflFerent anti-

reflection filters developed for the M.A.E.S.T.R.O. spectrograph. We have used the 

Essential Macleod Software for Windows, version 6.3F. The software is very fast and 

flexible, and allows for custom material additions to its database. 

4.1 The Stilburn Design 

The inspiration for most of the designs presented here was a coating designed by 

James Stilburn of the Herzberg Institute of Astrophysics and the National Research 

Council of Canada [10]. This was the first AR-coating in astronomy to make use of 

a combination of Sol-Gel and a hard coating material. The design wavelength was 

670 nm and the prescription was a quarterwave stack as follows: 

AIR\SILICA_S0LGEL\MgF2 \ FUSED _SILICA. (4.1) 

The performance plot of this coating is shown on Figure 4.1. Although Dr. Stilburn's 

design is a milestone of simplicity and performance, it leaves unaddressed issues. One 

problem with this coating is that for wavelengths shorter than 450 nm, the coating's 

performance decreases quite rapidly, which makes utilization in the deep blue and near 

UV impractical. It also contains a layer of solgel exposed to the environment, which 

makes it frail, susceptible to humidity-induced degradation, and difficult to clean 

even under ideal laboratory conditions. Last but not least, this coating is optimal 

only for Fused Silica substrates. These unresolved issues, coupled with the needs of 

the MAESTRO instrument, were the motivation for my research. 
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FIGURE 4.1. Comparison plot between traditional AR coatings and Stilburn design. 
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4.2 The Choice of a Moisture Barrier 

The choice of a moisture barrier was key to all subsequent considerations, since the 

solgel layer miist be protected from humidity and atmospheric impurities. The perfect 

moisture barrier would be transparent to our electromagnetic spectrum of interest, 

completely impermeable to humidity and as easy to clean as uncoated glass. Several 

choices of compounds must be considered here. Silica solgel is very useful to create 

AR-stacks on glassy substrates due to its = 1.22 refractive index, as seen above 

in Figure 4.1. However, silica solgel layers are porous, and therefore frail. Such 

layers have a very short lifetime against hygrometrical environmental changes and 

are virtually impossible to clean, even from ordinary atmospherically-carried dust. 

The group of substances we considered were well-known optically-transmissive 

polymers. Polycarbonates are particularly appealing due to their ease of deposition, 

low cost, and virtually zero maintenance needed for decades. We abandoned poly

carbonates, however, because of their opacity at wavelengths shorter than 380 nm, 

which made them an impractical choice to fulfill MAESTRO's requirements. 

Parylene-C solutions were also considered since they have been used for years 

as moisture and chemical barriers in semiconductor circuits and biomedical devices. 

Parylenes are a generic name for a a series of polymers, based on the basic form, 

poly-paraxylylene, also known as Parylene-N. The basic chemical structure of this 

group is illustrated on Figure 4.2 Parylene-C possesses a nominal Moisture Vapor 

Transmission of 1.693 5 x 10"'^ at 90% Relative Humidity, 37°C. But although 

stable indoors, Parylenes are not recommended for long term use outdoors, for they 

tend to degrade when exposed to UV sunlight [16]. 

Another alternative has been suggested by Stilburn himself, and it consists of 

treating the sol-gel coating with a solution of dichlorodimethylsilane (DDMS) in 

ethanol, at a concentration of bppm [17]. The same solution must also be used 

for cleaning, and extensive research on the topic is still being carried out. However, 
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FIGURE 4.2. Parylene structures. 

organo-silanes, particularly in their organo-halide-silane form seemed to be promising 

compounds for our purpose. 

An epiphany presented itself while I watched a History Channel© segment about 

George Washington and his famous frown, about a year ago. It was mentioned that 

General Washington suffered from bad tooth decay, not unlike most people in the 

late 18th centiiry. There was little or no technology involving modern medicine or 

dentistry at the time, so extraction was often the only treatment available before 

cavities evolved into abcesses, which in turn could easily kill the patient. Since chem

istry and the science of synthetic materials did not yet exist, dentures were poorly 

fitted, uncomfortable, crude contraptions made of wood and wire, available only to 

the wealthy. Of course, it helps to have dentists in the family, and so I spoke with 

my youngest brother, who confirmed that dentures today are made of ceramics. 

The relationship with dentistry is quite significant. Dentures must last years 

under mechanical wear and under the most adverse conditions. Moisture must be 

repelled to avoid degradation of the denture substrate. The low pH environment of 

the human mouth is second only to the stomach, and dentures still must be able to 
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chew through a steak, resist ice water, hot coffee and ice cream during the same meal. 

An environmental barrier of this quality, if transparent to our spectral needs, would 

be ideal to any coating developed. We then looked for the leading investigator of 

moisture and chemical barriers in dental ceramics in the United States, which turned 

out to be Professor Prabhat K. Gupta of Ohio State University. Dr. Gupta provided 

a reprint of one of his recent papers, and a material under active investigation by his 

group is triethoxy(perfluoroalkylethyl) silane, another organo-halide-silane compound 

[18]. 

Our search was short but productive, thanks to Professor Bechtold, who intro

duced us to the product line of Gelest, Inc. From their catalog, we have chosen the 

Aquaphobe® CF. Aquaphobe® CF is a chlorine-terminated, polyfluoroalkylmethyl-

siloxane oligomer [19]. It is a commercial name for tridecafluoro-1,1,2,2, tetrahy-

drooctyl trichlorosilane. Its molecular formula is given by Eq.4.2 from [20]: 

[CFs - (CF2)5 - CH2 - CHsSiCla]. (4.2) 

The usefulness of this compound was first predicted by Zisman in 1954 [21], who 

postulated that a surface comprised of only —CF3 groups would have the lowest 

surface free energy of any system., at 7^^ ~ This prediction was verified in 1998 

by Nishino et al. [22]. The surface free energy or surface tension of a liquid interfaceis 

defined as the force acting of the surface of said liquid, tending to minimize the area 

of the surface. We can also write it quantitatively as the force appearing to act across 

a line of unit length on the interface of the liquid. 

A good example can be taken from the meniscus formed by water in a graduated 

cylinder [39]. It manifests itself because the liquid/air interface has a lower surface 

energy than the solid/air interface. This difference in surface energies is the driving 

mechanism behind the water bending up the sides of the cylinder. It is nature's 

attempt to cover up the high energy surface with a lower energy one, therefore lowering 

the total energy of the system. This can be illustrated by Figure 4.3, borrowed from 



55 

vapor 

liquid 
soild 

FIGURE 4.3. Triple interface between the solid, liquid and vapor. 

[39]. Surface energies will exert forces which will move boundaries between media 

until a "best balance" is achieved, and the overall energy of the system is lowered. 

Quantitatively, the surface energies of the solid-liquid, liquid-vapor and solid-vapor 

interfaces are related as: 

IsL + Ilv (cos 0) = ̂ sy. (4.3) 

Conversely, when mercury is placed inside the same glass cylinder mentioned above, 

the meniscus bends downward, because now, the solid-air interface energy is lower 

than its solid-liquid counterpart. Simply put, interfaces with low surface free energies 

have poor wetting properties, and are, therefore, hydrophobic. 

For oiir initial experiment with Aquaphobe® CF, we prepared a 2.0% solution in 

ethanol by molecular weight, presenting at first glance a refractive index no ~ 1-35, 
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FIGURE 4.4. The Metricon model 2010 prism coupler. 

which could be easily incorporated onto our coating designs. Our first tests involved 

drop-coating 1 in^ samples of flat borosilicate glass with Aquaphobe® CF solution. 

We then measured the spectral refractive index of the Aquaphobe® CF layer using 

a Metricon model 2010 Prism Coupler, depicted on Figure 4.4. The resulting plot 

of refractive index versus wavelength is shown below on Figure 4.5. Although we 

only gathered precision data for a few wavelengths, the Essential Macleod software 

can work with limited support functions, by interpolating or extrapolating them as 

needed, via cubic splines. 

4.3 The Coyote® Design 

We modified Stilburn's original design as to broaden the coating characteristics for 

shorter wavelengths. The Coyote® prescription is based on the standard 

(Air IHLHI Glass) form for anti-refiection coatings. It was design to be an opti

mal, low-cost AR-coating useful throughout the entire spectral band visible from the 

Earth's surface, on a fused silica substrate. The addition of the Silane-based Gelest 

Aquaphobe compound added greater resistance to humidity and made cleaning eas

ier. An optimization was forced via Simulated Annealing, using the Essential Macleod 
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Aquaphobe CF refractive index vs. wavelength 
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FIGURE 4.5. Refractive index vs. wavelength of Aquaphobe CF 2% solution. 
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Dssign: FUS_SIIj5 
Referenae Kaveleng'th! 510.00 
Incident Angle; 0.0 

Layei; Jfaterial 
Refraative 

IndeK. 
Bstlnotion 
Coe££icient 

Optical 
ThickneBB 

Medium Air 1 . oooo 0 . ooooooo 
1 GELBST fijQUAPHOBB 1,3 5 36 0. aoooooo 0.00144713 
2 SOL-GOL 50% 1.2311 0. ooooooo 0.24306140 
3 HqF2 1.3945 0. ooooooo 0.220'55280 

Substrate FuBBd Silica 1.4622 0. ooooooo 

FIGURE 4.6. Prescription of Coyote® AR-coating design. 
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FIGURE 4.7. Performance plot for Coyote® AR-coating design. 

software, with a shorter center wavelength of 510 nm. The prescription is shown on 

Figure 4.6 and performance plot depicted on Figure 4.7. 

4.4 The Scorpio® Design 

Scorpio® was optimized for glass substrates of higher refractive index, about 1.6, 

made by the OHARA company. Coating characteristics were broadened by the ad

dition of LaF3 as an extra material. The generating quarterwave stack is still cen

tered at 510 nm. Optimization had the following starting point, executed by the 

OPTIMAC^M algorithm: 

AIRlSol_GellMgF2lLaF3lOHARA_PBM18Y_GLASS. 
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Design: DBACK3 
Reference Wavelength: 510.00 
Inc i dent Angle: 0.0 

Refractive Extinction Optical 
Layer Material Index Coefficieiit Thlcknees 
Medium Air L . O O O O  o . a o o o o o o  

1 GELEET AOUAPHOBE i.353S O.OOOOOOO 0.00189886 
2  SOL-GEC 5 0 %  1 . 2 3 1 1  o . a o o o o o o  0 . 2 2 7 7 5 4 2 0  
3 MaF2 1.3845 o . o o o o o o o  0.23588290 
4 LaP3 1 .E7eo o . o o o o o o o  0 . 7 4 9 9 8 3 0 0  

Substrate OHRRA PBM18Y Glass 1 .6035 0  .  o o o o o o o  

FIGURE 4.8. Prescription for the Scorpio® AR-coating. 
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FIGURE 4.9. Performance plot for the Scorpio® AR-coating design. 

The final prescription and performance plot are shown below in Figures 4.8 and 4.9. 

This design was modified with the addition of an extra half-wave layer of Silane-

organic between the last Sol-Gel and air, as a hydrophobic, protective layer. 

4.5 The Gila® Design 

The Gila® coating design is optimized for Calcium Fluoride substrates, since those 

behave quite differently from Fused Silica substrates, despite their similar refractive 

index for d-light. The Aquaphobe® compound is again used as a protective layer 

to the Sol-Gel component. This coating was designed specifically for the calcium 
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Design: GILA9 
Refe rence  Wave leng th :  510 .00  
lacident Angle: 0.0 

Layer Material 
ReCractive 

Index 
Extinction 
Coefficient 

Optical 
ThicKneBB 

Meaium Air 1.9000 0.0000000 
1 GELEST AQUAPHOBE 1.3536 0.0000000 0 . 000ai515 
2 SOL-GEL 50% 1.2311 0.0000000 0.24.64,0250 
3 MqF2 1.3845 0.0000000 0.02143531 
4 GELEST AOUAPHOBE 1.3536 0.0000000 0 .19679040 

Substrate CaF2P20 1.4366 0.0000000 

FIGURE 4.10. Prescription for the Gila® AR-coating design. 
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FIGURE 4.11. Performance of Gila® AR-coating design. 

fluoride component of the injection optical subsystem, custom figured by Tucson 

Optical Research Corporation. Its prescription is depicted below on Figure 4.10 and 

performance on Figure 4.11. 

4.6 The Tarantula® Design 

Optimized for borosilicate glass substrates ( n  = 1.52), this design is also centered at 

the 510 nm wavelength. The staring point was also a quaterwave structure of the 
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Design; BK7 
Refecence Wavelength; 510.00 
Incident Angle; 0.0 

Refractive Extinction Optical 
I/aye 1- Haterial Index CoefEicient Thickneae 

Mediutn Air 1.0000 0.OOOOOOO 
1 MgF2 1.3S4 5 0.0000000 0.00039675 
2 SOL-GEL 50% 1.2311 O.OOOOOOO 0.26232070 
3 Si02 1.4618 O.OOOOOOO O.OS037177 
4 HciP2 1.3S4 5 O.OOOOOOO 0.04310697 
5 SOL-GEL 50% 1.2311 O.OOOOOOO 0.04919391 
6 MqP2 1 .3845 0 .ooooooo  0.0110319 9 
7 3i02 1.4618 O.OOOOOOO 0.21018470 
S HgF2 1.3S4 5 O.OOOOOOO 0.01282364 

SuiiBt i-ate GlasB 1.5209 O.OOOOOOO 

FIGURE 4.12. Prescription for Tarantula® AR-coating design. 

type: 

Air\L\I\H\BK7 _Glass 

The current prescription and performance plot are shown below on Figures 4.12 and 

4.13. This design is still being modified with the addition of an extra half-wave 

layer of a Silane-organic compound between the last MgF2 and air, as a hydrophobic, 

protective layer. 
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FIGURE 4.13. Performance plot for Tarantula® AR-coating design. 
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Chapter 5 

MANUFACTURING OF THE COYOTE® AR-FILTER 

5.1 Preliminary Environmental Tests 

The purpose of this test was solely to determine whether the Silane-based Aquaphobe 

would hold against the second layer of silica sol-gel, as well as prevent degradation 

from unfriendly environmental conditions. Due to materiel, cost and time limitations. 

section 4.3. The substrates used were 1 in^ microscope slides, made of borosilicate 

BK7 glass. The first layer, made of Magnesium Fluoride, was precision-deposited via 

Physical Vapor Deposition. The second layer, made of a 50% solution of silica sol-gel, 

was drop-coated onto the first layer. Once the solgel layer was cured, a day later [10], 

the Aquaphobe solution was drop-coated onto the second layer, and subsequently 

baked for 15 minutes in a vacuum oven. The shortcomings of this procedure are 

quite obvious: drop coating is not a precision deposition process, so the resulting 

thicknesses may not be appropriate for sensitive prescriptions. 

The samples were tested for spectral transmission over the wavelength range of 

interest. Four samples were fabricated for this purpose, SI through S4. Si and S2 

did not survive the first Sol-Gel deposition on top of the Magnesium Fluoride layer. 

Spectral transmission of samples S3 and S4 was measured with a Varian Gary 500 

Spectrophotometer, pictured below in Figures 5.1 and 5.2 [23]. 

The two deposited samples were then environmentally tested in four-step cycles: 

1) Samples were cooled down to —20 °G for 12 hours, insulated from humidity 

or contamination. 

2) Samples were warmed up to 35 °G for 12 hours, insulated from humidity 

we have made some modifications on the original prescription listed in 



FIGURE 5.1. The CARY500 Spectrophotometer 
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TRANSMISSION OF COYOTE SAMPLES BEFORE AND AFTER ABUSE 

Wavelength (nm) 

FIGURE 5.3. Transmission of Coyote® sample runs before and after environmental 
tests. A posteriori measurements were made two weeks later. 

or contamination. 

3) Samples were cooled down to room temperature (24 °C) for 12 hours, ex

posed to 88% relative humidity and atmospheric contamination. 

4) Samples were cooled down to 4 °C for 12 hours, in a fridge, leaking enough 

water to give us an 88% reading on our humidity gauge. 

This cycle was repeated 4 times, and then the samples were re-tested for spectral 

transmission over the wavelength range of interest. A third measurement followed 

two weeks later, with samples kept in isolation during the intermediate time. The 

spectral transmissions are plotted in Figure 5.3. 

Although we only had two samples, some conclusions can be derived from Figure 

5.3; 

1) Curve shapes do not change after abuse sessions. This means that the coating 
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is, in essence, unchanged in its nature by the abuse suffered. 

2) Sample 4 suffered the greatest shift offset, about 4-5% between each measure

ment. Since the Varian spectrophotometer suffered multiple repairs and calibrations 

over the 5 weeks of the test cycle, it is possible that a systematic error consistent 

with the intrinsic error of the instrument is to blame. This would also be consistent 

with most error expectancies for experimental spectrophotometry. Sample S3 seems 

to support that theory. Moreover, Sample S4 may have suffered further degradation 

with time due to being touched with unprotected hands during the first measurement. 

The primary defense of the human immune system is the low pH of the skin, which 

is laced with sweat and other oils, forming an acidic organic solution which acts as 

a biological barrier against infections. The time-continuous degradation of Sample 

4 seems to support this theory, since it would take a finite time for human hand 

secretions to corrode through the coating layers. 

3) The general curve shapes are not what we expected from the design shown on 

the first section of this document. Again, this preliminary drop-coating experiment 

was done with the intention of evaluating the adsorption between layers, as well as 

the environmental resiliency of the Coyote® coating structure. We have subsequent 

carefully deposited thickness-controlled layers of sol-gel and Aquaphobe on glass, via 

dip-coating procedure. Those were tested again on the Gary 500 spectrophotometer 

and modeled with the Essential Macleod software for validation. Results are discussed 

in section 5.3 below. 

5.2 Dipping Calibration Procedure 

For this procedure, we have utilized the dip coating hardware loaned to us by Prof. 

Dunbar Birnie, III. It consists of a motor and driver, manufacttired by Oriental Motor, 

Inc., in the late 1980s. We have used motor 5RK40RGK-A2, serial number 25698. It 

is rated to a maximum output of 40 W at 1.5 A and 100 V. It can operate at either 



68 

FIGURE 5.4. Dip-coating apparatus and analog driver to its left. 

50 or 60 Hz and rectified at a capacitance of 15 fjF. The apparatus and our rigging 

are shown on Figures 5.4 and 5.5. The lab jack and book stack are low-tech solutions 

to raising the solution container to the needed height for dipping, above the lower 

limit switch of the encoder apparatus. The velocity of the motor going up or down 

is regulated by two different knobs, on the lower right of the controller box. Motor 

speeds are feedback-controlled by analog encoders connected to the servo mechanism. 

A small beaker with solution was placed on top of the lab jack platform, and the 

borosilicate glass samples are lowered onto the dipping solution. Glass samples were 

cut to be 0.5 in X 1 in in size, and prepared in a clean environment. Samples were 
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cleaned in an acetone bath for fifteen minutes and then run through the ultrasonic 

cleaner, untouched by bare hands throughout the entire process. 

Samples were lowered onto the solution at the motor's maximum speed, namely 

1650 rpm. We have no real way of gauging the speed of the elevator platform; our 

only feedback is the number of revolutions per minute performed by the acme screw 

of the motor at any time, so our data must be calibrated to that reference. The 

resolution of the analog motor speed reader is 50 rpm. Twelve samples of each 

solution (solgel and Aquaphobe®) were dipped at 1650 rpm, and removed from the 

solution at speeds: 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000 and 1100 

rpm. Sample film thicknesses were then tested using a KLA-Tencor Alpha-step 500 

stylus surface profiler, depicted in Figure 5.6. The stylus has a resolution of 1A and 

a guaranteed 10 A or 0.1% repeatability. This piece of hardware revealed our utter 

deposition failure with the dip coater. 

The results we saw, sample after sample, had peak-to-valley thickness variations 

of over 100 nm. This did not make any sense at first, until we looked at the surface of 

the film under a microscope. Figure 5.7 shows a 60X magnified picture of the solgel 

film surface. We can easily see dust particles, trapped on the film itself. The film 

is stable, but irregular, due to the presence of impurities in the dipping enviroment. 

Outside a clean room, different types of dust, water droplets and impiirity particles 

will be attracted to the surface of the dipping solution due to the differences in surface 

free energies between liquid surface and impurity. Those will be then dragged along 

with the liquid film and alter surface tensions on their vicinity, effectivily causing 

unexpected profile slopes and film shape irregularities. This had been reported in 

Dr. Stilburn's document, as a large optics dipping issue [10]. The surface tension 

perturbation issue can be further illustrated by Figure 5.8 below. We have imaged 

the same film as in Figure 5.7, this time at a lOX magnification, targeting the upper 

edge of the film-glass interface, where surface tension effects are more pronounced. We 

can illustrate our failure analysis even further we show another picture of the same 



FIGURE 5.5. Closer look at dipping apparatus. Paperclip is sample holder. 



FIGURE 5.6. KLA-Tencor Alpha-step 500 surface profiler. 
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FIGURE 5.7. 60X magnified picture of dip-coated solgel film on glass. Bright features 
are scattered light from granular dust. Dark line is hairlike macroscopic impurity. 
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FIGURE 5.8. LOX magnified solgel dipped film. Notice scattering of light by impurities 
near film edge. 
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FIGURE 5.9. Same film as Figiire 5.7, magnified 200X. 

film magnified at 200X, see Figure 5.9 below. Although only a smaller area of the 

film can now be seen, another dust impurity is right at focus, scattering light on 

the left side of the photograph. In summary, dip-coating without a clean room gives 

unsatisfactory results. 

5.3 Attempting a Spin-coat Deposition of Solgel Solution 

Since oiir dip coating did not work, we decided to try the next logical option: to 

spin-coat our solgel solution into plasma-cleaned glass samples. Again, the plan was 

simple: we spun different borosilicate glass slabs, 1 mm thick and 1 in^ in area at 

different speeds, using a Specialty Coating Systems P6000 coater, which is no longer 

manufactured. It is an entry-level spin coater at best, not digitally programmable or 
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easily interfaceable to computer controls. It is located inside a small, all-purpose fume 

hood on the 5th floor of the Optical Sciences Center. Laminar flow is not present, 

and contamination of the immediate area by other chemicals is rampant. Yet, it was 

the hardware available to us, so we had to try and deposit solgel solution with what 

we had. 

Difficulties due to the non-controlled environment were present, but we managed 

to deposit a stable solgel film at a speed of 500rpm, using a four-hand technique^. 

We measured the thickness of this deposited, hardened layer to be about 20 nm thick, 

with the Alpha-Step profiler. One of our deposition attempts took place on a monsoon 

day when the relative humidity inside the lab was measured at 44%. That day, our 

spun film yield at SOOrpm was a mere 20%. Again, such difficulties were not so 

surprising, since they had been observed by Stilburn [10]. Figure 5.10 below shows 

what a cleanly spun film looks like, even atop MgF2. Magnification of the image is 

60X. There are no impurities on the surface of the film. This is extremely hard to 

obtain without a clean environment, and our best yield ubder current conditions was 

about 40%. 

5.4 Evaporating a Hard Coating Atop a Solgel Layer 

Evaporation of a hard coating atop a solgel layer had been previously accomplished 

in the past, over small areas [49]. Because of so many previous setbacks of time and 

money, we decided to attempt such an endeavour with a small number of samples at 

first. We deposited 150 nm of MgF2 on glass substrates. Then we spun 20 nm of solgel 

on top of that layer at SOOrpm. Then we returned the samples to the evaporating 

system after the solgel layer was hardened and evaporated another layer of MgF2, 

this time 50 nm thick. Two samples were prepared in this manner. Two others were 

^Commonly used with non-programmable coaters, or without foot accelaxation control. Kon-
stantin Yamnitskyi would hold the dispenser and I would immediately accelerate the turntable 
button so atmospheric impurities would not have time to settle on the surface of the substrate. 



FIGURE 5.10. Solgel spun at 500rpm atop a 150nm solgel layer on glass. 
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Transmittance Data for PVD'd solgei 
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FIGURE 5.11. Transmission data for early MgF2 atop solgel samples. 

prepared with simply solgel and then MgF2 on top of it. All samples were single 

sided. Transmissions were then measured with the Gary spectrophotometer, coated 

side facing the source, and plotted in Figure 5.11. Theoretical transmittances of the 

same coatings are shown below on Figure 5.12. A few comments are pertinent here. 

First, only one siirface of the substrates was coated, and the Gary spectrophotometer 

measures the overall transmittance of the sample. That alone would add about 5% 

to all curves on Figure 5.11. Inherent stochasticity of the instrument and imperfec

tions on our spinning yield can account for other ciirve imperfections. Humidity was 

nearly 50% in the lab the day we spun all four substrates, so I suspected trapped 

water pockets inside the solgel film. Figure 5.13 depicts a recent measiirement of the 

water absorption spectrum made by Schermaul and Learner at the Imperial Gollege 

in London [47]. If water pockets are trapped under the solgel film, we can be sure that 



78 

THEORETICAL TRANSMITTANCES PVD ON SOLGEL 
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FIGURE 5.12. Theoretical transmittance plots of eaxly MgF2 atop solgel attempts. 
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FIGURE 5.13. Water Absorption Spectrum measured by Schermaul and Learner in 
2001. 

hydrolitic effects and film degradation started immediately [10]. The spectrophotome

ter was also set to change detectors and stop measurements at A = 400 nm, because 

the UV detector was undergoing a pre-scheduled maintenance that week. Still, the 

general envelope shape of the curves in the mid-visible and near-IR was the clue I 

was looking for. It was worth it to try and deposit a quasi-Coyote® coating on glass 

and check its moisture resiliency again. 

5.5 Second Environmmental Testing Cycle 

Inspired by the data from the previous sections from this chapter, we repeated the 

evironmental test described on section 5.1, with a larger number of samples and a 

broader distribution of deposition and test conditions. Although the early attempts 

from Section 5.1 date from before the time we had the information from Gelest that 

Aquaphobe© needed an outer oxide layer to be most effective, we proceeded with 
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this "imperfect" approach throughout the rest of this chapter to assess whether or 

not Aquaphobe@ is a worthy enough environmental barrier to warrant time spent 

redisigning the coatings from Chapter 4. First, 150 nm of MgF2 was deposited on 

glass. We then spun 20 nm of soigel solution at a speed of SOOrpm over the MgF2 

layer. Another layer of MgF2, 10 nm thick was then evaporated atop the hardened 

solgel layer. Finally, we drop-coated 100% Aquaphobe© solution on top of all samples 

and baked them for 20 minutes, at 120 °C in Professor Jabbour's vacuum oven. We 

prepared four samples in this manner (paying attention to spin-quality of the solgel 

layer and discarding visually imperfect films) and submitted the set to the following 

cycle of abuse: 

1) Samples were cooled down to —20 °C for 12 hours, insulated from humidity or 

contamination. 

2) Samples were warmed up to 35 °C for 12 hours, insulated from humidity or 

contamination. 

3) Samples were cooled down to room temperature for 12 hours, exposed to 88% 

humidity and atmospheric contamination. 

4) Samples were cooled down to 4 °C for 12 hours, in a household refridgerator, 

leaking enough water to bring the humidity upwards to 88% behind the closed door 

(measured). 

We must also remember that since the outer layer of this film was not an oxide, 

Aquaphobe never soHdifies into a hybrid monolayer. We left the Aquaphobe© "jelly

like" layer untouched during this experiment. Only one glass surface was coated, so 

our usual 5% positive offset applies to all curves. Transmission plots for the samples 

both before and after the abuse cycle are depicted below on Figure 5.14. 

Even in its non-solid, non-solid form, Aquaphobe® appeared to be a promising 

environmental barrier, as far as dielectric coatings are concerned. The decision to 

proceed and alter the original coating designs to provide an oxide-based outer layer 

was now justified. 
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%T vs. Wavelength for Imperfect Coyote Design 
Before and After Abuse Cycle 
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FIGURE 5.14. Transmission characteristics for imperfect early Coyote® deposition, 
before and after abuse cycle 
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Chapter 6 

CORRECTED PRESCRIPTIONS FOR MAESTRO 

AR-COATINGS 

Based on our results from Chapter 5 we know that Aquaphobe® is a very useful 

moisture barrier, but it will not solidify into a useful film layer upon polymerization. 

Since Aquaphobe(c) reacts with the Oxygen groups in oxides to form a protective 

monolayer environmental barrier, we have changed the prescriptions shown in Chapter 

4 to fit that need, and to make use of the fact that we can indeed PVD a hard-coating 

layer atop hardened silica porous solgel. I have chosen alumina as the oxide of choice 

for the outer layer of most designs because it is a very robust moisture barrier in itself. 

Aquaphobe© will be simply applied to the outer layer of each coating, as to create 

the monolayered, ultra-low-surface-free-energy moisture barrier. We can summarize 

the correlation between substrate and optimal coating design on Table 6.1. 

6.1 Corrected Coyote® Design 

Largely based on the original design proposed on Chapter 4, we modified the original 

design to include a AI2O3 layer and optimized it for fused silica substrates, keeping 

the design wavelength of 510 nm. The prescription is shown in Figure 6.1 and the 

predicted transmittance plot in Figure 6.2. 

Design Name Optimal Substrate 
Coyote® 
Scorpio® 
Gila® 

Fused Silica 
OHARA PBM Glass 
Calcium Fluoride 

Tarantula® Borosilicate Glass 

TABLE 6.1. Summary of Optimal AR-Coating designs and their respective substrates 
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Layer  Mater ia l  
Refract ive 

Index 
Ext inct ion 
Coeff ic ient  

Optical  
Tl i ickness  

Medium. Air  1 .0000 0.0000000 
1  A1203 1 .6725 0.0000000 0.00500000 
2 SOL-GEL 50% 1.2311 0.0000000 0.23331320 
3 MqF2 1 .3845 0.0000000 0.23161240 

Substrate  Fueed Si l ica  1.4622 0.0000000 

FIGURE 6.1. Corrected prescription for Coyote® design. 
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FIGURE 6.2. Predicted performance plot for corrected Coyote® design. 
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Layer Material 
Retractive 

Index 
Extinction 
Coefficient 

optical 
Th-ickness 

Medium Air 1 . 0 0 0 0  0 . O O O O O O O  
1 Ti02 2 . 3 4 8 7  0 . 0 0 0 3 7 4 3  0 . 0 0 1 8 3 1 4 4  
,2 SOL-GEL &0% 1.2311 0 . O O O O O O O  0 . 2 0 9 3 7 5 4 0  
3 MqF2 1 . 3 B 4 5  0 . O O O O O O O  0 . 23811230 
4 LaF3 1 .  5 7 6 0  0 . O O O O O O O  0 . 6 3 0 6 1 5 4 0  

Substrate OHARA PBM18Y Glass 1 . 6 0 3 5  0 . O O O O O O O  

FIGURE 6.3. Corrected prescription for Scorpio® design. 
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FIGURE 6.4. Predicted performance plot for corrected Scorpio® design. 

6.2 Corrected Scorpio® Design 

Largely based on the original design proposed on Chapter 4, we modified the original 

design to include a Ti02 layer and optimized it for the OHARA high-index substrates 

used in the MAESTRO spectrograph, keeping the design wavelength of 510 nm. The 

prescription is shown in Figure 6.3 and the predicted transmittance plot in Figure 

6.4. The choice of titania as the outer layer was optimized by the software itself, and 

is one I would like to attempt in the very near future. 
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Layer  Mater ia l  
Refract  ive 

Index 
Ext inct ion 

Coeff  ic ient  
Optical  

ThicXness  
Medium. Air  1 .0000 0 . 0 0 0 0 0 0 0  

1  A1203 1 .6725 0.  0000000 0.00500000 
2 SOL-GEL 50% 1 .  2311 0 .  0000000 0 .2S481890 
3 MaF2 1 .3845 0.  0000000 0.01656373 
4 A1203 1 .  S72S 0 . 0 0 0 0 0 0 0  0.00961788 
5 MqF2 1 .3345 0.0000000 0.0S575335 
6 SOL-GEL 50% 1 .  2311 0 . 0 0 0 0 0 0 0  0.05407522 
7 MaF2 1 .3845 0.0000000 0.00993454 

Substrate  CaF2P20 1 .4  365 0.0000000 

FIGUR,E 6.5. Corrected prescription for Gila® design. 

6.3 Corrected Gila® Design 

Largely based on the original design proposed on Chapter 4, we modified the original 

design to include a AI2O3 layer and optimized it for calcium fluoride substrates, 

keeping the design wavelength of 510 nm. The prescription is shown in Figure 6.5 

and the predicted transmittance plot in Figure 6.6. 

6.4 Corrected Tarantula® Design 

Largely based on the original design proposed on Chapter 4, we modified the original 

design to include a AI2O3 layer and optimized it for borosilicate glass substrates, 

keeping the design wavelength of 510 nm. The prescription is shown in Figure 6.7 

and the predicted transmittance plot in Figure 6.8. 

6.5 Comparisons with Commercially Available AR-Filters 

The best commercial alternative to our custom line of astronomical coatings we have 

found to date is the broadband AR-coating provided by ZC&R Coatings for Optics, 

Inc., a company from Los Angeles, California [24]. This is the coating used on the 
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FIGURE 6.6. Predicted performance plot for corrected Gila® design. 

Refract ive Ext inct ion Optical  
Layer  Mater ia l  Index Coeff ic ient  Thickness 

Medium Air  1 .oooo 0.0000000 
1  A1203 1 .6726 0.0000000 0 .  00100000 
2 SOL-GEL 50% 1 .2311 0.  0000000 0.26232070 
3 Si02 1.4618 0.0000000 0.05037177 
4 McrP2 1 .3S45 0.  0000000 0 .  04310897 
5 SOL-GEL 50% 1 .2311 0 .  ooooooo 0.04919391 
5 McrF2 1 .3845 0.  0000000 0.01103199 
7 Si02 1.4618 0 .  ooooooo 0.21010470 
8 ]yiqF2 1 .3345 0 .  ooooooo 0 .  01282364 

Substrate  Glass  1.5209 0.0000000 

FIGURE 6.7. Corrected prescription for Tarantula® design. 
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FIGURE 6.8. Predicted performance plot for corrected Tarantula® design. 

custom optics of the 90-inch Prime Focus Instrument [25]. It is optimized for a fused 

silica substrate. Its reflectance characteristic curve is shown in Figure 6.9 below. 

Compared to our 3-layer Coyote® design, however, this performance is not im

pressive. Since it is always better to compare apples with apples, a reflectance plot 

of Coyote® on fused silica is shown below on Figure 6.10: 

This plot already defeats the "one coating for all substrates" idea. The perfor

mance of the BBAR ZC&R coating worsens when deposited on surfaces other than 

the ideal fused silica design substrate. However, at an estimated cost of US$ 15,000.00 

for our six large pieces, both surfaces included, this coating comes with a tempting 

price tag. 

Another cost efl'ective solution would be to approach the coating issue with 

simplicity and use a single layer of magnesium fluoride. At an estimated cost of $ 

4,000.00 for the whole lot, this sounds like a bargain. However, as the plots of Figures 

6.11 and 6.12 below show, cheap is not always a good idea, especially nearing the edge 

of our band of interest. 

Since MgF2 is not hydrophobic and not particularly great outside the 400 nm-
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FIGURE 6.9. Characteristic Reflectance curve for ZC&R BBAR coating on fused 
silica substrate. 
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FIGURE 6.10. Reflectance plot for Coyote® coating on a fused silica substrate. 
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FIGURE 6.11. Reflectance of quarterwave magnesium fluoride layer on OHARA 
PBM18Y Glass. 

700 nm range, its performance is, of course, less than ideal for our needs. The greatest 

disadvantages of our custom coatings are two: 1) they cannot be deposited using a 

single process, by one single company; 2) Their cost. It would be ideal if either Opti

cal Shop within the University of Arizona had optical coating deposition capability. 

Surprisingly, for an institution which claims to be a world leader in the area, research 

on coating depositions, novel materials and process optimizations has been virtually 

dead at the University of Arizona for at least a decade. The cost is quite high. Last 

Spring's estimates for a single layer of sol-gel alone, dip-coated, is about US$ 9,000.00 

per layer per lot, plus tooling. Adding another dip-coated layer of Aquaphobe would 

approximately double the cost mentioned above. If we include LaF3 and MgF2 lay

ers, runs could run at US$ 4,000.00 per layer. A conservative cost estimate would be 

about US$ 30,000.00 including shipping and tooling. 

The benefits of our custom coating line are two-fold: their throughput per

formance is optimized for each substrate, with a minimum of layers used. The second 

is their environmental resistance to the degradation caused by the elements, most 

specifically degradation caused by humidity, especially on the natively hydrolitic sol-



90 

OeMgal Rcnixiiincc 

W a v e l e n g t h  ( n m )  

FIGUR,E 6.12. Reflectance of quarterwave magnesium fluoride layer on optical calcium 
fluoride. 

gel layers. 
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Chapter 7 

MANUFACTURING OF CORRECTED COYOTE® 
AR-FILTER 

This is one of those times where "guerilla engineering" must be applied. As mentioned 

before, we currently have two manufacturing issues which are hardware limited. We 

cannot arbitrarily control the thickness of the solgel layer with either the spin-coater 

or the dip-coater we ciirrently possess. Also, alumina, our outer-layer material of 

choice is must be deposited via ion beam sputtering, and we currently lack access 

to the Optical Sciences clean room where a nice sputterer is located. These have 

been common predicaments in the development of this AR-coating line, but not tall 

enough obstacles to make me back down from the project. 

I needed a proof of principle to illustrate the fact that Coyote® and the other 

AR-coatings we are developing can be manufactured and are indeed moisture and 

environment-resilient. It is always a good idea to start with what works. In this 

case, we know we can evaporate a bevy of compounds with sub-nanometer precision. 

That includes the inner magnesium fluoride layer from the Coyote® design. We also 

know that we can spin solgel solutions with a pretty good yield (> 85%) in days when 

relative humidity is below 20%, spun at 500 rpm. We need an oxide to react with the 

Aquaphobe and create the protective monolayer at the surface of our film. An easy 

oxide to evaporate is silicon monoxide, but it has a rather high refractive index and 

can quickly become opaque if the layer is too thick. I chose to use round numbers 

and somewhat thicker layers than necessary, because they were easy to deposit and 

optimization for the corrected Coyote® design was still being fine-tuned. That said. 
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I elected to deposit: 

AIR|SILICON_MONOXIDE(50nm)|SOLGEL(20nm)|MgF2 (150nm) |GLASS 

(7.1) 

First, we deposited the MgF2 on 1 in^ borosilicate glass substrates using the system 

depicted on Figure 3.1. We then spun our solgel solution at a speed of 500 rpm 

on the same substrates, atop the MgF2 layer. After the solgel layer hardened we 

evaporated 50 nm of SiO on top of the solgel layer. 28 samples were prepared in 

that fashion. 14 of such samples were then drop-coated with Aquaphobe© and heat-

hardened as per the manufacturer's specifications [19]. Although BK7 glass is not the 

optimal substrate for this coating design, the cost of 1 mm thick microscope slides is 

nearly negligible, and expenditure control is a factor in our development. Both the 

treated and imtreated set were submitted to an extreme cycle of abuse. They were 

immersed in 2 mm deep destilled water inside their Petri dishes, for 36 hours, at a 

temperature of 28 °C. Sample transmittances were measured using the Varian Gary 

500 Spectrophotometer before and after the abuse cycle. 

7.1 First Set: Not Treated with Aquaphobe® 

What must be understood before we look at these datasets is that those are not 

Goyote® depositions. The deposited design, depicted in Equation 7.1 can be con

sidered a "poor cousin" of the Goyote® AR-coating, and not a good AR-coating 

itself. It was simply chosen because it was easy to deposit, cheap and of similar 

structure to Goyote®. We shall therefore rightfully dub it the StrayDog® trial 

stack. The StrayDog® filter will not improve the transmission of the substrates. 

Indeed, it makes their transmission characteristics worse. It creates a perturbation of 

the substrates' "naked glass" spectral transmission characteristics. 

The experiment then becomes very simple. The application of the StrayDog® 

stack alters the reflectance of the borosilicate glass slides. As before, we have only 
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applied the coating on one side of the glass and directed the coated side toward the 

light source. We measured the coating's effect on the glass samples. Notice that 

StrayDog® is a pretty poor AR-coating, but that is not its intended purpose. Also, 

the ripple features of these plots axe most likely caused by water pockets upon solgel 

spinning, since the relative humidity of the air was 28% [47]. We then submitted 

these 14 untreated samples to the cycle of abuse described above in this very chapter 

and then re-measure the sample transmittances of the same samples. Figures 7.1 and 

7.2 show the results of such measurements. 

%T vs. Wavelength for Corrected Pseudo-Coyote (StrayDog design) Deposition 
First Sampie Set Untreated with Aquaphobe 

Pre-Abuse 
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FIGURE 7.1. Transmission plot for samples 1-7 of the StrayDog® coating before 
abuse. 
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%T vs. Wavelength for Corrected Pseudo-Coyote (StrayDog design) Deposition 
Second Sample Set Untreated with Aquaphobe 

Pre-Abuse 

Snmplpl 1 before 

Wavelength (nm) 

FIGURE 7.2. Transmission plot for samples 8-14 of the StrayDog® coating before 
abuse. 

The plots speak for themselves. Notice that after the abuse cycle, the transmission 

characteristics of the samples change completely. The coating has degraded and fallen 

apart. What we have now is transmission characteristics of uncoated glass. The 

transmission state for this sample set was altered from before the abuse cycle. This 

can be easily seen in Figures 7.3 and 7.4. 
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%T vs. Wavelength for Corrected Pseudo-Coyote (StrayDog design) Deposition 
First Sample Set Untreated with Aquaphobe 

Post-Abuse 

Satnpla7 after 
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FIGURE 7.3. Transmission plot for samples 1-7 of untreated StrayDog® coating after 
abuse. 
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%T vs. Wavelength Corrected Pseudo-Coyote (StrayDog design) Deposition 
Second Sampfe Set Untreated with Aquaphobe 

Post-Abuse 

Samp 11I2 after 

Wavelength (nm) 

FIGURE 7.4. Transmission plot for samples 8-14 of untreated StrayDog® coating 
after abuse. 

We have further illustrated the pre- and post-abuse behavior of untreated Stray

Dog samples by plotting their transmittance in pairs of ciirves for the same sample, 

at a large scale. These are depicted on Figures 7.5 through 7.18. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

Samplel Before and After Abuse 
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FIGURE 7.5. Transmittance plot pair of untreated StrayDog sample 1. 

Interestingly enough, if we look closely at Figure 7.6, not all samples tested de

graded completely, despite the fact that all foiirteen samples were exposed to the 

same abuse conditions, samples 1 through 4 inside the same Petri dish. I certainly 

intend to investigate this phenomenon and the composition of water with suspended 

coating residues further. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

Sampie2 Before and After Abuse 

Wavelength (nm) 

FIGURE 7.6. Transmittance plot pair of untreated StrayDog sample 2. 



99 

%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

SampieS Before and After Abuse 
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FIGURE 7.7. Transmittance plot pair of untreated StrayDog sample 3. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

Sample4 Before and After Abuse 
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FIGURE 7.8. Transmittance plot pair of untreated StrayDog sample 4. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 
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FIGURE 7.9. Transmittance plot pair of untreated StrayDog sample 5. 
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%Transmittance vs. Wavelength 
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FIGURE 7.10. Transmittance plot pair of untreated StrayDog sample 6. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

Sampie? Before and After Abuse 
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FIGURE 7.11. Ti-ansmittance plot pair of untreated StrayDog sample 7. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

SampieS Before and After Abuse 

0 200 400 600 800 1000 1200 

Wavelength (nm) 

FIGURE 7.12. Transmittance plot pair of untreated StrayDog sample 8. 
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VoTransmittance vs. Wavelength 
Untreated StrayDog Deposition 

Sampie9 Before and After Abuse 
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FIGURE 7.13. Transmittance plot pair of untreated StrayDog sample 9. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

SamplelO Before and After Abuse 
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FIGURE 7.14. Itansmittance plot pair of untreated StrayDog sample 10. 
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%Transmittance vs. Wavelength 
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FIGURE 7.15. Transmittance plot pair of untreated StrayDog sample 11. 

Again, on sample 12, degradation appears to have happened, since the envelope 

of the curve has changed after the abuse cycle. It seems to be a case of partial 

degradation only. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 

Sample12 Before and After Abuse 
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FIGURE 7.16. IVansmittance plot pair of untreated StrayDog sample 12. 
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%Transniittance vs. Wavelength 
Untreated StrayDog Deposition 
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FIGURE 7.17. Transmittance plot pair of untreated StrayDog sample 13. 
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%Transmittance vs. Wavelength 
Untreated StrayDog Deposition 
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FIGURE 7.18. Transmittance plot pair of untreated StrayDog sample 14. 

7.2 Second Set; Surface-Treated with Aquaphobe® 

The second set was prepared in a similar fashion as the first set. Once the SiO layer 

is ready, Aquaphobe® was drop-coated onto oiir samples into a uniform liquid film, 

relative humidity in the laboratory was logged at 10% that evening. Samples were 

then baked at 110°C for 20 minutes in a vacuum oven. The excess solution was then 

wiped with lens paper and isopropanol. Again, only one side of the glass slides was 

coated, and the transmittances were measured with the spectrophotometer, coated 

side facing the source. 14 samples were prepared. The transmmittance measurements 

before the abuse cycle are depicted in Figures 7.19 and 7.20. The results from the 

experimental measurements after the abuse cycle are quite astounding. They are 

depicted below in Figures 7.21 and 7.22. Even if we do not take into account the 
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% Transmittance vs. Wavelength StrayDog Deposition 
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FIGURE 7.19. Transmission plot for StrayDog® coating samples 1-7 treated with 
Aquaphobe, before abuse. 
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FIGURE 7.20. Transmission plot for StrayDog® coating samples 8-14 treated with 
Aquaphobe, before abuse. 
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%T vs. Wavelength StrayDog Deposition 
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FIGURE 7.21. IVansmission plot for StrayDog® coating samples 1-7 treated with 
Aquaphobe, after abuse. 
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FIGURE 7.22. Transmission plot for StrayDog® coating samples 8-14 treated with 
Aquaphobe, after abuse. 
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stochasticity of the Gary spectrophotometer, it is quite easy to see that the curves 

have not changed after a 36-hour cycle of "unholy" underwater abuse. Aquaphobe 

surface treatment of an outer oxide coating layer seems to completely impermeabiUze 

the coating itself. We must also take into account the evaporation imperfections due 

to the overcrowding of the sample holder each time MgF2 and SiO was deposited. 

This happens because we deposited each set of 14 at once for consistency and some 

samples were radially far from the source line. 

We have further illustrated the pre- and post-abuse behavior of Aquaphobe-treated 

StrayDog samples by plotting their transmittance in pairs of curves for the same 

sample, at a large scale. These are depicted on Figures 7.23 through 7.36. 

Because we did not have environmental control during spinning, correlating one 

dataset to the other, when the solgel layers were spun 9 days apart is not viable. We 

must compare each dataset for changes in transmission state within itself, before and 

after abuse cycles. A controlled humidity exposure chamber or laboratory would help 

us acquire a whole curve of coating rippling versus humidity-present-diiring-solgel-

layer-spinning. Despite those setbacks, I consider the guerilla approach successful 

here. We are now sure that StrayDog® overcoated with Aquaphobe® does preserve 

its transmission characteristics upon harsh exposure to watery environments, and that 

non-overcoated StrayDog® does not behave like that. It falls apart and reverts to 

its original uncoated glass characteristics. Further tests toward manufacture of the 

coatings proposed chapter 6 will undoubtedly be laborious and expensive. But such 

manufacture attempts are now justified. 
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FIGURE 7.23. Transmittance plot pair of StrayDog sample 1 treated with Aquaphobe. 
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FIGURE 7.24. IVansmittance plot pair of StrayDog sample 2 treated with Aquaphobe. 
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FIGURE 7.25. Transmittance plot pair of StrayDog sample 3 treated with Aquaphobe. 
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%T vs. Wavelength StrayDog Deposition 
Treated with Aquaphobe 
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FIGURE 7.26. Transmittance plot pair of StrayDog sample 4 treated with Aquaphobe. 
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%T vs. Wavelength StrayDog Deposition 
Treated with Aquaphobe 
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FIGURE 7.27. Transmittance plot pair of StrayDog sample 5 treated with Aquaphobe. 
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FIGURE 7.28. Transmittance plot pair of StrayDog sample 6 treated with Aquaphobe. 
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FIGURE 7.29. Itansmittance plot pair of StrayDog sample 7 treated with Aquaphobe. 
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FIGURE 7.30. Transmittance plot pair of StrayDog sample 8 treated with Aquaphobe. 
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FIGURE 7.31. Transmittance plot pair of StrayDog sample 9 treated with Aquaphobe. 
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FIGURE 7.32. Transmittance plot pair of StrayDog sample 10 treated with Aqua
phobe. 
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FIGURE 7.33. Transmittance plot pair of StrayDog sample 11 treated with Aqua-
phobe. 
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FIGURE 7.34. 'Bransmittance plot pair of StrayDog sample 12 treated with Aqua
phobe. 
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FIGURE 7.35. Transmittance plot pair of StrayDog sample 13 treated with Aqua
phobe. 
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FIGURE 7.36. Transmittance plot pair of StrayDog sample 14 treated with Aqua
phobe. 
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Chapter 8 

OVERCOAT OF ALUMINUM AND SILVER 

This chapter was inspired by success of our early experiments described in chapters 

5 and 7. The curiosity about how Aquaphobe® behaves when treating naturally-

passivated metallic films is a natural consequence of being exposed to thin film design 

in an astronomical environment. And I am rather obsessive-compulsive about my 

curiosities. 

The idea behind this chapter is not to promote Aquaphobe® as a cure-all moisture 

barrier. It is about giving myself and the reader food for thought. The seed about 

expanding our arsenal to high-reflectance films was planted by Professor Lesser [5] 

rather casually, but I do not believe in blind chance. This is an avenue of investigation 

worth pursuing in the near future. 

8.1 The Aluminum Bonus 

MAESTRO, much like other optical systems has reflective optical elements. Moreover, 

primary and secondary telescope mirrors are commonly coated with 99.99% pure 

metallic aluminum, at a thickness of about 150 nm. Interestingly enough, upon leaving 

the controlled vacuum of deposition, the aluminum layer starts to oxidize quickly, 

growing to an AI2O3 layer with thickness of about 1 nm after a day, and exponentially 

slowing down after that the first 24 hours [48]. The alumina thin, transparent layer 

acts as a diffusion barrier against moisture and oxygen penetration, delaying further 

tarnishing of the aluminum coating and a reduction on reflectance throughput of the 

reflective element of interest. 

Aquaphobe® reacts with outer oxide layers to form protective monolayer-thick 

moisture barriers. Moreover, we have chosen AI2O3 to be the outer layer to be treated 
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with Aquaphobe in most of our corrected designs presented on Chapter 6. It seems 

logical, then, that we should attempt to find out how Aquaphobe® reacts upon 

being applied onto an aluminized glass surface. The self-passivation mechanism is 

directly dependent on temmperature, pressure and oxygen availability, and therefore 

conditions do influence oxidation speed of aluminim [49] [50]. 

The question we wanted to answer was simple: can an Aquaphobe® surface 

treatment help delay the natural tarnishing of aluminum coatings in mirrors ? More

over, will an Aquaphobe surface treatment alter the original spectral reflectance of an 

aluminum-coated glass substrate in any significant form ? We decided to take a sim

ilar experimental approach to the one used to examine the StrayDog® coating stack 

in the former chapter of this document. A handful of important procedural differences 

miist be mentioned, though. First, we discovered that semi-hardened Aquaphobe was 

clogging the pumps of the vacuum oven used all through Chapters 5 and 7, making 

them difficult to clean and causing problems to Prof. Jabbour's hardware setup. 

We decided to heat-harden the Aquaphobe-treated aluminum films on a ceramic hot 

plate, for 20 minutes at a temperature of 120 °C. Next, we measured absolute percent 

reflectance on the Cary spectrophotometer of all the aluminum samples involved. All 

samples had 150 nm were then submitted to the same guerilla abuse cycle used to test 

the resiliency of the StrayDog® stack, and their percent absolute reflectances were 

re-measured with the Cary spectrophotometer. The results for the untreated samples 

are depicted below on Figure 8.1. 

These results are quite curious. There are differences in performance larger than 

20% for some samples, which goes way beyond the stochasticity of the instrument. 

Degradation and tarnishing appears to be somewhat random and visually uneven, on 

a sample-to-sample basis. We proceeded with the analysis of the Aquaphobe-treated 

samples, depicted on Figures 8.2 and 8.3. For those who expected an instant product 

out of Aquaphobe® and metal, disappointment is at hand, for we are not there yet. 

However, the experiment did yield some useful information. Looking at Figure 8.2, we 
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Absolute %R vs. Wavelength 
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FIGURE 8.1. Absolute %Reflectance vs. wavelength of untreated aluminum films on 
glass, before and after abuse. 
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FIGURE 8.2. Absolute %Reflectance vs. wavelength of Aquaphobe-treated aluminum 
films on glass, before abuse. 
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Absolute %Reflectance vs. Wavelength 
Aluminum Samples Treated with Aquaphobe 
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FIGURE 8.3. Absolute %Reflectance vs. wavelength of Aquaphobe-treated aluminum 
films on glass, after abuse. 
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must point out a small detail: samples 1-3 were in a separate Petri dish from samples 

4-7. Both Petri dishes were placed near the center of the hotplate, but Petri dish 

containing samples 4-7 was kept capped for the entire 20 minutes. This accounts for 

the significant difference between the two different types of curve envelopes present on 

Figure 8.2. Oxygen intake was limited by the capping of the Petri dish, so the samples 

tarnished a little less than their 1-3 counterparts and preserved a better reflectance 

characteristic at shorter wavelengths. This also tells us that aluminum will certainly 

oxidize faster than the Aquaphobe can harden, under the same heat conditions. It 

is therefore ideal to cure Aquaphobe overcoats in vacuum ovens, unexposed to the 

action of the atmosphere. 

Figure 8.3 also yields some surprising information. Ciirve envelopes are all the 

same again! This means that once aluminum starts to become heat-tarnished, Aqua

phobe cannot protect the aluminum films from water degradation under immersion 

conditions. What we see is that as t ^ oo, all samples will likely acquire the same 

envelope reflectance and similar tarnishing degradation levels. This can actually be 

confirmed by Figures 8.4 and 8.5 below, from samples Aquaphobe-treated and heat-

cured on the hotplate, and untreated, respectively. 

The definitive, non-guerilla experiment for aluminum and Aquaphobe would be to 

PVD pure aluminum onto glass, using the appropriate holders and masks. Samples 

would be Aquaphobe-treated immediately after leaving the deposition vacuum and 

baked in a pre-heated, fast-outpumped vacuum oven. Such samples would then be 

placed in a temperatvire-controlled humidity chamber at 85% relative humidity for 

a year. Absolute %Refiectance measurements would be taken daily during the first 

week, then weekly until the first month is completed, then monthly after that. Unfor

tunately, we did not have a dedicated vacuum oven or a working humidity chamber 

at our disposal. This is certainly an investigational direction worth pursuing under 

the right research conditions. 
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FIGURE 8.4. BOX magnified picture of Aquaphobe-treated A1 sample post-abuse. 



FIGURE 8.5. LOX magnified picture of untreated A1 sample, post abuse. 
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8.2 Attempting to Overcoat Silver 

This was suggested by Prof. Bechtold [51] upon having her curiosity piqued when 

seeing our treated aluminum samples previously mentioned. We then PVD-deposited 

a 150 nm layer of 99.99% pure silver on lin^ borosilicate glass substrates. At this 

point, I knew the hotplate was not a good idea, because silver tarnishes faster than 

aluminum under similar conditions [50], as seen on Figure 8.6, a control sample from 

the same batch. Since the vacuum oven was unavailable, I decided to treat all silver-

coated substrates with Aquaphobe® solution and and to let the samples cure for 24 

hours at room temperature, as suggested by the Gelest, Inc. technical staff. Although 

they were not immersed, the silver samples tarnished into a white, almost uniform 

film, as seen in Figure 8.7. Apparently, even the small aqueous content of a slow-curing 

100% Aquaphobe® solution is enough to completely degrade the chief characteristics 

of the silver film characteristics. Further examination showed that the back of the 

film (in contact with the glass) was still rather untarnished, but the film was now 

wrinkled, and could be easily peeled cleanly off the glass substrate with latex gloves 

8.8. 

For those who are as curious as I am, I end this chapter with an absolute %Re-

flectance plot 8.9 of three of the "whitened" silver samples. Notice the reflectance of 

the silver oxide layer is low, but consistent on a sample-to-sample basis. 

As we can see, Aquaphobe® is not a "magic bullet". However, further investiga

tion is warranted and I plan to pursue it carefully. 



FIGURE 8.6. Pure silver film control sample, after 24 hours, magnified lOX. 
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FIGURE 8.7. 60X magnified picture of silver sample, uniformly tarnished by 
Aquaphobe© solution. The dark lines are scratches I purposely made for location 
purposes under the microscope. 
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FIGURE 8.8. 60X magnified pictiare of back of silver film, in contact with glass. 
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Absolute %Reflectance of Silver Films 
Oxidized Uniformly by Aquaphobe Solution 

Exposure for 24 hours 
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FIGURE 8.9. Absolute %Reflectance of Slver films oxidized by Aquaphobe© solution 
exposure for 24 hours 
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Chapter 9 

CONCLUSION AND FUTURE WORK 

9.1 Discussion 

9.1.1 Coping with Different Support Processes from Different Manufac

turers 

Manufacturing any of our designs via current commercial coating vendors present 

us with a logisitics nightmare. There is not a single vendor capable of depositing 

solgel and hard coatings, simultaneously, in the United States. Moreover, not one 

manufacturer has yet agreed to even attempt to evaporate a hard coating atop a 

solgel layer. In the case of large optics, such as MAESTRO's elements, there are 

expenses and risks with shipping delicate components all over the country. 

The ideal manufacturing environment would be centralized, and located at the 

University of Arizona itself, where we have expertise in both optical element man

ufacturing and glass coating. Ideally, we would need a 600 ft^ clean room facility, 

ClasslOOO at the very least. This coating facility should be equipped with an Evap

orator, Ion Beam Sputterer, large fume hood and a computer-controlled dip-coating 

system. A large plasma cleaner and vacuum oven would complete our large area 

coating lab. 

9.1.2 Analog versus Digital Dipping Process Control 

Digital process control is paramount for experimental variable control, not only for 

dip coating. Computer controlled environments should be home to our central coat

ing lab for large optics. I propose a full environmental model interface to monitor lab 

conditions and even trip switches to halt experiments when conditions are inferior 
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to an acceptable threshold. Dip-coating must be performed in a clean room, with 

full digital feedback control of substrate withdrawal speed if any film thickness con

trol is to be achieved. Digital, real-time, feedback monitoring is key to achieveing 

subnanometer accuracy and repeatabihty in any deposition. 

9.1.3 Solgels 

Not to use too many puns, but coating science has barely scratched the surface 

as far as solgels and other porous materials are concerned. A careful, systematic 

investigation of long-term PVD layer stability atop porous materials is still overdue. 

Shallow-angle diffractometry would be an invaluable analysis and feedback tool to 

this investigation. 

9.2 Future Work 

9.2.1 Enamel-based Moisture Barriers 

Even though Aquaphobe® itself does not solidify into a coating layer, we may be able 

to combine it with another polymeric compound to create a solid, transparent outer 

coating layer [52]. It is quite likely that we shall have an increase in surface free energy 

and loss of impermeability with this hybrid component, but a solid layer with a surface 

free energy smaller than lOdyn/cm would be nothing short of astounding. Some 

starting points might be combination of Aquaphobe® solution with poliurethane or 

a policarbonate resin. I am currently writing a small grant to fund the design of 

custom solid Aquaphobe-based hybrid compounds. 

9.2.2 The Chupacabra® Hybrid AOTF System 

Another Holy Grail of astronomical observations consists of achieving a perfect nar

rowband filter or filters (< 10 nm) tunable throughout the spectrum of interest 



145 

over wide fields of view, faster than F/1 if at all possible. Our proposed solutions 

to the earth-based spectrographic observation will provide open access for worldwide 

astronomers to single-exposure, tunable-wavelength coverage of the entire electromag

netic spectrum visible from earth. The simple approach, involving a small number of 

layers and non-conventional materials, will make systems more efficient and cheaper 

to produce. Our solutions will also render our systems more environmentally resilient 

to changes in temperature, pressure and humidity present at mountain peaks, increas

ing the lifetime of spectrographs to more than two decades of full functionality with 

little or no maintenance overhead. 

This system will employ one or two annular transducers as to regulate both am

plitude and periodicity of the radial refractive index disturbance of an acousto-optical 

crystal, effectively creating a tunable Fresnel binary phase zone plate. By varying and 

optimizing a — to different wavelengths and different diffraction efficiencies, op

timal working conditions for each case can be determined and an experimental model 

built according to empirical data. For each of the different configurations proposed, 

we shall measure the diffraction efficiency vs. wavelength for different frequency and 

amplitude acoustic modulation signals transduced onto the crystal. 

The difference in refractive index between the crystalline media and the incident 

medium will cause some throughput loss due to Fresnel reflections. It is not yet known 

whether standard anti-reflection coatings could successfully be deposited and imple

mented on the proposed tunable diflfractive optical elements. Starting with standard 

coating solutions for the crystalline material of choice and the wavelength band of 

interest, we shall again model the experimental data interactively with simulation 

tools such as the Essential Macleod® or TFCALC®. The best solution will be im

plemented onto an optical bench. A research proposal for funds to fund this endeavor 

is currently being prepared for submission to the U.S. Department of Energy and the 

National Science Foundation. 
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9.3 Conclusions 

We have successfully designed a new high-performance, environmentally-resilient anti-

reflection coating line for several glassy substrates used in astronomy. Despite our 

lack of appropriate resources, creativity and perseverance have been instrumental in 

proving that such coatings are manufacturable. A centralized, enviroment controlled 

coating facility is needed for this endeavor. We have, in effect, increased the arsenal 

or "repertoire" a coating designer can draw from. Once mass-manufacturing quirks 

are eliminated, we shall have more economic viability than ever for high-performance 

thin films, as we will be able to considerably reduce the number of layers needed for 

high-performance filters. 

We have also investigated metallic films and their interaction with Aquaphobe®. 

Although more detailed investigation is needed, Aquaphobe may become an im

portant partner to metallic films in the near future, especially in its proposed hy

brid, solid form. Prom a product developer's point of view, I believe that high-

refiectance, all-dielectric coatings should be investigated concurrently with metals, 

since Aquaphobe® performs quite well with dielectric films. Should an interaction 

with metals be successful, expanding our new coating materials arsenal to induced-

transmission and V-stacks is the next logical step. 
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