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Self-Assembled Multilayered Dielectric Spectral Filters

Ashwin Chandran
(ABSTRACT)

Thin film optica filters are made by depogting thin films of opticd materids on a
subdtrate in such a way as to produce the required optical and mechanica properties. The
Electrogatic Sdf Assembly (ESA) process is accomplished by the dternate adsorption of
poly-anionic and poly-cationic molecules on progressve oppostely charged surfaces.
This technique offers severd advantages such as ease of fabrication, molecular leve
uniformity, dsable multilayer synthess and avoidance of the need for a vacuum
environment. The ESA process offers an excdlent choice for manufacturing optica thin
film coatings due to its capability to incorporate multiple properties into films at the
molecular level and its ability to be a fast and inexpensive process. The ESA process, as a
method for manufacturing optica thin film filters has been invedigated in detal in this
thess. A specific desgn was mede and andyzed usng TFCdc, a commercid thin film
desgn software. Sengtivity andyds detalling the changes in filter response to errors in
thickness and refractive index produced by the ESA process were done. These proved
that with a high levd of qudity contral, highly religble and accurate opticd thin films can
be made by the ESA process.
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Chapter 1 | ntroduction

1.1 Optical Filters

Opticd spectrd filters are of increasing importance in today’s world where most
of the communication sysems are moving towards opticd wavelengths. Spectra filters
block specific wavdengths or ranges of wavdengths and tranamit the rest of the
goectrum. These filters coud have a variety of gpplications and depending on the
goplications the reflectance and tranamittance ranges of these filters need to be highly
accurate. Spectrd filters could be used for wavelength separation for instrumentation or
communication systems, protection againgt damage caused by unwanted wavelengths, for
example UV blocking or IR blocking, protection againg specific laser lines, as in laser
goggles used in laser labs, and other uses.

Thin film opticd filters are made by deposting thin films of opticd materids on a
substrate in such a way as to produce the required optical and mechanica properties. The
film thickness is comparable to the wavdength of light and that is why these are cdled
thin film filters

1.2 Early History of Thin Film Optics

The independent discoveries by Robet Boyle and Robet Hooke of the
phenomenon known as “Newton's Rings’ could be considered to be the starting point of
thin film optics This phenomenon was due to the inteference of light in a sngle thin
film of varying thickness. Due to the lack of understanding of the nature of light, many
such thin film effects observed during that period could not be correctly explained. It was
only after Thomas Young enunciated the principle of the interference of light in 1801, in
a Bakerian lecture to the Royd Society that a satisfactory explanation of these effects
could be propounded. The principle of inteference of light is the basc principle
underlying most of the thin film opticd devices and coatings which are beng widdy
used. As Henry Crew sad, “The ample but tremendoudy important fact that two rays of
light incident upon a single point can be added together to produce darkness a that point



is, as | see it, the one outstanding discovery which the world owes to Thomas Young
[1].”

The work of Augudine Jean Fresnd, which lad a firm foundation for the wave
nature of light, is another mgor land mark in the devdopment of the fidd of thin film
optics [2]. Fresnd’s laws governing the amplitude and phase of light reflected and
trangmitted from a boundary are of mgor importance in andyzing any thin film opticd
coating. Maxwdl’s theory of the eectromagnetic nature of light lad another strong stone
in the underdating of the behavior of thin film effects [3]. Joseph Fraunhofer in 1873
made what are probably the first ever antireflection coatings[4].

In the nineteenth century, a great ded of progress was made in the fidd of
interferometry, and the Fabry-Perot interferometer, described in 1899 [], became one of
the basc dructures of thin film filters Development became much more rgpid in the
1930's and it was during this time that the beginnings of moden of thin film optica

coatings were made.

1.3 Thin Film Filters

There are two basic approaches to the design of thin film filters. One is to use the
property of the deposited materid to absorb light of a given wavedength. These are called
absorption filters and the wavelength ranges are determined by the molecular properties
of the materid deposted. Since it is the molecular properties of the materids which
determine the properties of the resulting coating, the designer has much less flexibility to
work with than for other types of filters conddered below. This inflexibility combined
with the fact tha &bsorption of radiation over a long period could increase the
temperature and cause mechanicd damage to the coating, makes these filters practicaly
unaitractive. The second method of designing thin film filters is to use the interference
effect of light. These are the prefarred kind of thin film filters in that they provide the

[1] H.Crew, “Thomas Y oung’s place in the history of the wave theory of light”, J.Opt.Soc.Am, 20, 3-10(1930).

[2] H.de Senarmont, E.Verdet, L.Fresnel, “Oeuvres complétes d’ Augustin Fresnel”, 1866-70 (Paris. Impériae).

[3] J.C.Maxwell, “A treatise on electricity and magnetism”, Clarendon Press, 1891.

[4] J.von Fraunhofer, “Versuche Uber die Ursachen des Anlaufens und Mattwerdens des Glases und die Mittel
denselben zuvorzukkomen”, taken from Joseph von Fraunhofer’ s Gessammelte Schriften (1888).

[5] C.Fabry and A.Perot, “ Théorie et applications dune novelle méthode de spectroscopie interférentielle’,
Ann.Chim.Phys., 16, 115-44(1899).



designer with a wide range of design parameters to produce the required characteridtics.
The badc type of interference filter conssts of a sack of dternate high and low index
materids, each one quarter wavelength thick. This quarter wave stack will have high
reflectance for a range of wavelengths for which it is desgned and the reflectance fdls
off sharply outsde this range. The reflectance of the stack can be made very high just by
increesang the number of layers and 0 it forms a basc building block of many kinds of
filters. Optimization gpproaches towards filter desgn and the devdopment of highly
powerful design software have led to the development of the so cdled “Needl€’ filters,
where a profile of refractive indices and thickness would look like a line of needles.
Chapter 3 dedswith thin film interference filters in detail.

1.4 Manufacturing Thin Films

The mos important factor in the sudden expanson of thin film opticad coatings
was the changes that took place in their manufacturing processes. Sputtering and vacuum
evaporation were some of the early methods developed for the depodtion of films. In the
vacuum depostion process the thin films condense from the vapor phase of coating
materids and onto the surfaces to be coated which are held at temperatures somewhat
lower than the solidification temperaiure of the films. This process is caried out in an
evacuation chamber, to prevent unwanted molecular reactions from taking place.
Sputtering congsts of bombarding the desired materia with ions in a vacuum chamber so
that molecules are gected to collide with and dick to the subdrate. In al of these
processes, the subdtrate is held at a temperature much higher hian room temperature and
requires a vacuum chamber. The control over thickness of the film produced is
moderately good, but overdl these processes are not very cost effective, especidly for
large or geometrically shaped subsirates.

1.5 Introduction to ESA Processing

The incorporaion of molecules into a thin film aso can be achieved by molecular

sf assembly processing, without externa intervention. This process produces sable



molecular dructures a a locd thermodynamic minimum of energy. The driving forces
between the molecules are intermolecular atractions typicaly modded as classca ionic,
hydrogen, van der Wads and covaent bonds. A number of sdf assembly techniques have
been described such as Langmuir - Blodgett (L-B) films and covdently sdf assembled
monolayer processng. A method of deveoping thin films usng the layer by layer
adsorption of poly-electrolytes was developed by Decher and co-workers in the early
1990s [6]. This Electrogtatic Sdf Assembly (ESA) process was accomplished by the
dternate adsorption of poly-anionic and poly-cationic molecules on progressve
oppostely charged surfaces. This technique offers severd advantages such as ease of
fabrication, molecular levd uniformity, sable multilayer synthess and avoidance of the
need for a vacuum environment. This makes ESA thin films highly popular in a variety of
gpplications. The next chapter dedlsin depth with the ESA process.

1.6 Motivation and Objectives

The red limitation of opticd thin film filters and coatings lies in the capability of
the manufacturing process to precisdy produce thin films of accurae optic congants
and thickness, and not in any desgn issue. The desgns of thin film filters and coatings
are highly advanced and use various techniques of optimization to obtain the required
characterisics. So the red bottleneck in this fidd is the manufacturing process of thin
films

The ESA process offers an excdlent choice for manufacturing optica thin film
coatings due to its cgpability to incorporate multiple properties into films at the molecular
level and its &bility to be afast and inexpensive process.

The mgor objective of this theds is to desgn and andyze thin film filters, usng
the ESA process as the method for making them. The andyss is done using a software
cdled TFCdc, a amulation software used in the andyss of thin films. This thess work
extends the work done by previous researchers in the fidd of optica thin film filters
made by the ESA process. The level of qudity control required in the process of ESA for

[6] G.Decher, J.D.Hong and J.Schmitt, “ Buildup of ultrathin multi layer films by a self assembly process: I1.
Consecutively alternating adsorption of anionic and cationic poly electrolytes on charged surfaces’, Thin Solid
Films 210/211, 831(1992).



getting accurate results is dudied usng some eror andyss of certan filter designs.

Furthermore, a particular filter design for a specific gpplication is considered.

1.7 Scope of the Thesis

This thess invedigates the ESA process as a method for manufacturing reliable
opticd thin films It furthers the work done in this area previoudy by many researchers in
Fiber & Electro-Optic Research Center in Virginia Tech and aso work done by groups
elsawhere. Mogt of the work on the ESA process referenced in this thesis has been done
by Z.Luo [7] and K.Cooper [8] at the Fiber & Electro-Optic Research Center in Virginia
Tech. These works detall how the various variables affect the ESA process and change
the nature of the film thet is depodted. The reference section a the end of the thesis,
contains other works that were referenced. Independent work done during this thesis
incdude senstivity andlyss which determine how the filter performance is &ffected by
vaiations in thickness and refractive index produced by the ESA process. A hot mirror
filtler desgn was done and andyzed. Smuldions showing the variations of filter

performance with varying angles of incidence and polarization were aso done.

[7] Z.Luo, Linear optical thin films formed by electrostatic self-assembly, M.Sthesis, Electrical Engineering Dept.,
Virginia Polytechnic Ingtitute & State University, Blacksburg, Virginia, June 2000.

[8] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films’, Ph.D. dissertation, Electrica
Engineering Department, Virginia Polytechnic Institute & Sate University, Blacksburg, Virginia, May 1996.
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Chapter 2 ESA Process

2.1 Principle

The badsc principle behind Electrogtatic Sef Assembly is the dternate adsorption
of oppositey charged polyions on a charged subsirate. A monolayer of polydectrolyte is
assembled on an oppositely charged subdtrate through ionic bonding, by dipping the
subdrate in the ionic solution. After rindng this now coated subdrate in ultrgpure water
to remove the loosdy adsorbed molecules, the subdrate is then immersed in an
oppositey-charged polyeectrolyte solution to adsorb the next molecuar monolayer. The
resulting coated subdrate is agan rinsed in  ultrgpure water. Thus, one bilayer
(polycation-polyanion) is syntheszed. Repesting this process, we geat multilayer
dructures. A wide vaiety of molecules, including nonlinear opticad chromophores,
conducting polymers, biologicd macro molecules, magnetic materids, dielectrics and
metdlic or metdlic oxide nanopaticles can be incorporated into the film to achieve
gpecific functiondlity. This makes ESA practicd for a wide variety of applications such
as optics, €dectronics, bio-senang and surface modification. The compostion and
dructure of each layer can be controlled by appropriately choosng molecules and
adjusting the depogition parameters.

The concept of dternate adsorption of oppodtely charged polyions began with
ller's demondration of sequentia depostion of negative sSlica colloids and postive
adumina fibrils in 1966 [9]. But it was Decher and his group a the Gutenberg Universty
in Germany who deveoped this method and fabricated opticdly transparent multilayer
films. UV Nis spectroscopy and smdl angle X-ray scattering (SAXS) were used to verify
the uniform growth of the films [10][11]. Research in this area can be widely grouped

into three core groups, one which studies the process itself and tries to comprehend the

[9] RK.ller, “The adhesion of submicron silica particles on glass’, J.Coll.Inter.Sci, 38,2, 496-501(1972).

[10] G.Decher, J.D.Hong and J.Schmitt, “ Buildup of ultrathin multi layer films by a self assembly process: I1.
Consecutively alternating adsorption of anionic and cationic poly electrolytes on charged surfaces’, Thin Solid
Films 210/211, 831(1992).

[11] G.Decher, Y.Lvov, J.Schmitt, “ Proof of multilayer structural organization in self-assembled poly-cation, poly-

anion molecular films’, Thin Solid Films 244, 772-7 (1994).
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vaiables that control film gructure, another which bascdly sudies the materid used in

the process and tries to incorporate a wider range of molecules for different potentia

goplications, and a third group which gudies the possble gpplications of these films in
different fields like optics, eectronics and the likee ESA has been used to depost
functiond coatings of different types a the Fiber & Electro-Optic Research Center here
a VirginiaTech.

2.2 Advantages of ESA process

The ESA process offers the following mgor advantages over conventiond
methods of making opticd thin films.

>

Long term stability — Since the molecular layers arrange themsalves, so as
to achieve a themodynamic minimum, the resulting films ae highly
stable and their structural ordering does not decay over time.

Synthesis at room temperature and pressure — Due to this factor, the
films can be adsorbed onto a wide range of solid substrates including
semiconductors, plastics, ceramics, metds, organic films etc. without
damaging the substrate.

Excellent nanoscale molecular layer uniformity — Since the films are
made molecular layer by layer, they ae extremdy uniform and the
thickness can be precisdy controlled. This permits the fabrication of thin
filmswith extremely low scattering losses.

Compatibility with conventional photolithographic processes — Multiple
sdf assembled layers may be patterned usng standard methods to create
integrated devices.

Capability for high quality multilayer fabrication — Uniformity of each
layer and dimination of geometrical defects due to conventionad covalent
bonding based agpproaches provide an efficient method of preparing high
qudity multilayers

Broad range of layer functionality — Since aternete anionic and cationic

layers are used, materids providing enhanced secondary properties can be



eadly incorporated, thus giving excdlent control over opticd, €ectronic
and mechanica properties of the film.

» Low cost manufacturing — The process conddts of dipping or spraying a
charged substrate with oppositey charged polyeectrolyte solutions and
rinsng it afteewards. Thus the basic fabrication process is extremey cost
effective and can be eadly automated.

» Long term environmental robustness — A defect free molecular order
provides high ability and it can be enhanced by incorporaing pligble
high performance polymers such as polyamides and polymides.

» Environmentally friendly — Since it is a water based process, it does not
involve any volaile organic compounds and the power consumption is
adso nggligible.

> Independent of substrate size and topology — Unlike Langmuir-Blodgett,
Sputtering and evaporation processes, subdtrates of any Sze or shape
maybe coated uniformly on dl sdes.

2.3 Processing Method

2.3.1 Substrate Processing

The substrates require pre-treetment before goplying the multilayer films
by ESA process. The common substrates such as quartz, glass and single crysta
dlicon are firg cleaned with a 30:70 mixture of 30% hydrogen peroxide (H2O-)
and concentrated sulfuric acid (H2SO4), cdled the “piranha solution”, & room
temperature for one hour. Then the subgrate is cleaned using ultra pure water and
dried in an oven a 50°C for severd hours. After this trestment, the substrate will
be negatively charged. For ITO coated glass subgrate, cleaning is done twice in
ethanol, usng an ultrasonic sysem. It is then immersed in a 1.1 mixture of
ethanol and sulfuric acid a room temperature for one hour and then rinsed in ultra

pure water.



2.3.2 Layer-by-layer Processing

Figure 2-1 shows a modd for the ESA process. The negatively charged
subdrate is dipped into a polycationic solution. The cationic molecules are
attracted by the anionic subdtrate and they arange themsdves on the substrate
aurface to form a molecular monolayer. This is shown in the fird pat of the

figure. The monolayer thus formed has a presumed perfect molecular order, since

the molecules are arranged by sdlf assembly.

o
Yo

Oy

® OC ..?.4".
A\ B rSYe

g "4'-‘6{43313
® PPt

Charged substrate and Charged substrate, firgt Charged substrate, first bilayer Charged substrate, first
agsembly of firg mandayer and assembly and assembly of second bilayver and assembly of
polyelectrayte monclayer of nancparticle mondayer polyelectralyte maonclayer second bilayer

Figure 2-1. The ESA process showing the alter nate adsor ption of oppositely charged layers.

The fird monolayer thus formed is then rinsed with ultrgpure water to
remove any loosdy hdd particles which may adhere to the layer by means of
weak secondary van der Wads forces instead of sronger primary ionic bonds.
Next, this is dipped into a polyanionic solution and a negative molecular
monolayer is depodted in the same manner. Subsequent bilayer pairs are grown
by dternady dipping in oppodtely charged agueous ionic solutions. Individud
nanopaticles maybe incorporated into any layer, dlowing wide desgn
opportunities.

Solutions of the ionic materids can be made by dissolving the st forms
of the chemica precursor in solvent (typicaly water) and adjusting the pH.



2.3.3 Drying procedure

In the sandard ESA process, the film is not dried and remains wet at al
dages. Drying the film to remove the water layer from the film surface affects
film characterisics. The drying procedure affects the thickness and optica
absorbance of the films. From sudies adready conducted [12][13] on Poly R-
478/PDDA films, dried films (where the film was dried after each monolayer was
deposited) showed 20% greater thickness and 15% greater optical absorbance
than the un-dried films. This suggeds that the un-dried films possess greater inter
penetration between the monolayers.

2.3.4 Dipping Time

The dipping time is an important factor in determining the characterigics
of the film. Changing the dipping time changes the time avallable for the ions to
arange themsdves and ionicdly bond to the subdtrate surface. As the dipping
time is increased, the thickness of the layer formed and its opticd dendty dso
increases, but not in proportion to the time. For example, a 20 minute incresse in
dipping time, from two to twenty two minutes results in a 20% increase in
materia thickness. Here the dipping time is increesed over 10 times but the
thickness change is only 20%. Typicdly, 1 to 5 minute dipping is used for the
layers, depending on the type of materials used.

2.4 Control of Refractive Index

The precise control of the refractive index of each layer is highly necessary for
accurate designs of opticd thin film filters. The ESA process provides excelent control
over refractive indices of the films through a range of avalable materids. Some of the
materias commonly used here, in the Fiber & Electro-Optics Research Center of Virginia
Techaegivenin Table 2-1.

[12] Z.Luo, Linear optical thin films formed by electrostatic self-assembly, M.Sthesis, Electrical Engineering Dept.,
Virginia Polytechnic Institute & State University, Blacksburg, Virginia, June 2000.

[13] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films’, Ph.D. dissertation, Electrical
Engineering Department, Virginia Polytechnic Ingtitute & State University, Blacksburg, Virginia, May 1996.
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Bilay Anion Cation n at

er 6328 O

1 Poly (sodium 4- Polydiallyldimethyl- 1.539
stvrene-sulfonate) ammonium chloride

2 Poly S-119 (Sigma) PDDA * 1.682

3 PCBS ** PDDA 1.532

4 Direct Red 75 * PDDA 1.767

5 PSS ZrO» 1.567

* from Aldrich
** Poly { 1-[4-(3-carboxy -4-hydroxyphenylazo)-benzenesulfonamido] 1,2-ethanediyl, sodium salt} (Aldrich)

Table 2-1. Refractive Index Data for 50-Bilayer ESA Films.

ESA films with a dngle aniorvangle cation configuration show a linear growth of
optica absorbance and film thickness with an increesng number of layers. This suggests
that each bilayer contributes equaly towards thickness and optical absorbance of the
compodte film.

Graded index dructures can be obtained by combining multiple anions and/or
multiple caions in a dngle film, in vaying proportions versus digance. The rule of
mixtures effect illudrated in Figure 2-2 is of utmogt importance while usng multiple
ionic mixtures [14]. The figure shows the concept of building up multilayers composed of
predetermined patterns of Direct Red 75/PDDA (X) and PSS/PDDA (Y), a mixture of
33% X and 67% Y (XYY) combination. When the percentage of X is varied from O to
100%, the opticd absorbance of the film increases linearly, indicating that each
multilayer is a identicd reproducible unit. It is thus possble to grade the index n(x) of the
film jugt by varying the percentage of X. This is the bads of refractive index control for
thin films usng the ESA process. Figure 2-3 shows the vaiation of index of a thin film
with variation in percentage of X where X is Poly S119/Plainum Nanoparticle and Y is
Poly S-119/PDDA.

[14] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films’, Ph.D. dissertation, Electrical
Engineering Department, Virginia Polytechnic Institute & State University, Blacksburg, Virginia, May 1996.
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Figure 2-2. Self Assembly of 33:67 mixture (XYY multilayer) ESA film.[ 15].
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6328 A%, Y=Poly S-119/PDDA Bilayers. [ 15].

[15] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films®, Ph.D. dissertation, Electrical
Engineering Department, Virginia Polytechnic Institute & State University, Blacksburg, Virginia, May 1996.
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2.5 Control of thickness

For dngle anion/angle cation ESA films as sad before, the thickness increases
linearly with number of bilayers [16]. This shows that each layer contributes in equd
measure to the whole of the film. Thisis shown in Fgure 2-4.

1600
| e zi02/pss

1001 g pes/ Popa
£ 1200 1 A Direct Red 75/ PDDA
% 1000 { ¢ PDDA/PSS
g ® Poly S-119/ PDDA
%' 800 1
S 600 ]
k)
£ 400 1

200 1 //./‘

0 T T T T T

o
=
o

20 0 40 50 60
Number of Bilayers

Figure 2-4. Film Thickness with Increasing Numbers of bilayerstor Single Anion/ Cation ESA Films|[14].

2.6 Automated Vs Hand Dipping

The ESA processis very smple and involvesjug the dipping of the subgtrate into
the prepared poly ionic solutions for the predetermined time period. So this process can

3000
2500 1
2000 1
P
8 1500 1
c
4
2 1000
= ¢ AUTO1
500 - ® AUTO2
X HAND1
0 T T T T
0 20 40 60 80
Number of Bilayers
Figure 2-5. Automated Vs Hand Dipping [ 14]. Figure 2-6. Automated dipping machine.

[16] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films’, Ph.D. dissertation, Electrical
Engineering Department, Virginia Polytechnic Institute & State University, Blacksburg, Virginia, May 1996.
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be easly automated and the results obtained from hand dipping and automated dipping
can be compared to get a good understanding of the reliability. Figure 2-5 shows this
[17]. Figure 2-6 shows an automated dipping machine used for ESA process.

2.7 Some examples of ESA coated films

As described earlier, ESA films can be made on substrates of varying sizes and

shapes. The following figures shows some examples of ESA films coated on different
surfaces[17].

Figure 2-7. Examples of ESA films [ 3].

2.8 Summary
This chapter dedt in depth with the ESA process. The processing method and

control of parameters important for optical thin films were discussed. ESA films for
various subdtrates and the variables controlling the process were introduced and
explaned in detall.

[17] K.Cooper, “Electrostatic self-assembly of linear and nonlinear optical thin films’, Ph.D. dissertation, Electrical
Engineering Department, Virginia Polytechnic Ingtitute & State University, Blacksburg, Virginia, May 1996.
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Chapter 3. Thin Film Interference Filters

Opticd filters can be defined as thickness dependent refractive index systems
which modify the properties of a surface to produce the desred optica characteristics. As
discussed previoudy, thin film interference filters are highly popular for gpplications in a
range of fidds. These filters can work over a broad range of wavedengths or over a

narrow band.
The basic concepts employed in these filters are

i) The amplitude of reflected light a the boundary between two media is
given by (1-r) / (1+r) where r is the raio of refractive indices a the
boundary.

i) There is a phase shift of 180 degrees when reflectance takes place in a
medium of lower refractive index than the adjoining medium and zero
phase shift if the medium has higher refractive index than adjoining one.

i) If light is split into two components by reflection & top and bottom
surfaces of a thin film, then the beams will recombine in such a way that
the resultant amplitude will be the difference of amplitudes of the two
components if the reaive phase shift is 180 degrees (dedtructive
interference) or the sum of the amplitudes if the rdative phase shift is

either zero or amultiple of 360 degrees (condtructive interference).

Prectical gpplication of these thin film filters dso requires mechanicad properties
such as abrasion resstance and hardness.

In the desgn of a thin film multilayer, we are required to find an arrangement of
layers which will produce a specified performance. This is much more difficult than the
graghtforward cadculaion of the properties of a given multilayer. There is no andyticd
solution to the generd problem. The norma method of design is to arive a a possble

dructure for a filter usng some generd design techniques and evauate the performance
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of the design, usng a desgn software and refining the design for improved performance.
Design softwares cagpable of making designs from scraich are dso available,

3.1 Dielectric Stack Filters

Reflected Rays and Interference

e

High Index >

\/ Low Index

High Index D,

\ Substrate

Transmitted Ray

Multi Layer

Figure 3-1. Reflection and transmission at layer boundaries.

Figure 31 shows a basic type of thin film sructure used in filters. It consds of a
dack of dternating high and low index didectric films, dl of one quarter wavdength in
thickness. Light reflected within the high index layers will not suffer any phase shift due
to reflection, wheress the light reflected within the low index film will undergo a 180
degree phase hift as a result of reflection. Since dl the film segments are of one quarter
wavelength in thickness (90 degree phase thickness) it can be seen that the different
components of the incident light produced by the reflection a the different boundaries al
arive in phase a the front surface of the film. These beams combine congtructively and
the intendty of the reflected beam is very high compared to the transmitted beam. The
effective reflectance of the assembly, for a particular wavelength, can be made very high,
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just by increasing the number of dternating layers in the stack. The range of waveengths
for which the reflectance remans very high depends on the raio of refractive indices of
the two materids in the stack. Outsde this range of waveengths, the reflectance of the
assembly fdls aoruptly to a very low vaue. This behavior of the quarter wave stack
makes it an ided building block for many types of filters.

Another gpproach to filter desgn is to congder it as a generd optimization
problem. The varigbles of optimization will be the thickness of each layer and the
refractive index of each layer. It is necessary to optimize the spectra response with
repect to thickness and refractive index. Such filters are cdled “Needle’ filters, because
a profile of their thickness and refractive indices looks like a line of needles. Different
software packages are available which help in the andysis and design of such filters.

3.2 Analysis of a Multilayer Dielectric Stack

Andyss of a multilayer didectric sack is smilar to a boundary vaue problem.
Thin film filters usudly condst of a number of boundaries between various homogeneous

media and it is the effect which these boundaries will have on the incident wave that we
haveto caculate.

Congdering a sngle boundary between two homogeneous media of refractive
indices n; and n, the reflection and trangmisson coefficients are given by the Fresnd

equetions
N Ccosg. - N, COS 2n. cosq;
rS - 1 ql nt qt md ts — | ql
n, cosq; + N, cosq, n, cosq; + N, cosq,
for s polarization and
cosg; - h, CoS 2n. cosq.
rp= n q; i 4, and tp - ! di ,
n, cosg, +n, cosq, n cosg, +n, cosq,

where g and g are the angles made by the incident light with the normd in the incident
and transmitted media respectively. At normd incidence, g = g: = 0 and so

2n
andts=ty = :

n +n n +n,

n - n
rs=-rp, =
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These equations can be used to compute the variation of reflectance of sSmple
boundaries between extended media These equations have been derived assuming the
two mediato be non-absorbing, which is usudly the case for didectric films.

3.2.1 Reflectanceof athin film

A dmple extenson of the above andyss can be used to andyze the reflectance of

athin film.

Incident plane wave front
n  Incident Medium

Boundary a
Physicd
d| thickness n Thin HIm
Boundary b
Normd to ¥z
Flm boundaries np Substrate

Figure 3-2 Plane wave incident on a thin film

The successve reflections a the multiple interfaces give rise to multiple beams
and the summation of these beams determines the properties of the film. The film is sad
to be ‘thin’ when the path difference between the different beams is less than the
coherence length of light, or in other words, when interference effects can be observed in
the beams.

When monochrométic, plane polarized light passes through a thin film, multiple
reflections at the interfaces give rise, generdly, to two main beams of light advancing in
opposte directions. At any point within the medium, these beams will interfere and give
rise to a resultant dectric fidd E and a resultant magnetic fidd H. Congdering the light
to be incident normdly to the surface, the fidd vectors are pardld to the interfaces. The
field vectors E and H at one point are related to fields a another point, E and H’ by the
relaion
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e u=e e, 31
8HH eM 21M22 HgH H [3-1]

Since the fields are continuous, even a the interface between the two media, the
matrix in the equation describes the thin film between the two points in question, without
relaion to the surrounding media. Matrices of these types were introduced into optics by
A. Herpin, and are cdled Herpin matrices [18]. One important property of Herpin
matrices is tha ther determinant is aways 1. The mdrix defining the whole thin film
between the ‘boundary & and ‘boundary b’ as shown in Figure 3.2 is given by

cosd (i-gnd)
n
in-dnd  cosd

: [3-2]

where d = 2p*n*d/l , n is the refractive index of the homogeneous film and d is the
physical thickness of the film. For light incident a an angle g, d = 2p* n*d* cosg/l .

osg  LrSnd) [Eb]
= n -

Therefore, we have

. Hp
i‘n-snd  cosd [3-3]

where E, H, are the fidds at boundary a and &, Hy, are fields a boundary b. Defining the
optical admittance of the thin film to be Y= HJ/E,, we have

nzcosd+ i-nand
Y=

n2
cosl+i— gnd
n [3-4]
For a combination of two or more thin films, the resulting matrix is given by the

product of the individual matrices of the two films, in the order in which they occur.

[18] A.Herpin, Compt.rend. 225, 182 (1947).
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3.2.2 The Herpin index

Epstein in 1952 published a paper [19] which dedt with the mathematical
equivdence of a symmericad combination of thin films Any combinaion of thin films
can be conddered to be symmetricd if one hdf is a mirror image of the other haf. A
symmetrica three layer film combination of the type pgp is widdy popular in thin film
filter desgns. The characteristic matrix of this combination is given by

i-sind i-sind i-sind
M 11 M 12 cosd Q cosd N cosd ( p)
p n o q n q p n o
M M o . L
21 22| _|in psind ,  cosd ingsind y cosdq ||ingsind,  cosd [3-5]

From which, M1 = cos2dy* cosdg - %(”_q + Loy din(2dp)*sindg,
n p q

€. 1n, n, , in, ng . u
Mip = &in(2d,)cosd, + - (—+—)cos(2d,)sSnd, +-(—- —)snd,qg ,
8 2 2'n, n 9]

[
Ny P ' g p

e 1n, N, _ in, n,_ . G
M21 = in,&n(2d ,)cosd, +=(—+—)cos(2d ,)snd, - =(—- —)snd,q
é 2 np nq 2 nq np g

and Moo = M11.

Let M11 = cosg= My, and let M12 =i.9ng/E, then, since the determinant of the resulting
matrix isone, M11Mz2 - M12M21 = 1, S0 M2 =i.E.dng.
é i.angu
So the resuilting matrix is of theform @ ©°59 =G which is exactly similar to that
4.E.sng cosg Y
of the sngle film matrix. So the symmetrica three layer period pgp can be considered to
be equivaent to just one film of refractive index E and phase thickness g.

[19] L.I.Epstein, “The design of optical filters’, J.Opt.Soc.Am. 42,11 (1952).
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M
So, effective index, E = + v 2L and effective phase thickness g = arcos(M11).

12

These reaults can be extended to any symmetrical period with any number of
layers. The equivaent index, thus obtained, is known as the Herpin index and this forms
a veay important mathematica tool in the desgn of thin film coaings. The equivadent
sngle layer representation is not an exact replacement for the symmetrical combination
in al physcd aspects It is only a mathematicd modd for representing the combination
of the symmetrica periods. The effect of change of incidence angle cannot be estimated
by this method of equivdent layer. Since it is not an exact physca modd, the dements
of the matrix aso depend upon wave number, polarization and angle of incidence of the
incident light.

If a multilayer is made up of N identica periods, each of equivalent index E and
phase thickness g then the multilayer will have an equivdent phase thickness of Ng and
equivaent index of E, which is derived from the relaion

.dngu  é i.sin(Ng)U
g cogy Egg :2 cos(\g) —Ig\g)ld (3-6]
§Esng cogd 8.Esn(Ng) cosfNg) Y

If M2 and Mp; both have equd sgns then the effective index, E is red dse E is
purey imaginay. When E is imaginary, |cosg| becomes greater than one. The physica
ggnificance of this is very important in underganding stop-bands created by a thin film
dructure. As the number of basic periods increases in a multilayer, the reflectance tends
to unity in regions where [M11| = [M22| >1. So an imaginary index and phase thickness
represents a stop-band in the spectrum, where the reflectance is 100%. The edges of this
stop-band are given by equating M1; = -1.

The basic quarter wave stack can be represented as [L/2 H L/2]N or [H/2 L H/2)™
where L is the low index maerid and H is the high index materid. This is exactly like
the pgp structure anadyzed and dl the results derived can be applied to this.
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3.3 Design Techniques for Thin Film Filters

The desgn of multilayer filters involves tedious caculations of the reflectance
and transmisson taking place a each surface of the films in the stack. There are many
techniques that are used to make these desgns smpler. Some of the commonly used
techniquesin thin film design are the following:

» The Vector Method : This method is usudly associated with the design of

anti-reflection coatings. Two assumptions are involved, firgt that the layers are
dl nonabsorbing, and second that the behavior of the multilayer can be
understood by conddering one reflection of the incident wave a each
interface. The erors involved can be ggnificant especidly when overdl
reflectance from the multilayer does exis. The reflection coefficient a each
interface is represented by a vector of magnitude R, = H and phase
ren Tl
dr = 2pnd/l , where ny is the refractive index of the r'" layer and d; is the
thickness of the r'"" layer. The resultant amplitude coefficient of the stack is
given by the vector sum of coefficients for each interfface. This sum can be
found graphically or andyticaly.

» Smith’s Method : Smith in 1958 formulated a method known as the method
of effective intefaces for dedgning multilayer thin film filters [20]. It
condgs of choosng any layer in the multilayer and then consdering multiple
reflections within it. The reflection and transmisson coefficents a the
boundaries of the layer are consdered to be the resultant coefficients of the
complete structures on ether side. This technique can be extended to ded
with absorbing layers dso. This method provides an ingght into the properties
of aparticular type of filter, but is highly complicated.

» The Smith Chart : The Smith chart is a device which is intended to smplify
cdculaions involved in the desgn of thin film filters. This chart represents
circles of congant amplitude coefficient and circles of congant red pat and
condant imaginary part of the reduced opticd admittance. A scale, cdibrated

[20] S.D.Smith, “Design of multilayer filters by considering two effective interfaces’, J.Opt.Soc.Am. 48,43-50 (1958).
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in terms of optica thickness is provided around the outside of the chart. This
enables the caculation to be very smply caried out by rotating the point
corresponding to the amplitude reflection coefficient of the particular layer,
around the center of the chart through the gppropriate angle.

» Circle Diagrams : In this method, the multilayer is consdered to be gradudly
built up layer by layer, immersed dl the time in the final incident medium. As
eech layer increases from zero to its find value, some parameter of the
multilayer a that stage, like reflectance or admittance, is cdculated and the
locus is plotted. The loci for these diglectric layers take the form of a series of
circular arcs or even complete circles, each corresponding to a single layer,
which are connected a points corresponding to interfaces between different
layers.

3.3.1 Optimization Techniques

Any discusson of filter desgn techniques will be incomplete without detailing
the new computer aided andyss and desgn techniques avalable. These methods of
computer refining condder the problem of multilayer filter design as an optimization
problem and this method was firg introduced by Baumeister in 1958 [21]. By udng this
technique it is possble to gpply dl the powerful tools of modern computation to the
design of optica codaings. The badc principle behind this gpproach is to define a merit
function for dl codaings and this menit function has to be minimized by the changing of
seveard desgn vaiables like the thickness and refractive indices of the individud layers.
The optimization of the merit function is a highly complicated task due to the fact that
there can be severd locd minima for the merit function. The optimization process is
highly reduced when there is a good garting design. A powerful new technique, known
as the “Needle Optimization Technique” has been developed for the desgn and
refinement of thin film optica coaings.

[21] P.Baumeister, “Design of multilayer filters by successive approximations’, J.Opt.Soc.Am. 48,955-958 (1958).
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3.3.2 Needle Optimization Technique

The basic idea for the Needle optimization technique was proposed in 1982 and
the first computer code that implemented it was developed for use on the Russan BESM-
6 manframe [22]. A thin film filter functions on the bads of interference effects. These
effects ae determined by the phase and amplitude of reflected light waves. The
numerica measure of the correspondence between actud and desred spectrd
characterigtics of the design is provided by the merit function of the coating. The smdler
the value of the merit function, the closer the correspondence between target and actud
vaues. When the merit function is optimized with respect to layer thickness, the phase
relationship among the reflected waves is changed. If optimization with respect to layer
refractive indices is performed then in effect the amplitude of the reflected waves is dso
being changed. The mathematicd optimization process is finished when it becomes
impossble to minimize the merit function further. To proceed further with optimization,
new layers have to be introduced into the existing multilayer dructure. Such insartions
are equivdent to changing the refractive index profile of the stack and these variations
are refared to as needle variations of the refractive index profile. If the new layers are
introduced in the correct places then the interference effect associated with these new
layerswill improve the correspondence between target and actua values[23)].

The essence of the needle optimization process is that its dgorithm identifies the
proper places, if they exid, to insart new layers that will improve the merit function. The
dgorithm dso identifies which maerid from a pre-sdected group of materids will
provide the greatest improvement. There is an andytic dgorithm which dlows the
cdculdion of the change in the merit function as a function of the refractive index and
postion of a new layer, without actudly inserting the new layer. This is a rather
complicated dgorithm, but it is extremdy efficient.

[22] A.V.Tikhonravov, “Synthesis of optical coating using optimality conditions’, Vestn.Mosk.Univ.Fiz. Astronomiya
23, 91-93(1982).

[23] A.V.Tikhonravov, M .K.Trubetskov, and G.W.DeBell, “ Application of the needle optimization technique to the
design of optical coatings’, Appl.Opt. 35,28(1996).
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3.4 Types of Filters

Depending on the application and design, there are different types of optica

filters. The main types of filters widely used are:

>

Antireflection Coatings : These were the main objective of much of the
ealy wok in thin film optics Antireflection coatings are required for
reducing surface reflections and dso to increase transmittance. They can
range from a sngle layer having zero reflectance a one wavelength to a
multilayer structure having zero reflectance over arange of wave engths.

High Reflectors and Beam Splitters : These coatings reflect a maor
portion of the incident light. Applications usudly have the reguirement to
maximize the gpecular reflectance, and sometimes dso require the
absorbance to be extremdy low. Multilayer dl didectric reflectors
combine maximum reflectance with minimum absorption.

Edge Filters : Edge filters have an abrupt change between a region of
rgection and a region of absorption. There are two main kinds of edge
filters, long wave pass and short wave pass filters. Long wave pass filters
pass the longer wavelengths of the spectrum and block the shorter
wavelength part of it, and vice versafor short wave passfilters.

Band-pass Filters : These filters possess a region of trangmisson bound
on ether Sde by regions of regection. Band pass filters can be of the broad
band pass type or narrow band pass type.

Minus Filters : Minus filters diminae one wavdength band from a
gpectrum, i.e, they have a narrow region of rgection, bound on either sde

by regions of transmisson.

3.5 Summary

This chepter dedt in detall with opticd filters in generd and thin film filters in
paticular. Techniques for andyzing the performance of thin films and popular methods
of desgning thin film optical coaings were discussed. The different types of filters and
their gpplications were aso introduced.
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Chapter 4 TFCalc Filter Design Software

4.1 Introduction

TFCdc is a commercid thin film desgn and andyds software for windows,
developed by Software Spectra Inc. The flow diagram in Figure 4-1 shows in generd
how to use the TFCd ¢ software to design athin film coating.

Open coating
file
Modify [ Display
coating design results

l l

Optimize Print
coding results

Andyze Close
coating coding file

Figure 4-1. Flowchart showing the method of design using TFCalc.

TFCdc is useful for andyzing a pre-designed multilayer sructure, as well as for
the automatic desgn to meat specific peformance criteria The process begins by
opening a new or exiging coding file The desgner then modifies the coaing and may
optimize or andyze the coating. Now the results can be viewed and printed and findly
the coating file is saved and closed for future reference.
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4.2 The Model

Figure 4-2 shows the physicd system modeled by TFCalc.

HHuminant
Incident medium
— Front layers — _
Layer 1

Substrate
I | e—

Back Layers

Detector

Exit medium

Figure 4-2. Physical systemmodeled by TFCalc.

The illuminant dored in the illuminant datdbase is given as a table of spectra
intengty versus wavelength. The incident angle may vary from O to 89.999 degrees. The
subgtrate, incident and exit media are sdlected from the substrate database. The detector is
sected from the detector database and is given as a table of efficency versus
wavelength. The thickness of the substrate can be specified and the incident and exit
media can be absorbing materids. The materials making up the front and back layers are
sdected from the materid database. In the verson used for the purpose of this thess
work, i.e. verson 3.4.3, there is a limit of a totad of 5000 layers. The optical properties of
substrates and materids are stored as tables or dispersion formulae of complex refractive
index (n-ik) versus wavelength. Layer 1 is the layer next to the subgrate. New materias
or substrates can be added to the existing database.
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4.3 Features

TFCdc software can andyze and design multilayer thin film coaings. Some of its

features are;
>

YV V V V

Y VvV

Reflectance, transmittance, absorptance, opticadl dendty, loss, color,
luminance, pd, phase shift on reflectance or transmisson, and eectric
field intengty may be computed and plotted.

The sengdtivity of the coding to manufacturing errors may be andyzed.
Optimization can be used to minimize the sengtivity. Layer sengtivity can
be computed and displayed.

A coating can be anadyzed for a cone of angles and a user defined
radiation digtribution.

The coaing materids, the subdrate, and the exit medium may be
dispersve and absorbing. The incident medium may be dispersve
Disperdon formulae can be used to give the index of materids and
substrates.

A coating can have up to 5000 layers, composed of up to 150 different
materias.

The illuminant may be specified . The reflectance and trangmittance of a
thin film may be sored as an illuminant, so that the output of one filter can
be made the input of another. Also blackbody illuminants may be
specified.

Stacks of layers may be entered using aformula, such as (LHL)"p.

Layers may be arranged in groups, and the groups may be optimized.

Theindex (n and k) and thickness of alayer can be optimized.

Globa search may be used to locate the best design, rather than just the
locd minima.

Up to 5000 optimization targets can be specified.

Multiple environments can be used to devdop coatings for multiple
substrates.

Needle optimization can add layers to a design automatically.
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» Targets may be generated automatically or read from files.

» Equivdent index of asymmetrica stack of layers may be computed.

» A choice of three optimization techniques, Gradient Vaigble metric, or
Smplex, are avalladle.

» Data for unlimited number of illuminants, detectors, materid, subdrates
and distributions may be entered

» Optica monitoring curves may be computed and plotted.

» The minimum, maximum and average vdues of a paamdae like
reflectance can be computed for awide range of wavelengths.

» Theresults may be saved to text files for processing by other software.
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Figure 4-3. Interface of TFCalc.

Figure 4-3 shows some of the windows in the user interface of TFCalc.
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4.3.1 Design Optimization

Dedgn optimization is a very powerful fegure avaldble to the desgner usng
TFCdc <oftware for desgning thin films. A choice of three optimization methods,
Gradient, Vaiable Metric and Smplex, are avalable. Layers on both ddes of the
subgtrate can be optimized smultaneoudy and up to 1000 optimization targets can be
gpoecified. The Optimize Desgn command in TFCAc tdls the progran to vary the
thickness of the layers or the group factors of the groups and the index of the variable of
materids, o that the following merit function is minimized:

- & glbe -7 kng
_gm%1 N,Tol, |~ [4-1]

where m is the number of targets, k is the power of the method, | is the intengty of the
illuminant, D is the efficiency of the detector, T is the dedred target vadue, C is the
computed vaue (of reflectance, transmittance etc. a the target wavelength, angle and
polarization), Tol is the tolerance for a target and N is the normdization factor for the
target. In most cases, | = D = Tol = 1.0. For continuous targets, the above summeation is
replaced by asum of integrals.

I, DC -T,
e JNJ L is cdled the devidion from the target. The normalization

i

The vdue

factor converts the units to a compatible scale. The normdization factor for reflectance,
trangmittance, absorptance, and luminance is 1.0, for phase targets, it is 1.8, for dengty
targets it is 0.09 and for color targets it is 0.01. The power of the method, k, can have a
very important effect on the result obtained. The program dlows for the following vaues
of ki 1, 2, 4, 8 16, and Max. As the vaue of Kk is increased, the larger deviations will be
emphasized, forcing the optimization methods to equdize the deviaions of the targets.
When k is st to Max, the merit function is defined to be the maximum of the

IijCj - 'I'j
deviations F = |\/|j B ——

because this function is not smooth, only the
N Tol, Y

gmplex method works when k = Max. Optimization continues till ether the maximum
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number of iteraions is reached, the solution is found or the Quit button is sdected.
Globa search enables the user to locate agloba minimum rather than aloca minimum.

4.3.2 Sendtivity analysis

Compute sengtivity command provides the designer an option to compute the
sengtivity of the desgn to smdl manufacturing error. The expected error of thickness or
index can be st by the desgner. The sengtivity computation selects thickness or indices
of layer randomly, andyze the coating desgn by the Monte Carlo method and records the
results. The sendtivity andyss forms an important pat of the andyss done in the next
chapter to compute the sengitivity of norma designsto errorsin the ESA process.

The layer sengtivity function lets the user cdculate which layer is most sendtive
to manufecturing erors. This is generdly used only dfter a desgn has been totaly
optimized. Severd other features like computing the dectric fidd intendty and plotting
it, andyzing the filter, congdering the illumination to be in the form of a cone elc ae
avalable in the software,

4.4 Summary

TFCdc which is a commercidly avalable, powerful thin film andyss and design
software was introduced and some of its main features were discussed in length in this

chapter.
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Chapter 5. Error Analysis

The sengtivity of a thin film design to manufacturing errors of the ESA process is
andyzed in this chepter usng the TFCdc filter desgn software. Due to severd factors
erors may occur in thickness of the film and/or index of the film being deposted. Since
the index of the film depends on the materid being used and less on the ESA process
itsdf, the erors in index produced by the manufacturing process is negligible So the
andydsis manly done from the point of errorsin the thickness of films.

Three quater wave didectric dack filter desgns without optimization for
thickness or index and one didectric stack filter that has been optimized for thickness of

the layers were used to study the sengitivity to errors.

5.1 Designs used for simulations

Three quarter wave stack designs using two materids were consdered, keeping
the lower index materia the same (n = 1.4) for dl the three desgns. Three designs were
used to find how the senstivity changes when the ratio of the indices between the two
materias changes.

From recent and past studies, it has been established that an error of * 5% isan
upper limit to the thickness errors that could occur during the ESA process. Errors as low
as + 0.2% have been reported recently [24]. Based on these facts, error sengtivity for
these filter designs were caried out. Three eror sengtivity smulations, one with a
maximum eror of + 5%, another with an upper bound of +1% and the last with a
maximum error of +£0.2%, dl three with the errors didributed randomly (Gaussian
digribution is used) among dl the layers, are used to compare the sengtivity. In dl these
three cases, the refractive index is assumed to be eror free. One smuldtion, with a
maximum eror of +5% for thickness combined with a +1% error in refractive index of
the materids was dso done. The erors in al the cases were word case scenarios giving

the maximum and minimum responses computed using the Monte Carlo method.

[24] G.Decher, “Fuzzy nanoassemblies: Toward layered polymeric multicomposites’, Science, 277, 1232-1237 (1997).
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511 Design#1

For the first quarter wave stack design the stack formula of (0.5L H 0.5L)"9 was
used, with L being a materia of refractive index 1.4 and H being a materid of index 1.7.
The center wavelength was taken to be 550nm. The basic symmetric period is repeated 9
times. A white illuminant was used and ar with n=1.0 was the incident medium and glass
with n=1.52 was the subdtrate and exit medium. The detector is assumed to be ided and
wideband. The desgn is centered a& a wavdength of 550nm. Figure 5-1 shows the
gmulated reflectance spectrafor this design.
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Figure 5-1. simulated reflectance spectra for design #1.

Figure 5.2 shows the smulated reflectance spectra for this desgn with a £5% max error
digribution in the thickness of the films. The refractive index is assumed to be error free
for thiscase,
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Figure 5-2. Wor st case sensitivity curves for a max error of £5% in thickness.
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Figure 5-3. Wor st case sensitivity curvesfor a max error of £1% in thickness.



Fgure 5-3 shows the smulated reflectance spectra for this desgn with a +1%
max eror digribution in the thickness of the films and Fgure 5-4 shows the same for

+0.2% max eror digribution. The refractive index is assumed to be error free for these

cases aso.
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Figure 5-4. Worst case sensitivity curves for a max error of £0.2% in thickness.

Fgure 5-5 shows the smulated reflectance spectra for an error didtribution with a
maximum of +5% in the thickness of the layers combined with an error didribution with
a maximum of 1% in the refractive index of the layers. This eror of +1% in the
refractive index is an exaggeraed vaue and this does not occur typicaly. This smulation
has been run only to have a generd idea of how the changes in refractive index affects
the performance of the design.
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Figure 5-5. Wor st case sensitivity curves for amax error of 5% in thickness and 1% in index.

From Figure 5-5, it can be seen tha though the pesk wavelength remains dmost
the same, the pass band for the worst cases undergo an gpreciable shift. Thus a 5% error
in thickness will lead to condderable deviation in peformance from the targeted
response. From these smulétions, it can be seen that a variation of around 1 to 2% in the
thickness of the films will not produce any drastic changes in the reflectance spectrum of
the filter. The worst case shows a change in pesk wavelength by around =2nm and the
reflectance spectrum does maintain dmost the same shape even for the worst case
andyss The changes in wavelength for a maximum error of 1% is even lower and the
worst case scenarios are very close to the actud eror free spectrum. For a maximum
eror of 0.2% in thickness of the films, the curves are S0 close together that it is dmost
difficult to diginguish between them. So if the error in the ESA process can be brought
down to such a vaue with precise control over the process, then highly reliable filters can
be redized. It can dso be seen that the error in refractive index of the layers does not
affect the shape of the curve, but only changes the absolute vaues of reflectance.
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5.1.2 Design #2

The second quarter wave stack design had the same stack formula of (0.5L H
0.5L)"9, with L being the same materid of refractive index 1.4 and H being a materid of
index 1.85. The center wavelength was taken to be 550nm. The basc symmetric period is
repegted 9 times. A white illuminant was used and ar with n=1.0 was the incident
medium and glass with n=152 was the subdtrate and exit medium. The detector is
assumed to be ided and wideband. The design is centered & a wavelength of 550nm.
Figure 5-6 shows the smulated reflectance spectrafor this design.
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Figure 5-6. Smulated reflectance spectra for design #2.

Figure 5-7 shows the smulated reflectance spectra for this design with a £5%
max error didribution in the thickness of the films, Figure 5-8 the same for +1% max
eror in thickness and Figure 59 for a 0.2% max error. The refractive index is assumed to
be error free for all these cases. Figure 510 shows the smulated reflectance spectra for
an eror didribution with a maximum of 5% in the thickness of the layers combined

with an error didtribution with a maximum of £1% in the refractive index of the layers.
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Figure 5-7. Wor st case sensitivity curves for a max error of £5% in thickness.

Illuminant: WHITE Angle: 0.0 idedg)
Mediam: ATR Refarence: EEO.D f(mnm)
Substrate: GLASS Polarization: Awve

Exit: GLASS First Surface:Front

Detector: IDEAL

Beflectance (%) w=s Wavelength (nm)

Figure 5-8. Wor st case sensitivity curves for a max error of £1% in thickness.
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Figure 5-9. Worst case sensitivity curves for a max error of £0.2% in thickness.
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Figure 5-10. Wor st case sensitivity curves for a max error of £5% in thickness and 1% in index.
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5.1.3 Design #3

The third quarter wave stack design andyzed had the same sack formula of
(05L H 0.5L)MN9, with L being the same materia of refractive index 1.4 and H being a
materid of index 20. The center wavelength was taken to be 550nm. The basic
symmetric period is repeated 9 times. A white illuminant was used and ar with n=1.0
was the incident medium and glass with n=1.52 was the subdgtrate and exit medium. The
detector is assumed to be ided and wideband. The design is centered at  a wavelength of
550nm. Figure 5-11 shows the smulated reflectance spectra for this design.
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Figure 5-11. Simulated reflectance spectra for design #3.

Figure 5-12 shows the smulated reflectance spectra for this design with a £5%
max error didribution in the thickness of the films, Figure 5-13 the same for £1% max

eror in thickness and Figure 514 for a 0.2% max error. The refractive index is assumed

to be error free for al these cases. Figure 515 shows the smulated reflectance spectra for
an eror didribution with a maximum of 5% in the thickness of the layers combined

with an error didtribution with a maximum of £1% in the refractive index of the layers.
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Figure 5-12. Worst case sensitivity curves for a max error of £5% in thickness.
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Figure 5-13. Worst case sensitivity curves for a max error of 1% in thickness.
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Figure 5-14. Wor st case sensitivity curves for a max error of £0.2% in thickness.
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Figure 5-15. Worst case sensitivity curves for a max error of 5% in thickness and 1% in index.
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5.14 Design #4

The fourth desgn andyzed had a quater wave stack design, with stack formula
(0.5L H 0.5L)M5, with L being a materid of index 1.4 and H a materia of index 2.0. The
center wavelength was taken to be 550nm. In design #4, however, the layers were
optimized for thickness of the layers and the reflectance between 480nm and 650nm was
made one of the targets for optimization and the transmittance between 400 to 450 and
from 660 to 750 were made the other targets. The reflectance was targeted to be close to
100% between 480 and 650nm and the transmittance was targeted to be near 100% in the
other ranges. The varigble matrix method was used for optimization. Figure 5-16 shows
the smulated reflectance spectrum for this design.
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Figure 5-16. Smulated reflectance spectrum for design #4.

Table 5-1 showsthe layer thickness for this design after optimization has been
done.
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Layer Materia Index Index Thickness Thickness
Optimize (nm) Optimize
Layer 1 L 14 No 287.2 Yes
Layer 2 H 2.0 No 67 Yes
Layer 3 L 1.4 No 135.49 Yes
Layer 4 H 2.0 No 31.69 Yes
Layer 5 L 14 No 36.98 Yes
Layer 6 H 2.0 No 114.33 Yes
Layer 7 L 14 No 94.38 Yes
Layer 8 H 2.0 No 45.48 Yes
Layer 9 L 14 No 315 Yes
Layer 10 H 2.0 No 106.91 Yes
Layer 11 L 14 No 96.71 Yes
Layer 12 H 2.0 No 65.48 Yes
Layer 13 L 14 No 94.45 Yes
Layer 14 H 2.0 No 66.83 Yes
Layer 15 L 1.4 No 96.42 Yes
Layer 16 H 2.0 No 68.2 Yes
Layer 17 L 14 No 98.71 Yes
Layer 18 H 2.0 No 70.26 Yes
Layer 19 L 1.4 No 102.17 Yes
Layer 20 H 2.0 No 72.11 Yes
Layer 21 L 14 No 186.25 Yes
Layer 22 H 2.0 No 15.07 Yes
Layer 23 L 14 No 91.35 Yes
Layer 24 H 2.0 No 106.75 Yes
Layer 25 L 14 No 86.75 Yes
Layer 26 H 2.0 No 73.76 Yes
Layer 27 L 1.4 No 134.96 Yes
Layer 28 H 2.0 No 35.39 Yes
Layer 29 L 14 No 56.16 Yes
Layer 30 H 2.0 No 112.57 Yes
Layer 31 L 14 No 0 Yes

Table 5-1. Layer thickness and index of design #4 after optimization has been done.

Figure 5-17 shows the smulated reflectance spectra for this design with a £5%

max error digribution in the thickness of the films Fgure 5-18 the same for +1% max

eror in thickness and Figure 519 for a 0.2% max error. The refractive index is assumed
to be error free for dl these cases. Figure 520 shows the simulated reflectance spectra for

an eror didribution with a maximum of 5% in the thickness of the layers combined

with an eror digribution with amaximum of +1% in the refractive index of the layers.
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Figure 5-17. Worst case sensitivity curves for a max error of £5% in thickness.
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Figure 5-18. Worst case sensitivity curves for a max error of £1% in thickness.
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Figure 5-19. Worst case sensitivity curves for a max error of £0.2% in thickness.
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Figure 5-20. Worst case sensitivity curves for a max error of 5% in thickness and 1% in index.
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5.2 Conclusions

From the sengtivity andyss done it can be safely assumed that the ESA process
with a maximum of only about £ 1 to 2% thickness error provides a highly reiable
method of fabricating thin films for filter design. As the rdio of refractive indices
increases it can be seen that the same percentage error in thickness causes a dightly
higher error in wavelength response. When the error in thickness goes up to about +5%
the shift in the pass band of the filter varies as much as 100%. If with proper control and
qudity checks, the total error of the ESA process can be maintained a a vaue around 1%
to 2%, which is a highly practicd and atainable vaue, the error introduced due to the
process (errors in thickness) will be negligible. Errors in index are not caused by the ESA

process per se and S0 do not contribute appreciably in the sengtivity filter response.
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Chapter 6 A Hot Mirror Design

6.1 Requirements

The objective of this exercise is to desgn an edge filter to block the higher
wavelength region of the spectrum while pasing shorter wavelengths. The filter should
have near 0% reflectance from around 250 to 400nm and near 100% reflectance from 400
to around 2000nm. This filter is to be coated on the lenses of spectroscopes used to
andyze radiation emanating from rocket engines, to understand the combustion process.
The filter blocks out the pat of the spectrum containing the heat and protects the
indrument from overhegting and burning out. The radiaion from 250 to around 400nm
is the radiation of interest which needs to be analyzed by the spectrometer, so it should be
completely passed. The problem encountered is that since the operating temperature is
very high, around 500° C, most existing filters cannot survive this extreme hest.

6.2 Approach Used

Since the filter is to be desgned to work a extremey high temperatures, the
materids used for these filters should not only be capable of withstanding these
temperatures, but aso be able to maintain the opticd characterigtics required. Also, since
the bandwidth of the rgection band is very high, the ratio of refractive indices between
the materids needs to be as high as possble. When high temperature sintering takes
place, it afects the thickness of the films as well as the refractive index of the films. So
materids that were chosen for making these films were gntered a a temperature of
1000° C, which is much higher than its anticipated operating temperature, in an oven to
find the effects of high temperaiure on these thin films. The materids chosen were ZrOy,
as the high index materid and Al,O3 as the low index materid. Table 61 shows the data
for these materids before and after dntering. These materids were chosen because of the
materids andyzed, these were the materids which gave the most consstent results after
gntering and these were the materids which produced the most uniform films.
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Material Average Average Average Average
thickness per refractive index thickness per refractive index
bilayer before per bilayer bilayer after per bilayer after
sntering (M) before sintering gntering (NM) gntering

ZrO; 0.977 1.578 0.309 1.759
concentration

10mg/ml

Al,O3 2.42 1.493 2.144 1.389

concentration

20mg/ml

Table 6-1. Material data before and after sintering.

From the table it is obvious that the thickness of ZrO, reduce to around one third
the origind vdue dfter sntering and the refractive index rises dightly. For the Al,Os film
the change in thickness is not gppreciable and the index is reduced dightly after sntering.
So it is obvious that sntering will compress the filter dimensions.

The approach towards designing and producing these filters was as follows. A
desgn for the required characteridtics is performed usng the post sintered vaues of
refractive indices (H = 1.59 and L = 1.389) and TFCdc software. In order to obtain the
correct layer thickness after sntering, the ZrO, layers are fabricated nearly three times as
thick as the designed vaues and the Al,O3 layers are fabricated about 1.13 times thicker
than the desgned vaue. Then the whole assembly is sintered, so that the layer thickness
becomes equal to the desgned vadues. That is, we make a thicker filter than necessary,
and by proper modeling we make sure that we have the fina correct dimensions after
dgntering. Since the filter is sntered a a temperature much higher than the anticipated
operating temperature, it should be able to survive the lower operating temperaiure
without any problems.
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6.3 Design and Optimization

Usng the gpproach as defined in the previous section, the filter was designed
usng TFCdc, taking the higher index materid, represented by H, having a refractive
index of 1.759 and the lower index materiad represented by L, with a refractive index of
1.389. Thefollowing stack formulawas used to generate the stack.

(0.457L 0.913H 0.457L)"6 (0.5L H 0.5L)"6 (0.52L 1.04H 0.52L)"3

(0.61L 1.22H 0.61L)"9 (0.674L 1.347H 0.674L)"3 (0.75L 1.5H 0.75L)"9

(0.6L 2.4H 0.6L)"9 (0.659L 2.637H 0.659L)"9

(0.647L 1.481H 0.177L 1.481H 0.647L)M11

(0.695L 1.589H 0.190L 1.589H 0.695L)"11 ,
with 475 nm as the center wavelength. L and H in the stack formula represent a quarter
wave film of the materid. Glass was used as the subsrate and exit medium, and air was
the incident medium. An idedl detector function was assumed. Figure 61 shows the filter
response obtained for the above stack formula, without optimization.
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Figure 6-1. Filter response of the heat reflector filter design without optimization.
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This desgn was then optimized usng the variable metric method. The reflectance
between 400 and 2000nm was targeted to be 100% and the reflectance between 230 and
400nm weas targeted to be 0%. Optimization was done using the variable metric method.

Figure 6-2 shows the targets specified for optimization

. All the layers were optimized for

thickness.
Talgets - Continuous x|
Optionz
Target & 1 2 3 4 5 B i
K.ind |ntenzity Intenzity Intensity |ntensity |ntenzity Intenzity |ntensity
RefldTran Fefl Refl Refl Refl Refl Refl Refl
Folarization Aue Aue Ave Ave Ave Aue Ave
W avelength [begin] 250.0 400.0 4500 2600 a00.0 0o 3800
Wavelength [end] 290.0 17000 a00.o 3000 2900 3800 a0
Angle o o 0.0 oo o o 0.0
T arget [begin] 50 1000 100.0 20 20 1.0 0.0
Target [end] 5.0 1000 1000 20 20 1.0 0.0
Talerance 0,001 0.0 0.001 0.001 0,001 0.001 0,001
E revironirnerit 1 1 1 1 1 1 1
KEE ]
Figure 6-2. Optimization Targets.
Figure 6-3 shows the spectrd filter characteristics after optimization is performed.
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Figure 6-3. Spectral Response after optimization.
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Layer data for this desgn after optimization is given in Table 62. In Table 62, L
represents the low index materid which is AlLbO3z and H represents High index materid
whichisZrO,.

Materid Layer
Thickness

L 0
H 97.46
L 19.6
H 89.01
L 86.22
H 68.92
L 89.95
H 75.09
L 0
H 89.96
L 123.61
H 12.71
L 152.42
H 0
L 70.33
H 76.77
L 90.48
H 77.91
L 104.41
H 77.56
L 93.76
H 68.92
L 97.06
H 50.84
L 0
H 122.98
L 119.43
H 101.5
L 126.44
H 99.57
L 109.75
H 72.59
L 93.72
H 68.17
L 94.07
H 73.96
L 111.43
H 98.47
L 122.7
H 93.64
L 104.96
H 73.8
L 91.09
H 71.86
L 94.46
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86.34

H

L 123.58
H 99.59
L 129.02
H 99.68
L 127.83
H 90.34
L 95.96
H 82.5
L 225.05
H 83.65
L 96.5
H 87.59
L 127.61
H 100.67
L 126.4
H 99.78
L 112.11
H 81
L 116.03
H 99.31
L 127.33
H 102.61
L 129.53
H 101.91
L 125.23
H 101.62
L 117.97
H 168.49
L 101.36
H 157.55
L 99.51
H 154.31
L 98.14
H 153.94
L 98.26
H 156.95
L 98.17
H 157.16
L 100.61
H 158.52
L 105.76
H 175.85
L 116.27
H 181.75
L 112.91
H 181.75
L 111.18
H 170.07
L 104.24
H 163.16
L 101.7
H 160.15
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104.37

L

H 258.15
L 110.53
H 180.38
L 118.89
H 183.86
L 113.24
H 183.38
L 118.47
H 173.35
L 106.31
H 82.27
L 0
H 78.27
L 105.88
H 140.83
L 0
H 115.14
L 111.47
H 148.32
L 0
H 111.73
L 111.41
H 134.28
L 0
H 127.62
L 115.08
H 110.19
L 6.23
H 154.04
L 0
H 153.29
L 6.46
H 111.56
L 114.9
H 0
L 0
H 208.01
L 0
H 177.25
L 115.76
H 0
L 118.59
H 196.02
L 0
H 50.92
L 119.79
H 144.43
L 0
H 173.12
L 0
H 90.96
L 127.57




H 20.3
L 123.36
H 137.58
L 0
H 125.62
L 108.76
H 132.19
L 0
H 129.58
L 107.1
H 135.34
L 0
H 127.49
L 109.93
H 153.3
L 0
H 110.36
L 318.4
H 133.88
L 0
H 160.07
L 99.95
H 189.02
L 0
H 177.85
L 107.54
H 103.35
L 0
H 157.43
L 107
H 183.92
L 0
H 74.8
L 107.94
H 109.04
L 0
H 151.55
L 105.48
H 144.32
L 0
H 116.8
L 223.23
H 76.68
L 0
H 183.84
L 54.59

Table 6-2. Layers and Thickness after Optimization.

Even after optimization, usng a large number of overlapping targets, the spectrd
response does not exactly replicate the requirements. The transmisson between 250 and
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400nm is very high and the average reflectance between 400 nm and 200nm is high but
not very uniform.

6.4 Summary

A filter for a specific goplication was desgned and optimized usng TFCdc
software. Due to the high temperature gpplication of the materid, the materids used were
sntered & a much higher temperature and this data was used to design the filter.
Optimization of the design using TFCalc produced better though not perfect results.
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Chapter 7  Factors Affecting Filter Response

All the desgns and smulaions till this point were caried out assuming norma
incidence and average polaization of incdent light. The angle of incdence and
polarization of incident light will change the spectrd response of the filter. The effect of
these on the response of thin film coatiings would be vauable in tha it would help to
make these films respond in the same way irrespective of the angle of incidence or the
polarization of incident light.

7.1 Incident Angle and Polarization

The angle & which light is incident on the thin film plays an important role in
determining the spectra response of the film. From the analyss carried out in chapter 3,
the reflectance and tranamittance for norma incidence for a smple interface between two

media were found to be
n - n, 2n . L
rs=-Ip = andts=t, = , respectively. For oblique incidence, these become
ni + nt ni + nt
n, cosg; - N, CoS 2n. cosq -
rs= — L S ts= | COSq, for s polarization and
n ©osg, +n, cosq, n cosq, + N, cosq,
cosg; - h; cos 2n, cosq, "
fp = M COSA, - OO g ty = 1 ©05G, for p polarization,
n cosq, +n, cosq, n cosq, +n, cosq,

where q; is the incident angle and q; is the ransmitted angle. The reflectance R = r and
the transmittance Ts = 1-Rs for s polaization and Ry, = r,? and T, = 1-R, for p
polarization. So, as the incident angle and the polarization change, the vaues of
reflectance and trangmittance vary for a smple interface. The same is the case for a thin
film dructure. In dl the andyss done till this point in this thess, norma incidence and
average polarization (50% s and 50% p polarization) has been assumed, which is usudly
not the case in practica applications. Practicd gpplications usudly have light incident on
the filter a nonrnormad angles of incidence and in some specid goplicaions incident
light could be of ether s or p polarization. To undersand the effect of polarization and
incident angle on the spectral response, a smdl exampleis considered.
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7.1.1 Example

A multilayer didectric sack filter desgn usng the stack formula (0.5L H 0.5L)"9
has been consdered. The materids used in this Smulation are MgF» which is represented
by L in the dack formula and TiO, which is represented by H. MgF, has a refractive
index of 1.38 and TiO, has a refractive index of 2.385 a the centrd wavelength of
550nm. Air is the incident medium and glass of refractive index 1.52 is the exit medium.
An ided detector function is assumed. Figure 7-1 shows the response of this design to

normd incidence of light.

Illuminant: WHITE Anigle: 0.0 fdeq)

Mediam: AIR Beference: EEO.D f(mm)
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Figure 7-1. Filter response to normal incidence.

As it can be seen from the figure the response for s and p polarization are the
same and is equa to average polarization & normd incidence. Figure 7-2 shows the
response of the filter when light is incident & 20° to the norma. Figure 7-3 shows the
response for light incident a 40° and Figure 74 shows the response for light incident at
60° to the normd. Figure 7-5 shows the response for average polarization of light
incident at @, 20°, 40°, and 60° to the normdl. The curve a the extreme right in Figure 7-
5 is the one showing the response for normd incidence and the one a the extreme left

shows the response for 60° incidence.
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Figure 7-4. Filter response to60° incidence.
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Figure 7-5. Filter response to average polarization at 0°, 20°, 40°,and 60° incidence.
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From Figure 7-2 to Figure 7-4 the variation in spectra response to different
polarization at various incident angles can be understood. Figure %5 gives an idea of how
the spectrd response changes in rdaion to angle of incident light. Thus it can be seen
that incorporating angle of incidence and polarization complicates the andyss, and 0 in
most cases normal incidence and average polarization is assumed.

7.2 Absorbing Media

Till now dl the maerids conddered in the anadyds has been consdered to be
non-absorptive a the operating wavelengths. This is not usudly the case. For absorptive
media, the refractive index changes from being a red vdue (n) to a complex vaue (n-ik).
Following the andyss for non-absorbing media, the amplitude reflection coefficients are
obtained as before, which holds true for this case dso. The analyss becomes complicated
and the problem occurs when the andyss is extended to reflectance and transmittance.
For the absorbing case, we findly obtain the raion that 1-R * T. This means that the
assumption that the intensties can be broken up into separate incident, reflected and
tranamitted intengties are incorrect and there is a coupling between incident and reflected
fields which occur in an absorbing medium.

Although thin film assemblies have dbisorbing media, the incident media will
never be heavily absorbing and so it can be safely assumed to be non-absorbing. As said
before the amplitude coefficients for reflection and transmisson are vdid, and so dl
cdculaions of amplitudes in &bsorbing media will be correct. For cdculaling the
intengities, we have to use,

R=rr*r and T = ni't't* where r and t are the amplitude coefficients of

0
reflection and transmisson and r* and t* ae its complex conjugates. Np = Ny is the
refractive index of the incident medium (assumed to be non-absorptive) and N1 = m — ik;
isthe refractive index of the second medium.
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7.3 Birefringence

Many cryddline substances exhibit optica anisotropy. Their optica properties
ae not the same in dl directions within any given sample. Birefringent materids or
caydds ae those which display two different indices of refraction. The two indices of
refraction are cdled the ordinary refractive index n, and the extraordinary refractive
index ne. SO a beam of light passng through such a crysd is solit into two beams, the
ordinary beam and the extreordinary beam. These birefringent crystas have applications
in thefidd of optics.

In recent years research has been undeway in the fidd of fabricating birefringent
thin films and their goplications One method of fabricating birefringent thin films is to
coat the thin film onto a substrate on which externa load has been gpplied. The load on
the substrate is removed after the thin film is deposted. This trandfers drain on the
subdtrate to the multilayer coatings. When the isotropic thin film is subjected to dress, it
becomes optically anisotropic, due to the photod astic effect.

Congdeing one definite thin film dructure, let n = n, and Ry = ny,, be the low
and high refractive indices for the ordinary beam and n = n. and ny = ny. be the low and
high refractive indices for the extreordinary beam. From these, the phase delay for the
ordinary beam, f, and the phase dday for the extraordinary beam f ¢ can be caculated.
Then the rdative phase delay of the birefringent thin filmisDf =f¢- f .

These hirefringent films can be used to produce a phase difference between two
orthogona polarization dtates of the reflected wave. In recent years, efforts have been
made to develop birefringent dua-frequency lasers by applying photodadtic effect ingde
the optical resonators. Using birefringent films, filters having spectrd characteristics
independent of incident angle or polarization could be designed. This would condtitute an

interesting area of future work in the thin film filter area

7.4 Summary

Some factors affecting the spectrd response of thin film filters like angle of
incidence, polarization, absorption, birefringence eic. have been congdered in this
chapter.
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Chapter 8 Conclusion

The Electrogtatic Saf Assembly (ESA) process was investigated in depth as a
method of making multilayered didectric spectra filters. The ESA process offers a wide
vaiety of advantages over normd thin film manufacturing methods which makes it
extremdy suiteble for thin film opticd coaings This thess andyzed the thin film
reponse and performance usng TFCAc which is a commercid thin film optica coating
desgn software. Andyss detaling the sengtivity of the coating to manufacturing defects
was caried out. This gives a quditative and quantitative understanding of the sengtivity
of the spectra response to layer thickness. The results obtained proved that ESA process,
with edtablished upper limits for thickness erors of about 5%, will be an extremey
precise method of fabricating these coatings. A thin film filter desgned to work a high
temperature, blocking out the heat in the radiation emanating from a rocket engine, was
desgned and andyzed. Some of the factors affecting the spectra response of thin films

were also anadyzed.

8.1 Future Work

A lot of andyss has been done on thin film optica coetings for the norma
incidence, average polarization case throughout this thess. The peformance of thin film
filters for vaying angles of incidence and different polarizations were adso seen.
Developing filters whose performance do not depend upon incident angle or polarization
could be a very chdlenging and useful area of future work. Such filters would have the
sane paformance irrepective of the incident light and could be highly useful in
different fields where the nature of incident light is not known beforehand, for example in
eyeglasses. These kind of filters could be desgned by incorporating birefringent
materids. Studying the variables involved in the ESA process and developing a dricter
control over erors in thickness would dso be chalenging areas of future work. By
improving the process, better, more relidble optica thin films could be fabricated.
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