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Antireflection coatings have had the greatest impact on optics. Characteristics
of the ferroelectric based multilayered antireflection coating systems are
investigated. Multilayer antireflection coatings consisting of insulator thin films have
been modeled in the region between 400 nm and 800 nm visible bands of
electromagnetic spectrum to reduce reflectance from ferroelectric based substrate. In
this type of antireflection coating we can regulate the optical properties of system by
external electric or thermal field. In order to design and simulate the normal
incidence wideband visible multilayer AR coatings we have developed a Fortran
software program based upon Fresnell equations. It is used different types of layers
which are two-different materials like ZnSe and ZrO, for even-folded multilayer
(two-, four-, six-, eight-, ten-, and twelve-layer) antireflection coatings, and ZnSe,
ZrO,, and Ag,AsS; for odd folded (three-, six-, nine-, and twelve-layer). It is used
ferroelectric material, LiNbOj3 as the substrate. The optical thicknesses of each layer
are equal to a quarter-wave thick at a certain wavelength.

Key Words: Multilayer, Antireflection Coating, Ferroelectric
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Yansitmasiz kaplamalarin optikte muazzam etkileri vardir. Ferroelektrik
tabanli yansitmasiz kaplamali ¢ok katmanli sistemlerin &zellikleri incelendi.
Yansitmay1 azaltmak amaciyla ferroelektrik alt tabana sahip yalitkan ince filmlerden
olusan ¢ok katmanli yansitmasiz kaplamalar elektromanyetik spektrumun goriiniir
bolgesinin 400 nm ile 800 nm arasindaki alanda tasarlandi. Bu tiir yansitmasiz
kaplamalarda sistemin optik Ozellilerini dis elektrik alan ile veya 1s1 ile kontrol
edebiliriz. Cok katmali yansitmasiz kaplamalar1 goriiniir bolge icinde dik gelme
durumunda simiilasyonunu yapabilmek i¢in Fresnell denklemleri temelinde bir
Fortran yazilim programi gelistirdik. Cift-katli ¢ok katmali (iki, dort, alti, sekiz, on
ve on iki katmanli) yansitmasiz kaplamalar i¢in ZnSe ve ZrO, malzemeleri, tek-katl
(lig, alti, dokuz ve on iki katmanli) olanlar i¢in ise ZnSe, ZrO,, ve AgrAsS;
malzemeleri kullanildi. Alt taban olarak da ferroelektrik malzeme olan LiNbO;
kullanildi. Her bir tabakanin optik kalinlig1 ¢eyrek-dalga kalinligina esittir.

Anahtar Kelimeler: Cok Katman, Yansitmasiz Kaplama, Ferroelektrik
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1.INTRODUCTION

Antireflection coatings have had the greatest impact on optics; they still
exceed all the other types of coatings. In some applications antireflection coatings are
required for the reduction of surface reflections. In other not only reflection is
reduced but also transmittance is increased considerably. As it is a known fact that
radiations incident upon the surface of an optical material is separated into reflected,
transmitted, absorbed and scattered fractions. The fraction of available energy that is
distributed among these is determined by the refraction indices. Antireflection
coatings can range from a single layer having virtually zero reflectance at just one
wavelength, to a multilayer system of many layers having virtually zero reflectance
over a wide spectral range (Asghar et al., 2003a).

Antireflection coatings are essential components of optical systems. A lot of
books and many hundreds of papers and patents have been devoted to this coating.
Multilayer optical coatings are successfully employed in various fields, such as
optical and scientific instrumentation manufacturing, astronomy, spectroscopy,
medicine, optical and electro-optical systems in telecommunications, consumer
products etc. Because of military needs it is improved optical instruments ranging
from binoculars to periscopes and bombsights in World War II. The growth in
defense and aircraft industry is continued and also in the continuing growth in
general optics, the enormous expansion of the chemical industry and its need for
infrared and visible analytical tools, the need for narrowband contrast enhancing
filters in astronomy, and then, very significantly, the laser. AR coatings have been
widely used in many applications including glass lenses, eyeglasses, mirrors, solar
cells, IR diodes, multipurpose broad and narrow band-pass filters, architectural and
automotive glass and displays such as cathode ray tubes, as well as plasma, liquid
crystal and flat panel displays. A great number of laboratories and experts are
involved in designing and manufacturing modern optical coatings.

Nowadays, optical coatings are essential features of virtually all optical
systems. A rapid development of optical systems and their applications in industry is

necessary to study the lower reflection of the multilayer antireflection coatings in the
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visible spectral region. It is significant to study multilayer antireflection coatings due
to the wide use of this type of coatings in engineering practice. Multilayer
antireflection coatings based on ferroelectric has not been studied till now and this
subject is still current. Hence it is believed that the results of this study have practical
importance owing to the military applications.

The goal of this thesis is to achieve a broader band visible antireflection
coating design with multilayer structure that is, using multilayer antireflection
coating to get zero reflectance at wavelength gap. The reflectance must be low
enough so that even incident weak signals can be realized. There are two ways in
order to reduce reflection further: making the optical characteristics of layers more
sensitive using external effects; or using more than two materials. When this type of
systems is developed, reflection is expressed with per thousands. If more than two
different materials are used, it may not be preferable from the point of technology.
Therefore, when we choose coating materials or substrate which is a sensitive
material with temperature and/or external electrical field like ferroelectric materials,

we can change refractive index of that material at 1/4 degree with small voltage-

temperature difference which we applied to it just then. So, the same material shows
like a material having two-different refractive index. Hence we accordingly change
the film thicknesses simultaneously. Since the optical thicknesses of the layers, n;d;

are designated as fractions of 1/4, with 4, being a certain basic wavelength.

In this thesis, we theoretically investigated characteristics of ferroelectric
based multilayer antireflection coatings which are consisted of insulator thin films in
the visible spectral region. Through our analytical calculations, the major discussion
is depended on the calculated reflectance with the optical matrix theory. The
reflectance curves in the 400-800 nm visible region of electromagnetic spectrum for
2,4,6,8, 10 and 12 layers, and for 3, 6, 9, and 12 layers have been simulated and
plotted in Fortran program based upon Fresnell equations. The reflectance is nearly
zero, but even if it is not a low reflectance, the important thing is that bandwidth is
broad in the visible region of reflectance. In order to design visible multilayer
antireflection coatings with the normal incidence wideband we used different types

of layers which are two-different materials like zinc selenide (ZnSe) and zirconia
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(ZrO,) for even folded multilayer antireflection coatings, and ZnSe, ZrO,, and
proustite (AgxAsS;) for odd folded, and the ferroelectric substrate, lithium niobate
(LiNbO3). Precise and accurate knowledge of the optical properties of LiNbO; based
multilayer structure in the UV and visible regions is important because of the
increasing application of the structure in optical and electro-optical devices,
including planar optical waveguides and electro-optic and acousto-optic modulators.
The reasons which we prefer these materials are that they are available and easily
obtained, their price is reasonable and they don’t react with each other while they are

sensitive enough to external effects such as temperature and external electric field.
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2. REVIEW OF LITERATURE

The history of optical coatings is a long one with many observations and
publications but little industrial activity until a period of explosive growth began in
the 1940s. The trigger was World War II and the need on all sides for improved
optical instruments ranging from binoculars to periscopes and bombsights. After the
war the growth continued, partly because of military needs, but much more because
of other factors such as the continuing growth in general optics, the enormous
expansion of the chemical industry and its need for infrared and visible analytical
tools, the need for narrowband contrast enhancing filters in astronomy, and then,
very significantly, the laser. Nowadays, optical coatings are indispensable features of
virtually all optical systems (Macleod, 1999).

Early in the nineteenth century, Fraunhofer, investigated firstly an
antireflection coating. At the same time, the combined efforts of first Young and then
Fresnel finally succeeded in gaining acceptance for the wave theory. Then Poisson,
in correspondence with Fresnel derived the multiple-beam interference in a thin film
and explained the absentee effect of a half-wave thickness and the perfect
antireflection action of a quarter-wave layer with an index of the square root of the
product of the two surrounding indices. In 1936, John Strong produced antireflection
coatings by evaporation of fluorite to give inhomogeneous films which reduced the
reflectance of glass to visible light by 89%. In 1939, Walter Geffcken constructed the
first thin-film metal-dielectric interference filters. A fascinating account of
Geffcken’s work is given by Thelen who describes Geffcken’s search for improved
antireflection coatings and his creation of the famous quarter-half-quarter design
(Macleod, 1999).

Philip Baumeister drove the use of digital computers to design and analyze
multilayer thin films, and led research across a broad range of optical coating
application areas including synthesis and design, metrology and instrumentation and
fabrication, especially UV filters and materials. George Dobrowolski established an
international reputation developing mathematical techniques for thin film synthesis

(Refermat, 2004).
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It is clear that there was a good understanding of interference effects both in
single layers and in multilayers the end of the nineteenth century. Turner’s paper
contains multilayer antireflection coatings, cold mirrors, narrow-band transmission
filters, selective reflectors and frustrated total reflectance filters all of which were
well advanced. Today there is still incredible progress in optical coatings (Macleod,
1999).

Many hundreds of papers for the design of multilayer, antireflection coatings,
its computer programming, and industrial applications have been investigated in the
past. It is considered some under heading as follows. In many researches it was used
generally glass as a substrate, thick films for multilayer systems, different types of
techniques and methods in infrared or ultraviolet region of electromagnetic spectrum,
in laser investigations, and materials which its optical characteristics is destroyed and
found with difficulty in terms of technologic. In order to satisfy of this lack, our
investigation is improved. In our research it is not disrupted characteristics of optical
system. It is selected more sensitive materials like ferroelectric materials to external
effects, temperature and/or external electrical field; and these selected materials is

easily found and cheap technologically.

2.1. Multilayer Thin Film Coatings

In all investigations, the various multilayer systems were considered. The
optical constants of thin-film coating materials are determined. The principle of the
new thin-film which was designed different infrared coatings is demonstrated. A new
type of thin-film that is based on the effects of light interference is proposed.
Theoretical analysis is discussed with experimental analysis. The basic results of
these studies are described, and their applications to the synthesis are considered.

A generalized design method for an optical filter consisting of a dielectric
multilayer structure is proposed. Fourier transform technique with frequency filtering

for optical thin-film design is investigated.
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Recent developments in thin-film coatings for optical communication
systems are reviewed. Multilayer thin-film coatings are a proven technology that is
employed in many areas of optical communication systems.

The equipment and methods used to produce antireflection coatings based on
various materials are described. It has been discussed some novel concepts of
designing broadband AR coatings. A new procedure of broadband multilayer
antireflection coatings for semiconductor optoelectronic devices is designed.
Antireflection coatings for both visible and far-infrared spectral regions are
investigated. Antireflection coatings are calculated theoretically and practically on
various devices. A number of equations relating to the multilayer antireflection
coatings for a given wavelength are indicated.

Arndt et al. (1984) determined the optical constants of thin-film coating
materials. The seven participating laboratories received films of two different
thicknesses of scandium oxide (Sc,03-the dielectric coating material) and rhodium
(Rh-the metal coating). All samples of each material were prepared in a single
deposition run. Brief descriptions are given of the various methods used for
determination of the optical constants of these coating materials. It is used Wideband
Spectrophotometric Method, Modified Valeev Turning Point Method, The Nestell
and Christy Method, Algebraic Inversion Method, Inverse Synthesis Method,
Bennett and Booty Method, and Envelope Method in this paper. The measurement
data are presented, and the results are compared. The mean of the variances of the
Sc,05 refractive-index determinations in the 0.40-0.75 nm spectral region was 0.03.
The corresponding variances for the refractive index and absorption coefficient of Rh
were 0.35 and 0.26 respectively. It is very likely that different starting materials and
preparation conditions contributed to the large departure of the optical constants
published in this paper

Borgogno et al. (1984) investigated refractive index and inhomogeneity of
thin films. The fact that the optical characteristics of thin-film materials are generally
different from those of the same materials in bulk form is well known. The
differences depend very much on the conditions in which the deposition has been

carried out. A good understanding of these differences, their causes, and the
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influence of deposition parameters is vital if it was to be able to improve coating
quality. It has been developed two complementary methods with the objective of
deriving information on the index of refraction and its variation throughout the
thickness of the film. Perceptible optical inhomogeneity is normally present and
appreciable inhomogeneity is frequently present in thin films. Such inhomogeneity is
usually associated with layer microstructure. The first is a postdeposition technique.
This technique makes use of measurements in air of the transmittance and reflectance
of the layer under study over a wide wavelength region. The second, in contrast,
makes use of in situ measurements that is measurements made under vacuum and
during the actual deposition of the layer. It was shown with the help of several
examples that the two methods lead to results which are consistent and demonstrate
the existence in deposited materials of an inherent variation of the index of refraction
normal to the surface. The thermal sensitivity of the layer properties and their
tendency to adsorb atmospheric moisture must be taken into account before the
residual differences between the two techniques can be explained.

The principal focus of Tikhonravov (1993) report is on the theoretical study
of the properties of spectral coefficients in a complex wave-number plane. The basic
results of the study are described. Their applications to the synthesis of a rugate filter
and to inhomogeneous layer recognition problems are considered. General results
concerning the existence of solutions to synthesis problems are also presented. The
close analogy between synthesis problems in thin-film optics and optimal control
problems is outlined, and some applications of Pontryagin's maximum principle are
considered.

Analytical transformations of the refractive index open new possibilities in
the experimental study of inhomogeneous layers with complicated refractive index
profiles. Sophisticated mathematical methods elaborated for the solution of inverse
problems can be readily implemented. It hopes that software based on these methods
will be available shortly.

In connection with the question of the solvability of synthesis problems, the
maximum principle was considered. This principle leads to the conclusion that

optimal solutions are generally based on two materials with the highest and lowest
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possible refractive indices. It should be noted that this mathematical principle
expresses deep physical grounds. The desired spectral properties of optical coatings
are obtained through properly arranged interference effects that are due to multiple
reflections at the layer boundaries. With the increase in the refractive-index ratio, the
average amplitudes of the reflected waves increase. This leads to an increase in the
importance of the interference effects and makes it easier to achieve the desired
spectral properties.

It should be mentioned that the conclusion about the optimality of two-
material coatings was made without consideration of the total number of layers.
When the reduction of the number of layers is important, the use of more than two
materials will likely be preferable. The maximum principle does not impose any
limitations on the possible values of the layer thicknesses. This means that rather thin
layers may be required in optimal designs. However, it was shown by Sullivan and
Dobrowolski that with up-to-date coating technology it is possible to produce quite
complicated two-material coatings that consist of many layers, some of which are
very thin.

Li and Dobrowolski (2000) investigated high-performance thin-film
polarizing beam splitter (PBS) operating at angles greater than the critical angle. A
new type of thin-film polarizing beam splitter is proposed that is based on the effects
of light interference and frustrated total internal reflection. This PBS has a
significantly better performance than conventional thin-film PBS’s. It is
nonabsorbing, broadband, and wide angle and has high extinction ratios in both the
transmitted and the reflected beams. The principles and theory of this PBS are
described in detail. Several PBS’s designed for the visible and the infrared spectral
regions are described. The measured results for a prototype visible PBS of this type
are presented as well.

This new PBS is based on the effects of frustrated total internal reflection
(FTIR) and of light interference in thin films. It is nonabsorbing, broadband, and
wide angle and has high extinction ratios in both reflection and transmission.
Compared with that of conventional thin-film polarizers and PBS’s, the performance

of the new PBS is several times or several orders of magnitude better.
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Todorovi¢ et al. (2001) defined thermoelastic and electronic deformation
components of photoacoustic signal in two-layer system. A model was derived in
order to study the dependence of the photoacoustic signal on the thermal, elastic and
carrier transport properties of two-layer samples. The various systems were
considered: the conductor-semiconductor, the insulator-semiconductor and the
semiconductor- semiconductor system. The semiconductor- semiconductor system is
possible to take in consideration as a general configuration, where the other two are
the special classes. In the theoretical analysis, thermodiffusion, thermoelastic and
electronic deformation contributions have been used in order to interpret the
photoacoustic effect in a two-layer system.

Results are presented for the second Optical Society of America’s Optical
Interference Coatings Manufacturing Problem by Dobrowolski et al. (2006b). The
participants were asked to produce multilayer coatings which, in the 450-650 nm
spectral regions and for light incident at 60°, would have transmittances of 0.7 and
0.3 for p- and s-polarized light, respectively. Three different teams each submitted
four solutions. Three different deposition processes were used to produce these
coatings. The smallest average departure from the target transmission values was
0.79%.

This paper describes the second Manufacturing Problem. The first was held in
conjunction with the 2001 Banff Topical Meeting on Interference Coatings. The
main aim of that problem was to see how closely it was possible, using different
deposition methods, to produce a filter with quite complex spectral transmittance and
reflectance curves specified for the 0.4-0.7 um spectral region and for a near-normal
angle of incidence. By specifying that (7+R) be equal to unity, the use of only
nonabsorbing materials in the solutions was imposed. Six teams submitted a total of
11 different samples, most of which had a rms deviation from the target values that
was less than 1.5%, with the best being 0.98%.

The aim of the present Manufacturing Problem was to find out how precisely
a multilayer coating specified for an oblique angle of incidence could be produced
experimentally. Furthermore, the implicit requirement that only nonabsorbing

materials be used was removed. The intent was to encourage unusual solutions; to



2. REVIEW OF LITERATURE Filiz KARAOMERLIOGLU

that end, coatings on the second surface could also contribute to the solution.
However, the evaluation of the samples became more difficult as a consequence of
the specified highly oblique angle of incidence.

The optical parameters of a SiO, thin-film coating determined from the
spectral reflectance and transmittance measurements at various incidence angles,
including the normal incidence and the Brewster’s angle, are compared in this paper
by Lamminpdd et al (2006). The high-accuracy measurements were carried out
through visible near-infrared spectral regions by using our purpose-built instruments.
The optical parameters obtained from the reflectance and the transmittance data are
consistent over the angles of incidence and agree within 0.2%. The effect of
important systematic factors in the oblique incidence spectrophotometric
measurements is also discussed.

An interesting finding was that the optical thicknesses determined from the
reflectance and the transmittance data were in a slightly worse agreement than the
derived physical thicknesses and the refractive indices of the layer, if considered
separately. However, taking into account that two different instruments were utilized
in the reflectance and the transmittance measurements, this could be possibly
attributed to a small discrepancy between the wavelength calibrations of these

instruments.

2.1.1. Optical Filters

Verly (1995) developed Fourier transform technique with frequency filtering
for optical thin-film design. A Fourier analysis of existing and potentially complex
refractive index profiles is often useful in the resolution of thin-film design problems.
Applications of a frequency-filtering technique, which consists of the suppression of
undesired spatial frequencies from the refractive index profiles, are described. A
new, extremely simple antireflection coating synthesis method based on this concept
is proposed.

An increasing number of rugate filters (in principle a rugate filters is an

interference coating based on a refractive index that varies continuously in the
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direction perpendicular to the film plane), wavelets, or minus filters (an interference
filter referred to as a minus filter, of the type that reflects a narrow wavelength band
while transmitting the wavelength bands from both sides of the spectrum.) are
progressively combined until a design with the desired optical performance is found.
Viewed from a Fourier perspective, frequency components are gradually added to the
Fourier spectrum of the refractive index profiles. The reflectance is also modified
because the two types of spectra, Fourier and reflectance, are closely related.

A different and, in a sense, opposite approach is considered here. Given an
existing and potentially complex thin-film solution, a Fourier domain analysis is
performed and arbitrary frequency regions are examined separately. It is seen that
this permits useful unconventional interpretations, gives insight into the problem, and
produces interesting results. The concept of frequency filtering, already well known
in signal and image processing, is applied to thin-film design. It consists of removing
broad arbitrary frequency regions from the Fourier spectrum of the refractive index
profile. Results obtained with this useful technique are described. In particular, a new
method of AR coating design is proposed.

A generalized design method for an optical filter consisting of a dielectric
multilayer structure is proposed to get an arbitrary profile of the wavelength
dispersion of reflectivity or transmittance by Yamada and Yamane (1996). The basic
concept of the method lies in the fact that the wavelength dispersion of the
reflectivity is approximately determined by taking the inverse Fourier transformation
of the refractive index profile of the multilayer structure. Construction of a filter with
only three different values of refractive index is described.

An optical filter is a fundamental device in optoelectronics. Filters with a
dielectric multilayer structure have been applied as, for examples, antireflecting
coating facets and distributed Bragg reflectors (DBR) in a surface emitting laser.
Most design methods for dielectric multilayer filters, however, are based on
empirical knowledge of a given structure. Few general designs to obtain an arbitrary
profile on the wavelength dispersion of reflectivity or transmittance have developed.

A gain-flattening filter (GFF) for minimum manufacturing errors (12 designs

submitted) and dense wavelength-division multiplex (DWDM) filters for low group-
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delay (GD) variation (9 designs submitted) was the subject of a design contest held
in conjunction with the Optical Interference Coatings 2001 topical meeting of the
Optical Society of America. Results of the contest are given and evaluated by Thelen
et al. (2002). It turned out that the parameter space for GFFs with optimum
performance when manufacturing errors are not considered is much different from
that when manufacturing errors are considered. DWDM filter solutions with low GD
variation are possible. The results are: (1) There appears to be no standard design
technique for high manufacturing yield. (2) Gain-flattening filters designed for good
merit function without consideration of manufacturing errors can have a
manufacturing yield that is lower by as much as a factor of 5. (3) Gain-flattening
filters designed for high yield that consider relative manufacturing errors do not
automatically also have high yield when absolute manufacturing errors are
considered. (4) An optimization technique that uses low layer sensitivities as targets
would be a desirable component in the design of gain-flattening filters. (5) No
contestant was able to design a single narrow-band filter with both good transmission
intensity shape and low group-delay ripple. (6) By using two interference filters in
series, one in transmission and one in reflection, one can design a filter combination

with both good transmission intensity shape and low group-delay ripple.

2.1.2. Optical Communication Systems

Recent developments in thin-film coatings for optical communication systems
are reviewed by Gerken and Miller (2004). Particular emphasis is given to thin-film
designs with dispersion related to the photonic crystal superprism effect. A single
dispersive coating may be used for multiplexing or demultiplexing several
wavelength channels by spatial beam shifting.

Multilayer thin-film coatings are a proven technology that is employed in
many areas of optical communication systems. New developments include the design
of filters with a higher tolerance towards fabrication errors, tunable filters, and
dispersive filters for dispersion compensation and wavelength multiplexing and

demultiplexing. It was introduced an empirical model for estimating how many
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wavelength channels can be demultiplexed using the spatial dispersion of a single
thin-film coating. Eight to sixteen channels seem possible in the near future making
this a promising component for cost-effective coarse wavelength division

multiplexing (CWDM) systems.

2.1.3. Antireflection Coatings

Plasma-polymerized coatings of perfluorobutene-2 (PFB-2;CF;-CF=CF-CF3)
were found to be effective single-layer antireflection coatings for
polymethylmethacrylate (PMMA) by Wydeven and Kubacki (1976). In the range of
400-700 nm, light transmittance of these lenses, when coated on both sides with
PFB-2, was about 4% higher than with uncoated lenses. Also, the transmittance
curve of the coated lenses was essentially flat from 400 nm to 700 nm.

It was shown that plasma-polymerized PFB-2 coatings are effective single-
layer antireflection coatings for PMMA substrates. Some advantages of the plasma
technique for depositing antireflection coatings are (a) both sides of the substrate can
be coated simultaneously, (b) the coatings are uniform in thickness for curved and
flat surfaces, (c) it is a low temperature process, and (d) the deposition times required
are short.

Mouchart (1977) developed thin film optical coatings. This study indicates a
number of equations relating to the three-layer antireflection coatings for a given
wavelength. The notation of coating stability is applied to define stable solutions
with respect to film thicknesses or wavelength. As an example, an antireflection
coating obtained independently of the central layer is discussed.

McLachlan (1978) investigated two-layer low-absorption antireflection
coating for potassium chloride (KCI). This investigation reports the design,
preparation, and performance of antireflection coatings on KCI laser windows for
10.6 um wavelength that use the chalcogenide glasses As,S; and GeysSess as the
coating materials. Absorption in the coatings was determined by laser calorimetry at

a wavelength of 10.6 um and found to be ~0.1%. Reflectance of the coatings was
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also measured and found to be ~0.1%. The laser-induced damage threshold for
pulsed CO0,-laser radiation was also determined.

Soileau (1980) analyzed mechanisms of laser-induced failure in
antireflection-coated LiNbO; crystal. Substrate preparation before coating and
coating cleanliness are the dominant factors affecting laser induced damage to
antireflection-coated LiNbQO;. Careful control of these factors resulted in an order of
magnitude improvements in the damage threshold to 15-20 GW/cm® at 30 nsec
across the entire surface. In this work the mechanisms for laser-induced damage to
AR-coated LiNbO; at 1.06 um were studied. The experimental results indicate that
the laser-induced failure limits for these coatings were determined by (a) substrate
cleanliness, (b) linear absorption in the coating, and (c) cleanliness of the outer
surface of the coating.

A method of forming a laser damage resistant wide-spectrum antireflective
coating on fused silica and other glasses has been developed by Yoldas and Partlow
(1984). The single-layer graded-index coating is deposited from a specific polymer
solution which is converted to a porous SiO, film. The size of the pores in the film is
first reduced by heat treatment to prevent eventual UV scattering. Refractive-index
gradation is achieved by grading this non-scattering porosity using a mild etching
agent to a depth which is sufficient to smooth the density transition from air to the
substrate glass. The resultant coating provides antireflectivity over the entire
transmission range of silica extending to wavelengths as short as 250 nm. Laser-
damage thresholds as high as 9 J/cm® at 350 nm have been demonstrated for this
coating on fused silica substrates, which makes it particularly suitable for the optics
of high-power lasers.

Vassallo (1990) calculated theoretically and practically antireflection coatings
on semiconductor laser diode optical amplifiers. The reflectivity of the end facet of a
3-D dielectric waveguide can be easily calculated, in case of weak guidance, by
replacing the waveguide with a homogeneous medium of refractive index n., while
the incident electric (or magnetic) field remains that of the guided mode. The
calculation is done through a plane-wave expansion of the incident field; a practical

algorithm is given to cope with multidielectric coatings. This process naturally
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emerges when exact equations are expanded in terms of powers of the weak guidance
parameter and it leads to a Ist-order approximation of the reflectivity (i.e. within
2nd-order error) when ., is suitably chosen. The facet can be normal or angular with
respect to the waveguide axis.

Rancourt et al. (1991) have formulated a new design for an antireflection
(AR) coating for use on the outside surface of solar cell covers and other devices. It
is superior in both environmental durability and optical performance to the single
layer magnesium fluoride (MgF,). It can not be degraded by atomic oxygen since it
consists entirely of stoichiometric oxide materials which have already been space
qualified. Theoretical calculations show that the output of a silicon cell with this new
AR coating on a silica cover can be increased by about 0.5% over that of a cover
with a single layer AR coating.

Li et al. (1992) investigated antireflection coatings for both visible and far-
infrared spectral regions. Two methods are described for the design of antireflection
coatings that act in two widely separated spectral regions. One is based on the
elimination of interface reflections, and the other is based on the use of extended
buffer layers. Design results are presented for coatings on ZnS, ZnSe, and Ge
substrates that reduce the reflectance in a broad region at ~10 um, as well as in a
band of wavelengths in the visible or near infrared part of the spectrum.

It has been shown theoretically and experimentally that it is possible to
construct AR coatings on infrared substrate materials that operate in widely separated
spectral regions. Fairly wide AR regions in the visible and in the infrared can also be
achieved simultaneously. This improves the chances of a successful manufacture of
the coating. The use of these more complex designs does not materially affect the
overall deposition time and therefore should not substantially increase the cost of
infrared AR coatings. Equations for the thicknesses of two-layer AR subsystems
have been presented that are suitable for substrate and infrared coating materials with
large extinction coefficients in the visible part of the spectrum. The starting design
needs only a little refinement to achieve the desired performance.

Hellmich and Deimel (1992) improved optimal AR-coating for optical

waveguide devices. The optimal index of refraction and thickness of an antireflection
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coating layer for optical modes (TE/TM) had calculated in semiconductor laser
devices. It has been taken into account various correction factors concerning the two-
dimensional carrier gas, i.e., the change in photonic energy depending on the width

of the quantum well, the resulting change in refractive indexes, and the change in
effective masses of the carriers. The value ,/n:ﬁ —n:f is the effective optical mode

index—is compared to the exact calculated value for the optimal coating index.

It has been simplified an existing theory on optimal refractive indexes and
thicknesses of an AR-coating layer on semiconductor laser devices. It has been
considered various corrections resulting from the two-dimensional nature of the

electron and hole gas for narrow active layers. The calculations show that for TE

2

modes the optimal value for n., and the ‘square root n;ff value are astonishingly

close, i.e., knowing the propagation constant B allows for a good guess of the AR-
coating index. This is not true for TM modes. The normalized coating thickness for
TM modes varies less than 1% over the active layer thicknesses considered-for TE
modes this amounts to a maximum of 6%.

Braun and Jungerman (1995) presented broadband multilayer antireflection
coating for semiconductor laser facets. Using a triple-layer antireflection coating of
Al,Os3, Si, and Si0,, it has been achieved a minimum facet reflectivity of 1.10%and a
bandwidth of 90 nm for a reflectivity of 5.10” or less for 1550 nm center-wavelength
InGaAsP semiconductor lasers. A facet reflectivity of 3.10°° and a bandwidth of 30
nm for a reflectivity of 5.10” were achieved for 1310 nm InGaAsP lasers. This
coating is applicable to broadband external-cavity-tuned laser sources, edge-emitting
light-emitting diodes, and semiconductor laser amplifiers. Theoretical calculations
and measured results from a large number of coating runs are presented.

Lee et al. (1997) designed a new procedure of broadband multilayer
antireflection coatings for semiconductor optoelectronic devices. The antireflection
coating is the crucially important technology to obtain high performance in
semiconductor laser amplifiers or external cavity modelocked lasers. In modern
environment of device application to ultra-high bit rate WDM/TDM systems and/or

their testing, achievement of ultralow reflectivity (R~10") at a very wide range of
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wavelength is necessary. It was found that the conventional design by the optical
admittance matching principle is not adequate to solve this compatibility problem.

An alternative design guideline was investigated here: (i) Rather than seeking
for perfect matching, it is maximized the bandwidth that is defined by R<R,,,., where
Ruax, 18 the maximum tolerable reflectivity; (i) at the center wavelength,
minimization of R is not required, so W-shaped reflectivity spectrum is acceptable.
Another important consideration is the choice of dielectric materials. Insufficient
controllability of deposition processes easily degrades the performance. Therefore a
very careful process control was necessary for three material systems. This
assumption is to use only established two materials, TiO,, and SiO,. Experimental
trials and manufacturing tolerance considerations will also be presented.

Azzam et al. (2001) reported fourth- and sixth-order polarization aberrations
of antireflection coated optical surfaces. For single-layer antireflection coated (ARC)
optical surfaces, the first five derivatives of reflectance with respect to angle of

incidence ¢ for the p- and s-polarizations are zero at normal incidence, whereas the

first three derivatives of differential transmission phase shift A, (: A, —Ats) with

respect to ¢ are also zero at p=0. Consequently, ARC optical systems with numerical
apertures of <0.7 (p<45°) exhibit fourth- and sixth-order polarization aberrations
owing to retardance and diattenuation, respectively. Results for ARC Ge and ZnS
surfaces are presented to illustrate these effects.

The coating of plastics for optical applications is intended to improve the
mechanical durability of soft polymers and to serve an antireflection function by
Schulz et al. (2002). Usually a classic four-layer antireflection system is added on top
of a single-layer hard coating. With needle optimization, an alternative coating
design has been developed. The design is characterized by thin high-refractive-index
layers that are almost evenly distributed over the whole stack. Plasma ion-assisted
deposition (IAD) was used to deposit coatings upon poly (methyl methacrylate)
(PMMA), polycarbonate (PC), and cyclo-olefin copolymer (COC). Uniform
antireflection and high scratch resistance have been achieved.

In contrast to common antireflection coatings, a new type of antireflection

coating consists of a periodic arrangement of thin high-index layers and thicker low-
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index layers. The periods may have an optical thickness of ~34/4 at the reference
wavelength to achieve a broadband antireflective effect. Coatings of the new design
type were deposited upon PMMA, COC, and PC by plasma IAD. The hardness of
AR-hard coatings corresponds to that of single SiO, layers of the same thickness.
With coatings on both sides of thermoplastic materials, transmission was increased
uniformly to more than 98% in the visible spectral range. Low sensitivity of the AR-
hard design type to systematic thickness errors of the high-index layers during
deposition was observed. The low volume of high-index material inside coatings of
the AR-hard type could be interesting also for use in other spectral regions.

Poitras and Dobrowolski (2004) performed a numerical investigation of
antireflection coatings that reduce significantly the reflection over a wide range of
wavelengths and angles of incidence, and it was proposed some experiments to
demonstrate their feasibility. It 1is provided a theoretical description of
omnidirectional antireflection coatings that are effective over a wide range of
wavelengths. It was shown that to obtain a wide-angle AR coating one has to distort
the thickness axis of traditional inhomogeneous transition-layer profiles. To obtain a
coating that has a good performance for all angles of incidence as great as 89°, one
would need the optical thickness of the coating to be of the order of 504, or more.
During fabrication, the performance of such a coating would be especially sensitive
to fabrication errors in the refractive index at the ambient side of the coating. If the
inhomogeneous layer is approximated by a multilayer system and if interference
effects caused by the finite Fresnel coefficients at the layer interfaces are exploited, it
has been shown that the number of layers, and the overall thickness of the AR
coating, can be significantly reduced, providing that one is willing to reduce the
effective bandwidth of the resulting AR coating and accept some deterioration in its
performance at angles close to 89°. The applicability of the multilayer AR coatings
in cases of solid—solid and air—solid interfaces has been numerically studied. In the
case of an air—solid interface, it was shown that it should be possible to fabricate a
quasi-omnidirectional AR coating efficient at a specific wavelength, by use of the

optical properties of materials around their reststrahlen bands in the mid-IR.
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The equipment and methods used to produce wide-angle antireflection
coatings based on Reststrahlen materials are described by Dobrowolski et al.
(2006a). The optical constants of the coating materials used in the construction of the
multilayers were determined by spectrophotometric ellipsometry and are compared
with the literature values. The measured performance of an experimentally produced
antireflection coating is compared with the expected calculated performance. The
reflectance is low over a wide range of angles, but only in the narrow-wavelength
region at which the refractive index of the Reststrahlen material is close to unity.
Calculated results are presented for two different AR coatings based on this principle
for the case of a Si—air interface. The optical constants of materials considered for the
manufacture of these coatings are discussed. The design of a SiO,-based AR coating
is reoptimized by using experimentally determined optical constants. Various aspects
of the thin-film deposition process are discussed.

Aroutiounian et al. (2006) investigated almost zero reflectance of a silicon
oxynitride (SiOxNy)/porous silicon (PS) double layer antireflection coating for silicon
photovoltaic cells. A reflectance spectrum calculation for a silicon oxynitride—porous
silicon double layer antireflection coating is performed using the matrix method. The
results are compared with the corresponding spectrum of diamond-like carbon
(DLC)/PS and SiO,/TiO; double layer coatings. A lower reflectance in the visible
and infrared regions of the solar spectrum for the SiOxN,/PS double layer is
obtained, especially in the 450-600 nm spectral range (with a flat reflectance
response remaining as low as ~0.01%), which corresponds to the maximum intensity
of solar irradiation. These findings are of importance in solar cell applications.

Some novel concepts of designing antireflection (AR) coatings with
equivalent layers are presented by Schallenberg (2006). Essential papers concerning
thin-film optics and AR designs are cited, and the AR problem and a previously
introduced AR-hard design type are discussed. Based on the known matrix
formalism, a potential AR region, an equivalent stack index, and an equivalent
substrate index are defined to use the theory of stop-band suppression as a starting

point for the design of broadband AR coatings. The known multicycle AR design
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type is identified as a typical solution to the AR problem if the presented approach is
used.

It has been discussed some novel concepts of designing broadband AR
coatings, and the progress in this matter can be concluded as follows: It is possible to
substitute theoretically each refractive index of a step index profile, regardless of
whether it is less than the given lowest refractive index, by using a stack of at least
three quarter-wave (QW) layers. The QW stacks (QWS) of each step of the step-
index concept can be identified with the cycles of the known multicycle AR coatings.
The required AR bandwidth can be directly connected with the number of layers
within the QWS approach. The performance of the residual reflectance within the
AR bandwidth is determined by the number of the QWSs and profile steps. The
theory of stop-band suppression serves as a basis of broadband AR design, but it can
give only a starting point for realizing potential AR designs because asymmetrical
QWS have to be used. An equivalent stack index (ESI) and the equivalent stack
substrate (ESS) have to be used to synthesize the needed refractive indices. It seems
possible to derive a straightforward algorithm to design broadband AR coatings

analytically.

2.2. Computer Programming

The various methods for the synthesis of optical thin film systems are
reviewed by Dobrowolski in 1960s. He and his colleague are described a computer
program for the completely automatic design of optical thin film systems in many
papers. Some basic properties of the main approaches to the determination of the
optical constants of coating materials are discussed by Nilsson in 1968. Optical
multilayer systems with different optimization procedures are demonstrated in 1990s.
In the same year several types of multilayer coatings have been investigated in recent
years using the computer programming by Verly and his associate. Tikhonravov et
al. presented a new optimization algorithm for the synthesis of various optical

coatings in 2006.
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Antireflective coatings were simulated since 1990. A design algorithm based
on a various technique is applied to design antireflection coating and the thin film
design software is developed by Tikhonravov, Dobrowolski, Liou, Lee, and Lorch.
Lee et al. proposed a novel design procedure of broad-band multilayer antireflection
coatings for optical and optoelectronic devices in 1998. Asghar and his colleague has
modeled multilayer antireflection coatings in visible and IR bands to reduce

reflectance from various substrates in 2000s.

2.2.1. Computer Programming of Multilayer Coatings

The various methods for the synthesis of optical thin film systems with
prescribed properties are reviewed by Dobrowolski (1965). One general approach is
to refine numerically the properties of an initial system. In many problems, however,
the choice of a suitable starting design for refinement is not at all obvious. The
present paper describes a computer program for the completely automatic design of
optical thin film systems by evolution which does not require a starting design. Apart
from the specification of the desired optical properties of the system, the only input
data necessary are the refractive indexes of the substrate, the medium, and the thin
film materials that may be employed for the construction of the coating. Optical
properties that may be specified at present include transmittance, reflectance, phase
changes on transmission and reflection, and the first and second derivatives of these
quantities with respect to wave number and angle of incidence. Several examples are
given to illustrate the performance of this program. Ways are indicated in which this
automatic design program was improved further in the future papers. The program
was written in the Fortran language to facilitate its use on as many different
computers as possible and to safeguard it from the obsolescence of computing
equipment. It consists of a main program and a merit function subroutine program.
The function of the former is to control the input/output of data and to direct the flow
of the calculations. The subroutine program analyzes a multilayer coating and

evaluates the merit function.
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The reflection-transmission method for determining the optical constants of a
film on a substrate has been examined and a computer program for the solution of the
equation system has been written by Nilsson (1968). A new method involving only
transmittance data in a limited wavelength region has been worked out and has been
found to give accurate results. The computer program for this method gives directly
n and k curves from the transmission curve. In this paper only the intensity methods
at normal incidence is considered. The advantage of normal incidence is that
nonflatness and contamination of the surface do not greatly influence the result.
Further, those methods are non-sensitive to polarization effects of the optical system.
The functional dependencies of n and k on R, R, and T for a film on a transparent
substrate have been examined. Computer programs which compute the optical
constants from various combinations have been worked out. It has been found that
the combination of R and T is the best one. A method using only transmission data
has been described and a computer program worked out. It shows that the optical
constants obtained in this way are very accurate. This method gives results even
when the other methods do not converge.

Dobrowolski and Lowe (1978) investigated optical thin film synthesis
program based on the use of Fourier transforms. In Sossi's formulation of the Fourier
transform (FT) method of optical multilayer design the refractive-index profile is
derived for an inhomogeneous layer of infinite extent having the desired spectral
transmittance. This layer is approximated by a finite system of discrete homogeneous
layers. Because it does not make any assumptions about the refractive indices,
thicknesses, or number of layers, it is the most powerful analytical method proposed
so far. The method has been programmed for a computer and combined with other
numerical design procedures. With the program it is possible to design filters with
almost any desired transmittance characteristics using realistic refractive indices.
This has been accomplished in the computer program developed at the National
Research Council of Canada.

Dobrowolski and Piotrowski (1982) investigated refractive index as a
variable in the numerical design of optical thin film systems. The role of the

refractive index in the design of optical multilayer coatings is discussed. The theory
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of the Herpin equivalent-index concept is reviewed. New results are presented for an
extension of this concept. A computer program is described which automatically
transforms a multilayer design utilizing many refractive indices into a system based
on the use of two materials only. Experimental results are given to illustrate this. It is
shown how, by the use of Herpin equivalent indices, computation time during thin
film synthesis can be drastically reduced. It has been shown in this paper that the use
of Herpin equivalent-index layers during the method of synthesis by gradual
evolution leads to a reduction in computation time and therefore makes possible
solutions that could not be obtained otherwise. The behavior of quasi-symmetric
Herpin systems has been also investigated. A program has been described which for
normal incidence of light converts a multilayer system consisting of many materials
into a system made of two materials only but having equivalent spectral
characteristics. It is quite possible that most filters will be made this way one day.
The advantages of such an approach would be that one could employ material pairs
whose optical constants are stable and well-known, that have a low porosity, that
adhere well to the substrate, and, most important of all, are compatible with one
another by having stresses that are similar in magnitude but opposite in sign. It is true
that multilayer coatings of this type consist of more layers, some of which may be
quite thin, but it is certain that ways will be found soon to produce such systems
accurately.

A versatile method for determination of the optical constants is described that
can be applied to a variety of coating materials by Dobrowolski et al. (1983). It is
based on the use of an optical thin film synthesis program to adjust the constants of
dispersion equations until a good fit is obtained between measured and calculated
spectral transmittance and/or reflectance curves. The sensitivity of the determination
can be increased by a suitable combination of measurement quantities. Because more
than the minimum amount of data can be used, sensitivity to measurement errors and
the chances of obtaining multiple solutions can both be reduced. To illustrate the
method optical constants are determined of MgF,, ZnS, MgO, Inconel, and Si films

in the visible part of the spectrum and of indium tin oxide (ITO) films in the 0.4-12.0
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um range. It is used Single-Wavelength Methods, Multi-wavelength Methods, and
Present Method for dielectric films, metal films, and semiconducting films.

The inverse-Fourier-transform and flip-flop thin-film synthesis methods are
compared and contrasted by Dobrowolski (1986). Modifications to the flip-flop
method are described which make it useful even for the solution of problems that
require a large overall film thickness. The two methods were applied to a number of
difficult problems. They yielded solutions that were different but of equivalent
performance. When the inverse Fourier transform method is used to design a filter
with complex spectral reflectance characteristics, no assumption need be made about
the overall thickness of the filter. The method yields solutions based on thick and
thin systems with equal facility. The solution can consist of an inhomogeneous film,
or of multilayer based on many, or just two refractive indices. For best results the
primary solution should be refined. The use of several starting designs and refractive
index change directions in the flip-flop method reduces the chances of not finding a
solution to a problem. Nevertheless, of the two methods described in this paper, it
appears to be somewhat easier to foil. For example, the target curve corresponds to a
stack of nine alternate 74/4 layers of indices 2.35 and 1.35. The best result obtained
with the flip-flop method falls short of that specification. This was despite the fact
that the individual layers were /4 layers.

Dobrowolski and Kemp (1990) refined of optical multilayer systems with
different optimization procedures. Ten different optimization methods, representing
both local and global minimum seeking algorithms, were applied to the solution of
three different optical thin film design problems. Because all methods were
incorporated in the same thin film design program, and because a routine was
invoked that reads CPU time, the relative efficiencies of the various methods could
be compared directly. Name of used methods are: Adaptive Random Search,
Damped Least Squares, Modified Gradient, Golden Section, Hooke and Jeeves
Pattern Search, Basic Powell’s Conjugate Search, Rosenbrock’s Rotating
Coordinates, Generalized Simulated Annealing, Monte Carlo Simulated Annealing,

and Revised Nelder-Mead Simplex.
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Several errors inherent to the Fourier transform method for optical thin film
synthesis, including the inaccuracy of the spectral functions O(c) used in the
Fourier transform, are compensated numerically by using successive approximations
by Verly and Dobrowolski (1990). It is shown that the complex phase of O(c) is a

key parameter which can be exploited to reduce significantly the thickness of the
synthesized films and to control the shape of the refractive index profiles without
affecting the spectral performance. This method is compared to other well
established thin film design techniques. It is briefly reviewed the basic Fourier
transform method and Sossi's correction process. It is described the modifications
implemented in this version and the flow of the calculations in this computer
program. Numerical examples are tested. The effects of several optional parameters
are illustrated, and some limitations are pointed out. The performance of the process
1s compared with that of other well established techniques.

Li and Dobrowolski (1996) designed visible wide-angle, broadband
polarizing beam splitters based on thin-film interference. A method is described for
the design of a thin-film all-dielectric polarizing beam splitter in which the
transmittances for p- and s-polarized light are greater than 0.96 and less than 0.03,
respectively, throughout the spectral region extending from 0.40 to 0.70 um, and for
an angular field of 12° measured in air. The performances of known devices of this
type are briefly reviewed. Some results obtained with this method are then presented.
Finally, comments are made on the design of other, similar systems.

It has been shown that the method makes it possible to design wide-band,
wide-angle polarizing beams splitters. It should be possible to apply the same method
to find solutions to problems in which the spectral and angular properties required
and the degree of polarization are intermediate to the ones presented here and to
those of the MacNeille and Mouchart systems. Solutions based on other materials
should also be possible. In particular, better performances are expected with prisms
made of higher refractive index materials. When two identical beam-splitting prisms
of the type are placed in series, they form an efficient wideband, wide-angle

polarizer. A device of this type would therefore probably be of interest only for use
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with high intensity lamps, with which heat absorption is a concern. Although the
multilayer systems presented here are complicated, experience with monitoring
techniques that employ real-time reoptimization leads to believe that the manufacture
of such beam splitters is entirely feasible. The dispersion of the optical constants of
the coating materials would have to be allowed for in the final designs. Numerical
deposition simulations also indicate that there should be no problems in producing
such systems by quartz crystal monitoring. The results of such calculations for the
72-layer system for p- and s-polarized light are shown on an expanded scale. The
average merit function of the perturbed systems was 1.74, which represents a small
increase over thel.43 value for the original system.

An efficient first-order algorithm with an exact calculation of the gradients is
described and applied to the refinement of inhomogeneous dielectric thin films by
Verly et al. (1997). Numerical results calculated at normal and oblique angles of
incidence are correlated with an important mathematical theorem. It is shown that,
when appropriate conditions are satisfied, the synthesis process generates binary-type
solutions based on two materials, including classical multilayer.

Tikhonravov et al. (2006a) proposed new optimization algorithm for the
synthesis of rugate optical coatings, an interference coating based on a refractive
index that varies continuously in the direction perpendicular to the film plane. A
model of a rugate coating that takes into account production potentialities of the
Leybold Syrus Pro 1100 deposition system is presented. An efficient algorithm for
the synthesis of rugate coatings is proposed. Numerical results are also presented.
This algorithm does not imply any preliminary restriction on the shape of the rugate
refractive-index profile except for the restrictions connected with the range of
feasible refractive-index values. The algorithm enables one to perform a synthesis
procedure with regularization to obtain smoothly varying rugate refractive-index
profiles. It has been provided several examples to demonstrate that the proposed
algorithm can be used successfully for the synthesis of rugate coatings with quite
different target spectral characteristics. Classical rugate design problems can also be

solved by using the proposed synthesis approach.
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New optical coating design algorithm with the equivalent layers theory is
presented by Tikhonravov et al. (2006b). The algorithm is based on the merit-
function-constrained optimization in the accessible domain of equivalent phase
thicknesses and equivalent refractive indices. It allows for creation of design coatings
with sophisticated narrowband spectral characteristics. A core part of the proposed
algorithm is the replacement of a prototype design with equivalent phase thicknesses
and indices from the accessible domain by a two-component design with alternating
high- and low-refractive-index values. It was shown that in general this replacement
1s a non-unique procedure. It is believed that this non-uniqueness can be used as a

positive factor.

2.2.2. Computer Programming of Antireflection Coatings

An iterative correction process, recently incorporated into the National
Research Council of Canada Fourier-transform thin-film synthesis program, is
applied to the design of wideband antireflection coatings by Verly et al. (1992). This
type of problem is different from those solved in the past by this method. It cannot be
handled in a practical way without a correction process. It is considered in detail the
effects-critical for this application-of constraints on the refractive indices and overall
thicknesses of the solutions. This graded-index and multilayer designs have a
remarkable resemblance in performance and refractive-index structure to results
obtained by more conventional techniques. The Fourier-transform method is of
interest because of its speed and versatility. It is discussed the effect of several
important practical considerations on the Fourier-transform method: the constraints
imposed by the refractive-index range available for the film materials, and the
adjustment of the overall optical thicknesses. It is described the incorporation in the
numerical correction process of a subroutine that yields multilayer directly.

A new method for the design of antireflection coatings is described by
Tikhonravov and Dobrowolski (1993). A linearly constrained quadratic
programming optimization procedure is used to find an inhomogeneous layer

solution in the method. Because of a given overall thickness of the layer solution, it
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corresponds to the global optimum for the problem. The refractive-index profile of
this solution is then approximated by a two-material multilayer system that serves as
a starting design for further numerical refinement. It was presented the theoretical
basis for this method and discussed the effect of the various approximations made on
the solution. Four different antireflection problems are solved to illustrate this new
method.

There are many different methods for the design of AR coatings, including
the use of exact analytical expressions for the thickness or refractive indices of one-,
two-, or three-layer coatings for a single wavelength and angle of incidence. Other
approaches include vector methods, analytical methods based on series expansions,
numerical refinement and synthesis methods, and methods based on the inverse
Fourier transform. Here it is sufficient to state that the question of how close a given
AR coating is to the best possible coating has not been answered. This paper is a
contribution toward deriving an answer to this interesting question.

Tikhonravov et al. (1996) experience with the application of the needle
optimization technique to the design of optical coating is summarized. A physical
interpretation of the technique is provided, and its main features are identified.
Guidelines on the application of the needle optimization technique to various types
of design problems are given. Examples presented in this paper demonstrate that the
needle optimization technique is a universal synthesis technique applicable to the
design of all types of optical coatings. It is interesting to note that the mean-square
form of the merit function allows us to obtain results in the spectral region of interest
that have only small deviations in the desired spectral characteristics. It was found
that in all cases the reduction of ripples could be achieved by an increase in the
wavelength grid density beyond a certain level. For wide spectral bands it is usually
better to use nonuniform wavelength grids that are denser for shorter wavelength
values (uniform in frequency space).

Dobrowolski and Sullivan (1996) investigated a universal antireflection
coatings for substrates the visible spectral region. It is possible to design normal
incidence antireflection coatings that reduce the reflectance of any substrate with a

refractive index that lies in the range of 1.48 to 1.75. The performance of such
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coatings depends on the width of the spectral region over which the reflectance is to
be suppressed, on the coating materials used for their construction, and on the overall
optical thickness of the layer system. For example, the calculated average spectral
reflectance of a set of six different substrates with refractive indices 1.48, 1.55, 1.60,
1.65, 1.70, and 1.75 when coated with a 0.56-um-thick, eight-layer antireflection
coating designed for the 0.40-0.80-um spectral region, was 0.34%. This is higher
than the average reflectance that is accessible with a conventional antireflection
coating of similar optical thicknesses designed for a particular refractive index.
However, it is an acceptable value for most applications. With the universal type of
antireflection coating described, it is thus possible to coat a number of different
refractive-index substrates in one deposition run, and it can result in considerable
cost and time savings.

Mathematical and computational evidence that strongly suggests that optimal
solutions exist to single-band, normal-incidence antireflection coating problems is
presented by Dobrowolski et al. (1996). It is shown that efficient synthesis and
refinement techniques can quickly and accurately find such solutions. Several visible
and infrared antireflection coating examples are presented to support this claim.
Graphs that show the expected optimal performance for different representative
substrates, refractive-index ratios, wavelength ranges, and overall optical thickness
combinations are given. Typical designs exhibit a pronounced semiperiodic
clustering of layers, which has also been observed in the past. Explanations of this
phenomenon are proposed.

A novel design procedure of broad-band multilayer antireflection (AR)
coatings for optical and optoelectronic devices is proposed by Lee et al (1998). The
design algorithm is based on the optical admittance detuning, with the bandwidth of
finite reflectivity as a new merit function. Coating structures consist of only two
materials with nonquarter-wave thicknesses. Numerical mappings on the
optimization of the four-layer AR coating using TiO, and SiO, showed that there are
four candidate regions realizing broad bandwidths. Specifically for a 1.55-pm
GalnAs/AlGalnAs MQW semiconductor laser facet, the bandwidth as broad as

106nm for R<10” was predicted. Preliminary experiments on the four-layer AR
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coating on glass and InP substrates showed the broad-band performance of the new
design. For the glass and InP substrates, the bandwidths of about 217 and 185 nm
were estimated for R<10™ by curve fitting the spectrophotometrically measured data.
Although further refinements of the evaluation technique is needed, the results
obtained here indicate that this design procedure is a promising approach to high-
quality AR coatings.

A digital search technique based on the flip—flop method was applied to
design a broadband antireflection coating using very thin high-, middle- and low-
index layers by Liou (2002a). The optical performance of the average reflectivity
over the visible region (from 400 to 750 nm) was 0.19%, which yielded a better
result than the design using only very thin high- and low-index layers.

Liou (2002b) have designed broad-band normal-incidence antireflection
coatings over the visible spectral region for a set of eight various substrates with
indices 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784. It is shown that the
calculated average reflectance of the eighty-layer flip—flop antireflection coating
design for substrates over the 400—750 nm spectral region can be reduced to less than
0.34%.

A design procedure of a broadband multiplayer antireflection coating is
proposed by Liou (2003). The design algorithm based on the flip-flop operation of
the indices of layers is used first, and the tuning operation of the thickness of layers
is applied afterward to improve the performance and to simplify the structure of the
final solution. The final design, obtained by the flip-flop tuning search technique of a
three-material 100-layer system starting with low indices for all layers, is a nine-
layer structure, and the average reflectivity over the visible spectral region is reduced
to lower than 0.16%. It is shown that the structure designed by three-material flip-
flop tuning is much simpler and its performance is better compared with the AR
coating design obtained by the flip-flop synthesis method.

Lorch (2003) investigated theory and measuring of antireflection coatings.
The characterization of antireflection (AR) coatings is not trivial. A preferred
measurement method is the Hakki-Paoli method. But for broad-areca lasers, an

advanced method has to be used. One way is the measurement of the spectrally
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resolved far-field; another is the use of single-mode ridge-waveguide lasers.
Different AR coatings in the range of 10'—10™* (fabricated by ion-beam sputter
deposition) have been deposited on single-mode lasers and characterized
successfully.

Asghar et al. (2003a) analysed modeling high performance multilayer
antireflection coatings for visible and infrared (3-5 pm) substrates. Multilayer
antireflection coatings have been modeled in visible and IR (3-5 pm) bands to reduce
reflectance from glass, germanium (Ge), silicon (Si) and zincselenide (ZnSe)
substrates. The transmittance of bare glass substrate is around 95% whereas for Ge
64%, Si 70%, ZnSe 84%. These values are enhanced reasonably by the application of
multilayer films. Starting from a single layer, the layers have been added
systematically forming multilayer structures to reduce reflectance considerably with
each increasing layer. The designed layers are optimized for their performance by
varying their thickness and refractive indices. The analysis of these modals has
shown that the proposed multilayer structures are very effective in reducing the
reflectance for all the substrates in two spectra.

Multilayer antireflection coatings have been designed and analyzed computer
aided in visible spectrum by Asghar et al. (2003b). Multilayer antireflection coatings
have been designed in visible spectrum (0.4-0.7 p) to reduce the reflectance from a
glass substrate (n=1.52). The transmittance of bare glass substrate is around 95%,
which can be enhanced to ~99% for each optical component over the entire
spectrum, for specific applications. Starting from a single layer, the layers have been
added systematically to reduce the reflectance by the addition of each layer. A
software code has been developed based upon the complex matrix calculation theory
to design and analyze the multilayer thin film configurations on glass substrate. Care
has been taken in the selection of coating material to ensure the use of materials,
which are common in thin film industry world over. The designed layers are
optimized for their performance by varying their thickness and refractive indices.
The analysis of designed multilayer coatings has shown that the performance of these
coatings has been considerably improved by an appreciable amount with an increase

in the number of layers in a systemic manner.
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Reflective and antireflective coatings were designed and simulated by Duyar
and Durusoy (2004). Optical transmission and reflection values were deduced with a
matrix formulation via a personal computer. It was found that the number of layers
affects the optical performance. The width of the high-reflectance region in the
reflectance curves decreases, while its height increases with the increasing number of
layers for the reflective coating design. The antireflection coatings transmit about
99.89% in a broad high-pass band at the central wavelength of 1,450 nm. In
addition, simulated Fabry-Perot filters result in a single sharp transmittance peak at
the desired central wavelength. The half-width of the transmission band at central
wavelength decreases and its peak height increases with the increasing number of the
coated layers.

A search algorithm based on tuning iteration has been applied to design the
normal-incidence broadband visible antireflection coating for crown glass substrates
by Liou (2004a). It was shown that the average visible spectral reflectivity of the 40-
layer tuning iteration designs was reduced to within approximately 0.067-0.077%
with the structure of the final solutions reduced to about 10—12 layers.

A design procedure, based on the flip-flop tuning search algorithm, is applied
to design universal visible antireflection coatings for various substrates with indices
1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784 by Liou (2004b). The universal
broadband antireflection coating designs obtained by the flip-flop tuning method for
a two-material and a three-material system with 80 sublayers of 300 nm thickness
starting at high index and middle index lead to 10-layer structures, and the average
reflectivity of these designs for the eight different substrates over the entire visible
spectral region (400-750 nm) decrease to lower than 0.199% and 0.201%,
respectively. Although the antireflection performance for each substrate is somewhat
less than the optimum, it is acceptable for most applications.

A simple straightforward design algorithm based on the tuning iteration
search is applied to design universal visible antireflection coatings for substrates with
indices in the range of 1.45 to 1.784 by Liou (2004c). The method uses a two-
material multilayer system starting with a binary code of alternating high and low

indices and with all sublayers initially set at equal physical thickness. The
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thicknesses of all layers are subsequently tuned one by one and one at a time to
improve the average reflectivity over the visible spectral region until the
antireflection performance stabilizes. It is found that the 30-layer tuning iteration
designs for visible antireflection coating for a set of eight different substrates with
indices 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784 lead the final designs to 10—
12 layer structures and the average visible spectral reflectivities for the substrates are
reduced to approximately 0.173-0.190%. The visible AR performances for each
substrate are less than the optimum values but are acceptable.

A design algorithm based on the minimizing search technique was proposed
for designing the normal-incidence wideband visible or wideband infrared multilayer
antireflection coating by Liou (2004d). The method utilized a tuning operation of the
thickness of sublayers first, and then refined the antireflective performance and
simplified the design by a layer minimizing operation. It was shown that the average
visible spectral reflectivity of three-material thirty-layer and two-material thirty-layer
minimizing search antireflection coating designs for glass substrates were reduced to
less than 0.054% and 0.056% with a 12-layer structure, and the average infrared
reflectivity of a two-material forty-layer minimizing search antireflection coating
design for a germanium substrate over the broadband spectral region of 7.7-12.3 pm
was reduced to less than 0.488% with a 22-layer structure.

A design method based on the minimizing search algorithm was applied to
create universal wideband visible antireflection coating designs for commonly used
substrates with refractive indices ranging from 1.45 to 1.784 by Liou (2004¢). The
minimizing search algorithm consists of a tuning operation of sublayer thickness and
an eliminating operation of sublayers, which can refine the mean visible
antireflection performance and simplify the design structure of the desired solution.
It was shown that the two material 30-layer minimizing search for universal
wideband visible antireflection coating designs of a set of eight different substrates
with refractive indices of 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784 were
reduced to 12-layer structures and the average reflectivity for the eight different
substrate systems over the visible spectral region were very coincident and were

reduced to lie between 0.172—0.173%.
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A simple straightforward method for achieving a wideband antireflection
coating design over the visible spectral region was proposed by Liou (2004f). The
design procedure utilized the tuning operation of the thickness of a two-material
multilayer system first, and the exchanging operation of layers was applied afterward
to refine the visible antireflection performance and simplify the design structure. An
additional iteration process was used for the further improvement of the
antireflection performance. It was shown that the two-material 30-layer iteration
exchanging search for an antireflection coating design over the 400—750 nm spectral
region was reduced to 16-20 layer structures, and their average visible spectral
reflectivity were very good and reduced to approximately 0.032-0.033%.

A design algorithm based on a modified minimizing search technique is
applied to design a visible antireflection coating for a wide angular incidence with an
angle up to 30° from the normal by Liou and Liu (2005a). The design approach
consisting of tuning and minimizing operations is effective in refining the
antireflective performance and simplifying the design structure of the desired
solution. It is shown that the maximum wide angular visible spectral reflectance of
minimizing search antireflection coating designs for a three-material 60 layer system
is reduced to less than 0.490% with 15-21 layered structures, and the average visible
spectral reflectance for each incident angle is reduced to below 0.137%.

A design algorithm, based on the exchanging search technique, was used for
optimizing the visible antireflection coating design of substrates with refractive
indices ranging from 1.45 to 1.784 by Liou and Liu (2005b). In this method, a tuning
operation for the layer thicknesses of a two-material multilayer assembly was first
carried out, followed by an exchanging operation for further refining the visible
antireflection performance and simplifying the design structure. The average visible
reflectivity of two-material thirty-layer exchanging search universal antireflection
coating designs for a set of eight different substrates with indices 1.45, 1.50, 1.55,
1.60, 1.65, 1.70, 1.75 and 1.784 were reduced to approximately 0.172—-0.174% with
12-14 layer structures.

A jumping search method is applied to the design of a normal-incidence

antireflection coating for the 400-750 nm spectrum regions by Liou (2005). A search
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algorithm that includes jump turning and optimal elimination is successively used to
optimize the visible antireflection performance and to simplify the design structure.
This method first makes use of layer-thickness jump tuning to reduce the visible-
spectrum reflectivity and second uses an optimal elimination operation to reduce the
layer number in order to simplify the design structure and further refine the AR
performance of the system. The dispersion of optical constants and/or the slight
aborting of the coating materials and substrate medium are taken into account in the
calculations of the search process. It is shown that the average visible reflectivity of
the jumping search antireflection coating designs of a two-material 40 layer system is
reduced to approximately 0.064-0.079%, and the final designs are reduced to 14-16
layered structures.

Antireflection coatings (ARC) have been modeled and experimentally
prepared for optical and electro-optical applications in the visible spectrum (0.4-0.7
um) to reduce reflections from the surface of glass by Asghar et al. (2005).
Reflection of BK7 bare glass substrate varies from 3.5 to 6.0% over the desired
spectrum. This value is reduced reasonably by integrating multilayer thin films,
based on dielectric materials, behaving as ARC. Three different three-layer
configurations are deposited on glass substrate. The reflection profiles of theoretical
and experimental curves are compared and analyzed to demonstrate the use of these
multilayered structures. The physical parameters and deposition conditions of the
three configurations are optimized before multilayer deposition. Matrix calculations
determine the spectral transmittance and reflectance profile for multilayered
structures on a substrate. Based on the matrix theory, it has been developed a
software program to design and simulate the performance of multilayer coatings. The
software is developed in visual C++. Basic parameters like individual layer
thickness, design wavelength, refractive index of the layer, extinction coefficient,
incident angle and spectral range are given as input to the software. The program
then generates the out put in tabular and graphical form in terms of transmittance,
reflectance and absorptance profiles. These input parameters can be varied to

optimize the results and to carry out necessary variations in the design.
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A jumping search algorithm is applied to achieve a broadband visible
antireflection coating design for a wide-angular-incidence with an incident angle of
up to 45° from the normal by Liou (2006). It is shown that by the jumping search, the
wide-angular visible AR coating designs of a two-material 20 layer system are
reduced to 14 layer structures and their visible AR performances for the wide-
angular-incidence range are highly comparable to each other. The maximum visible
spectral reflectance of the final designs for incident angles lying in the range of 0-45°
is reduced to less than 0.869% and the maximum average visible spectral reflectance
for every incident angle is suppressed to lower than 0.646%.

Two challenging optical thin-film filter design problems were devised for the
2004 Optical Interference Coatings topical meeting of the Optical Society of
America by Tilsch et al. (2006). A total of 25 submissions were evaluated in the OIC
2004 Optical Filter Design Contest. A manufacturable, broadband, broad-angle
antireflection (AR) coating for the visible (13 designs submitted) and a minimum-
shift immersed short-pass filter (12 designs submitted) were the subjects of the
design contest held in conjunction. Under the specified constraints, the broadband,
broad-angle AR coating could be made more than 65 nm wide. The statistical
stability of manufacturing simulations is discussed. The short-pass filter could
operate up to a +£5.5° angular range. The submitted designs are described and

evaluated.

2.3. Applications Towards Image Converter

In this review the characteristics of a coherent IR image converter for
different materials are given. New models of incoherent-to-coherent IR image
converter based on variant materials are discussed. Some recent results are
summarized.

An experimental procedure is described by Schow et al. (1983). This
procedure involves measurement of threshold values of infrared and upconverted
powers for evaluating the quantum efficiency of a parametric upconverter. The

threshold method is employed to determine the efficiency of a dye laser proustite
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upconversion system. A new procedure of measuring efficiency with higher
sensitivity is presented i.e., there are no requirements for using focused or high
intensity beams. Furthermore, this technique can be used for determining the
efficiency of systems designed for single beam or image upconversion. Such systems
preferably employ image intensifiers rather than photomultiplier tubes for detection
of the upconverted light. A threshold technique for measuring the quantum efficiency
of a parametric upconversion system had illustrated. The method is particularly
useful since the theoretical efficiency may be different from the actual value by
several orders of magnitude.

Notni et al. (1992) reported a novel scheme for an incoherent-to-coherent
converter by means of the selective erasure of the random dynamic gratings created
by the beam-fanning process in BaTiOs;. Furthermore, the spatial resolution
properties of a two-wave mixing incoherent-to-coherent converter are discussed in
the geometrical limit, and using the two-dimensional two-wave mixing theory.
Compared with using four-wave mixing (FWM) or two-wave mixing (TWM) this
configuration is simpler. In order to investigate the resolution limits and degradation
mechanisms of a TWM the photorefractive incoherent-to-coherent converter
(PICOC), two-dimensional (2D) coupled-wave theory of TWM was used. A strong
image distortions (asymmetric peaking) in the case of gain coefficients /yd>4 is
founded. It is demonstrated that the resolution of a TWM PICOC is limited by a
geometrical factor (inclination of the incoherent to the coherent beam) and by the
erasure-contrast ratio.

A photorefractive incoherent-to-coherent optical converter (PICOC) is
demonstrated by Sun et al. (1998); conversion is accomplished by anisotropic self-
diffraction in BaTiOs. The set up of the PICOC is easy, and only two writing beams
are required. The diffraction efficiency reaches 50%, and resolution is 22 line pairs
(Ip)/mm in a typical-size crystal. Further, the resolution reaches 40 lp/mm when a
BaTiO;: Rh crystal of thickness 1.2 mm is used, and the diffraction efficiency is as
high as 51%. The resolution of the PICOC can be increased effectively by reduction

of the crystal thickness with no penalty for low diffraction efficiency.
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Zhang et al. (1999) proved that high-resolution incoherent-to-coherent
conversion can be carried out in an incoherent-to-coherent converter based on the
photorefractive fanning effect. It was improved the resolution in two ways; one was
to use a high-quality imaging system, and the other was to use a heavy doping
crystal. Because the output coherent image has the same direction as the incident
coherent beam, and thus the resolution is not limited by the grating diffraction. A
resolution as high as 90.5 line pairs/mm in this experiment was obtained. The
transmittance of the coherent beam relative to the intensity of the incoherent beam
was measured. When the intensity ratio f of the incoherent beam to the coherent
beam was less than 3, the noise and instability increased and the resolution
decreased. It has been also demonstrated the ability of the method to convert an
image with gray levels. From the experimental results it is believed that this method
i1s effective for incoherent-to-coherent image conversion with gray levels. The
resolving power with respect to the interaction length was also estimated
theoretically by the Fourier optics method. The numerical results agree well with the
experiments.

Wang et al. (1999) presented a new approach to incoherent-to-coherent
optical conversion by means of azobenzene liquid-crystalline films. A new approach
to incoherent-to-coherent optical conversion based on the erasing locally of the
photo-induced birefringence is reported. The employed sample is an azobenzene
liquid-crystalline film. This film possesses photoinduced birefringence of large
magnitude and the characteristic of long-term optical storage. A steady birefringence
is induced in the sample by linearly polarized light and then erased locally by an
incident incoherent image. The coherent image is read from the film placed between
two crossed polarizers with a He-Ne laser beam. The obtained coherent image is a
negative replica of the incident scene. The incoherent-to-coherent image conversion
by means of azobenzene liquid-crystalline films was realized. The spatial resolution
of the readout coherent image is 31 lines/mm.

Salamov and Gtinen (2001a) researched the mechanisms of non-silver image
recording in an infrared image converter with a semiconductor photodetector. In this

study the influence of a low pressure discharge on the mechanisms of the image
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recording on metallic Bi film (i.e. non-Ag photography) in an infrared image
converter with a GaAs semiconductor photodetector is investigated. A part of the
discharge energy is transferred to the electrodes of the system by the bombardment
of the electrodes surface due to electron-ion flow. This process leads to the sputtering
mechanisms of the electrode surface material. The analysis showed that the image
formed on Bi film during discharge exposure was due to the formation of Bi,O3 on
the surface. It is shown that, for the first time, the image recording on Bi film was
primarily due to the effectiveness of sputtering and physicochemical interactions in
the discharge gap during the transition from the Townsend discharge to the glow
discharge type. Scanning electron microscopy analysis of the sputtering pits showed
that the density of the sputtered material depends on the energy of the bombarding
charged particles. This dependence can be explained by the assumption that
effectiveness of sputtered process is proportional to the densities of both the electron
and ion current and the stream of sputtered particles leaving the electrode surface.

Salamov et al. (2001b) developed coherent infrared image converter based on
GaAs and Bi;3SiOy (BSO) crystals. A new model of incoherent-to-coherent IR
image converter based on a GaAs photoconductor joined to an electro-optic (EO)
BSO crystal has been analyzed theoretically and experimentally. The possibility of
field transfer from the photoconductor to the EO crystal under infrared (IR) radiation
sufficient for realization of the EO (Pockels) effect in the EO crystal was assessed.
Based on the electric field parameters and parameters of the photoconductor and EO
crystal, the threshold sensitivity of the converter was estimated. The experimental
photoconductor-EO crystal structure by which IR radiation (0.9-1.5 pm) was
converted into coherent visible radiation was obtained on the basis of theoretical
calculations. The measured threshold sensitivity of the converter, 510" W/em?, was
found to be in the limits of theoretical estimation. The good recognition results
suggest that the advantages of this device, such as good grey-level reconstruction,
make it an effective coherent infrared image converter.

Kurt et al. (2001) made an analysis of the image homogeneity in an
ionization-type infrared image converter using the fractal dimension. This paper

analyses the image homogeneity realized by recording the spatial distribution of the
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gas discharge light emission in an ionization-type infrared (IR) image converter with
a gallium arsenide semiconductor photodetector. The image of the photodetector
material which contains the internal inhomogeneities is studied thoroughly at the
optimum converter condition in order to image the large-diameter photodetector
plates (100 mm) for nondestructive analysis. The analysis of the image homogeneity
is determined by the fractal dimension of the gas discharge light emission when a
current is passed through a converter cell. The images are analyzed using both the
profile and spatial distribution light emission intensity data showing the internal
inhomogeneity in the photodetector plate. Thus, by using the fractal concept, the
image quality of the high resistivity photodetector plate can be assessed exactly and
the size and location of the internal inhomogeneity in the photodetector plate can be
ascertained. With the advent of sophisticated computer technology, conventional
inspection methods can be replaced with imaging system. An effective imaging
system must be compact and reasonably economic and have good contrast resolution,
simple operation and routine availability. Relating to advances an image production,
determination of the image quality is vital in defining the most appropriate physical
parameter of the imaging system, making it possible to obtain, for instance, better
contrast resolution, a less hazy image and a homogeneous appearance. Thus, in
addition to the conventional image analysis methods, the fractal dimension method
has been applied to identify the surface inhomogeneity of a photodetector plate. The
fractal dimension method has been used to analyse quantitatively the image structure
in an ionization-type IR image converter with a gallium arsenide semiconductor
photodetector.

Incoherent-to-coherent conversion by use of the photorefractive beam-
fanning effect and amplification by two-wave coupling have been demonstrated
experimentally in a photorefractive Ba;SrTiO3 crystal by Qiu et al. (2001). The
converted coherent image is amplified by 60x for a coherent coupled beam of an
average intensity of 300 mm/cm”. The resolution of the amplified coherent image is
~28 line pairs/mm for an incoherent beam with an intensity of a few milliwatts per
square centimetre. A notable advantage of the method is that incoherent-to-coherent

conversion and coherence amplification of the converted coherent image are realized
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simultaneously in a photorefractive crystal. In this method there are three beams: an
incoherent beam and two uniform coherent beams (a coherent read beam and a
coherent coupled beam). When the extraordinarily polarized coherent read beam is
incident upon a photorefractive Ba; «SryTiO;3 crystal, the intensity of its transmitted
beam is very weak because of the photorefractive beam-fanning effect. When the
incoherent beam is incident into the coupled region of the beam fanning, this coupled
region is modulated by selective erasure. This results in the generation of a coherent
positive replica of the incoherent image in the transmission of the coherent read
beam. At the same time, if an extraordinarily-polarized coupled beam is directed into
the region behind the coupled region of the beam fanning and interacts with the
converted coherent image, the converted coherent image is enhanced by two-wave
coupling.

Salamov et al. (2002) has analyzed theoretically and experimentally the new
model of incoherent-to-coherent infrared (IR) image converter based on a GaAs
photoconductor joined to an electro-optic (EO) Bi;,S10, crystal. The possibility of
field transfer from the photoconductor to the EO crystal under the IR radiation
sufficient for realization of the EO (Pockels) effect in the EO crystal was assessed.
Based on the electric field parameters and the parameters of the photoconductor and
EO crystal, the threshold sensitivity of the converter was estimated. IR radiation (0.9-
1.5 um) was converted into the coherent visible radiation by the experimental
photoconductor—EO crystal structure. This photoconductor—EO crystal structure was
obtained on the basis of theoretical calculations. The measured threshold sensitivity
of the converter, 5 107 Wcmfz, was found to be in the limits of theoretical estimation.

Kurt et al. (2002) investigated filamentation of light emission in an infrared-
visible image converter with a semiconductor photodetector. This work studies the
light emission patterns associated with the spatial modulation of the transversal
distribution of the current density in a converter cell with a GaAs semiconductor
cathode. Such light emission exhibits spatial structures of current filaments
depending on the feeding voltage, illumination intensity, gas pressure and the surface
treatment of the electrodes. When the current is increased above the stable limit,

breakdown or small current filamentations begin. However, n-GaAs exhibits an S-
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shaped current-density-field relation due to impact ionization of carriers from
shallow donors into the conduction band under high electric fields. The assessment
of the filament formation is then based on analysis of the discharge light emission,
recorded through a transparent anode. The filamentation was primarily due to the
formation of a space charge of positive ions in the discharge gap. This changed the
discharge from the Townsend to the glow type. Studies of the characteristics of such
systems showed that current and light emission filamentation are strongly affected by
the resolution of the IR images. By irradiating the semiconductor cathode with IR
light it is possible to displace the filaments spatially. The width and the light density
of the filaments are almost the same for a certain parameter set. The filament shape
does not change with the system parameters. The results obtained can be used to
improve the output characteristics of converters.

Salamov (2003) discussed dependence of the characteristics on the structure
of a coherent infrared image converter. The characteristics of a coherent IR image
converter that uses electro-absorption in a GaAs photoconductor (PC) and the
electro-optic (EO) Pockels effect in a Bi;,Si0,9 (BSO) crystal has been analyzed
theoretically and experimentally. An experimental PC-EO crystal structure was
obtained on the basis of theoretical calculations. IR-radiation (0.9-1.7 pm) can be
converted into coherent visible radiation by this PC-EO crystal structure. The
measured threshold sensitivity of the converter, 510 W/cmz, was found to be
comparable to theoretical estimates. The limiting resolution of the readout image was
about 10 Ip/mm. The contrast ratio depends strongly on the change in the absorption
coefficient and on the thickness of the GaAs PC. The change in the absorption
coefficient is estimated by use of the quadratic equation of an applied electric field
that is not excessively strong. Under this condition, an optimum thickness of the
GaAs PC that will yield the maximum contrast ratio can be determined.

A new model of incoherent-to-coherent IR image converter based on a GaAs
photoconductor (PC) joined to an electro-optic (EO) Bi;,S10,9 (BSO) crystal has
been analyzed theoretically and experimentally by Salamov B.G. et al. (2003a). The
possibility of field transfer from the PC to the EO crystal under the infrared (IR)
radiation sufficient for realization of the EO (Pockels) effect in the EO crystal was
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assessed. Based on the electric field parameters and the parameters of the PC and EO
crystal, the threshold sensitivity of the converter was estimated. The experimental
PC-EO crystal structure was obtained on the basis of theoretical calculations. IR
radiation (0.9-1.5 pm) was converted into the coherent visible radiation by this PC-
EO crystal structure. The limiting resolution of readout image was about 10 Ip/mm.
The measured threshold sensitivity of the converter, 5 10 W/cmz, was found to be in
the limits of theoretical estimation. The results indicate that this device has the
potential for use in a high-speed, high-contrast optically addressed spatial light
modulators.

Salamov et al. (2003b) searched the spatial homogeneity of a large-diameter
(100 mm) photodetector surface realized by recording the spatial distribution of the
gas discharge light emission (DLE) in an ionization-type infrared image converter
(ITIIC) with a GaAs photodetector. Analysis of the surface homogeneity is
determined by the fractal dimension of the gas DLE when a current is passed through
a converter cell. Fractal dimension estimation is found to be a powerful method
because it enables both a non-destructive testing facility and use of the whole surface
area of the photodetector surface in three dimensions. The effect on the roughness of
the photodetector surface through plasma chemical processes at different
experimental conditions was established. The effectiveness of the desorption process
is proportional to the densities of bombarding particles as well as the stream of
desorpted particles leaving the cathode surface. The surface images of the etched
photodetector are analysed using both the profile and spatial distribution DLE
intensity data showing the surface inhomogeneity in the photodetector plate. It is
quantitatively concluded that plasma etching at certain experimental conditions can
cause an improvement in surface homogeneity of the photodetector and spatial

distribution DLE and ITIIC.

43



3. MATERIAL AND METHOD Filiz KARAOMERLIOGLU

3. MATERIAL AND METHOD

3.1. Material

3.1.1. Principles of Ferroelectrics

We have to choose a material that is sensitive to temperature in this study.
This type of material is pyroelecric [polar] material which is responsive to
temperature. This material possesses a spontaneous electric polarization, Ps. The
permanent electric dipole moment possessed by all pyroelectric materials may be
reoriented by the application of an electric field. Internal electric field continues very
long and do not vanish in a short time. Material is to be nonconductive, that is,
internal electric field must be different from zero. Such materials are called
ferroelectric. All ferroelectric crystals are necessarily both pyroelectric and
piezoelectric. All pyroelectric materials are also piezoelectric. Many lose these polar
properties at the transition or at Curie temperature, 7.. A nonpolar phase above 7. is
the so-called paraelectric phase. Phase transition is very high in this type of materials
1.e. ferroelectric materials pass from ferroelectric phase to paraelectric phase at very
high temperatures. In summary, our material must be perfect insulator, be permanent
and possess high polarization (spontaneous polarization is different from zero).
LiNbOs possesses all these characteristics. In other words, LiNbOs is pyroelectric at
room temperature, possess high transition temperature (1480 K), and possess high
saturation polarization (50 nC/cm?); and permanent polarization value of LiNbOj; is
P=70 pC/cm®.

All features of ferroelectric materials are described in details below.
3.1.1.1. Characteristic Properties of Ferroelectrics
Ferroelectrics are materials which possess a spontaneous electric polarization

P; which can be reversed by applying a suitable electric field £. This process is

known as switching, and is accompanied by hysteresis (Figure 3.1). In many ways
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these materials are electrical analogues of ferromagnetics, in which the
magnetization (/) may be reversed by a magnetic field (/). In some practical ways
ferroelectrics differ from ferromagnetics, and in their fundamental mechanisms they

are totally different (Burfoot, 1967).

(a)

Figure 3.1. (a) Ferromagnetic and ferroelectric hysteresis loops, schematic.
(b) shows also the half-pulse and the full read-pulse used in matrix stores
(Burfoot, 1967).

Ferroelectrics are all solids, and all are non-metallic. The properties of a
ferroelectric are most simply studied when the material is in ‘single-crystal form’.

Three properties of ferroelectrics are their reversible polarization, their
‘anomalous’ properties and their non-linearities. Most ferroelectrics cease to be
ferroelectric above a temperature 7 known as the ‘transition temperature’ (The
characteristic temperature appearing in Curie-Weiss Law is written 7., while T
means the transition temperature, and is not called ‘Curie temperature’). The
anomalous behaviour near 7} is probably as significant as the reversible polarization,
but it is not definitive of a ferroelectric. The permittivity & rises sharply to a very
high peak value at the temperature 7); the very high values in this neighbourhood are
referred to as anomalous values (See Figure 3.2). The permittivity values of most
ferroelectrics are high even in temperature regions not close to 7. The permittivity

can be found by putting a pair of electrodes on the crystal and using any suitable a.c.
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method of measuring the crystal capacity. The corresponding susceptibility # is given

by the slope of the short, thick line B in Figure 3.1 (b). The relation is

e=1+4rn (CGS units)
[e=&,+1 (MKS units)]

where &, the permittivity of free space, has the value 8.85.107'%. These are
incremental values, not to be confused with the value of a slope such as 4 in Figure
3.1 (a slope 4 would give the value of P/E; its value would depend very strongly on
E, and would embrace negative values) (Burfoot, 1967).

Above the transition temperature 79, the anomaly is frequently of the Curie-

Weiss form

to a good approximation. C is known as Curie constant. ¢ falls off rapidly below 7.
The value 7. usually coincides with 7, in materials with first-order transition. In
other materials 7, is a few degrees below 7). In some cases (for example, alums), the
gvalues are not so high, and in others (for example, ammonium sulphate) the form of
the anomaly above 7} is not even approximately Curie-Weiss.

The dotted line in Figure 3.2 (a) gives an example of anisotropic dielectric
behaviour. In some cases not all components of & exhibit anomalies. That is, there
may be no anomaly when the electroded faces of the crystal are in certain directions
relative to the crystal axes (Burfoot, 1967).

The anomalous peak does not demonstrate conclusively that a particular
material is ferroelectric. There are many other possible causes of such peaks. Figure
3.2 (a) and (c) show transitions which are first-order and second-order respectively.

In practice it is not easy to distinguish first-order from second-order transitions; it is
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difficult to say experimentally to what extent the transition is isothermal. Figure 3.2
shows the associated peaks in permittivity. If there is any out-of-phase response of

the polarization to the measuring a.c., this implies dielectric loss (Burfoot, 1967).
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Figure 3.2. Susceptibility (upper diagram) and polarization (lower diagram), to show
the electric anomaly and the order of transition, respectively. The letter
on the curves shows the crystal direction in which the susceptibility was
measured; there may be no anomaly in other directions. The diagram
shows the logarithmic value. 7, is in the direction perpendicular to the
spontaneous polarization (Burfoot, 1967).

The dielectric non-linearity is a significant characteristic of ferroelectrics. If
the polarization created by an applied field £ does not remain proportional to £ as it
increases, then an a.c. measurement of the permittivity will differ as the magnitude of
the measuring voltage changes. Another practical expression of this concerns
measurements made with sufficiently small measuring voltages, but with
superimposed bias voltage. The measured permittivity changes with change of bias,
because the slope ¢ in Figure 3.1 (b) differs from the slope b. Examples of this
change, above 7T, are shown in Figure 3.3. In studies of the underlying physics it is
of more concern to express the non-linearity as a function of P. The non-linearity

turns out to be very fundamental to ferroelectricity (Burfoot, 1967).
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Figure 3.3. Non-linear permittivity in barium titanate, theoretical. The permittivity
falls again for bias exceeding on kVem™ (Burfoot, 1967).

Figure 3.1 above shows the process of switching. This hysteresis loop is
usually displayed on an oscilloscope by means of a Sawyer Tower circuit (1930),
(Figure 3.4). The most convenient specimen is a wafer-shaped crystal in which the
polarization is directed through the thickness. Electrodes are evaporated on to the
faces. The applied a.c. signal must be large enough to switch the crystal. The field is
E=V/d, where V is the applied voltage and d is the crystal thickness (Burfoot,
1967).
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Figure 3.4. Sawyer Tower circuit for the display of the hysteresis loop. C may be
100pf (Burfoot, 1967).
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The small impedance of the capacitor C scarcely reduces the signal applied
across the crystal, so that the signal on the x-plates of the oscilloscope is proportional
to E. Polarization, which is defined as the dipole moment per unit volume, is also
equal to the surface charge per unit area if the electrodes are perpendicular to the
polarization. Therefore, during switching, the charge released on the crystal surface
at any instant is AA, where A is the electrode area and A is the change of P which has
taken place at that instant. The instantaneous current, per unit area of each electrode,

is i =dP/dt . The capacitor integrates this current so that the voltage on the y plates
at any instant is AA/C . The oscilloscope display is then a loop such as that shown in

Figure 3.1 (b) (Burfoot, 1967).

If the series capacitor is replaced by a small series resistor r, the voltage
across r will represent the switching current transient i(z), which can be displayed on
the oscilloscope, a convenient time base being used for the x signal. This function i(?)
depends on the field value, so that the transient produced by a sinusoidal applied
voltage is not very informative. Instead, a field is used which rises instantaneously to
a fixed value E. The ‘square’ wave shown in Figure 3.5 (b) will give repetitive
switching as shown, each transient being characteristic of the value E. The transient

can then easily be displayed, as in Figure 3.5 (a), for detailed study (Burfoot, 1967).

(@

Figure 3.5. Switching transients. Showing characteristic parameters i and #. The
current density is 7 (Burfoot, 1967).
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The switching time ¢, (Figure 3.5 (a)) are defined rather arbitrarily. For
example, it is often taken to be the time at which the current i falls to 10 per cent of
its maximum value i, or some similar criterion. When the value of £ is changed, the
value of the maximum current i increases, and the switching time #, decreases. The
shape of the switching transient i(z) usually remains unaltered within wide limits.
Such switching currents are referred to as having an affine form. Figure 3.6 shows
Mertz’s results (1956) for barium titanate. This field dependence has been expressed

as

iOC—OCe_a/E

where « is of order 10 kVem™ (10° V™).

E

Figure 3.6. Dependence of switching current on field. The diagram shows the
maximum value, i (Burfoot, 1967).

The value of spontaneous polarization can most easily be determined by
examining the switching loop when it is displayed by means of a Sawyer Tower
circuit. Values of P, may also be determined from pyroelectric currents, which give a

measure of dP,/dT; if such currents can be measured in the neighbourhood of a

number of temperatures 7, up to 7, the function Py(7) can be found. The pyroelectric
current is a transient current passing through a suitable circuit connected between the

electrodes on the crystal, when the crystal temperature is made to fluctuate about 7.
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The temperature fluctuation may be produced, for example, by means of a light-flash
falling on the crystal or in other ways (Burfoot, 1967).

Spontaneous polarization is usually compensated by external charges, and its
presence is only manifested when it is changed by field or temperature changes as

described above.

3.1.1.1.(1). Properties of Piezoelectricity

Piezoelectricity is the property possessed by some crystals of acquiring
electric polarization under external mechanical stresses, or the converse property of
changing size or shape when subject to external electric fields E£. The latter effect
must be distinguished from electro-striction, which refers to deformations depend on
E? rather than E (Burfoot, 1967).

There are many piezoelectric materials which are not ferroelectric, but all
ferroelectrics are piezoelectric. In some ferroelectrics, the spontaneous polarization
creates part of the piezoelectric effect. A possible classification of ferroelectrics is a
division into those which are still piezoelectric above T), where they are no longer
ferroelectric, and those which are not. One of the piezoelectric coefficients, b, gives
the rate of change of strain with polarization (Burfoot, 1967).

Crystals (barium titanate, potassium dihydrogen phosphate, triglycine
sulphate, Rochelle salt) are not still piezoelectric above Ty, the coefficient b is not
constant, but is proportional to polarization. Therefore in this type of ferroelectric the
piezoelectric effect would be zero if the spontaneous polarization vanished. The

polarization ‘creates’ the piezoelectric coefficient b (Burfoot, 1967).
3.1.1.1.(2). Materials Properties

When it is possible to substitute one group of atoms, B, for another group, A,
in a lattice, or to make extra groups B occupy interstitial positions in the crystal

lattice A without breaking up the crystal lattice structure, B is said to be dissolved in

A, and the resulting solid is a solid solution. The numbers of atoms of the solvent A
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and solute B need not be in special integral ratios to achieve this; a whole range of
concentrations is often possible. Then a continuous variation in the values of certain
properties may be obtained by varying the concentration. An enormous variety is
possible; cases of interest in a study of ferroelectrics include some where only one of
the pure materials A and B is ferroelectric, and some where both are ferroelectric
(Burfoot, 1967).

Many properties in ferroelectrics are observed not to have the form which
would be expected in homogeneous material. This is often because there are
domains. A ferroelectric domain is a macroscopic region in which the direction of
the spontaneous polarization differs from that in adjacent domains.

The domain walls separating domains can move, inside each-single crystal, so
that the domains grow or shrink.

A ferroelectric domain is a homogeneous region in a ferroelectric crystal. In
each domain the polarization is in a different direction. The demarcation between
two domains is called a domain wall and a wall is usually thought of as being so thin
that it has a much smaller volume than the bulk material in the domains. A domain is
an ordered region, the extent of the order in different domains often being the same,
so that the magnitude of the polarization is the same in different domains, even
though the direction is not. It is quite possible, however, for the magnitude also to
differ, because of stresses and fields set up by neighbouring domains (Burfoot,
1967).

A single-crystal specimen may contain more than one domain, although by
definition it cannot contain more than one crystallite. The single-crystal specimen
has domain walls, but no grain boundaries. This distinction was illustrated in Figure
3.7. A domain wall does not interrupt the crystal lattice. The crystal lattice remains
coherent through a wall, although it may be distorted by the wall. Yet in spite of this
coherence, even the directions of the crystal axes can change in passing through a
wall. Whether the directions do change, with walls of a particular type, depends on
the crystal symmetry. It is not easy rigorously to define a single domain and a single
crystal. Domains are related in a manner which is quite analogous to the relationship

of crystallographic ‘twins’ (Burfoot, 1967).
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In a polycrystalline material there may be several domains in each crystallite.
The distinction between a crystallite interface and a domain wall is illustrated
schematically in Figure 3.7. A domain wall does not interrupt the crystal lattice.
Figure 3.7 (b) is over simplified, since it shows the lattice sites in no way modified
by the presence of the wall. The differing polarizations, in fact, involve slightly
differing sites for some ions within the lattice cell, and in many cases also a change
of the cell shape. The latter effect will also occur in ferromagnetic materials

(Burfoot, 1967).
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Figure 3.7. (a) A grain boundary and (b) a domain wall, respectively (schematic)
(Burfoot, 1967).
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Ceramic forms of solid materials are frequently used. The case of barium
titanate may be given as an example of the manufacturing process. Ceramic
specimens of barium titanate are made by grinding barium titanate, together with any
required additive, and extruding or pressing it. This produces a complicated
polycrystalline material, in which there are spaces known as pores; often, many of
the crystallites will have grown together at their corners through a process of
diffusion. The additives may be required to modify the properties, reducing the
permittivity or the transition temperature, or may be used for technical reasons, for

example, as fluxes to alter the growth-rate of the crystallites. Ceramics are hard, and

53



3. MATERIAL AND METHOD Filiz KARAOMERLIOGLU

can be made any reasonable size and shape—blocks, discs or hollow cylinders—and up
to several inches in size (Burfoot, 1967).

Some of the properties of a ceramic will differ from those of the
corresponding single-crystal material. This is because the crystallites are randomly
oriented, because many of them are under stress even when no external stress is
applied and because of the porosity. A simple density factor will usually describe the
property changes which are due to porosity. The transition temperature is usually not
different in the ceramic form of the material, and this is true also of the specific heat
and the Curie constants, except possibly for a porosity correction. In barium titanate,
each of the crystallites has six possible directions for the polarization relative to its
crystal axes, which themselves may lie in all directions. The actual polarization
directions in the ceramic will be distributed at random among these six. But these
may not always be so; special processing will produce special orientations. For
example, an electric field applied at a suitable stage of the manufacture, or even, in
some cases, applied to the cold product, will affect the distribution. This process is
known as poling. It tends to encourage in each crystallite that direction which is
nearest to the field direction. Such a process can not produce an overall polarization
as large as that of the single crystal. It can be shown that, in principle, a maximum
value of 84 per cent in barium titanate is possible. Stresses and porosity prevent this
figure being reached; in practice a typical figure is 55 per cent whilst the field is
applied and less when it is removed (Burfoot, 1967).

Similarly, values of piezoelectric coefficients occur which are about one-
quarter of the single-crystal values, after suitable poling fields have been applied.

The direct effect of poling on the permittivity of a ceramic should be to
change the permittivity towards the values appropriate to the single-crystal form. For
example, in barium titanate a decrease would be expected in the permittivity value
measured parallel to the poling field, since the single-crystal permittivity is smallest
in the direction of P, (See Figure 3.2). However, it seems there is also an opposite
effect due to changes in the stresses acting on the crystallites, and this may well

predominate (Burfoot, 1967).
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It is easy to see that some crystal properties will be much affected by the
different conditions existing in ceramics; other will not. For example, the overall P
is an average over the various crystallites; if they are randomly oriented, the value
will average out to zero. Similarly, an overall piezoelectric effect will be small, since
a field lengthens some crystallites but shortens others. But the permittivity may not
be much affected, because the measuring a.c. field (in a particular half-cycle) causes
an increase of the polarization in some crystallites, but a decrease in others. The
latter are those crystallites in which the polarization is oriented at an angle greater
than 90° to the field, so that the polarization change in the direction of the field is
positive in all crystallites. That is, the quantity A=P-P; may be negative in some
crystallites, but A.E is positive in all. If the single-crystal material is isotropic, A is
always parallel to P, and there should be no difference in permittivity, between
ceramic and crystal, attributable directly to the orientations (Burfoot, 1967).

The properties of ceramics can be controlled. Desired values may be obtained
by altering internal stresses through control of the state of sub-division (crystallite
sizes) or by means of different annealing processes. In ceramic barium titanate, the
permittivity increases as the crystallite size decreases. Additives can also alter the
stresses. The addition of antimonates to barium titanate in preparing a ceramic
reduces the permittivity peak. When strontium titanate is added to barium titanate,
certain regularities of arrangement of the ions occur if the temperature conditions
allow, because the strontium ions is 11 per cent smaller than the barium ion. A
consequence is that 7j differs according to the heat treatment given to the ceramic

during manufacture (Burfoot, 1967).

3.1.1.2. Polarization in Crystals

3.1.1.2.(1). Polarization

Polarization P defined as dipole moment per unit volume. Polarization P may

be measured in debyes per structural unit if the volume o per structural unit is

known. The polarization P is equal to the charge per unit area on any crystal surface
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which happens to be perpendicular to the vector P. Therefore P is often quoted in
microcoulombs per square centimeter (pcoul cm?). One microcoulomb is
approximately 3000 e.s.u. (CGS unit) (Burfoot, 1967).

Ferroelectric materials are a subgroup of the pyroelectric materials. There are
no ferroelectrics which are not pyroelectrics, just as there are no pyroelectrics which
are not piezoelectrics. Polarization may be altered by changes in the external
conditions. The terms dielectric, piezoelectric and pyroelectric refer to polarization
changes which result from small changes of applied field, of stress, or of temperature
respectively. These changes may be detected as currents in a suitable circuit attached
to electrodes on the crystal (Burfoot, 1967).

Changes in the applied electric field £ produce dielectric currents. The

electric displacement D is given by

D=¢E+P

E=¢&,+Nn

where & is the permittivity of free space, dD/dE is the permittivity & and dP/dE is
the susceptibility # (Burfoot, 1967).

When the polarization is altered by a small change in the electric field E, the
material is exhibiting its dielectric property. When the polarization is altered by a
small change in the external stress X, including any changes in shear stress, the
material is exhibiting its piezoelectric property. When the polarization is altered by a
small change in the temperature 7, the material is exhibiting its pyroelectric property.
Pyroelectrics have finite polarization even at zero external fields £ and stresses X,
and this polarization is referred to as spontaneous polarization P;. It is assumed that
if P, exists, then the material is pyroelectric, that is, that P; will change with
temperature. This is why materials with spontaneous polarization are called
pyroelectrics (Burfoot, 1967).

Those piezoelectrics which are not also pyroelectrics must have zero
polarization when both field £ and stress X are zero. Dielectrics which are neither

piezoelectric nor pyroelectric have zero polarization when the field E is zero.
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Larger changes in the external conditions may change the crystal class. When
a spontaneous polarization Py exists, changes of temperature insufficient to change
the crystal class will, in general, alter the value of P;. Changes of stress X will also
alter the polarization; changes of field £ will also alter the polarization. Thus some
dielectric crystals are piezoelectric, and some of the piezoelectric crystals are
pyroelectric (Burfoot, 1967).

In some pyroelectrics, changes of field can reduce the polarization to zero and
reverse it. This is switching the crystal, and these crystals, relatively few in number,
are the ferroelectrics. Thus some of the pyroelectric crystals are ferroelectrics.

All crystals are classified according to their symmetry. Not all the crystal
classes can possess spontaneous polarization. Only the polar classes may do so. In
general, the non-polar classes have higher symmetry. It is not possible to tell which
pyroelectrics can be switched, but if, under some more extreme change of conditions,
a pyroelectric leaves the polar classes, and thus becomes more symmetric, it must

then cease to be ferroelectric (Burfoot, 1967).

3.1.1.2.(2). Crystal Symmetry

There are 230 possible configurations for a crystal structure, which are based
on the symmetry elements of translational position and orientation. These are known
as the 230 space groups. If the translational repetitions are ignored, these 230
possibilities break down into 32 classes known as the 32 point groups. Therefore the
points groups are based on the orientations only. A point group is a combination of
symmetry elements (Burfoot, 1967).

An n-fold rotation axis may be taken as an example of a symmetry element. A
crystal possessing this as one of its symmetry elements has an axis about which a
rotation of 27/n causes no recognizable difference. The term centro-symmetric
provides another example. Any point may be described by coordinates x, y, z, with
respect to the origin of symmetry. A centrosymmetric crystal is one in which a
hypothetical operation which moves each point x, y, z, to —x, —y, —z, causes no

recognizable difference. The symmetry of the macroscopic external form and
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properties of a crystal is determined by the point group, and this is the basis of the
classification into 32 crystal classes (Burfoot, 1967).

Symmetry considerations alone can show that some of the 32 crystal classes
can not possess certain properties. For example, no crystal which is centro symmetric
can possess a finite polarization. Any P vector would be inverted by the symmetric
operation; this would give a recognizable difference, which is contrary to the
postulated symmetry requirements. Therefore a crystal belonging to a
centrosymmetric class can not be polar (Burfoot, 1967).

This is one example of Neumann’s Principle, which may be stated: “The
symmetry elements of any physical property of a crystal must include the symmetry
elements of the point group of the crystal.” The Principle does allow the symmetry
elements of a physical property to include symmetry elements extra to those of the
class of the crystal. Therefore a knowledge of the class of the given material may be
sufficient to show that the material can not possess a certain property (such as
coefficients of piezoelectricity), but it can never show that the material must possess
a certain property. For example, any crystal belonging to a polar class can be a
pyroelectric crystal, but pyroelectric property could, in principle, be of vanishing
magnitude (Burfoot, 1967).

A ferroelectric unit is a microscopic component of the crystal. Although a
microscopic component may possess certain symmetry elements, crystal class is
defined as a macroscopic symmetry class; it is measurable macroscopically if it is
found those special directions in the crystal in which a physical property takes
identical values. Therefore in a given material, changes of crystal class are
conceivable which do not involve alteration of the component. For example, the
components may each possess a permanent dipole moment py, even in a non-polar
crystal class. This can occur because, if the dipole moments are randomly oriented,
then the macroscopic polarization P is zero. If a degree of orientation of the
microscopic dipole moments sets in, a polarization P now exists. This may happen
through a transition or phase change, without change of the magnitude py. The
macroscopic crystal symmetry must have become lower; the crystal class has

changed to a polar class. A material may changed its crystal class in this way under
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changes of temperature, stress or field. For example, the ferroelectric mechanism in
Rochelle salt is apparently related to the existence of two possible equilibrium
positions for certain hydrogen atoms, which may be equivalent to a reversible
microscopic dipole py (Burfoot, 1967).

A point group is a combination of symmetry elements through the origin of
symmetry. Table 3.1 shows the 32 point groups in Maguin-Hermann notation. The
symbols given are the ‘short’ international symbols. The operations of rotations, etc.,
indicated cause no recognizable difference in the crystal. The key to the symbols is
as follows:

For leading symbol:

¢ forn (=2, 3,4, 6) read ‘n-fold rotation axis’.
¢ for n read ‘m-fold rotation (about the rotation axis) followed by
inversion about the origin of symmetry’.
¢ mis equivalent to 2.
For non-leading symbol:
¢ for /m read ‘with a mirror plane normal to the axis referred to before
the oblique stroke’.
¢ for 2 (or n) read ‘with a diad (or n-fold) axis normal to the axis which
precedes the stroke’.
¢ for m read ‘with a mirror plane parallel to the preceding axis’.

The Table shows also the further classification into seven crystal systems. For

convenience, column 1 in Table 3.1 shows a further classification into three optical

groups (Burfoot, 1967).

Table 3.1. The 32 Point Groups (Burfoot, 1967)

. Non-Centrosymmetric
Centrosymmetric Polar Not Polar
Triclinic 1 1
Biaxial Monoclinic 2/m 2 m
Orthorhombic mmm mm?2 222
Tetragonal 4/m  4/mmm | 4  4mm 4 42m 422
Uniaxial Trigonal 3 3m 3 3m 32
Hexagonal 6/m 6mmm | 6 6mm | 6 6m2 622
gg’f‘rg";‘)'i'é’ Cubic m3  m3m 432 33m 23
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The optical group refers to certain symmetry properties of the Indicatrix, an
ellipsoid describing optical properties. It is possible for the ellipsoid to become more
symmetrical at high frequencies, without any change in the macroscopic symmetry
of the crystal. Therefore, strictly, column 1 describes the minimum symmetry of the
optical property in the crystal system of column 2. An example is the orthorhombic
crystal of Rochelle salt which becomes uniaxial (but of course still orthorhombic) at
wavelengths shorter than 1.4 micron. That is, it is biaxial at some infrared
wavelengths, but becomes optically more symmetric in the visible region (Burfoot,

1967).

3.1.1.2.(3). Crystal Classes

Twelve of the thirty-two crystal classes can be neither piezoelectric nor
pyroelectric; these twelve are the centrosymmetric classes and class 432. A further
ten can not be pyroelectric, and these are included in the last column of the Table
3.1; class 432 can not be pyroelectric either. The remaining ten are called the polar
classes (Burfoot, 1967).

The word polar is used in many terms such as polar crystal, polar class, polar
molecule or polar unit, and polar direction, and the meanings are not all quite
obvious. A few examples will clarify these terms (Burfoot, 1967).

The example of Rochelle salt, above, shows that polar molecules or polar
units do not necessarily form crystals in polar classes. Below 7 the Rochelle salt
crystal is monoclinic, class 2, which is one of the polar classes. There are reasons for
supposing that, above T), the dipoles py still effectively exist, but the lattice has now
undergone a slight change to the more symmetric orthorhombic class 222, which is
not one of the polar classes. Triglycine sulphate is also class 2 below 79, and it seems
probable that, again, permanent dipoles py effectively exist, both below and above 7.
Yet, in triglycine sulphate above 7 the macroscopic symmetry is even more striking.
Triglycine sulphate above 7y is monoclinic, class 2/m, which is one of the
centrosymmetric classes, and therefore most certainly could not be polar, despite the

existence of py (Burfoot, 1967).
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Polar class is a macroscopic concept. But the randomly arrangement of
microscopic dipole units is nevertheless sometimes called polar, and polar crystal is
often used to mean ionic crystal. An ionic crystal is one in which the microscopic
units possess a charge ¢ rather than a dipole moment. Both these usages refer to
microscopic concepts. Use of the term “polar crystal’ to describe ionic crystals arose
because of the nature of the bond between a pair of opposite charges; but the bonds
in ionic crystals are not arranged in pairs (Burfoot, 1967).

Furthermore, there can be polar directions in non-polar classes. A polar
direction is such that none of the symmetry operations appropriate to the crystal class
will interchange the ends of this direction.

For example, the non-polar class 32 is that which has the following symmetry
elements: a threefold rotation axis and three twofold rotation axes in the
perpendicular plane, at 120° intervals. Any of these three is a polar direction; that is,
none of the rotations in the symmetry class 32 will interchange the ends of this
direction (Burfoot, 1967).

It must not be supposed that non-centrosymmetric materials must at least
have polar directions. For example, the class 222 has three perpendicular two-fold
rotation axes. This class has no polar directions. But it certainly has no centre of
symmetry, because under the symmetry operations implied by the three twofold axes
a general point (x, y, z) moves successively to (+x, -, —z) and then to (—x, -, +2)
but never to (—x, -, —z) as a centre of symmetry would require it to do (Burfoot,
1967).

The symmetry principles discussed above apply to properties and to
transitions in crystals in general, not only in ferroelectric crystals. However,
ambiguities have been glossed over which are shown up rather well in the case of
ferroelectric materials. Some of these can be seen from a closer look at Neumann’s
Principle (Burfoot, 1967).

Neumann’s Principle refers to physical properties. A physical property may
be defined as the response resulting from a given stimulus; elastic compliance is the
physical property which is a measure of the strain resulting from a given applied

stress; susceptibility is the polarization resulting from a given applied electric field,

61



3. MATERIAL AND METHOD Filiz KARAOMERLIOGLU

and so on. Thus, according to this definition, strain and polarization are not physical
properties in this sense. Therefore the strain and the polarization in a crystal do not
have to conform to the crystal symmetry if they are caused by a stress, or by a field
which does not conform. The spontaneous strain and polarization, however, do
conform to the crystal symmetry, because this is defined when they already exist
(Burfoot, 1967).

The value of a physical property is measured about specified values of
temperature, stress and field. The crystal symmetry referred to in Neumann’s
Principle is the symmetry which exists before application of the stimulus, when
temperature, stress and field have the values about which the property is to be
measured. The crystal symmetry may be different during application of the stimulus
(Burfoot, 1967).

The ferroelectric transition is accompanied by a change of symmetry, and
takes place under specified conditions; usually zero external stress and field are
specified. Two points arise which are of considerable interest and merit further
discussion. They are the operational meaning of polarization and the defining
symmetries in a ferroelectric crystal (Burfoot, 1967).

As so often happens, conceptual definitions and operational definitions are
here ill-matched. Stress is defined by reference to a zero which is chosen for
convenience, but polarization is defined with a zero which is apparently inflexible
and unambiguous. However, although the concept is unambiguous, it would, in
practice, be difficult or impossible to measure a polarization which could not be
made to vary, and indeed it is only changes of polarization that it is able to be
measured (Burfoot, 1967).

Ferroelectrics are a sub-group of the polar crystals, but relatively few polar
crystals are ferroelectrics. Each ferroelectric structure is a slight distortion of a
related non-polar structure, namely that structure which exists above the transition
temperature 7). Some materials exhibit a whole series of ferroelectric structures at
different temperatures. Barium titanate is non-ferroelectric above 120 °C, but it
becomes a tetragonal ferroelectric below 120 °C, an orthorhombic ferroelectric below

5 °C and a thombohedral ferroelectric below —90 °C (Burfoot, 1967).
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3.1.1.3. Structure and Ferroelectricity of LiINbO;

Lithium niobate (LiNbOs) possess a high Curie temperature (1210 °C). It is
chemically stable and insoluble in water and in organic solvents. It has high
mechanical Q,, and low acoustic losses, and has turned out to be excellent materials
for high frequency transducer and surface acoustic wave (SAW) devices (Xu, 1991).

Lithium niobate (LiNbO;) and lithium tantalate (LiTaO;) have similar
structures.

Currently, many devices, such as SAW devices, high-frequency and high-
temperature transducers, infrared detectors, laser modulators, laser frequency
multipliers, optical parameter oscillators, optical waveguides, high-frequency band-
with filters, etc., are routinely being made with LiNbO; or LiTaOs. Just for SAW
devices in color TV’s, several tons of LiNbO; single crystals are required every year
(Xu, 1991).

LiNDbO; is a colorless or light yellow crystal with a melting point of 124045
°C, a density of 4.64 g/cm’ and with hardness 6 on Moh’s hardness scale.

The structures of both LiNbO;3 and LiTaO; are displayed in Figure 3.8. The
crystal structure of ABOs is composed of oxygen octahedra, and the neighboring
oxygen octahedra are connected to each other through an oxygen ion that serves as a
common ‘tie-end’. In Figure 3.8 (a), lightly deformed oxygen octahedral aligned
along the c-axis (threefold-axis) are shown. The cation arrangement follows the
sequence Nb (or Ta), vacancy, Li, Nb (or Ta), vacancy, Li,.... A unit cell in a
hexagonal lattice with the c-axis perpendicular to the paper is shown in Figure 3.8
(b). The symmetry of both crystals belongs to the point group 3m in the trigonal
ferroelectric phase at room temperatures. The symmetry changes to the point group
3m in the paraelectric phase above Curie temperature. At room temperature, the
lattice parameters of the trigonal unit cell are a=5.4944 A, a=55°52" in LiNbO:;.
Sometimes, it is more convenient to choose a hexagonal cell for description of its
structure. In this case, the lattice parameters are a;=5.1483 A, ¢;=13.8631 A, (the
subscript ‘H” denotes hexagonal cell) in LiNbO;.at 23 °C (Xu, 1991).
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Nb(Ta)

Figure 3.8. The structure of LiNbO;: (a) Sequence of distorted oxygen octahedral
along the polar c-axis; (b) one unit cell viewed from the top of the c-axis
(Xu, 1991).

Ferroelectric-paraelectric phase transitions in LiNbOj3 are found to be second-
order transitions, or to be ‘very close to second-order’ transitions, as seen from their
dielectric, pyroelectric and thermal properties. The temperature dependence of their

spontaneous polarization is just characteristic of second order phase transitions, in
other words, P; is proportional to (TL —-T )% However, in the vicinity of the Curie
temperature, the variation of the dielectric constant obeys Curie-Weiss law, i.e., € is
proportional to |T —Tc|_l. Curie-Weiss constants of magnitude 10°K have been

observed. This indicates that these phase transitions apparently have characteristics
of displacement-type phase transitions (Xu, 1991).

In LiNbOs, the direction of spontaneous polarization is the same as that of ion
displacement, which coincides with the c-axis. As the temperature approaches the
transition temperature of LiNbO; from below, Nb’" ions move towards the centers of
the oxygen octahedra, and Li" ions towards the nearest oxygen planes. Therefore, in
the paraelectric phase, Nb>" ions are just at those median positions between to
nearest oxygen planes and spontaneous polarization disappears in the crystal. As the
temperature comes down from the Curie point, observable cation displacements
occur relative to the oxygen layer along the c-axis. An illustration of the

displacements of Nb>" and Li" ions before and after the ferroelectric phase transition
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is shown in Figure 3.9. The direction of displacement of Nb’* ions coincides with
that of Li" ions. At room temperature, the distance between a Nb>" ion and its nearest
oxygen plane is 0.9 A, and that between a Nb>" ion and its next-nearest neighbor
oxygen plane is 1.41 A. The corresponding distances for Li" ions are 0.71 A and 1.60
A, respectively.
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Figure 3.9. Oxygen layers and cations in the ferroelectric phase and the paraelectric
phase of LiNbOs: A full period along c-axis is shown (Xu, 1991).

From this data it can be calculated the relative ion displacements with respect
to the mass center in a cell, between the structure at room temperature and that above
the Curie point. This implies that a spontaneous polarization with a larger value
occurs at room temperature. LiNbOs, however, was considered a frozen ferroelectric,
whose ferroelectric domains will not switch under and electric field in the
conventional manner. The spontaneous polarization in LiNbO; was estimated to be at
least of the order 50 pC/cm’® from pyroelectric measurements and preliminary data
on the temperature dependence of the non linear optical coefficient d;;. In fact, a P

value of 70 uC/cm” has been observed at room temperature (Xu, 1991).
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3.1.2. Theoretical Background

There is no systematic method for the design of antireflection coatings.
Fundamentally, all the performance curves have been computed by application of the
matrix method (Macleod, 1986).

We first reviewed basis principles and mathematical foundation of thin films.
The reflectance, the transmittance and the absorptance of thin films are shown below
in details. Then, antireflection coatings on high and low-index substrates features

were reviewed by the matrix method.

3.1.2.1. Basic Theory of Optical Thin-Film

Basic theory is necessary in order to make calculations of the properties of
multilayer thin-film coatings. A simple extension of the analysis occurs in the case of
a thin, plane parallel film of material covering the surface of a substrate. The
presence of two or more interfaces means that a number of beams will be produced
by successive reflections and the properties of the film will be determined by the
summation of these beams. It is said that the film is thin when interference effects
can be detected in the reflected or transmitted light, that is, when the path difference
between the beams is less than the coherence length of the light, and thick when the

path difference is greater than the coherence length (Macleod, 1986).

3.1.2.1.(1). The Reflectance of a Thin-Film

The arrangement is illustrated in Figure 3.10. It is denoted waves in the

direction of incidence by the symbol + (that is, positive-going) and waves in the

opposite direction by — (that is, negative-going) (Macleod, 1986).
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incident plane

wave front
u " incident medfum
boundary a
Physical
d| thickness ul thin film
of film
boundary b
Normal to fitm T, substrate
boundaries

Z

Figure 3.10. Plane wave incident on a thin film (Macleod, 1986).

The interface between the film and the substrate was denoted by the symbol
b. It is considered the tangential components of the fields. There is no negative-going
wave in the substrate and the waves in the film can be added into one resultant
positive-going wave and one resultant negative-going wave (Macleod, 1986). At this

interface the tangential components of E and H are

E =E,+E, 3.1

Hb = 771E1; _771E1_b (3.2)

where it is being neglecting the common phase factors and where E, and H,

represent the resultants. Hence

1
E} =5(Hb /m+E,) (3.3)
|
E, =5(—Hb /m +E,) (3.4)
+ + 1
H, =nkE, = E(Hb +771Eb) (3.5)
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_ |
H,=-nk, = E(Hb _771Eb) . (3.6)

The fields at the other interface a at the same instant and at a point with identical x
and y coordinates can be determined by altering the phase factors of the waves to

allow for a shift in the z coordinate from 0 to —d. The phase factor of the positive-

going wave will be multiplied by exp(i5 ) where
6=2nNdcosb,/A (3.7)

and 0, may be complex, while negative-going phase factor will be multiplied by

exp(—i5) (Macleod, 1986). The values of £ and H at the interface are using

equations (3.3)-(3.6),
+ + i 1 i
E,= E1b65 :E(Hb/nl +Eb)e§
_ — 1 —io
E,=E,e" =E(—Hb/771 +Eb)e ’

+ + i 1 i
H, :Hlbe(S =§(Hb+771Eb)eb

- ~ s 1 i
H, =H,e 6:E(Hb_771Eb)e ’

so that

E =E' +E,

i5 | b i5 o
=E, e e +H, e ¢
2 2n,

isind
m

=E,coso+H,
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H, =H  +H,,

i —i6 i —i6
e —e e +e
:Ebnl{ 2 ]+Hb( 2 ]

=E,in, sino + H, coso

This can be written in matrix notation as

{Ea}:{ coso (isiné')/nl}[Eb} (3.9)
H in, sind coso H,

a

Since the tangential components of E and H are continuous across @ boundary, and
since there is only a positive-going wave in the substrate, this relationship connects
the tangential components of E and H at the incident interface with the tangential
components of E and H which are transmitted through the final interface. The 2x2
matrix on the right-hand side of equation (3.8) is known as the characteristic matrix
of the thin film (Macleod, 1986).

The input optical admittance of assembly is defined as
Y=H,6/E, (3.9)

The reflectance of a simple interface between an incident medium of admittance 7,

and a medium of admittance Y is i.e.

-Y
p="To
n,+Y
R=| =Y |[ =) (3.10)
n,+Y )\n,+Y
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Equation (3.8) can be written

E{l}:[ cosd (isma)/ﬂ[l}Eb G.11)

Y in, sind cosoO 1,
which gives

_ 17,C080 +in,sino
cosS+i(n,/n,)sins

Normally, Y is the parameter which is of interest and the matrix product on the right-

hand side of equation (3.11) gives sufficient information for calculating it:

B | coss (isind)/n || 1 (3.12)
c| in, sind cos o m, .

where

is defined as the characteristic matrix of the assembly . Clearly, Y =C/B .

3.1.2.1.(2). The Reflectance of an Assembly of Thin-Films
Let another film be added to the single film so that the final interface is

denoted by ¢, as shown in Figure 3.11. The characteristic matrix of the film nearest

the substrate is
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cosd, (isind, )/772
in, sino, cos &,
and from equation (3.4)
E, _ cos &, (isiné'z)/n2 E, . (3.13)
H, in, sind, oS 0, H,
" incident medmm
24
, d;
b} thin fillms
Tz
c/
Tl
substrate

Figure 3.11. Notation for two films on a surface (Macleod, 1986).

It can be applied equation (3.4) again to give the parameters at interface a, i.e.

E, | | cosg
H, in, sind, cos 9,

(isins,)/n,

(isino"z)/nzﬂf[c} (3.14)

cos o,
in, sind, cos 0,

c

and the characteristic matrix of the assembly is

B| | cosd,
cl in, sino,

cos 9,

(isins,)/n,

Minz sino,

cos o, (3.15)

et
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Y is C/B, and the amplitude reflection coefficient and the reflectance are, from

equation (3.10),

R — 770 B Y 770 — Y
n+Y \n,+Y
This result can be immediately extended to the general case of an assembly of

g layers, when the characteristic matrix is simply the product of the individual

matrices taken in the correct order, that is,

Bl (4| coss,  (ising,)/n, |} 1
il L) e

1.€.

where M is a product matrix given by
M=[M,][M, ] MM, M, ] [M, ][M, ]
and where

S - 27N.d, cosd.

' A
n.=% N, cosO, for s-polarization (TE)
n. =% N,[cos0, for p-polarization (TM)
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and where it has been used the suffix s to denote the substrate or exit medium
(Macleod, 1986).

n, =@ N_cos6, for s-polarization (TE)
_YN,

cos 6,

N

for p-polarization (TM)

If 6y, the angle of incidence, is given, the values of 6§, can be found from Snell’s law,
ie.

N,sin@, =N, sin@. = N_sind, . (3.17)

A useful property of the characteristic matrix of a thin film is that the

determined is unity. This means that the determinant of the product of any number of

these matrices is also unity (Macleod, 1986).

It avoids difficulties over signs and quadrants if, in the case of absorbing

media, the scheme used for computing phase thicknesses and admittances is:

5, =(27/A)d, (n? —k? —nl sin® 6, ~2in k, ) (3.18)

the correct solution being in the fourth quadrant. Then

M, = (W~ K —nlsin® 6, ~2in k) (3.19)

and

(3.20)
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It is useful to examine the phase shift associated with the reflected beam. Let

Y =a+ib. Then with 7, real

p=h=e®
n,+a+ib

(775 —a’ —bz)—i(2b770)
(770+a)2 +b°

1.€.

(3.21)

where ¢ is the phase shift (Macleod, 1986).
3.1.2.1.(3). Reflectance, Transmittance and Absorptance
Sufficient information is included in equation (3.16) to allow the
transmittance and absorptance of a thin film assembly to be calculated. To have a
physical meaning, the incident medium should be transparent, that is, 77y must be real.
First of all, it is calculated the net intensity at the exit side of the assembly,

which it is taken as the & interface (Macleod, 1986). This is given by

I, = %Re(EkH;) (3.22)

where it is being dealt with the component of intensity normal to the interfaces.
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o= Re(EaE)

(3.23)
1 .
= ERe(rys)EkEk
If the characteristic matrix of the assembly is
B
C
then the net intensity at the entrance to the assembly is
1 * *
I, =§Re(BC )E,E; . (3.24)

Let the incident intensity be denoted by [; then equation (3.24) represents the

intensity actually entering the assembly, which is (1-R)7,:

(1-R)1, =%Re(BC*)EkE,f

1.€.

(3.25)

Equation (3.23) represents the intensity leaving the assembly and entering the

substrate and so the transmittance 7 is

T:I_k:w_ (3.26)

I, Re(BC")
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The absorptance 4 in the multilayer is connected with R and 7 by the relationship

1=R+T+ 4

so that

A1_R_T(1_R)(1_%J. (3.27)

In the absence of absorption in any of the layers it can readily be shown that
the above expressions are consistent with 4 =0 and 7+ R =1, for the individual
film matrices will have determinants of unity and the product of any number of these

matrices will also have a determinant of unity. The product of the matrices can be

a if
[W 5}

where ad+yf =1 and, because there is no absorption, &, £ ¥ and ¢ are all real

expressed as

(Macleod, 1986).

e 2Ly ]
Cc| |ir & |n, on, +iy

Re(BC")=Re|(a+ifn,)(on. ~ir)]=(ad +78)Re(n,)
=Re(7,)

and the result follows.
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It can be manipulated equations (3.26) and (3.27) into slightly better forms.
From equation (3.10)

R=| WB=C | mB=C (3.29)
n,B+C )\ n,B+C
so that

2n,(BC"+B'C)
(7703+ C)(7703+ C)* .

(1-R)=

Inserting this result in equation (3.26) it is obtained

7o *mRe(n,) (3.30)

(%B + C)(UOB+ C)*

and in equation (3.27)

4n, Re(BC* —ns)

A= _
(7,B+C)(n,B+C)

(3.31)

Equations (3.29), (3.30) and (3.31) are the most useful forms of the expressions for
R, T and 4 (Macleod, 1986).
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3.1.3.1. Antireflection Coatings

3.1.3.1.(1). Antireflection Coatings on High-Index Substrates

The term high-index can not be defined precisely in the sense of a range with
a definite lower bound. It simply means that the substrate has an index sufficiently
higher than the available thin-film materials to enable the design of high-
performance antireflection coatings consisting entirely, or almost entirely, of layers
with indices lower than that of the substrate. These high-index substrates are
principally of use in the infrared. Semiconductors are common, and it would be
completely impossible to use them in the vast majority of applications without some
form of antireflection coating. For many purposes, the reduction of a 30% reflection
loss to one of a few percent would be considered adequate. It is only in a limited
number of applications where the reflection loss must be reduced to less than one

percent (Macleod, 1986).

3.1.3.1.(1).(a). The Single Layer Antireflection Coatings

The simplest form of antireflection coating is a single layer (Macleod, 1986).
Consider Figure 3.12. If the incident medium is air, provided the index of the film is
lower than the index of substrate, the reflection coefficient at each interface will be
negative, denoting a phase change of 180°. The resultant locus is a circle with a
minimum at the wavelength for which the phase thickness of the layer is 90°, that is,
a quarter-wave optical thickness, when the two vectors are completely opposed.
Complete cancellation at this wavelength, that is, zero reflectance, will occur if the

vectors are of equal length (Macleod, 1986).
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incident medm o} =M
", L P
y n; -1
3. thin filin R —
m, o \ / A n, +1.
b 1
M. \ substrate
P — T~ .
4 F% e P

= |
| Ry
b, A
351 S -

" Locus of p

Figure 3.12. Vector diagram of a single-layer antireflection coating (Macleod, 1986).

This condition in the notation of Figure 3.12 is,

pa = ph
T T T, (3.32)
770 + 771 771 + 775
which requires
I (3.33)
ny 1
or
1/2
m =(ny1,) (3.34)
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which can also be written for normal incidence.

The condition for a perfect single layer antireflection coating is, therefore, a
quarter-wave optical thickness of material with optical admittance equal to the square
root of the product of the admittances of substrate and medium (Macleod, 1986).

The optical admittance of a substrate coated with a quarter-wave optical

thickness of material is,
Y= 77_/3 /n, (3.35)

where 7y 1s the admittance of the film material and 7, that of the substrate. Therefore

the reflectance is given by

R:(”O_szz(%_”i/m]z. (3.36)

Ny +Y o +1; /0,

It is used the matrix method. The characteristic matrix of a single film on a substrate

is given by
B _| cosg, (isins))/n, || 1 (337)
C in, sind, Cos 9, n, '
Le.

B] _[cosd, +i(n,/m)sing, (3.38)
C 1, cos S, +in, sind,
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where

1, =1/cosf
n, =ncosd
6, =2nn,d, cos6, /1

} for each material

where 0 is the angle of incidence, 7 is optical admittance for s-polarization (TE), 7,

is optical admittance for p-polarization (TM) and

My sin8, =7,sin6, =, sin ),

(3.39)

If 4y is the wavelength for which the layer is a quarter-wave optical thickness at

normal incidence, then n,d, = 4,/4 and

so that the new optimum wavelength is 4, cosd, (Macleod, 1986).

The amplitude reflection coefficient is

=Y _ 5 —C/B _ (m—n,)c0sd, +il (my,/m) -, |sind,
no+Y n,+C/B (n,+n,)cosd, +i[ (ny1,/m)+m |sind,

and the reflectance

(n,—n,) cos’ & +[ (nm, /m)—m, | sin®s,

R =
(o +1,) cos® &, +[ (mr, /m)+m, | sin®s,
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3.1.3.1.(1).(b). Double Layer Antireflection Coatings

A vector diagram of one possibility is shown in Figure 3.13. It is used the

matrix method. The characteristic matrix of the assembly is

{B} [ cosd, (isin@)/n]}{ cos 5, (isinéz)/nz}[l}

| in, sind, COS 0, in, sino, COS 0, n,

- (3.43
cos 8, [ cos S, +i(n, /n,)sind, |+isind, (1, cos 3, +in, sin &, )/771} G.43)

in, sind, | cos 8, +i(n, /n,)sind, | +cos 8, (n, cos 8, +in, sin J, )

N<n <<,

. ///a
\ b

n, \ C

X

Figure 3.13. Vector diagram for double-layer antireflection coating. The thickness of
the layers can be chosen to close the vector triangle and give zero
reflectance in two ways, (a) and (b) (Macleod, 1986).

The reflectance will be zero if the optical admittance Y is equal to 7y, i.e.

in, sin &, cos 8, +i(1, /n, )sin 8, |+ cos 5, (, cos 8, +in, sin 5, )
(3.44)

=1, {cosc?1 [cosd, +i(1,/n,)sin &, | +isind, (n, cos 8, +in, sind, )/771}
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The real and imaginary parts of these expressions must be equated separately giving

—(mn,/n,)sin &, sin &, +1, cos &, cos 8, =17, ¢08 6, cos &, — (77,17, /1, ) sin &, sin &,

17, 8in 8, €08 8, +17, €08 &, 8in &, = (17,77, /1, ) €08 6, sin &, + (17,1, /7, ) sin &, cos &,

1.€.

tan &, tan &, = (n, =1, ) /[ (mn, /m, )~ (n57:/m,) ] 545
=, (n, =1 )/ (i, — 3 ) '

and

tan, /tan &, =, (mn, /m; ) /[ (0 =, )| (3.46)
giving
_ 2 _ 2
tan’ 5, = (Z“ "0)(22 77077“)77‘2 (3.47)
(7im, —non3 ) (nom, =107

fan’ 6, = (7, —m0)(mom, = )3 (3.48)

(7im, —nm3 ) (73 =mom,)

The values of 0; and J, found from these equations must be paired. The right-
hand sides of equations (3.47) and (3.48) must be positive. J; and J; are then real.

This requires that, of the expressions

(73 =mm,) (3.49)

83



3. MATERIAL AND METHOD Filiz KARAOMERLIOGLU

(m'n, =) (3.50)

(7, —717) 3.51)

either all three must be positive, or, any two are negative and the third positive
(Macleod, 1986).

An effective coating is one consisting of two quarter-wave layers (Figure
3.14). The appearances of the vector diagram at three different wavelengths are
shown (a), (b) and (c). At A= A4, and A=} 4, the three vectors in the triangle are
inclined at 60° to each other. Provided the vectors are all of equal length, the

triangles will be closed and the reflectance will be zero at these wavelengths

(Macleod, 1986). This condition can be written

IR/ (3.52)
M m
and solved for #; and 7,:
=10, (3.53)
=1, (3.54)

The reflectance at the reference wavelength 1) where the layers are quarter-waves is

given by

7o~ (/5 ),

R_[nﬁ(nf/nf)nj
_[l(ﬂs/ﬂo)% Jz
)%

1+(77\/770

(3.55)
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Py
% g
P, P=0
25, / B
25,
D, . A (&) }\=§}\D
b n b
1, \// / incident medium
a
& ; 25, ——
n, & \ ) thin filrn b, /\v N + 2
%’—
n, & \ thin fln N P, ’
c 40,
A=H
s \ substrate ®) !
P
Ny M=M=,
28,
B1=8,=90° at A=H = -
1= 82 =90" at 1 28, \ P, P,
y P=0
R © :\=4§:\u A R

Figure 3.14. Vector diagrams for quarter-quarter antireflection coatings on a high-
index substrate (Macleod, 1986).

which is a considerable improvement over the bare substrate (Macleod, 1986).

The coating described is a special case of a general coating where the layers
are of equal thickness. To compute the general conditions it is easiest to return to the
analysis leading up to equations (3.47) and (3.48) (Macleod, 1986).

Let 0, be set equal to J, and denoted by J, where it is recalled that if 4, is the

wavelength for which the layers are quarter-waves then

(A
o==—| 2. 3.56
Z(4) (3.56)
From equation (3.46)
s (o, =17 ) =, (3 =nm, ) (3.57)
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1e.
Ty = M, (3.58)
which is a necessary condition for zero reflectance (Macleod, 1986).

From equation (3.45) it is found the wavelengths 4 corresponding to zero

reflectance:

miny (1. =m) _ mo, (1, = 100)

tan® § = — - : . (3.59)
s =17, T, =101,
If 6" is the solution in the first quadrant, then there are two solutions:
0=0' or -0
and the two values of 4 are:
A= (%} Ay - (3.60)

In all practical cases, 7; will be greater than #, and the above equation for

tan’0 will have a real solution provided

i, — 0y, (3.61)

is positive or zero. This expression is identical to expression (3.50) (Macleod, 1986).
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At the reference wavelength Ag, § =7/2 and the layers are quarter-waves.

The optical admittance is given by

Tn, (3.62)
2
and the reflectance by
mo—(n2/n2 ), |
R=| ————5—1. (3.63)
o+ (1 /5 ),

3.1.3.1.(1).(c). Multilayer Antireflection Coatings

Figure 3.15 shows a vector diagram for a three layer coating. Each layer is a
quarter-wave thick at 4. If n>n3>n,>n,>n0, then the vectors will oppose each other

at % 4,, Ao, and 24y and provided the vectors are all of equal length, will completely

cancel at these wavelengths, giving zero reflectance (Macleod, 1986).
This coating is similar to the quarter-quarter coating of Figure 3.14, but where

the two zeros of the two-layer coating are situated % 4, and % 4, those of this three-
layer coating stretch from % A4, to 249, a much broader region (Macleod, 1986).

The condition for the vectors to be of equal length is

W _mn_1_ 7 (3.64)
Mo 1 1M, 14

which becomes with some manipulation
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4_ .3
=17,
4_ 2.2
1y =17 (3.65)
4 _ 3
5 = M7,
el
pC
28
2 E LY %
<& -
25 Jebey a0
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wN_[T B’ o
() a=le
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Figure 3.15. Vector diagram for a quarter-quarter-quarter coating on a high-index
substrate (Macleod, 1986).

3.1.3.1.(2). Antireflection Coatings on Low-Index Substrates

Although the theory developed for antireflection coatings on high-index
material applies equally well to low-index materials, the problem is made much more
harsh by the lack of any rugged thin-film materials of very low-index. Design
techniques for antireflection coatings on low-index materials are less well organized
and involve much more intuition and trial and error than those for high-index
materials (Macleod, 1986).

The commonest low-index material is crown glass, and coatings are most
frequently required for the visible region of the spectrum, which extends from around

400 nm to around 700 nm (Macleod, 1986).
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3.2. Method

There are many different methods for the design of multilayer antireflection
coatings. For a good overview of multilayer coatings theory the interested reader is
referred to the books by Macleod (1986), Knittl (1976), and Tikhonravov and
Furman (1992).

Here some of the commonly used methods in thin film design will be

mentioned briefly.

3.2.1. The Vector Method

The vector method is usually associated with the design of antireflection
coatings. Two assumptions are involved: first, that the layers are all non-absorbing,
and second, that the behaviour of a multilayer can be understood by considering one
reflection of the incident wave at each interface.

nr—l — nr

The reflection coefficient at each interface is represented by R, =

n._,+n,

r-1
and the phase thicknesses of the layers are given by &8, =27n, cos6.d, /A, where n,

is the refractive index and d, is the thickness of the 7" layer. The resultant amplitude
coefficient of the stack is given by the vector sum of coefficients for each interface.

This sum can be found graphically or analytically (Macleod, 1986).

3.2.2. Alternative Method of Calculation

The success of the vector method prompts one to ask whether it can be made
more accurate by considering second and subsequent reflections at the various
boundaries instead of just one. In fact, an alternative solution of the thin film
problem can be obtained in this way. It is simpler to consider normal incidence only.
The expression can be adapted for non-normal incidence quite simply when the
materials are transparent and with some difficulty when they are absorbing

(Macleod, 1986).
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3.2.3. Smith’s Method

In 1958, Smith formulated a useful design method which is known as the
method of effective interfaces. It consists of choosing any layer in the multilayer and
then considering multiple reflections within it. The reflection and transmission
coefficients at the boundaries of the layer are considered to be the resultant
coefficients of the complete structures on either side. This technique can be extended
to deal with absorbing layers also. This method provides an insight into the
properties of a particular type of filter, but is highly complicated.

A particularly useful technique of this type has been developed by Musset
and Thelen (1966). It is based on Smith’s method, that is, the method of effective
interfaces. This involves the breaking down of the assembly into two subsystems.
The conditions for a perfect antireflection coating are called the amplitude condition
by Musset and Thelen. The amplitude condition is a function of the two subsystems.
The phase condition can be satisfied by adjusting the thickness of the spacer layer.
The amplitude condition can, using a method devised by Musset and Thelen, be
satisfied for all wavelengths, but it is difficult to satisfy the phase condition except at
a limited number of discrete wavelengths. At other wavelengths the performance

departs from ideal to a variable degree (Macleod, 1986).

3.2.4. The Smith Chart

The Smith chart is a device which is intended to simplify calculations
involved in the design of thin film filters. This chart represents circles of constant
amplitude coefficient and circles of constant real part and constant imaginary part of
the reduced optical admittance. A scale, calibrated in terms of optical thickness is
provided around the outside of the chart. This enables the calculation to be very
simply carried out by rotating the point corresponding to the amplitude reflection
coefficient of the particular layer, around the center of the chart through the

appropriate angle (Macleod, 1986).
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3.2.5. Circle Diagrams

In this method, the multilayer is considered to be gradually built up layer by
layer, immersed all the time in the final incident medium. As each layer increases
from zero to its final value, some parameter of the multilayer at that stage, like
reflectance or admittance, is calculated and the locus is plotted. The loci for these
dielectric layers take the form of a series of circular arcs or even complete circles,
each corresponding to a single layer, which are connected at points corresponding to

interfaces between different layers (Macleod, 1986).
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4. FORMULATION

4.1. Four-Layer Antireflection Coating

incident light
mcident medmm
Mo
d

, 1
m, d

thin films
M3 ds

n, \ dg
n. \ substrate

Figure 4.1. The structure of four-layer antireflection coating.

The arrangement is illustrated in Figure 4.1. The characteristic matrix of the

B 4| coss, isinS, /n ||| 1
={T1 . 4.1)
C r=1| in_sIin g, CoS O, n,

where 7, is substrate admittance, o, is the phase thickness of the i layer, i.e.

assembly is

5 - 27N,d cosO,

r

(4.2)

where d, is the physical thickness of the 7 layer, and n, is the optical admittance of

the " layer, i.e.

n. =% N, cos0, for s-polarization (TE)

. (4.3)
n.=% N,/[cos6, for p-polarization (TM)
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where @/ is the admittance of free space, N, is the refractive index of the #" layer, 0,

is the angle of incidence and @, which is incidence angle of the # layer can be found

from Snell’s Law, i.e.
N,sin@, =N, sinf. = N_sind, . 4.4)

We can calculate equation (4.1) and found the matrix elements B and C from

the result of this calculation:

B= {cos 8, €08 8, c0s &, cos 5, ——c0s J, cos J, sin 8, sin §, ——-cos &, sin &, sin J, cos 5,

n3 n2
n, . . n, . . nn, . . . .
——%c0s 6, sin &, cos J, sin §, ——=sin J, sin &, cos J, cos J, + sin 0, sin &, sin o, sin &,
nZ nl n1n3
——2sin §, cos §, sin &, cos §, ——sin &, cos 5, cos &, sin 5, (4.5)
n n
1 1

+i [—5 08 8, cos &, cos &, 8in &, + —¢c0s &, €os J, sin &, cos §, +—c0s J, sin J, cos 5, cos I,
n n n
4 3 2

——23¢0s6, sin &, sin &, sin §, ———=sin 9, sin &, cos &, sin &, ——=—-sin &, sin &, sin &, cos 5,
n,n, nn, nn,
ng . nn; . . .
+—sin é, cos 0, cos J; cos J, — sin &, cos o, sin o, sin J,
n nn
1 un

and

C ={——25sin 6, cos J, cos &, sin §, ———sin &, cos &, sin &, cos 5, ———sin &, sin &, cos J, cos J,
n, n, n,
mnng . . . . n,n . . n,n . .
+—2"35in g, sin 5, sin &, sin §, ——==cos &, sin 5, cos &, sin §, ———¢0s &, sin &, sin &, cos 5,
nyn, n, n,
+ 11, 0085, €08 5, COS 5, €08 5, — 2508 5, ¢08 5, Sin &, sin &
75 €05 6, €03 8, €03 3, €08 §, —— = 0086, 005 J, sin & sin (4.6)
4
1o nn, . . . mn, . . .
+i| n, sind, cos 8, cos J, cos O, — sin g, cos J, sin , sind, — sin o, sin 6, sin &, cos O,
n n
3 2

nn, . . . . .
——1%5in §, sin &, cos J, sin &, + 1, cos &, sin &, cos J, cos 5, + 1, cos J, €os &, sin &, cos 5,
n
2

n,n : . . .
——2-c0s 4, sin d, sin &, sin 5, + n, cos J, cos J, €os J, sin 54}
n

3
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. FORMULATION
The amplitude reflection coefficient and the reflectance are, respectively,
=(n0—Yj=[noB—Cj 7)
n,+Y nyB+C
R=pp’ (4.8)

where the input optical admittance is Y = C/B.
The effective coating is one consisting of four quarter-wave layers. Let J; be

set equal to d, and denoted by J, and if 4 is the wavelength for which the layers are

quarter-waves then
(4.9)

Now 6=6,=0,=0,=0,=90" at A=4,. By substituting sin90° =1, cos90" =0

into the equations (4.5) and (4.6) to obtain the expression of the optical admittance Y.

Using 7, the reflectance of our assembly is written as

(4.10)

Inserting the optical admittance into equation (3.30) the transmittance of the

assembly is
dnyn'nl Re(ns) @.11)

2
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and into equation (3.31) the absorption of the assembly is
4nyn'n: Re(BC* - ”5)

.
2 2

2.2 nny

iy | Ny +— 5 1s
nyn,

In ferroelectric materials temperature and polarization dependences of

(4.12)

refractive index shows nonlinear characters. The refractive indices of each layer
depending on polarization for the ferroelectric based multilayer antireflection coating

system is written as follows,

(4.13)

where n( p) is the refractive index depending on spontaneous polarization in

ferroelectric phase, n(O) is refractive index in nonpolar phase, Ap is the

polarization difference on ferroelectric phase. For simplicity, we neglect the powers
higher than the second. Then reflectance, transmittance and absorptance were

calculated again by using equation (4.13). A very long expression was found
depending on refractive indices of each layer, derivatives of refractive indices, (Ap)
and (Ap)2 (Appendix I). So, the reflectance, transmittance and absorptance was

theoretically found depending on polarization. We can write the same expression for

n(T ) too (Appendix II). This means that the optical properties of a system can be

changed by external electric or thermal field in the multilayer antireflection coating.
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5. NUMERICAL RESULTS

Many numerical methods for the design of all multilayer coatings with
prescribed spectral characteristics have been described in the past. When solving
various problems in multilayer optics field, it is assumed in most cases that a layered
medium consists of a finite number of homogeneous and isotropic layers. In this
case, in order to determine the amplitude of transmittance and reflectance, it is
mathematically convenient and efficient to employ various recurrent calculating
techniques. Depending on the particular problem to be solved, a specific technique is
preferred. Mastering various methods expands one's concept of the properties of
multilayer coatings. The application of these methods will further permit to obtain a
number of significant conclusions for analysis and synthesis (Tikhonravov and
Furman, 1992).

The characteristic matrix of a multilayer thin film takes on a very simple form

if the optical thickness is an integral number of quarter or half waves. This means,
5=n(r/2) n=0,1, 2, 3.... (5.1)

For n even, cosd =*1 and sind =0, so the layer is the integral number of

half wavelength thick, and the matrix becomes the unity matrix,

Jro s
5001 (5.2)

This can have no effect on the reflectance or transmittance of an assembly, as if the
layer were entirely absent. This result is particularly useful, thus half-wave layers are
sometimes referred to as absentee layers.

For n odd, sind =+1 and coso =0, so that the layer is the odd number of

quarter wavelengths thick, and the matrix becomes

96



5. NUMERICAL RESULTS Filiz KARAOMERLIOGLU

i[o i/"] (5.3)

in O

This is not quite as simple as the half-wave case, but such a matrix is still easy to
handle in calculation. In particular, if a substrate or combination of thin films has an

admittance of Y, then addition of an odd number of quarter-waves of admittance 7
alters the admittance of the assembly to 7’ / Y . This makes the properties of a

succession of quarter-wave layers very easy to calculate. The admittance of a stack

of five quarter-wave layers is

2 .2 .2
y="D L (5.4)
772 774 775'

Designs are often specified in terms of fractions of quarter-waves at a reference
wavelength because of the simplicity of assemblies involving quarter- and half-wave
optical thicknesses. Usually only two or possibly three different materials are
involved in designs and a convenient shorthand notation for quarter-wave optical
thicknesses is H, M or L; where H refers to the highest of the three indices, M the
intermediate and L the lowest (Macleod, 1986).

5.1. Design of Multilayer Antireflection Coatings Based on Ferroelectric

Based on the matrix theory, we have developed a Fortran software program to
design and simulate the performance of multilayer coatings. Using this software, we
have designed and optimized multilayer antireflection coatings which are consisted
of insulator thin films for ferroelectric substrate.

There are a lot of systems that can be done for this kind of calculation. These
are quite expensive systems. By means of Fresnell formulas, we designed a much
simpler program making use of the nearly same process.

We designed an algorithm of two- and three-component optical coatings

calculated by matrix method at normal incidence. Two-component optical coatings
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are multilayer stacks consisting of layers with alternating low refractive index n; and
high refractive index ny; three-component optical coatings are consisted of refractive
index with the lowest of the three indices #n;, the intermediate 7, and the highest ny.
Our algorithm consists of three main steps schematically shown in Figure 5.1.

During the input stage, the following parameters must be provided: the
refractive indices of substrate n;, air n,, and the low n;, intermediate 7, and high ny
index coating materials, a certain wavelength 4,=550 nm, the angle of incidence 0, a

quarter-wave optical thickness nd = 4,/4, and a number of sublayers N.

The calculation stage is to solve the problem by matrix method which is
mentioned in Section 3. In the current version of our program, the characteristic
matrix is firstly calculated at normal incidence, and then reflectance and

transmittance are computed in wavelength range from 400 nm to 800 nm.

INPUT
Ny, Ny, NN Ay, 6, nd=Ay/4; N

Calculation of Characteristic Matrix; R, T

l
OUTPUTR, T

Figure 5.1. Flowchart of the optimization algorithm.

The output of our program routine consisted of 401 reflectance and
transmittance values for each planned multilayer structure. As simulated and plotted

in the next sections, the reflectance is come to close zero.
5.2. Synthesis of Optical Coating and Presentation of Calculation Results
The geometrical thicknesses of the layers and the wavelength A enter the

calculation formulas for reflection and transmission only in combination

kd =27 d/2 . This means that a simultaneous proportional change of the thicknesses
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of all layers and of the wavelength do not change the values of reflection and
transmission (providing the refractive indices of all layers remain unchanged). Thus,
in a spectral band where the dispersion of the refractive indices can be neglected,
proportional changes of the thicknesses of all layers result in a shift of the reflectance
and transmittance curves along the spectral band. In this connection, when describing
the coating structure, it is convenient to use relative values of layer thicknesses rather
than their absolute values (Tikhonravov and Furman, 1992).

When this kind of coatings is done, there must be certain level in which its
optical characteristics should not destroy. This means that it should not disrupt
characteristics of optical system which is designed in terms of geometrical optics
(aberration, coma, dichroism, astigmatism). There must be selected more sensitive
materials to external effects, temperature and/or external electrical field, like
ferroelectric materials for this type of coatings. Additionally, these selected materials

must be easily found and cheap in terms of technology.

5.2.1. Even Folded Multilayer Antireflection Coatings

Most widely recognized is the way of description where the optical
thicknesses of the layers n,d; are designated as fractions of 4,/4, with 1y being a
certain basic wavelength. Let, for instance, a coating is a two-component one,
consisting of alternating layers featuring high ny and low n; refractive indices. Table
5.1 shows the general design data of each layer material and thickness.

Changing optical paths range from 0.068784 um to 0.123318 um as folds of
A, /4, graphs is found in all analysis.

Table 5.1. Design data for layers used in all configuration

Layer number Material Refractive Index (n) Thickness (um)
Layer #1 ZnSe 2.39 0.057531
Layer #2 ZrO, 2.05 0.067073
Substrate LiNbO; 2.28 0.060307
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5.2.1.1. Analysis of Two-Layer Antireflection Coating

The synthesis process started with a search for a two-layer antireflection
coating with HL setting of the starting design. It has already two possibilities, HL
and LH. In order to reach a better result, we preferred HL setting. The reflectance of
the synthesized coating is provided in Figure 5.2. The optical thicknesses of the

layers are equal to 4, /4 at certain wavelength 4,=550 nm.

Two-Layer Reflectance Profile

0.018
i 0.016
i 0.014
i 0.012
i 0.010
i 0.008
i 0.006

i 0.004
/ 0.002

~0.000

Reflectance

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5.2. Reflectance profile of two layers antireflection coating.

Considering the two-layer antireflection coating, the structure of such a
coating:
a-HL-s
a on the extreme left shows the air, the letter on the right s stands for the substrate in
the given coating. There is a consecutive list of the optical thicknesses in the
direction from the outer space to the substrate. The letters H and L refer to the layers
having the refractive indices of ny and ny, respectively. The numerical coefficients

before them show the optical thicknesses of the layer as fractions of A,/4. If a

coefficient is absent, the corresponding layer has a quarter-wave optical thickness.
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Thus, the coating described above has layers featuring the refractive index ny, n; and
the optical thickness 0.254,.

An antireflection coating was designed for the visible spectral band on the
basis of materials with the refractive indices of 7;=2.05 (ZrO,), ny=2.39 (ZnSe) with
ferroelectric featuring n,=2.28 (LiNbOs3) as the substrate and air n,=1.00 as the outer
space. The layer adjacent to the substrate had a low refractive index. Reflectance of
each layer approaches the zero when the thickness of each layer equals a quarter-
wave thick at 4y. The reflectance curve between 400 nm and 800 nm visible region of
electromagnetic spectrum for this configuration is shown in Figure 5.2. In case of
two layer configuration, we had a maximum reflectance of 1.7% and minimum of

0.025%.

5.2.1.2. Analysis of Four-Layer Antireflection Coating

The reflectance profile of four-layer coating comprising ZrO, and ZnSe is
shown in Figure 5.3. In order to be lower reflection we selected a-HHHL-s setting
from probable 16 configurations. All layers have a quarter-wave optical thickness at

certain wavelength, 4y=550 nm.

Four Layer Reflectance Profile
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Figure 5.3. Reflectance profile of four layers antireflection coating.
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In case of this configuration, the reflection curve is 0.025% the broadband
between 500 nm and 600 nm and the curve is seen to increase up to 2.3% excluding
this broadband. A slight increase in reflectance can be seen, but this result is so low
considering total reflectance results and the important feature of this design is the

zero reflectance of multilayer at a spectral point.

5.2.1.3. Analysis of Six-Layer Antireflection Coating

The performance of the six-layer design (a-HHLL HL-s) is shown in Figure
5.4. Each layer is again a quarter-wave thick at 4y (550 nm), when it gives zero
reflectance. We decided this configuration from 64 probabilities to lower reflectance.
The reflection curve is nearly 0.0012% the broadband between 465 nm and 675 nm.
The reflectance from the substrate is close to 1.67% when the spectral range
approaches to the wings of curve. We can see that the reflectance of the substrate
approach to zero with the other of layer. Therefore, the performance of the coating is

further improved by the addition of four layers.

Six Layer Reflectance Profile
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Figure 5.4. Reflectance profile of six layers antireflection coating.

102



5. NUMERICAL RESULTS Filiz KARAOMERLIOGLU

5.2.1.4. Analysis of Eight-Layer Antireflection Coating

The synthesis process continued with an eight-layer antireflection coating
with a-LLHH LLHL-s setting. In order to be a lower reflectance we preferred this
setting from probable 256 settings. The reflectance curve of eight-layer coating is

shown in Figure 5.5. The optical thicknesses of each layer are quarter-wave at certain

wavelength, 1,=550 nm.

Eight Layer Reflectance Profile
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Figure 5.5. Reflectance profile of eight layers antireflection coating.

The reflection curve is nearly 0.0017% the broadband between 440 nm and
740 nm with slight fluctuation but it is seen to increase 5.7% at the wings of the
curve in this configuration. A sudden increase in reflectance can be seen, but the
important feature of this design is the long scale from 440 nm to 740 nm in visible

range.
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5.2.1.5. Analysis of Ten-Layer Antireflection Coating

The reflectance curve of ten-layer coating is shown in Figure 5.6. The ten-
layer structure of such an antireflection coating is considered as a-HHHHH HHHHL-
s. We thought that this configuration has the lowest reflectance from 1024
probabilities. All layers have a quarter-wave optical thickness at certain wavelength
once more, 4y=550 nm. The curve that the minimum reflectance of ten-layer coating
has 0.0003% in the band between 515 nm and 590 nm is shown in Figure 5.6. In the
spectral range from 400 nm to 800 nm maximum reflectance are approximately to
2.2% when it comes close to the wings of the curve in the range. The performance of

a ten-layer is more or less similar to the others.

Ten Layer Reflectance Profile
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Figure 5.6. Reflectance profile of ten layers antireflection coating.
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The reflectance can be plotted multilayer configurations which are explained
above to compare with each other in one graph as shown in Figure 5.7. It is
represented ten-layer, four-layer, two-layer, eight-layer, and six-layer antireflection
coatings as curve B, C, D, E, and F respectively. It is clearly seen that the reflectance
can be decreased to lower value by increasing number of layers. This means that the
transmittance can be considerably increased. It is seen that the optimum layer
number equals six; because the spectral range of reflectance for two-, four-, eight-,

and ten-layer is higher than the spectral range of six-layer.

Reflectance Profile

Reflectance
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Figure 5.7. Reflectance profile of 2, 4, 6, 8, and 10 layers antireflection coating.
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5.2.1.6. Analysis of Twelve-Layer Antireflection Coating

By increasing the number of layers and optimizing their index and thickness,
the reflectance from the substrate can be reduced to a reasonably low value. In other
words, the transmittance through the substrate can be increased substantially (Asghar
et al., 2003b). We have simulated 12 layers for the best performance of multilayer
coatings based on the matrix theory. The decrease in reflectance by addition of layers
over the substrate can be observed by plotting eight different twelve-layer design

configurations in one graph as shown in Figure 5.8.
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Figure 5.8. Combined reflectance profile for twelve-layer configurations on LiNbOs.

It has totally 4096 possibilities in twelve-layer configuration. The refractive
indexes of 12-sublayer system with alternating high and low indices are coded as a-
LLHL LHLL LLHL-s, a-LLLL HHLH HLHL-s, a-LLLL HHLL LLHL-s, a-LLHH
LLLL LLHL-s, a-HHHH HHLL LLHL-s, a-HHHH LLHH HHHL-s, a-HHLL
HHHH LLHL-s, a-HHHH HHHH HHHL-s settings and this codes represents curve
B,C,D, E, F, G, H, and I respectively.
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The optical thicknesses of the layers are quarter-wavelength thick. In case of
these configurations, the reflection curve of B stays almost 0.00016% in the
broadband between 500 nm and 600 nm with 49% at the maximum as to the wings of
the curve. The reflection curve C is about 0.00012% in the band between 520 nm and
585 nm. With the exception of this band, the C curve sees 32% at the highest
between 400 nm and 800 nm range is seen to increase. The reflection curve of D is
around 0.0012% in the spectral range from 530 nm to 575 nm and maximum
reflection is roughly 27% when it moves towards to the wings of the curve. The
minimum reflection curve of E is just about 0.017% in the range from 520 nm to 585
nm. The curve E is seen to rise up to 15% out of in the range. The minimum
reflection of curve F is very nearly 0.04% in the broadband between 515 nm and 590
nm with 11% at the maximum as to the wings. The reflection of curve G is about
0.1% 1in the spectral range from 500 nm to 620 nm. This curve between 400 nm and
800 nm range is seen to increase 5.7% with the exception of this wideband. The
reflection of curve H is 0.1% in the broadband between 450 nm and 700 nm and the
curve is seen to increase up to 42% excluding this broadband. The minimum
reflection of curve I is 0.00049% in the spectral range from 480 nm to 650 nm. This
curve is seen to increase up to 2.2% excluding the wideband. A slight increase in
reflectance in some wavelengths can be seen, but the important feature of this design
is very nearly the zero reflectance at certain wavelength, 4,=550 nm.

In order to remain constant in the broader optic ranges of quarter-wave layer
we got ratio of one of transmission values of curves to another. The transmission
values ratios of curves are shown in Figure 5.9, 5.10, 5.11, 5.12, and 5.13. We think
that selected materials are suitable to reduce reflection in the visible region since the
value of curves ratio one to another at the same optical range in these figures is

approximately one.
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In Figure 5.9 curve C is the ratios of coded curve as a-LLLL HHLL LLHL-s
to coded curve as a-HHLL HHHH LLHL-s and curve B is the ratios of coded curve
as a-LLLL HHLL LLHL-s to coded curve as a-HHHH HHHH HHHL-s for 12

layers. The ratio value of curves is fairly one in these curves.
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Figure 5.9. The transmittance ratios of three different coded curves for 12 layers.
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In Figure 5.10 the transmittance ratios of coded curve as a-LLHL LHLL
LLHL-s to coded curve as a-LLLL HHLL LLHL-s, a-LLHH LLLL LLHL-s, a-
LLLL HHLH HLHL-s, a-HHLL HHHH LLHL-s, a-HHHH HHLL LLHL-s, a-
HHHH LLHH HHHL-s, a-HHHH HHHH HHHL-s is shown as curve B, C, D, E, F,

G, and H in that order. The ratio value of curves is closely one in these curves.
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Figure 5.10. The transmittance ratios of eight different coded curves for 12 layers.
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It is more clearly seen that transmittance ratios of selected curves from Figure
5.9 is nearly one in Figure 5.11. Curve B is the ratios of coded curve as a-LLHL
LHLL LLHL-s to coded curve as a-HHHH HHLL LLHL-s and curve C is the ratios
of coded curve as a-LLHL LHLL LLHL-s to coded curve as a-HHHH HHHH

HHHL-s for 12 layers. The ratio value of curves is quite one in these curves.
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Figure 5.11. The transmittance ratios of three different coded curves for 12 layers.
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As for Figure 5.12, it is transmittance ratio of coded curve as a-HHHH HHLL
LLHL-s. The transmittance ratios of coded curve as a-HHHH HHLL LLHL-s to
coded curve as a-LLLL. HHLH HLHL-s, a-LLHH LLLL LLHL-s, a-HHHH LLHH
HHHL-s, and a-HHHH HHHH HHHL-s is shown as curve B, C, D, and E

respectively. The ratio value of curves is just about one in these curves.
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Figure 5.12. The transmittance ratios of five different coded curves for 12 layers.
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Transmittance ratio of coded curve as a-HHHH HHHH HHHL-s is shown in
Figure 5.13. The transmittance ratios of this coded curve to coded curve as a-HHHH
HHLL LLHL-s, a-LLHH LLLL LLHL-s, and a-HHHH LLHH HHHL-s represents

as curve B, C, and D correspondingly. The ratio value of curves is about one in these

curves.
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Figure 5.13. The transmittance ratios of four different coded curves for 12 layers.

Consequently, it is shown that in all transmittance ratio figures which we
selected suitable materials to our aims since the transmittance ratio values of all

curves is nearly one.
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5.2.2. Odd Folded Multilayer Antireflection Coatings

In odd folded multilayer structure it is analyzed with three different materials.
This materials are involved a convenient shorthand notation for quarter-wave optical
thicknesses is H, M, and L which refer to the highest of the three indices, M the
intermediate and L the lowest, and the layers having the refractive indices of ngy, ny,
and n, respectively. Table 5.2 shows the general design data of each layer material
and thickness. It has six possibilities to three-layer antireflection coating design. In
order to give better result, we preferred two setting which are a-LHM-s and a-MHL-s

coded. The optical thicknesses of the layers are equal to 4,/4 at certain wavelength,

Ay=550 nm. An antireflection coating was designed for the visible spectral band on
the basis of materials with the refractive indices of n;,=2.05 (ZrO,), n)~=2.39 (ZnSe),
ny=2.97 (AgAsSs) with ferroelectric featuring n,=2.28 (LiNbQO3) as the substrate and
air ny=1.00 as the outer space. The layer adjacent to the substrate had a low refractive
index. Changing optical paths range from 0.113169 pm to 0.061659 pum as folds of
4, /4, graphs is found in all analysis.

Table 5.2. Design data for layers used in all configuration.

Layer number Material Refractive Index (n) Thickness (um)
Layer #1 ZnSe 2.39 0.057531
Layer #2 ZrO, 2.05 0.067073
Layer #3 AgrAsS; 2.97 0.046296
Substrate LiNbO4 2.28 0.060307

Let’s consider firstly the three-layer antireflection coating of a-LHM-s
structure. It is investigated periodic configuration in other multilayer design which is
a-LHM LHM-s settings for six-layer, a-(LHM)’-s for nine-layer, and a-(LHM)’-s for
twelve-layer. The reflectance curve between 400 nm and 800 nm visible region of
electromagnetic spectrum for these configurations is shown as curve E, D, C, and B

respectively in Figure 5.14.

113



5. NUMERICAL RESULTS Filiz KARAOMERLIOGLU

E=38B
Reflectance Profile [IImc
- D
I 0.7 B E
0.6
Allos 8
=n I
I @
I‘ f—F—+03
=\ ﬁg —1 o2
= =L o
= (AP ="
\ — 0.0
225

400 450 500 550 600 650 700 750 800

Wavelenght (nm)

Figure 5.14. Reflectance Profile of 3, 6, 9, and 12 layers antireflection coating coded
as a-LHM-s configuration.

In case of all layers configuration, the reflection curve of B stays almost
0.05% in the broadband between 485 nm and 640 nm with 72% at the maximum as
to the wings of the curve. The reflection curve C is about 0.01% in the band between
520 nm and 590 nm. With the exception of this band, the C curve sees 56% at the
highest between 400 nm and 800 nm range is seen to increase. The reflection curve
of D is around 12% in the spectral range from 475 nm to 650 nm and maximum
reflection is roughly 34% when it moves towards to the wings of the curve. The
minimum reflection curve of E is just about 0.0085% in the range from 475 nm to
655 nm. The curve E is seen to rise up to 11% out of in the range. An increase in
reflectance can be seen, but the important feature of this design is nearly zero

reflectance at a spectral point.
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As regards the other three-layer settings, it is coded a-MHL-s configuration. It
is investigated periodically a-(MHL)*-s settings for six-layer, a-(MHL)’-s for nine-
layer, and a-(MHL)*-s for twelve-layer. In Figure 5.15, the reflectance curve in

visible region for these configurations is shown as curve E, D, C, and B in that order.
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Figure 5.15. Reflectance Profile of 3, 6, 9, and 12 layers antireflection coating coded
as a-MHL-s configuration.

It is clearly seen from the graphs that the reflection curve of B stays almost
0.1% in the broadband between 480 nm and 645 nm with 76% at the maximum as to
the wings of the curve. The reflection curve C is about 0.001% in the band between
510 nm and 600 nm. With the exception of this band, the C curve sees 60% at the
highest between 400 nm and 800 nm range is seen to increase. The reflection curve
of D is around 0.94% in the spectral range from 500 nm to 610 nm and maximum
reflection is roughly 36% when it moves towards to the wings of the curve. The
minimum reflection curve of E is just about 0.00042% in the range from 475 nm to
650 nm. The curve E is seen to rise up to 11% out of in the range. The rising
reflectance is seen, but the important feature of this design is virtually zero

reflectance at a spectral point.
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6. CONCLUSION AND DISCUSSION

The purpose of this thesis is to achieve a broader band visible antireflection
coating design with multilayer structure which is consisted of insulator thin films. In
order to design the normal incidence wideband visible multilayer AR coatings we
used different types of layers which are two-different materials like ZnSe and ZrO,
for even folded multilayer antireflection coatings, and three-different materials like
ZnSe, Zr0,, and Ag,AsS; for odd folded. The ferroelectric material, LiNbO; is used
as the substrate in this structure. The optical thickness of each layer is equal to a
quarter-wave thick at certain wavelength 4y)=550 nm. The reflectance is investigated
between 400 nm and 800 nm visible region of electromagnetic spectrum.

A short computer program for the design of two material antireflection
coatings based on the theoretical considerations has been written in Fortran software
program based on Fresnell formulas.

In order to obtain zero reflectance, we have designed a broad-band AR
coating using high- and low-index layers on ferroelectric based substrate. The
synthesis process started with a search for a two-layer antireflection coating with a-
HL-s setting of the starting design. It is coded as a-HHHL-s, a-HH LLHL-s, a-LLHH
LLHL-s, and a-HHH HHH HHHL-s settings for four-layer, six-layer, eight-layer,
and ten-layer antireflection coating respectively. As for twelve-layer antireflection
coating, eight configurations which are a-HHHH HHHH HHHL-s, a-HHLL. HHHH
LLHL-s, a-HHHH LLHH HHHL-s, a-HHHH HHLL LLHL-s, a-LLHH LLLL
LLHL-s, a-LLLL HHLL LLHL-s, a-LLLL HHLH HLHL-s, and a-LLHL LHLL
LLHL-s settings are researched to more lowly reflectance. The optical performance
in all configurations is well and the average of minimum reflectivity across the entire
visible region is approximately 0.05% or less. It is also investigated periodic settings
for even folded multilayer antireflection coatings. But we are not got good results for
these coded.

In the next design, three different materials are used which have the highest,
the intermediate and the lowest refractive indices of the layers on the ferroelectric

substrate. We analyzed two configurations which are a-LHM-s and a-MHL-s
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settings. We investigated periodic configuration for all multilayer design in this
configurations. This periodic configurations refers to a-(LHM)"-s and a-(MHL)"-s
(m=1, 2, 3, and 4) for three-, six-, nine-, and twelve-layer. The maximum reflectance
is approximately 74%, and the minimum is about 0.0053%. An increase in
reflectance can be seen, but the important feature of this design is nearly zero
reflectance at a spectral point. The values of reflectance are very high at the wings of
the curves of odd folded multilayer antireflection coating. In order to make this value
smaller than we have now, we will expand the spectral range considering a
pyroelectric material of LiNbO3 and using the refractive index formulas depending
on polarization and temperature in future.

We also try to change the optical properties of substrate (ferroelectric
material) using external electric and thermal fields. It seems to us, it is a first
investigation, where the ferroelectric properties of substrate materials and their

features are used in antireflection coating systems.
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7. FUTURE PROSPECTS

It can be used different types of layers which are more than two-different
materials for even folded and three materials for odd folded. It can be simulated other
ferroelectric materials in our Fortran program to reduce reflection further. This
Fortran software program is enhanced the optical thicknesses to a half-wave thick at
a certain wavelength. The reflectance can be investigated not only the visible region

but also infrared region of electromagnetic spectrum.
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APPENDIX
Appendix 1. Application to Optical Coefficients of Refractive Index Depending

on Polarization for Ferroelectric Materials

The refractive indices of each layer depending on polarization for the

ferroelectric based multilayer antireflection coating system is

on 1én ,
The reflectance of our assembly is
2 2 2

nn,

Ny =—5 31
nn A

R, = — =—. (1.2)
0 nzznf 5
Numerator of eq. (1.2) is
(1.3)

2
_ 2.2 2.2
A —(n0n2n4 —-n, n3n5)

and denominator of eq. (1.2) is

\% :(nonzznf +nnin, )2. (1.4)

After small calculations eq. (1.3) and (1.4) are written as follows,
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T 4n0n12n32Re( ) (1.7)

5 2
2,2
2,2, i
iy | Ny +—3 5 1s
n;n,

So eq.(1.7) can be written as,
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4 2.2 2 2
T N, nyny Ny

5
(110112714 +n'n; ns)

_Re(n,) :%Re(ns) (1.8)

Denominator of eq. (1.8) is equal to denominator of eq. (1.4), so the result of this

equation V = (nonzznf + 1 nin, )2 is eq. (1.6). and numerator of eq. (1.8) is
Q=4nn'ninin; (1.9)
with some simple calculation, (1.9) is written as,

Q= 4”0”1 (0)112 (0)113 (0)1’14 O+ 4”0”2 (0)1/13 (0)n4 0) ( on, ] (Ap)z
op

Ay (0)n2 (O)n (@(aﬂ (Ap)} + 4,2 (02 (O)n (0{8”3] (Ap)’
op op

n OO O 2| () ann O OO
P

82
el GO
82
"5 (Ap)

2
‘ "2( ApY’ +dngnl (0)n2 (0, (0)n;
P

+4n,n? (0)n, (0)n2 (0)n2 (0)

on, on,

+4nyn} (0)n; (0)n5 (0)n, ( )’ +16n,1,(0)n, (0)n3 (0)n (0) _— =2 (ApY
P
8}1 on 2 5 5 on, On 2
+16m,n, (0)”2 (0)ny(0)n (O) 1 p 0 — (Ap) +16n,n,(0)n; (0)n; (0)n (0) 1 p4 ( p)
811 on On on 2
+16n0n1 (0)n,(0)n,(0)n (O) 2 ( ) +16n0n1 (O)n, (0)113 (O)n 4(0) L (Ap)
P Op P Op
#1611 (03 (0)rs (O, (0)—= 8”3 M (pp)? (1.10)
P
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The absorptance of the assembly is

~ 4nyn'n: Re(BC* _”5)

.
2 2

2.2 nny

iy | Ny +— 5 1s
nyn,;

(1.11)

Eq.(1.11) can be written as,

2.2 2 2
4nyn nynin,

A= 2Re(BC*—n5)=%Re(BC*—n5) (1.12)

2.2 2.2
(n0n2n4 +n; n3n5)

The result of numerator of eq. (1.12) is equal to eq. (1.10) and the result of
denominator of eq. (1.12) is equal to eq. (1.6).
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Appendix II. Application to Optical Coefficients of Refractive Index Depending

on Temperature for Ferroelectric Materials

The refractive indices of each layer depending on temperature for the

ferroelectric based multilayer antireflection coating system is

2
n(T)zn(O)+a—nAT+l On

2
— AT 2.1)

The reflectance of our assembly is

2

n 2.2 2.2 \?
R - n,n; _(”on2n4 n, n3”5) B
5 = - 2
2,2 4 2.2
115 (n0n2n4 n1n3n5)

2.2)

<| >

After small calculations, numerator and denominator are written as,
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A=zv§zé<o>n:<0)+m4(0)zv;‘<0>n§—z%m%oyé(oyém)ni(oms+6n§n;‘(0)n§<0>(%] (ar)

62 (O’ (0)( j (AT)” —2n22 ()2 (0)n2 (O)n, (%] (ATY

2

2 2 2 ’ an
22 O o T (a7 -2t Ovongiom| T | (a7
2 Oni 0w om 2 | (1) vonouiond 2] (1)
G OO0 | 21| (7 2t OO0 AT+ 280200 7

2

=21, O (O O (O, f(AT) =271, (0)5 (O (O)r; O)r 8; (ary

—2ny; ()15 (05 (O, (O 82T (AT) =212} ), () (O (0)"!5 e % (A1)’

I (AT 2 OO0 (AT 167 00 2 T 7Y

81y, (0)755 (05 (0 (O)m; —+ i (Z% (AT)" =8 (O (O)m, (O, (O — - o ZHT (ATy’

81 OE(O) (@m(@m%%(ﬂ) 8 O O OV O, 52 5”2 Sary @I
S O O O O, S (AT g O O O O a’; 2’; (A7)

167 OO L (A7)

and
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V=1 (0)riy (0)+ 75 (O)r; (O); +2ny; (0 (015 (01 (O + 6y (O (0) (%) (Ary

2

+6n§ré<0>n:(0)(%j (AT) +2n2 02 ()2 (O)ng [%] (AT)

2 2 2 2 6]/14 ’ 2
+2n,715 (0)r5 (0)7; (O)ng %} AT )" +2ny (), (0)r; () (5) (A7)
2 0 0vicon| 2 () veoniiond( 3 a1y

2 4 2 ’ 2 2 4 3 & 4 2 2.3 4 & 2
+6r; (O} (O)r %} (AT) a}l (AT)" +2rm, Oy (0>5—;§(AT)

2

0 OO OO T (A7) + 24 O O OO, T )
+2nom2(0)r§(0)r§(0)n4(0)n5%(M)z+2nom2(0)f5(0)f§(0)nf(0)nsaz—rg(AT)z

+2m4<0>@(0>n§52—’§(ﬂ)2+2m3(0)@(0>n§62—’§(ﬂ)2+16n§n§(0>n4<0)2’; Gl
S OO OO LT ATV 82 OV O Oy O 22 L AT

or or or or
8n 2
+87n (O O O)n O %5( AT)’ +8ny2 O (O, (O} O Z’; ‘2’; (A7)
oy () 2
48 O, (O O O, g’; Z’;( ATY +81,2 O (O (O, (0),15%5( AT)
+161, (0)m (0)rr; ‘2’; % (A7)’

The transmittance of the assembly is

4n n’n’Re(n dn.n’n’n’n’ Q
01 "3
7, - ) | AW pen) = LRe(n,).
2 2 \V4
) 2 n,n, (n0n2n4 +n, n3n5)
mn, | ny+——ns
n,n,

(2.4)

Denominator of eq. (2.5) is equal to denominator of eq. (2.2). After some simple

calculation, numerator of eq. (2.5) is written as,
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Q= 4”0”1 (0)m; (0)113 (0)r; (0) + 4”0”2 (0)n3 (0)r; (0) ( 67111 ] (AT)Z

+4n,n! (0)n; (0)n (O)(azfj (AT) +4n,n’ (0)n; (O)n (O)(al;fj (AT)2

+4n,n> (0)n2 (0)n (0)(8”4j (AT)’ +4nyn, (0)n2 (0)n ()75 (0) 82”1 (AT)

+nyn (), (O)n (O} (0) 82”2 2 (AT +4nyn? (0)n2 (0)ny(0)n (AT)

+4n,n’ (0)n2 (0)n (AT) +16mn,(0)n, (0)n2 (0)n (0) a”l ‘Z’;f (AT)
+16m,1,(0)n2 (0)r, (0)n (0) 8”1 a’;i (AT)’ +16n,n,(0)n2(0)r2 (0)n n(0) =L on g’;‘j (ATY
+16m,17 (0)n, (0), (0)n2 (0 8”2 a;; (AT)’ +16n,n2(0)n, (0)nZ(0)n n(0) == 8”2 a@’;‘j (AT)
#1611 (003 (O)rs (O, (0)— 8”3 g’;‘j (AT) 2.6)

The absorptance of the assembly is

4n.n’n’ Re(BC* —n An n2ninin? Q
_ M (2 2 Z): :70’241”2’23’34 2Re(lgc*_ns):_Re(BC*—}15).(2.7)
2 2 nn, (”onzn4 +n ns”s) v
Nyl | Mo+ ——5 15
21y

The result of numerator of eq. (2.7) is equal to eq. (2.6) and the result of denominator

of'eq. (2.7) is equal to eq. (2.4).
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