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ABSTRACT

A technology was developed for the manufacturing of optical interference coatings
with truly inhomogeneous refractive index profiles. The computer-controlled electron
cyclotron resonance plasma enhanced chemical vapour deposition of thin films of SiO,N,
from a mixture of gases (SiH,, O,, N, and Ar) has proven to be an effective technique
for the manufacturing of such complex structures as single- and double-band rugate
optical interference filters and graded refractive index antireflection coatings.

The deposition of thin films of SiO,N, of different composition was studied and the
influence of different process conditions on the optical properties of the material was
investigated. The properties of the films were studied by means of optical transmission
spectroscopy, Raman spectroscopy and Fourier transform infrared spectroscopy. A
whole range of optical constants was extracted for use in the computer-aided design of
optical coatings.

The design of different types of inhomogeneous optical coatings was performed
on the basis of optical constants available in the SiOxNy-system, with the dispersion of
complex refractive index and absorption in the layers taken into account. It was found
that such dispersion and absorption effectively suppress high-frequency filter bands.

The technology thus developed provides for the growth of con\/entional multilayer
structures with sharp interfaces and any custom designed refractive index profile.
Experimental verification of the technology was done by the manufacturing and
characterization of different types of optical coatings. Several rugate interference filters,
two antireflection coatings, a quarterwave multilayer interference filter and a beamsplitter
were grown on silicon and Corning 7059 glass substrates. In comparison with existing
deposition techniques, electron cyclotron resonance plasma enhanced chemical vapour
deposition has proved to be extremely fiexible and constrained only by the availability

of the appropriate gas precursors for the synthesis of materials.
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CHAPTER 1

INTRODUCTION

1.1 Inhomogeneous optical coatings

Modern vacuum deposition technology is used broadly for the production of optical thin
films'. The current situation is characterized by the introduction into the optical coatings
manufacturing technology of a number of processing techniques developed in the
microelectronics industry. Techniques such as molecular beam deposition (MBD)?,
organometallic vapour phase epitaxy (OMVPE)3, neutral cluster beam deposition
(NCBD)*, low-voltage reactive ion plating (LV-RIP)°, ion beam assisted deposition (IBAD)®
and the wide range of plasma-stimulated processes’'? are being added to traditional
techniques such as magnetron and reactive magnetron sputtering (MS)’3, electron beam
evaporation (EBE)'* and thermal evaporation (TE)'>. These new techniques have
created a totally new situation for optical engineers working on the development of

optical coatings technology, in that, for the first time now, they have enabled engineers

to tailor the deposition technique to the requirements of a specific application.



Optical coatings with graded refractive index profiles, and rugate filters in particular, have
been rousing considerable interest in recent years'®?®, The flexible optical properties
of these filters, the possibility to form multiple reflecting bands, the ability independently
to adjust main parameters, as well as their expected high laser damage threshold, are
very attractive features for various applications. However, contrary to the highly

16-20

developed design procedures available™ ", manufacturing technologies are far from

ideal at the moment®'28,

1.2 Goal of the research

This research project is aimed at developing a new technique for the fabrication of

graded refractive index optical coatings.

Electron cyclotron resonance plasma enhanced chemical vapour deposition (ECR-
PECVD) is a modern and effective tool for the fabrication of structures with complicated

8,20-31

refractive index profiles . One of the materials that can be used for visible and near-

infrared filters is SiO,N,, where x and y are varied according to a chosen design. The
precursors, SiH,, O, and N,, are readily available in the form of electronic grade gases
in any required degree of dilution. The optical properties of this material can be
adjusted by merely controlling the process variables. SiOxNy could have a refractive

index as low as that of SiO,, yielding a wide range of refractive indices, from 1.46 to 3.3

at the wavelength of 1 ym.



The design and manufacturing of thin film opﬁcal filters demand thorough knowledge of
the optical parameters of the films over a wide wavelength range. In the case of
homogeneous refractive index layers, which are used -in, for example, multilayer
quarterwave stacks, tables containing optical data for a large number of materials are
readily available®®3*. Vendors provide materials with known and certified parameters for

sputtering, and for electron beam and thermal evaporation.

For advanced rugate-type filters, and for optical coatings in general, continuously varying
refractive index profiles are often required. Material is being synthesized successively
during the deposition process. The optical properties of such layers are process
dependent and seldom well characterized. Consequently, an in-depth study of the
optical properties of the depositing material is vital, becoming an obligatory part of the

development of the technology.

Thus, the object of the research can be defined as though consisting of two inextricably
united parts. The first part of the research will consist of an in-depth study of the optical
parameters obtainable in the ECR-PECVD deposited SiOxNy-system, whereas the second
part will consist of the development of the deposition technique for the controlled and

reproducible fabrication of any custom-designed refractive index profile.

In chapter 2, short reviews are given of plasmas and the principles of plasma enhanced

chemical vapour deposition. The main characteristics of ECR-PECVD are also



described. In addition, the experimental computer-controlled vacuum deposition system
is described and characterized. The deposition of SiO,, SiN, and SiO,N, thin films by
ECR-PECVD is studied for different process conditions. The growth rate dependencies
on gas flow ratio, self-bias, pressure and magnetic field are also discussed. Fourier
transform infrared spectroscopy is applied in order to investigate the compositional
changes in the growing film with a change in the gas phase content. Raman

spectroscopy is applied for the determination of microstructure of these thin films.

Chapter 3 comprises a discussion of the application of transmission spectroscopy for
the determination of the optical properties of thin films. By this means, the optical
properties of SIO,N, alloys deposited at different experimental conditions are studied.
Refractive index, extinction and absorption coefficients, band gap and Urbach tail
energies are caiculated and compared with previously published resuits. The influence

of the composition of the gas phase on these optical properties is discussed.

Chapter 4 briefly reviews the fundamentals of thin film optics and gives a summary of
synthesis procedures for inhomogeneous optical coatings design. We discuss variation
of the fiexible Fourier transform design techniqgue and present design examples. A50/50
beamsplitter is designed by several approaches based on the Fourier transform
relationship between transmittance and refractive index profile and results are compared.
Optimization of the design is achieved by successive approximations and correction of
the target transfer function. An alternative design procedure particularly suitable for the
design of narrow band rugate filters which takes account of dispersion of complex

refractive index and absorption in the material is also discussed.



Chapter 5 discusses deposition techniques'for the manufacturing of inhomogeneous
optical coatings and outlines the advantages of ECR-PECVD. A feasibility study of the
proposed technique is undertaken and experimental confirmation is given. We report
on the design and growth by ECR-PECVD of rugate filters for one and two reflecting
bands. These filters are grown on silicon and glass substrates using silane, oxygen and
nitrogen as gas precursors. In the discussion experimental results are compared with
those of simulations. Inhomogeneous Gaussian antireflection coatings on silicon are
also designed, grown and evaluated. For confirmation of the compatibility of the
proposed optical thin film deposition technique with the classical design ideology which
is based on the quarterwave multilayer stack, a high reflection filter on glass, three-layer
antireflection coating on silicon and a neutral 50/50 beamsplitter on glass are designed

and manufactured. Finally, an evaluation is given of the results.

Resuits of the study, as well as the advantages and disadvantages of the proposed
deposition technique are discussed in chapter 6. Recommendations for future research

are made.
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CHAPTER 2

THE ELECTRON CYCLOTRON RESONANCE PLASMA ENHANCED CHEMICAL

VAPOUR DEPOSITION OF SiO,N,

2.1 Introduction

High-density plasma sources are finding widespread use in many new processing
applications. Microwave electron cyclotron resonance (ECR) sources'?, radio-
frequency (RF) helicon®’ and induction® (for instance, transformer-coupled plasma®)
sources are now commonly used for plasma etching, low-temperature deposition, and
surface treatment. Among the various deposition processes, ECR plasma enhanced
chemical vapour deposition (ECR-PECVD) can be distinguished by several features:
plasma enhancement, utilization of the ECR effect, low pressure, heterogeneous
reaction mode and flexible control over the intensity of the ion bombardment.
Because very complex processes are involved in ECR-PECVD, a brief review of these
processes is needed in order to understand how they interact with one another and

how they influence on the properties of growing films.
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2.1.1 Plasma and plasma parameters

A plasma can be defined as a gas that contains charged and neutral species'™. It
usually consists of electrons, positive ions, negative ions, atoms and molecules. On
average, a plasmais electrically neutral, because any charge imbalance would result
in the formation of electric fields that would tend to move charges in such a way as
to eliminate the imbalance!'. As a result, the combined density of electrons and
negative ions will be equal to that of positively charged ions. This property of a
plasma is called quasi-neutrality. Plasma can be characterized by two important
parameters. The first parameter is plasma density, n_, which is the concentration of
charged species. The second parameter is the plasma temperature T, in energy
units (usually in eV, 1 eV = 11600 K). The plasma density for known plasmas may
vary between 10° cm™ and 10?® cm™, the plasma temperature may vary "only" by

seven orders of magnitude (typically from 0.1 eV to 10° eV)*°.

An important numerical characteristic of the plasma is the degree of ionization, which
is the fraction of the original neutral species (atoms and molecules) which has been
ionized''. Plasmas with a degree of ionization much less than unity are referred to
as "weakly ionized" plasmas'®. The presence of a large population of neutral species
will dominate the behaviour of this type of plasma. In fully ionized plasmas, the

~

degree of ionization approaches unity, and neutral particles play some or no role.

Creating and maintaining the plasma requires some energy source to produce the

ionization. In steady state, the rate of ionization will be balanced by the losses of

12



ions and electrons from the plasma volumé via recombination and diffusion or via
convection to the walls. The plasmas used iﬁ technology are initiated and sustained
mainly by electric fields. Directcurrent (DC) or alternating-current (AC) power
supplies are used for these purposes. Typical AC frequencies of excitation are 100
kHz at the low end of the spectrum, 13.56 MHz in the radio frequency (RF) range of
the spectrum and 2.45 GHz in the microwave region. These plasmas are sometimes

also referred to as "electric’, "gaseous" or "glow" discharges.

The extensive use of plasmas for the deposition and etching of thin films derives from
two of their well-known features''. Firstly, plasmas are sources of chemically active
species. The generation of chemically active species in a plasma is initiated by the
electron bombardment of molecules and atoms. Plasma electrons are accelerated
by the electric fields and are gaining sufficient energy to break chemical bonds. The
products of these electron bombardment processes include radicals and ions. They
can undergo further reactions, often at high rates, to form additional chemically
reactive species. The second feature that makes plasma discharges so useful for
deposition and etching is their ability to generate ions and to accelerate ions to
energies of 50 to 1000 eV in the vicinity of the substrate. Energetic ions play a
synergetic role in the deposition and etching processes, and a determining role in

sputtering processes.

In addition to the plasma density, plasma temperature and degree of ionization, other
important parameters ofthe plasma are the Debye length d, the mean free path 4 and

the Larmor radius r,. In a plasma, there can be many mean free paths, because

13



there are many different types of particles (various neutral species, electrons and
ions)'2. Of primary interest are the mean free paths for collisions between electrons

and heavy particles 1, and ions and heavy particles 4.

If a magnetic field exists in a plasma, charged particles will tend to gyrate about the
magnetic field between collisions. The radius of the circular path it takes is called the

Larmor radius and is expressed as'?

= 1" 2.1)
qB :

where vy = thelocal velocity of the charged particle normal to the magnetic
field line,

m = the mass of the charged particle,

g = electric charge of the particle, and

B = strength of the magnetic field.
Obviously, the mass of an electron is much smaller than the mass of a heavy ion, so
the Larmor radius for electrons will be much smaller than that for ions. Therefore, if
we operate a glow discharge in the presence of a magnetic field, the electrons will,
in general, be confined by the magnetic field, whereas the ions will not be affected.
However, it is difficult to create any significant charge separation in a plasma, so
confining the electrons has the effect of confining the ions as well. It is important to

note, however, that neutral particles (including free radicals) will not be influenced by

the magnetic field.
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The Debye length d in a plasma is a distance over which the potential perturbation

is reduced to 0.37 (one over base of natural logarithms) of its initial value. Itis given

by
1/2
d - KT, €, 2.2)
e’n,
where €, = the permittivity of free space, and
e = the unit charge of an electron.
k = Boltzmann's constant.

For low-pressure discharges, where n, can be quite small, the Debye length can be
large and the sheath region along a surface (where significant charge separation
occurs) can extend a considerable way into the plasma. The number of electrons in
a Debye sphere, N, used to be the criterion for plasma existence. If Ny >> 1, the
medium can be called a plasma. For plasmas used in thin film technology, the
relevant range of d is from 0.01 to 1 mm, with 0.1 mm being a good average for
weakly ionized discharges, and the value of Ny varies from about 10% to 107, which

value easily satisfies the definition of a plasma.

Electrons in a plasma have a distribution of energies, and typically average electron
energy is used. For plasmas of interest to this work'?, the electrons may be assumed
to have a Maxwellian distribution, which is described'! in terms of the electron energy

E,

15



. 2fF E
fE) = — 3 exp (- kTe) (2.3)
Jr(kT,)?
where f(E) = the electron energy distribution function (EEDF) which

gives the fraction of the total number of electrons with

energy between E and E+dE, and

The electron energy is given by

1
E = Emeve2 (2.4)
where m, = the electron mass and
Ve = the magnitude of the electron velocity.

The EEDF is normalized in such a way that if we integrate over all energies, we get:

f f(E)dE = 1 (2.5)
0

A Maxwellian distribution is isotropic'®, thus the average energy can be obtained by

the following integral:

[rE)EdE - %kTe (2.6)

Therefore, the electron temperature T, (in energy units) for a Maxwellian electron

energy distribution is a measure of the average energy of electrons.

16



The Maxwellian distribution is also called the "equilibrium distribution”, because it
represents the case where the electrons are in thermodynamic equilibrium. It should,
however, be pointed out, that ions and electrons are characterized by different
Maxwellian distributions with different temperatures T, and T,. Although f(E) in weakly
ionized plasmas is not Maxwellian'’, it is still common to speak of an "electron

temperature" when referring to the average electron energy.

Several potentials are important in the glow discharges used in thin film deposition:
the plasma potential, the floating potential, and the sheath potential. The plasma
potential (V,) is the potential of the glow region of the plasma. It is essentially
uniform throughout the volume of the glow discharge and is the most positive

potential in the vessel containing the plasma.

The floating potential (V) is the potential of an electrically floating surface in contact
with the plasma. Equal fluxes of negatively and positively charged species arrive at
such surface. The difference between Vp and V; is approximately given by'%:

kT .
V,-V, = zeln( T ] (2.7)
e

where m, is the ion mass. Equation (2.7) can be used to estimate the maximum
energy with which positive ions may bombard electrically insulated chamber walls.
Most threshold energies for sputtering are 20 to 30 eV. Therefore, a Vp -Vy= 20to
30 V (depending on material) would avoid sputtering of the walls which may lead to

film contamination'?.
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The plasma potential is always positive with respect to any surface in contact with the
plasma. This is due to the fact that the mobility of the free electrons in the plasma
is much greater than that of ions. This results in the initial electron flux to all surfaces
being much greater than the ion flux. Consequently, the surfaces in contact with the
plasma become negatively charged and, owing to Debye screening, a positive space
charge layer, or sheath, develops in front of these surfaces. Concentration of
electrons in this layer is lower than in the plasma volume. Fewer gas species are
therefore excited by electron collisions, and fewer species relax and give off radiation.
That is why the sheath region is dark relative to the glow discharge and it is
sometimes referred to as "dark space”. Positive ions that enter the sheaths from the
glow region by random thermal motion accelerate into the electrodes and other
surfaces in contact with the plasma. Thus, all the surfaces surrounding the glow
discharge experience a certain amount of positive ion bombardment, including walls
and fixtures in a vacuum chamber. Similarly, secondary electrons emitted from the
surfaces (for example, owing to positive ion bombardment) accelerate through the
sheaths into the glow region. The maximum energy with which positive ions
bombard a surface, and the maximum energy with which secondary electrons enter
the glow region, are determined by the difference between the potential of the surface
and the plasma potential. Because this is the potential across the sheath, it is usually

referred to as the "sheath potential”.

In all advanced types of plasma processing systems for thin film etching and
deposition (ECR, transformer coupled plasma, helical and helicon resonators,

magnetically enhanced PECVD, etc.) plasma excitation is separated from substrate
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bias to allow independent control of ion energy'®. Figure 2.1 schematically shows
an RF generator being connected to the substrate holder of a PECVD system via a

low-impedance blocking capacitor'*.

PLASMA (Vp)
WAFER (V)

SHIELDING SUBSTRATE HOLDER

\L f

REACTOR

WALL "1 LOWIMPEDANCE
i CAPACITOR
" RF

' /
S /
~—

Figure 2.1: A schematic representation of RF biasing'

We know that a probe at floating potential draws no net current. If a voltage is
applied to the probe, the current drawn will be given by the probe current-voltage
(I-V) characteristic. Figure 2.2 (a) shows that when a probe is given an RF
perturbation symmetrically about its initial value, the asymmetry of the probe |-V
characteristic causes the substrate to draw a net electron current. This charges the
substrate to a mean negative value with respect to the floating potential, so as to

draw a net zero current as shown in Figure 2.2(b)'?.
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The derivation of the magnitude of the bias can be performed if one accepts several '

hypotheses to be valid:

1. The plasma is unbounded.

2. The electron distribution is Maxwellian.

3. There are no collisions in the plasma sheath.

4. All charges impinging the surface are collected.

5. There is no generation of sebondary electrons.

i-v CURVE -V CURVE
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po.sl

/ electron current
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Figure 2.2: Self-biasing mechanism of a dielectric surface'% (a) RF biasing has

been just applied, (b) after compensation by DC shift.

In this case, provided that the radius of curvature of those surfaces in contact with the
plasma is much larger than the Debye length, we can consider the substrate to be
alarge plane probe. When the surface is biased positively with respect to the plasma
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potential V,, (V > V,), the ions are repelled and an electron sheath is created. The
electron saturation current density will be proportional to the random thermal flux of
electrons, thus independent of the bias magnitude and given by'*

Vea kTe (28)
€4 € 2zm,

where v, is the average thermal velocity of electrons.

When the surface is biased negatively (V < V). part of the electrons are repelled and
an ion sheath is created; only electrons that have energies high enough to cross the
potential barrier V-Vp are collected by the substrate. As a result, the electron current

density is reduced to

i —en | XTe exp(w] (2.9)

For positive ions, and if V < V., the potential is attractive. The corresponding ion
saturation current density j,. can be obtained by application of the approximation that

is called the "Bohm criterion"'?

kT, (2.10)

It can be shown'* that, assuming a zero electric charge collected on the substrate

surface over a period T and a sinusoidal periodic signal Vg, the value of the DC
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component V, is given by

Vo = V+ e Io ©Var - 21)
e kT 7

where | is the zero-order modified Bessel function. For eVge >> kT, the asymptotic

value of V,, becomes'*

2e kT

e

kT 2neV
Vy = V-V +—2 In( ”‘F] (2.12)

There are three types of electrical power dissipation mechanisms that can be
encountered under DC or RF excitation between planar electrodes. These are

illustrated in Figure 2.3"

<—® Secondary
Y electrons
(&)

@ ” Joule heating
»
<&
Sheath Plasma
Cathode | Distance

Figure 2.3: Power dissipation mechanisms in an electric discharge15
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In the y-regime, positive ions are accelerated towards the cathode. Secondary
electrons (y-electrons) are emitted by ion bombardment and accelerated through the
sheath into the plasma region. This mechanism is the only way to sustain a DC
discharge, but it is also dominant in RF discharge of electropositive gases at high
voltage'®. The a-regime occurs only in RF discharges: electrons are accelerated by
"waveriding" on the expanding sheath edge during the negative half-cycle at the
powered electrode, and the power dissipation is proportional to the square of the RF
frequency’®. The "Joule heating" mechanism occurs in the plasma bulk when a DC
or RF field is present to maintain the electron conduction and ionization necessary
to compensate for the eléctron losses due to electron attachment in électronegative
gases. The power dissipation mechanisms in the ECR discharge will be discussed

later in this chapter. -

2.1.2 ECR microwave plasmas

Among the many phenomena that can occur in a plasma, one of the most interesting
(from the point of view of discharges used for PECVD) is that of electron cyclotron

resonance (ECR).

When a plasma is subjected to an alternating electric field (E) in the presence of a
perpendicular static magnetic field (B), the electrons will receive energy from the
electric field but will gyrate because of the magnetic field. Consider the arrangement

shown in Figure 2.4 (magnetic field is normal to the page). Let us assume that an
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electron is accelerated to the left by the time-varying electric field. If the frequency

of the alternating electric field @ is equal to the cyclotron frequency of the electron

+E0

Figure 2.4: The principle underlying the electron cyclotron resonance phenomenon

.., the magnetic field will turn the electron around just in time again to be

ce?
accelerated in the opposite direction by the time the electric field changes polarity.
Thus, the electron gains energy as E oscillates in both directions (provided that there
are many oscillations between collisions), and a resonant condition is created. The

frequency given by Equation 2.13 provides us with the numerical value of the electron

cyclotron frequency in a given magnetic field with strength B.

o, = — (2.13)

ce

Good microwave energy coupling is directly related to a synchronization between the
combined electron-neutral and electron-ion collision processes and the excitation

frequency w®. For different gases the optimum pressure range for efficient discharge
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breakdown and maintenance with 2.45 GHz microwave energy usually occurs
between 0.5 and 10 Torr. However, when a static magnetic field with strength equal
to 875 Gauss is impressed on the energy coupling process, the electron cyclotron
effect leads to very efficienf energy transfer from the electric field directly to the
electrons. For high pressures, very little resonance is seen, as electron collisions
occur so frequently that the electron cannot be turned by the magnetic field in time
to catch the reversing electric field. Under these conditions the process of heating
of the electrons is purely collisional. At low pressures, there is a strong resonance,
and ECR heating is taking place. For helium, for example, transition between the two

heating regimes occurs between 3 Torr and 0.5 Torr”.

A steady-state microwave discharge is characterized by equality between the
electromagnetic power absorbed by the plasma and power losses in the plasma
volume®. The absorption process includes the microwave energy absorption by both
the electron and ion gases. Owing to the fact that work done on a charged particle
by an electric field between collisions varies inversely as the particle mass, the energy
gained by the electron is much greater then the energy gained by the ion. Therefore,
direct energy transfer from the field to the ions can be ﬁeglected and electromagnetic
energy transfer to the plasma takes place through Joule (elastic and inelastic heating)

and electron cyclotron heating of the electron gas.

Because at a certain plasma density, called the critical density n_, an electromagnetic
wave of frequency lower than w is reflected from the plasma boundary, it is usually

assumed that plasma electron and ion densities within the microwave discharges are
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limited to less than the critical density, given by'®

2

n o< Me€® (2.14)
c 62
or
n, = 1.24x107%2 (2.15)

where f is the excitation frequency. This implies that, with 2.45 GHz excitation,

plasma densities are limited to a maximum of 7.4 x 10'° cm™.

In practice,
waveguide applicators produce slightly higher densities, and cavity applicators are
capable of producing densities of 10 to 50 times the critical densities at low
pressures, and densities above 100 times the critical density at high pressuress. The
ability to produce high densities is due to evanescent wave penetration into the
plasma. This type of coupling is greatly enhanced in cavity applicators because of

their ability to impress a high, standing-wave electric field against the discharge

without reflecting power from the applicator’.

2.1.3 The generation of active species in a plasma.

Active species (mainly ions and radicals) can be formed in a plasma by collisions
between any sufficiently energetic particles. Collision processes can be broadly
divided into elastic and inelastic types, depending on whether or not the internal
energies of the colliding species are maintained. An elastic co\lisidn is one in which

there is an interchange of kinetic energy only. An inelastic collision has no such
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' restriction, and internal energies change too. The phrase "internal energy" refers to
electronic excitations in atoms or electronic, vibrational and rotational excitations in

molecules.

There are always many mechanisms that cause the processes of generation and
recombination of active species to take place, the most important of which are listed

below'®:

Electron impact ionization

e+A->2e+ A" : (1)
Electron impact excitation
e+A->A +e )
Dissociation
e+AB>A +B+e (3)
Electron attachment
A+e->A (4)

Dissociative electron attachment

AB+e—->A+8B (5)
Relaxation (photoemission)
A" > A + hy (6)
Charge transfer
A* + B> A + B* (7)
Dissociative ionization
e+ AB->A" +B+2e (8)
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where A, B, AB = reactants (atoms or molecules),

e = an electron,

A’ = reactant A in an excited state,
hy = quantum of energy, and

A* BY, A" = ions.

Which of these are most important for a specific PECVD process can be determined

by studying corresponding reaction rates®.

One should point out that, in the case of ECR discharge, electron-electron elastic
collisions also become very important owing to effective energy exchange (since
masses are equal) and a high degree of ionization, hence EEDF will tend to be

Maxwellian.

The rate at which these inelastic collisions create excited species, ions, free radicals,
etc., can be estimated by using a reaction rate equation'®. For example, the rate at

which A" is created from reaction (2) can be given by

diA®]
= k.[A]l-Te (2.16)
7 2[Al"[e]
where d[A"]/dt = the rate at which A" is formed,
k, = the reaction (2) rate coefficient,
[A] = the concentration of species A, and
[e] = the electron concentration.
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Similar equations can be used to describe the reaction rates for any of the above-

mentioned reactions.

Since only high-energy electrons can take part in inelastic collisions and in order to
take this fact into account, k, in Equation 2.16 has to be defined in terms of the
electron velocity and the inelastic collision cross-section. The cross-section of an
electron-reactant inelastic collision is proportional to the probability that this inelastic
collision will occur. ltis afunction of the electron energy. For example, the collision
cross-section will be zero, if the energy of the electron is lower than a certain
threshold energy. The rate coefficient k; can be calculated by usiné the following

equation’®:

o,(E)f(E)dE , (2.17)

>
1}

O~— 8
N
Slm

where o, is the collision cross-section of reaction 7 (it is a function of electron energy

E). The integration should be carried out over all possible electron energies.

Unfortunately, most of the collision cross sections are not known'317:18

and only
some cross section data can be collected from literature. A similar situation exists
with the electron energy distribution function (EEDF) f(E). It is normal practice to
assume a Maxwell-Boltzmann distribution for f(E). However, the actual electron
energy distribution function is not known. Moreover, it is possible that reactant
composition of the gas can influence f(E), because the higher-energy electrons lose
13,16. It

a significant fraction of their energy in inelastic collisions with these reactants
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is thus difficult theoretically to calculate reaction rate coefficients and reaction rates.
Because the average electron energy is much higher than that of an ion, the PECVD
environment is not in thermal equilibrium*>'8, Thermodynamics, therefore, is not able

to predict the product of a PECVD reaction.

2.1.4 PECVD fundamentals

In thermally driven chemical vapour deposition (CVD), ground state species of
precursors (for example, SiH, and NH, in thermal chemical vapou‘r deposition of
Si;N,) are transported to the wafer surface, undergo chemical reactions and surface
migration and result in the growth of a silicon nitride film. Byproducts also form,
desorb, diffuse away into the main gas stream and are transported out of the

chamber. This classical sequence of steps is given below'®:

1. Transportation of the reactants to the growth region.

2. Mass-transport of reactants to the wafer surface.

3. Adsorption of reactants.

4. Physical-chemical reactions yield the solid film and reaction byproducts.

5. Desorption of byproducts.
6. Mass-transport of byproducts to the main gas stream.

7. Transportation of byproducts away from the growth region.

The situation changes when a plasma is generated in a CVD environment. A fraction

of the ground state precursor species undergoes electron impact dissociation and
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excitation, resulting in the generation of highly reactive species. Thus, in addition to
the ground state species, these highly reactive species also participate in the
deposition process. They diffuse to the substrate, and undergo parallel processes
of adsorption, chemical reactions, surface migration, etc. These highly reactive
species create an alternative deposition pathway, which operates simultaneously with
the existing thermal deposition pathway‘s. Because of lower activation energies (in
comparison with ground-state precursors) and higher sticking coefficients, excited
and ionized species react faster, and the plasma kinetic pathway often bypasses that
of the ground state species. Consequently, the plasma enhancement makes a higher
deposition rate possible'®. Moreover, the ions present in the plasm;a bombard the
substrate surface, further modifying the kinetic pathways, effecting the breakdown of

weakly bonded reactive species, enhancing the surface migration of adatoms, etc.'®

Let us consider an example of the practical implementation of plasma enhancement.
The arrangements for the deposition of silicon oxynitride are shown schematically in

Figure 2.5. ECR discharge, occurring when 2.45 GHz microwave radiation interacts
with the magnetic field of 875 Gauss provided by permanent magnets (1), is used for
remote excitation of nitrogen, oxygen and argon plasma. In this region highly
reactive ions and radicals of precursors are formed. They are then transported with
the assistance of a divergent magnetic field, created by the external magnetic coil (2),
to the vicinity of the substrate. Silane is injected downstream through the gas
distribution ring (3) placed near the substrate. In this way deposition on the chamber
walls and silane consumption can be reduced. Discharge, occurring when the

substrate holder (4) is RF-biased, makes its own contribution to the generation of
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active species. The DC self-bias thus created provides control over the energy of
ions bombarding the surface. The chemical reaction takes place at the surface of the

substrate (5) which is fixed to the holder.
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Figure 2.5: Downstream ECR-PECVD arrangements with remote plasma excitation

and injection of silane in the vicinity of an RF-biased substrate

The ability of low-energy ions to enhance the precision of surface etching, cleaning
and deposition processes, provides the basis for the interest in ion-assisted
processes. Different applications of low-energy ion beams are illustrated in Figure
2.6. Low-energy ions assist in the surface processing of materials primarily through
the kinetic energy they deposit as they slow down in the sample. The effects of this
energy deposition can be divided into two categories, namely physical and chemical

20-22,24,25

effects The category of physical effects generally includes those effects
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where the energy transferred in ion-atom collisions directly induces atomic motion or
displacements, whereas the category of chemical effects includes those effects where
the energy transfer enhances chemical reactivity. The physical effects may be
understood simply in terms of ion-atom collisions, whereas the chemical effects of
low-energy ions are more complex. They include directly stimulating reactions to
form volatile species, and the removal of surface species to expose reactive sites on

the surface.
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Figure 2.6: The participation of energetic ions in surface reactions®

As was mentioned before, the plasmas are sources of both non-equilibrium gas
phase and surface chemistry, and particle bombardment. lon-surface interactions are
present and play a significant role in many plasma-based thin film deposition

techniques®2°.

The net effect of the plasma utilization is that, very often, specific
materials can be obtained at lower deposition temperatures and, as a result, a wide
and controllable range of film properties can be attained in addition to new

metastable structures or compositions?® 2.
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The requirement that the ions play a significant role in surface processing sets the
energy scale of interest. For the ions to participate in chemical reactic;ns, the
transferred energy must be greater than bond energies, typically several electron
volts, whereas atomic displacements are induced only when the energy deposited is
greater than the atom displacement thresholds, typically between 10 and 25 eVv02,
At the same time, the major fraction of the ion-induced displacements should be
confined to the near surface region if the objective is to assist in surface processing;

10° eV will be a practical high-energy limit for the incident ion energy®®?'.

lon bombardment can be used advantageously during the different stages of thin
films manufacturing. Substrate cleaning can be improved, using inert or reactive ion
bombardment prior to deposition. Film adhesion (especially for metallic films) can
be greatly improved with ion bombardment. At higher energies the substrate, as well
as thin films, can be etched or milled. During deposition ion bombardment of thin
films influences a number of film properties26 including adhesion, morphology,
stoichiometry, stress, impurity content and packing density. It aliows flexible control
over these properties, something that cannot be attained through any other
enhancement technique. However, if ion energies, fluxes and/or doses are too high,

they may also affect the film quality and should, therefore, be avoided'®.
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2.2 The ECR apparatus

Extensive research was carried out on electron cyclotron resonance discharges and

2734 ECR discharges have been

their application to thin film processing
demonstrated as useful, electrodeless, high-density sources of excited and charged
species over 10 Torr-102 Torr pressure regimes. ECR/microwave technology allows
a number of different design approaches. Consequently, there are several different

13,27

processing configurations available. Both waveguide and cavity applicatcsrss'29

have been employed. Electron cyclotron resonance magnetic fields can be produced

1,24 5,28

with coils™*“" or rare-earth magnets Both low-energy plasmas and neutralized
electron-ion beams can be produced for surface processing. Thus, specific
applications may have one or more acceptable ECR approach, and/or very specific

reactors can be designed for particular applications.

2.3 The ECR-PECVD deposition system

To study the deposition of optical coatings from the gas phase with ECR plasma
enhancement, a small-scale computer-controlled ECR-PECVD system was designed

and built®*,

The vacuum system consists of a pumping station, a main chamber, a compact ECR
source and ‘a gas distribution system. It is schematically represented in Figure 2.7.

A Leybold-Heraeus 360 CSV turbomolecular pump, together with a TRIVAC D30A
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rotary vane pump, was used to provide sufficient pumping speed and base pressure
of less than 107 Torr in the chamber. A pneumatic gate valve was installed on the
pumping port. A bypass line (not shown) allows Ioading/reloading of samples in the
chamber while the turbomolecular pump is running.
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Figure 2.7: A schematic representation of a computer-controlled high-vacuum

PECVD system equipped with a compact ECR source

The stainless steel high-vacuum chamber was equipped with two CF63 and several
KF40 flanges to allow flexible installation of the ECR source, electrical and gas
feedthroughs, a quadrupole mass spectrometer and vacuum gauges. Convectron
gauges were used to monitor pressure during deposition and a cold cathode Penning
gauge and mass spectrometer were employed for base pressure monitoring. Typical
pumpdown time from atmosphere to 2-1 07 Torr was 30 minutes. A substrate holder,
made of aluminium and teflon and with RF/DC-biasing capabilities, holds the sample
in a vertical position at variable distance from the source and at any chosen angle to
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the direction of the plasma stream. A compact ECR plasma source ‘was installed on
the chamber in a horizontal position and equipped with an additional Tesla coil for

the extraction of ions.
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Figure 2.8: A schematic diagram of a compact ECR source?®®

A schematic diagram of the compact ECR source®® is shown in Figure 2.8. The
microwave energy (2.45 GHz) is introduced to the discharge via a 50 Ohm standard
microwave connector (1) by antenna (2), which is isolated from the vacuum by a
ceramic cup (3). The stainless steel body of the ECR source (4) is water cooled.
There are two standard CF63 flanges at the ends of the body, one of which is used
for source connection to a high-vacuum chamber. Permanent SmCog ring-shaped
magnets (5) are placed inside the body and fixed with special rods to the third CF63
flange, where a microwave input assembly is mounted. The diameter of the antenna
and the paosition of the magnets are adjusted to produce the most stable plasma

discharge at the lowest microwave power passible.
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Gases can be introduced through the VCR inlet (6) placed on one of the flanges of
the source body. An external magnetic coil (7) is also used to increase extraction of
the ions from the source with a divergent magnetic field. An optional quartz liner (8)

can be inserted into the ECR source body to reduce ion/radical losses at the walls.

The total length of the compact ECR source is 160 mm, and its diameter is 114 mm.
The whole construction is mounted on a standard CF63 flange, which makes it

flexible and compatible with ordinary ultra-high vacuum equipment.

Several gas channels were used to deliver the gases into the chamber.. One line was
dedicated to deliver N, and 9% O, in Ar, and a separate line was used for 30% SiH,
in Ar. The first line was used to feed the ECR source, while the second one
introduced silane through a gas distribution ring placed close to the substrate holder.
The correct position of the gas ring relative to the substrate was found to be very
important for satisfactory uniformity and growth rate. The third gas channel is
dedicated for backfilling of the system with nitrogen. There is also a fourth channel
connected to a methane gas cylinder. It can be used for the deposition of carbon-
containing materials, SiC for instance, in the same vacuum chamber. Filters were put
in every gas line to ensure the absence of particles in the gas stream. Two Aalborg
Instruments AFC-2600 mass flow controllers (MFC) with normally-closed control
valves and a flow rate of up to 100 sccm, as well as two Tylan 2900 MFCs with a
maximum flow rate of 50 sccm, are providing smooth changes of gas flows. Valves,
mass flow controllers, filters and gas inlets were equipped with VCR-type fittings for

maximum leak tightness. All tubing was chemically polished inside to ensure the
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minimum outgassing capacity. Microwave energy was supplied to the source via
a flexible coaxial line from the 2.45 GHz magnetron non-continuous wave generator.
The manually controlled generator provides 0-800 W of_microwave power to the
quarterwave antenna isolated from the vacuum by a cap made of alumina ceramic,
which is cooled with pressurized nitrogen. A regulated solid-state 13.56 MHz radio
frequency (RF) generator with a power amplifier was used to bias the substrate in
order to control the energy of ions arriving onto the substrate. Self-bias was
monitored during the deposition. The RF-generator features two alternative regimes
of functioning, namely the stabilisation of RF forward power and the stabilization of
self-bias on the substrate. In the first regime the amplitude of the RF signal is used
for feedback control, whereas in the second regime the DC self-bias is used for

feedback control.

A personal computer is the key device in the control system of the deposition
machine. Two PCL-718 multi-function data acquisition cards®, which were attached
to the computer, carried out the control of the gas flows, providing a predetermined
set of flow rates as a function of time. Each card is used in a differential unipolar
analog input configuration and employs an industrial standard 12-bit successive
approximation converter (HI-674A) to convert analog inputs. The maximum A/D
sampling rate is 60 kHz, which is more than enough during control of the MFCs.
Each card also has two 12-bit monolithic D/A output channels with an output range

of 0 to +5 V for driving the MFC’s up to full flow rate.
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2.4 The deposition of SiO,, SiN, and SiO,N,

Silicon nitride and silicon oxynitride films have found many applications in integrated
circuits and devices as dielectrics, diffusion barriers, iéolation and passivation
layers®. It is also a very attractive material for optical thin films, since the refractive
index can be varied according to needs over a wide range without evoking the
problems associated with matching materials with different chemical and mechanical

34,37-40

properties Common methods to produce silicon nitride and oxynitride thin

layers are 13.56 MHz PECVD, afterglow CVD or thermal CVD*'.

One of the candidates to supplement the standard 13.56 MHz plasma depositioh of
thin films is a hybrid 2.45 GHz electron cyclotron resonance plasma enhanced

chemical vapour deposition (ECR-PECVD) technology®*%3°.

In this arrangement,
microwave excitation creates a low-energy, low-pressure and high-density plasma,
while the 13.56 MHz bias allows for the precise control of the energy of charged
particles striking the substrate surface and, therefore, for control over the stress in the

films.

The properties of materials deposited by ECR-PECVD are process dependent. |t
consequently necessitates a broad characterization of the films in terms of growth
rate, compositional and optical properties. [n rest of this chapter we describe the
sample preparation procedures, experimental conditions and growth of SiO,, SiN, and
SiOxNy films of various composition. The growth rate, refractive index at 632.8 nm
and infrared transmission characteristics are determined as functions of different
process parameters. Complex refractive index of these materials will be discussed

in detail in chapter 3.
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2.4.1 Sample preparation and characterization

A set of experiments for the determination of the k.inetics>of the deposition of thin
films and their optical properties was performed. In these experiments several types
of substrates, namely sapphire, quartz, monocrystalline silicon and Corning 7059
glass, were used. Consequently, the preparation procedures were different for each

type of substrate, as detailed below.

A Sapphire samples were cut out of 76 mm double-side polished substrates.
They were sequentially cleaned prior to deposition in an ultfasonic bath of
trichloroethylene, acetone and isopropanol for the removal of all organic
contaminants, etched in a hot H,PO,:H,S0O, (1:3) mixture and rinsed in de-
ionized water*®. After these steps had been taken, samples were blown dry

with nitrogen and immediately placed in the deposition chamber.

B. Corning 7059 glass (25 x 25 mm) and quartz substrates were degreased in
isopropanol in an ultrasonic bath and placed in a hot H,0,:H,SO, (1:1)
mixture for 1 minute, followed by arinse in de-ionised water. Immediately after

that, samples were dried with nitrogen and placed in the deposition chamber.

C. High-resistivity double-side polished < 111> silicon wafers (76 mm diameter)
were quarted. One sample from each wafer was used as a reference in
Fourier transform infrared (FTIR) spectroscopy measurements. The other three

quarter pieces of each wafer were used as carriers for the deposition of layers
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of different composition, but with the same thickness of approximately 120 nm.
Before deposition, all silicon substrates were cleaned according to the

standard RCA cleaning procedure®.

Samples were fixed to the substrate holder with clamps. Individual layers were grown
to a thickness of approximately 1 pm for ultraviolet-visible-near-infrared (UV-VIS-NIR)
transmission spectroscopy and to 120 nm for Fourier transform infrared spectroscopy
(FTIR) and ellipsometric measurements. Deposited films were studied with a Rudolf
Research Auto-EL IV ellipsometer at a single wavelength of 632.8 nm for an
estimation of growth rate and the refractive indices of the films. 'A UV-VIS-NIR
spectrophotometer Hitachi model U-3400 was used for the transmission
measurements.  Values of refractive index, extinction coefficient, absorption
coefficient, thickness and optical band gap were calculated from these transmission
spectra®®. Measurement technique and optical properties will be discussed in detail
in chapter 3. Infrared transmission measurements were done over the 2.5 to 25 um
wavelength range, using a Perkin-Elmer 1600 FTIR spectrophotometer. Raman
measurements were performed, using a DILOR confocal laser Raman spectrometer

with a 100 mW, 514.5 nm INNOVA argon ion laser.

2.4.2 The deposition of SiO,

During the deposition, the conditions were as follows: 100 Watt microwave power;

base pressure less than 10°® Torr; working pressure of about 2 mTorr; gas flow rates
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set between 4 to 16 sccm; total flow rate kept constant at 20 sccm; 13.5 Watt RF bias
power. Glass, silicon and sapphire substrates were cleaned prior to the deposition
~and fixed to the substrate holder. Individual layers were grown to a thickness of
approximately 1 pm for UV-VIS-NIR transmission measurements and 120 nm for
ellipsometric measurements. Gas flows for this set of experiments are given in Table

2.1.

No 30% SiH, in Ar (sccm) 9% O, in Ar (sccm)
1 20 0.

2 18 2

3 16 4

4 14 ‘ 6

5 13 7

6 12 8

7 11 9

8 8 12

9 4 16

Table 2.1: Gas flows for set of experiments on SiO, growth

Figure 2.9 shows dependence of growth rate of SiO, on gas flow ratio
SiH,/(SiH,+0O,). The growth rate of SiO, increases with an increase in the oxygen
content in the gas phase from 43 A/min at a SiH,/(SiH,+0,) gas flow ratio of 1 up

to a maximum of about 75 A/min at a gas flow ratio of approximately 0.7.
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Figure 2.10: Refractive index of SiO, (at 632.8 nm) as a function of gas flow ratio

44



With a further increase in oxygen content in the gas phase, the growth rate drops, h

owing to the depletion of the gas phase of silane.

Dependence of the refractive index (measured at 632.8 nm) on gas flow ratio is
illustrated in Figure 2.10. Refractive index deéreases from 3.8 for amorphous silicon
to 1.48 for SiO, with decrease in gas fiow ratio from 1 to 0.35. The biggest changes
occur when the gas flow ratio changes between 1 and 0.78. The refractive index
changes from 3.8 to 1.6 reflecting the change in composition from amorphous silicon

to silicon dioxide.

2.4.3 The deposition of SiN,

During the deposition the conditions were as follows: 100 Watt microwave power,;
base pressure less than 10° Torr; working pressure of about 2 mTorr; gas flow rates
set between 4 to 16 sccm; total flow ré;é kept constant at 20 sccm; 13.5 Watt RF bias
power. Glass, sapphire and silicon substrates were cleaned prior to the deposition
and fixed to the substrate holder. Individual layers were grown to a thickness of
approximately 1 pm for UV-VIS-NIR transmission measurements and 120 nm for

ellipsometric measurements. Gas flows for this set of experiments are given in Table

2.2.
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No 30% SiH, in Ar (sccm) N, (sccm)
1 | 20.0 0.0
2 16.0 _ 4.0
3 115 85
4 9.0 11.0
S 7.0 13.0
6 54 14.6
7 4.7 153
8 40 16.0

Table 2.2: Gas flows for set of experiments on SiN, growth
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Figure 2.11: The growth rate of SiN, as a function of gas flow ratio SiH,/(SiH,+N,)
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The growth rate of the SiN, decreases with an increase in the nitrogen content in the
gas phase from 43 A/min at SiH,/(SiH,+N,) gas flow ratio equal to 1 down to
about 17 A/min at a gas flow ratio of approximately 0.07. Figure 2.11 shows a
marked change in the deposition rate in the range of gas flow ratio between 0.1 and
0.3, where the composition of the film rapidly changes from silicon nitride to silicon.
This change can be seen more clearly if the growth rate of SiN, is shown versus

Nz'/SiH4 gas ﬂobw ratio, as is illustrated in Figure 2.12.

Refractive index of SiN, versus gas flow ratio SiH,/(SiH,+N,) is presented in Figure
2.13. Refractive index decreased strongly, from 3.8 for the ﬁlm‘ grown in an
atmosphere of silane diluted with argon to 1.98 for the film grown at a gas flow ratio
approximately equal to 0.07, with decreasing silane content in gas rﬁixture. Note the

change in the slope of the dependence of the refractive index on gas composition.
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Figure 2.12: The growth rate of SiN, as a function of a gas flow ratio N/SiH,
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l.37, who calculated the refractive index dependence ‘

Using the results of Donovan et a
on the x composition in SiN, according to the Lorentz-Lorenz equation, a relation
between the approximate x composition of the grown films and gas flow ratio was

established. The results are shown in Figure 2.14. One can note the marked change

in the slope of the dependence at the gas flow ratio of approximately 0.21.

2.4.4 The deposition of SiO,N,

An in-depth study of the deposition of SiOxNy was undertaken speciﬁically for use in
optical coatings manufacturing. Deposition conditions were as follows: 100 Watt
microwave power; base pressure less than 10° Torr; working pressure of about 2
mTorr; gas flow rates set between 1 to 16 sccm (lower limit set by control range of
the mass flow controller); total flow rate kept constant at 21 sccm; RF bias power kept
at 13.5 Watt. In addition to growth rate and refractive index dependence on gas
composition, experiments were also performed to study the influen‘ce of RF-bias,
extraction magnetic field and working pressure. For these sets of experiments, either
total gas flow, or current through the magnetic coil were varied. When the effect of
total flow was studied, the flow rates of N,, O, in Ar and SiH, in Ar were kept equal.
The gas flowratio of 0,/(O,+N,) under these conditions was equal to 0.114. Corning
7059 glass, silicon and sapphire substrates were cleaned prior to the deposition and
fixed to the substrate holder. Individual layers were grown to a thickness of
approximately 1 pm for UV-VIS-NIR transmission measurements and 120 nm for

elipsometric measurements.
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The “process trajectory" for this set of experiments is shown in Figure 2.15. Points )
on this graph correspond to the values of O,/SiH, and N,/SiH, flow ratios for which
layers were grown. It has two regions, in one the flow of oxygen was kept constant
at 1 sccm and the flows of silane and nitrogen were varied (points 1 to 4); in a
second region, the flow of silane was kept constant at 7 sccm and the flows of
nitrogen and oxygen were varied (points 4 to 10). Respective gas flows are given in
Table 2.3. The values of the growth rates for points represented on the process

trajectory are depicted in Figure 2.16.
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Figure 2.15: Process trajectory for the set of experiments on SiOxNy growth
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Figure 2.16: The growth rate of SiO.XNy at corresponding points of process

trajectory
Point number 30% SiH, in Ar 9% O, in Ar N,
(sccm) (sccm) (sccm)

1 16 1 4
2 11 1 9
3 9 1 11
4 7 1 13
5 7 2 12
6 7 25 115
7 7 3 11
8 7 4 10
9 7 7 7
10 7 1 3

Table 2.3: Gas flows at the respective points of the "process trajectory"
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In Figuré 2.17 the dependence of the growth rate and the refractive index at 632.8 nm )
on self-bias is shown for a flow ratio of O,/(0,+N,)=0.114. The growth rate
increased linearly from 15 to 88 A/min, while the refractiye index increased only
§Iightly from 1.522 to 1.552, most probably because of some densification resulting

from an increase of ion bombardment due to the inbrease in self-bias from 50 to 250

Voit.

Data of the growth rate versus the gas flow ratio is shown in Figure 2.18. The growth
rate increases with an increased O,/(N,+O,) ratio. Simultaneously, the refractive
index, measured at a wavelength of 632.8 nm, is decreasing, because of the

substitution of Si-N bonds with Si-O bonds and with oxidation of the excessive silicon

in the layers.
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Figure 2.17: The influence of the bias on the growth rate and the refractive

index of SiO,N,
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It was found that the extraction magnetic field only has a marginal influence on the \
refractive index measured at five points across the 50 mm diameter silicon wafer. As
shown in Figure 2.19, the growth rate increased from 26 fco 61 A/min following an
increase in current through the coil from O to 4 amperes (corresponding to an
increase in the extraction magnetic field, measured in the plane of the coil, from 0 to

130 Gauss).

The value of total flow has a similar kind of influence on growth rate and refractive
index. With an increase in total flow from 12 to 24 sccm (the pressure in the chamber
increased from 1.5 to 3.0 mTorr), the average refractive index measured at five points
across the 50 mm silicon wafer, decreased from 1.554 to 1.535, whereas the growth
- . rateincreased from 40 to 68 A/min. Dependence of the growth rate and the refractive

index on the total flow is given in Figure 2.20.

- Results of FTIR measurements are presented in Figure 2.21. A clear tendency can
be observed in the changing of optical absorption peak positions. With an increase
in the O,/(0,+N,) gas flow ratio, the main peak of the Si-N stretching mode™® in Si;N,
at 830 cm™ is smoothly decreasing in amplitude, while the peak at 1070 cm™', which
is the main Si-O stretching mode®' in SiO,, is gradually increasing. One should
notice that the transition from mostly silicon nitride to mostly silicon dioxide takes
place between the 0.027 and 0.049 gas flow ratios. The corresponding change in the
refractive index can be seen in Figure 2.18. In addition, there is hardly any Si-H or
N-H bonds* at wave numbers 2160 cm™ and 3330 cm™, respectively. The exception
is the samples grown at 0.01 and 0.021 gas flow ratios, for which the small number

of Si-H bonds is attributed to the excessive silicon in the layers®.
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Figure 2.22: Raman spectrum of a-Si:H grown in SiH,/Ar atmosphere

Film structure was evaluated by Raman spectroscopy. The investigation revealed that
no microcrystalline (pc) or polycrystalline silicon phases were present, -based on the
absence of a Raman peak near 520 cm™. Only the main amorphous silicon peak
positioned at approximately 486 cm™' was detected*®*”. The Raman spectrum of a
sample grown in silane diluted with argon -(30% SiH, in Ar) at a pressure of

approximately 2 mTorr is shown in Figure 2.22.
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2.5 Conclusions

Electron cyclotron resonance plasma enhanced chemical vapour deposition (ECR-- .
PECVD) was used for the growth of SiO,, SiN, and SiON, films from O,/Ar, N, and

SiH,/Ar mixtures.

Studies of deposition in Si-SiO, and Si-Si;N, systems showed a marked difference
in growth rate behaviour. In SiN, deposition, the growth rate decreased
monotonically With an increase of nitrogen flow (at constant total flow) from 43 to 17
A/min, whereas SiO, growth rate has a maximum of 75 A/min at the SiH /(0,+SiH,)

gas flow ratio of approximately 0.7.

‘The refractive index measured at 632.8 nm for both materials decreased strongly with
a decrease of the silane content in the gas phase. Values ranged from 3.8 for
amorphous silicon down to 1.98 and 1.48 for silicon nitride and silicon dioxide,
respectively. The thin film microstructure was evaluated by Raman speét_roscopy and

found to be amorphous.

The ECR-PECVD of silicon oxynitride layers was investigated for different gas flow
ratios and substrate bias. It was found that an increased self-bias, total flow and
extraction magnetic field resulted in a large increase of the growth rate, whilst the.
refractive index changed only slightly. The gas flow ratio determined refractive index
over a wide range as a result of changes in the chemical composition. FTIR

measurements showed a smooth transition between silicon dioxide and silicon nitride.
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CHAPTER 3

THE OPTICAL PROPERTIES OF ECR-DEPOSITED FILMS OF SiO,N,

3.1 Introduction

The design and manufacture of thin film optical filters demand a thorough knowledge
of the optical parameters of the films over a wide wavelength range. In the case of
homogeneous refrabtive index layers, which are used in, for example, multilayer
quarterwave stacks, tables containing optical data for a large number of materials are
readily available'. For advanced rugate-type filters and optical qoatings in general,
continuously varying refractive index profiles are often required. The optivcal properties
of such layers are always process dependent and often not well characterized. Hence,
detailed information regarding the optical properties of the materials to be used and the
dependencies of optical properties on different process conditions will be required for
the design and fabrication of optical coatings possessing inhomogeneous refractive
index layers. Consequently, comprehensive optical characterization is an essential step

in the development of the technology.



Among the materials that"can be used for UV-visible and infrared filters, is SiOxNy, whéfe
x and y are varied according to a chosen design. Thin film SiOxNy has an amorphous
structure and constitutes a continuous series of solid solutions, thus ensuring the thermal
and chemical stability of the inhomogeneous film. The large excursion of refractive index
achievable, ranging between 1.46 of SiO, and 3.8 of amorphous silicon (at 632.8 nm),
is very important for the optical filter design. Between stoichiometric SiO, and Si,N,, this
material has very low absorption losses and can be used even for mirrors for high-power
lasers. The optical properties of such material can be tailored by controlling the process
variables. " In this chapter, we will discuss the main optical properties of SiOxNy layers

deposited by ECR-PECVD, as well as the characterization technique used to extract

these properties.

3.2 The properties of optical materials

When light interacts with a dielectric (or semiconductor) film it is first partially reflected
" at the surface and then scattered and absorbed in various processes. The rest of the
light is transmitted, after being again partially reflected at the second interface. The
interaction of electromagnetic radiation with media is governed by Maxwell’s equations".
Let us consider the material as a continuum, which is described by four parameters.
magnetic permeability u, dielectric permittivity ¢, space charge density p and electric
conductivity 0. With these parameters Maxwell's equations for isotropic media, which

are the only media that will be considered here, can be written as follows?:
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curlH = j + aDjat (3.1)

curlE = -9Bjot (3.2)
VD =p (3.3)
VB = 0 (3.4)
Here H = magnetic field vector,
E = electric field vector,
B = magnetic induction,
D = electric displacement and
- j = the current density.
To Equations (3.1)-(3.4) we should add
I = O—E (3.5)
D = ¢E (3.6)
B = uH (3.7)

and
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where

£ = £,8, (3.8)

TR TR (3.9)
g, = 1/pc? (3.10)
£, = permittivity of free space,

Lo = permeability of free space,
g, = relative permittivity of the material,
p, = relative permeability of the material,

c = velocity of light in free space.

If there is no space charge in the medium (p = 0), Equation (3.3) becomes

vD -0 (3.11)

From Equations (3.1) and (3.2) follows for E

’j + nodE (3.12)

A similar expression can be obtained for H.

The solution of Equation (3.12) may be found in the complex form of a plane-polarised

wave propagating with velocity v along the x axis:
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E = Zexpliw(t-x/v)] (3.13)

where & = the complex electric field vector and

o = the angular frequency of the wave.

Equation (3.13) will be a solution of Equation (3.12) only if

w?/v? = 0’ep - iopo (3.14)
For vacuum ¢ = 0 and v = c, thus, from Equation (3.14), we have
c2 = 1/pgt, - (3.15)

. Equation (3.15) is identical to Equation (3.10). If we multiply Equation (3.14) by Equation

(3.10) and divide by »®, we obtain the following:

] B (3.16)
v &y WEGHg

where cfv is a dimensionless parameter of the medium called complex index of

refraction, which we denote by N:

N2 = £u, - ipolwe, (3.17)

Equation (3.17) suggests that N is of the form

N =clv=n-ik (3.18)
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Two possible values of N can be obtained from Equation (3.17). Because of physicr;ll
reasons, the one should be taken that gives a positive value of n. Parameter n is known
as the "real part of the refractive index" or is often simply referred to as the "refractive
‘index", because N is real in an ideal dielectric material. Pérameter k is known as the
"extinction coefficient”. These two parameters are recognised as the main intrinsic

optical properties of a material.

For non-magnetic material p, = 1, thus from Equations (3.17) and (3.18),

n?-k? =¢p, =¢ (3.19)

and

g
ok = P _ O (3.20)

Introducing the wavelength in free space, A = 2zc/w, we can now re-write Equation

(8.13) as follows

E - Z’exp(i [(,,t- Gl x] '} (3:21)
/

Substitution of n - ik for N in Equation (3.21) gives:

E = Zexp{—%r_kx} exp (/’ {mt - _zmxj]) (3.22)
A
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k can be considered as a measure of the absbrption in the material: the distance A/2xk
is the distance in which the amplitude of the wave falls to 0.37 (one divided by base of

~ natural logarithms) of its initial value.

The intrinsic optical properties of a material are functions of wavelength. In a particular
compound materials system such as Si-O-N, these properties can be changed by
varying the stdichiometry through the process parameters. However, the value of
refractive index, its wavelength dependence (dispersion), and absofpﬁon (e.0. band-to-
band énd intra-band transitions) are interdependent. Consequently; it is inevitable that
a large range of refractive index with low dispersion and low losses is only available in
the infrared. In real material systems, the designer should also be awaré of additional
loss mechanisms ‘caused by structural defects and impurities introduced by the

manufacturing technology.

Thus, the choice of the materials and technology for the manufacturing of optical
coatings will depend largely on intrinsic optical properties of materials and ability of the
fabrication process to provide low defects, low impurity films, yielding as low absorption
losses as possible in the spectral range of interest. Consequently, the rest of this
chapter will be dedicated to the discussion of the characterization technique and optical
properties of thin films of SiO,, SiN, and SiO,N, grown by electron cyclotron resonance

plasma enhanced chemical vapour deposition (ECR-PECVD).
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3.3 The optical transmission spectroscdpy

Frequently, for non-destructive determination of ‘thickness and refractive index of
transparent thin films, ellipsometry is used. However, ellipsometry cannot give the
information over a wide range of wavelengths (unless spectroscopic ellipsometry is
“available®). Optical transmission spectroscopy is a powerful tool for non-destructive
characterization of thin films’. We shall present a detailed discussion of the technique

developed by Swanepoel™®

, since it became a standard for the exiraction of optical
properties from transmission spectra of thin films deposited onto transparent substrates

and this technique was used extensively throughout this work.

The system of a thin film on a transparent substrate is shown in Figure 3.1. The thin film
has a thickness d and a complex refractive index N=n-ik. k can also be expressed in

terms of the absorption coefficient a.

i )
Film d Y N=n-ik «
Substrate N substr s =0
v
Ng=1 T

- Figure 3.1: The system of an absorbing film on a transparent substrate
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The transparent substrate has a thickness several orders of magnitude larger than d and

has an index of refraction n and an absorption coefficient a;, = 0. The refractive

substr

index of the surrounding air is n, = 1. Multiple reflections at all interfaces should be

taken into account when calculating transmittance, T.

100
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10 o Strong - —-—f-—»4——— Medium —+— Weak ———»<«—— Transparent
j 4 AR 3 2 1
0! o ! ! -
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WAVELENGTH [nm]

Figure 3.2: A typical transmission curve of an absorbing film (a:Si) on a transparent

substrate (quartz)’

If the thickness d is not uniform, interference effects disappear and the transmission is
a smooth curve, as shown by curve T_in Figure 3.2. The spectrum can rcughly be
divided into four regions”. In the transparent region (1), «=0 and the transmission is

determined by n and n through muitiple reflections. In the region of weak

substr
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absorption (2), a is small, but -already starts to reduce transmission. In the region of
medium absorption (3), a is large and the transmission decreases mainly owing to the
effect of a@. However, if the thickness d is uniform, interference effects give rise to a
spectrum, shown by the oscillating full curve T in Figure 3.2. The frinées can be utilised

to calculate the optical constants of the film.

Transmission of a thick non-absorbing substrate is given by’

. (1-R,)?
substr —1—;5—" (3.23)
“Np
where R, is the reflectance at the boundary and is given by
2
n -1
R. = substr 3
« ( nsubstr +1 ( ‘24)
or
T = 2nsubstr
substr T T (3.25)
nsubstr+1
and
n B 1 ‘ 1 1
substr T ’ 2 (3.26)
substr \ Tsubstr
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The equation for interference fringes is

2nd = mi (3.27)

where m is an integer for maxima and a half integer for minima. Equation (3.27)
includes a product of n and d, and it is not possible to obtain the values of either n or
d éeparately using this equation only. The transmission T depicted in Figure 3.2 is a

complicated function, T=T(L,n_,,N.d,a), and its most general form is’

T Ax
B-Cx+Dx?2 (3.28)
where
A =16n_, . (n%+ k?)
B = [(n+1)2+ k2| [(n+1)(n+n2,,) +k?]
C = [(n%-1+k?)(n2-nl,,, +k?)-2k2n 2, +1)]2cos(p) -
= K[2(n12-n2 etk 2)4(n2 psu+1) (0 2-1+k 2)] 25in(p)
' 3.29
D = [(1-1)2+k2][(1-1) (1-n2 5., )+ 2] (3:29)
o = 4and
A
x = exp(-ad)
4zk
O = e
i
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The expression becomes simpler, however, if k> << n® Such approximation is valid

over regions 1 and 2 and part of the 3 region of the spectrum in Figure 3.2. In this case

Equation (3.28) becomes

where

T Agx
B,-C xcos(p)+Dx2 (3.30)
AO = 16n 2nsubstr
Bo = (n +1 )3(n +nszubstr)
2
Co = 2(/72—1 )(n 2_nsubstr)
, (3.31)
DO = (n -1 )3(1’) "nsubstr)
o = 4xnd
A
x = exp(-ad)

The extremes of the interference fringes, by taking cos(¢) equal 1 and -1, for maxima

and minima, respectively, can be written as

Agx
Ty =
BO—COX+D0X2
3.32
Ax (3.32)
T =

m
2
BO+C0X+DOX
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For subsequent analyses, T,, and T, will be considered to be continuous functions of
A and, thus, of n{l) and x(1), as it is shown by the envelopes of the oscillating spectrum

in Figure 3.2'°. For any 1, T,, has an accompanying T,,.

In the region of transparency a=0 and x=1 in Equations (3.32). If we substitute

Equations (3.31) into Equations (3.32), it yields for T,,

T = 2nsubstr
M T3 3.33
nsubstr""I ( )

Equation (3.33) is analogous to Equation (3.25), and the maxima of the interference

fringes are a function of n only and coincide with T_, ... When maxima depart from

substr

Toubstr it Shows the onset of absorption. Equation (3.33) can be used for calculation of

n in the transparent region using'Equation (3.26).

substr

Transmission at the minima is solved by substituting Equation {3.31) intc Equation

(8.32), and letting x=1:

2
T = 4n N substr
m = 2 : - (3.34)

4 2.2
n-+n (nsubstr+1)+nsubstr

or



n - JM+\/M2—nsibst, (3.35)

where

M = 2nsubstr _nszllbstf+1 3.36
T 2 (3.36)

m

T, therefore, is a function of both n and n, 4, and, using Equation (3.35), n can be

calculated from T .

. In the region of weak and medium absorption, a > 0 and x < 1. Subtracting the
reciprocal of Equation (3.32) for maxima from the reciprocal of Equation (3.32) for
minima yields an expression that is independent of x:

1 _ 1 )] 2C,
T T, A, (3.37)

Substituting Equation (3.31) into Equation (3.37) and solving for n gives us

n = \lP"'va_nszubstr (3'38)

where
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2
Ty-T . nsubstr"'1

substr TM T ) (3.39)

Equation (3.38) can be used to calculate n(1) from T,,(1) and T,_ (). This equation is
identical to the formula derived by Manifacier'® using the theory for an infinitely thick

substrate.

As soon as n{l) is known, all the constants in Equations (3.31) are known and x can be
calculated in several ways. It was demonstrated, however, that best accuracy is

obtained when calculating x from Equation (3.32) for maxima’:

. 2 4
X = EM—‘/EM—(n 2_1)3(,7 2'_nsubstr)

2
(n -1 )3 (n —nsubstr)

(3.40)

where

2
8n nsubstr 2

Ey = T+(n2—1)(n_nsubslr) (3.41)

Let us consider the region of strong absorption (4). All the interference fringes
disappear. There is no way to calculate n and x independently in this region from the

transmission spectrum alone. Values of n can be estimated by extrapolating the values



calculated in the other parts of the spectrum. The values of x can then be calculated,
using Equation (3.40). For very large a, all curves converge to a single curve T,. If

interference effects are ignored, Equation (3.30) can be written for x < 1 as

T, = 5 (3.42)
0
or
n+1)3(n+n2
X ~ (n+1) (2 +Nsubstr) T, . (3.43)
16n“n

substr

For the determination of n in the region of weak and medium absorption, the values of
T, and T,, at different 1 must be obtained. Then, after having calculated d, the accuracy
of these values can be improved by using accurate values of m and d and Equation
(3.27). Next, n can be fitted to a function for extrapolation to the region of strong

absorption. A function in the form of Cauchy's dispersion rule®,

nk) =A +—+—= (3.44)

could be used as a good approximation if least-square fit of the values of n can be

performed.
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Determination of thickness should be performéd in the regions of transparenéy and weék
absorption and be based on the equation derived from Equation (3.27). If n, and n, are
refractive indices at two adjacent maxima (or minima) at 4, and 1,, it follows from
Equation (3.27) that:

)‘1’12'

d=___ < . (3.45)
2(Any-An,)

Equation (3.45) is very sensitive to errors in n and is not very accurate. The values of
d calculated from Equation (3.45) should be used only as a first approximation’. These
values should be used with n to determine the order numbers for the extremes from
Equation (3.27). The accuracy will improve greatly by taking the exact integer (for
maxima) or half-integer values of m (for minima) for each 4 and again calculating the

thickness, now from Equation (3.27).

Since n{4) is known, x(1) can be determined from T,,(4) using Equation (3.40). a(A) can
be calculated from x(4) and d, using Equation (3.31). However, it should be mentioned
that, in the region of weak absorption, the value of a is very sensitive to any errors in
measurements of transmission and should, therefore, be treated very carefully not to
misinterpret thé results. Once a{l) is known, k(1) can be calculated from the following

equation:
k= 2t (3.46)

That completes the calculation of the optical constants of thin films.
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3.4 Theory for the determination of band gap

The precise determination of the value of the band gap for a non-stoichiometric
compound like SiO,N, is difficult. There is no single model which describes the nature
of absorption near the absorption edge of amorphous thin films, because it is affected
by the degree of disorder in the structure; chemical bonding and composition; various
defect states in the forbidden band; and the degree of compensation of these defect
states'!. Usually, for an analysis of the absorption coefficient, the wavelength range is
divided into two regions (Urbach edge region and interband region), and two
approximations are used. The Urbach rule for the low-energy (long wavelength) region

(@ < 10° cm’) states that'":

hv-E
a = aoexp[ 1E 9) (3.47)

0

where hv = the incident photon energy,
a, = a constant,
E, = value of optical band gap energy, and
E, = rthe Urbach tail energy which gives the steepness of the defect level

distribution near the band edge.

At higher energies (when a > 10° cm“), the absorption coefficient takes the following

form:
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o - £ (3.48)

hv

where Kis a constant. The constant m, characterizes the transition process and can
have ;/alues of 1/2,2,3/2 and 3 fdr allowed direct, allowed indiréct, forbidden dfreét and
forbidden indirect transitions, respectively'?. The usual method for determining the value
‘of the optical band gap of indfrect band gap rﬁaterials is by plotting (ahw)*? (or (ahw)? -
for direct band gap materials) versus hv (Tauc plot), or (a/hw)'/? versus hy (Cody plot'®)
and extrapolating the linear part to the x-axis. An alternative approach is to take the
value of hy, at which ¢=10% cm™, as an approximation for the band gap energy'®. This
" is also the only approach if thick films (of the order of hundréds of nanometers) are
under investigation, where it is not possible to measure the transmission at photon

energies higher than the fundamental absorption edge.

3.5 Description of the software

The theory, described above, allows for direct implementation of an algorithm for
calculation of complex refractive indices, thickness and absorption coefficient ofthin films
on transparent substrates. On the basis of these closed-type formulae, a computer

program was developed for the extraction of optical properties of thin films from

transmission spectra.
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The program is written in MATLAB'®. The files of transmission data of both substrate
alone and substrate with thin film on it are used for calculations. The program performs
calculations of refractive indices of the substrates, and thickness and optical properties
- of the thin film (refractive index, extinction coefficient, absorption coefficient and band
gap energy taken at a=10* cm"). Manual inputs are needed during rough estimation
of the coordinates of maxima and minima and orders of interference fringes. When the
calculations are complete, results are saved as an ASCII file to allow further data

processing, creation of graphs, etc.

3.6 The optical properties of the substrates

Due to the large variation of refractive index of the SiO,N, alloy three types of substrates
were used during the investigation. Corning 7059 glass was used for characterization
of highly absorbing materials with low nitrogen and oxygen content, whereas fused
quartz and sapphire were used for characterization of materials with low absorption. All
three types of substrates were characterized by optical transmission spectroscopy in the
200-2600 nm yvavelength range. Respective transmission curves are shown in Figure
3.3. Refractive indices calculated according to Equation (3.26) are depicted in Figure
3.4. The refractive indices of fused quartz and sapphire reported by Palik'? are given

for comparison in the same figure.
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Figure 3.3: Transmission spectra of fused quartz, Corning 7059 glass and sapphire
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Figure 3.4: Refractive indices of fused quartz, Corning 7059 glass and sapphire in

comparison with the data reported for fused quartz and sapphire by Palik1 2
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3.7 The optical properties of SiO,

The real and imaginary parts of refractive indices, n and k, respectively, as obtained from
the measurements, are within limits set by data for stoichiometric silicon dioxide and
amorphous silicon presented by Palik’. Figures 3.5 and 3.6 depict n and k, respectively

‘as afunction of wavelength for different SiH,/(SiH,+0,) gas flow ratios. The information

on actual gas flows during the deposition is given in the Table 3.1.

No 30% SiH, in Ar (sccm) 9% O, in Ar (sccm)
1 | N/A N/A
2 20.0 0.0
3 18.0 2.0
4 16.0 4.0
5 14.0 6.0
6 13.0 7.0
7 12.0 8.0
8 11.0 9.0
9 8.0 12.0
10 4.0 16.0
11 N/A N/A
Table 3.1:  Gas flows for set of experiments on SiO, growth
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Figure 3.5: The refractive indices of SiO, grown at different gas flow ratios
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Figure 3.6: The extinction coefficients of SiO, grown at different gas flow ratios

87



The difference between n and k for sputtered amorphous silicon' and material grown in
a 30% silane in Ar mixture can be explained by the presence of substantial numbers of
- Si-H bonds in the last mentioned material. A decrease in the silane content of the gas
mixture leads to a decrease in the refractive index over the wavelength range of interest.
Atthe lowest gas flow ratio (SiH,/(SiH,+0,)=0.35), the values of the refractive index are
identical to those reported for stoichiometric silicon dioxide', whereas it is not possible

to.determine k because of the limited wavelength range of the spectrophotometer.
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Figure 3.7: The absorption coefficients of SiO, grown at different gas flow ratios

Calculated absorption coefficient a versus wavelength curves are shown in Figure 3.7.
All layers are transparent in the region 900 to 2600 nm. However, there is a notable shift
of the absorbtion edge towards shorter wavelengths with an increase in the oxygen

content of the layer.
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Using the calculated values of refractive index and the extinction coefficient, the
transmission spectra for each of the grown layers were calculated and compared to the
measured data. Figure 3.8-is a typical comparative graph showing excellent agreement.
The particular graph is the measured and calculated spectra of a 0.92 pm-thick layer

grown with an SiH ,/(SiH,+0,)=0.8 gas flow ratio.
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Figure 3.8: A comparison of measured and simulated transmission curves

Figure 3.9 dep_icts the values of optical band gap energy taken as the photon energy at
which « is equal to 10* cm™ versus gas flow ratio. It increases from 1.8 to more than
6 eV with a decrease in the gas flow ratio corresponding to an increase in the oxygen
content in the film (a decrease in the refractive index). This indicates the transition from

silicon to silicon dioxide in the chemical composition of the film. Note that the greatest
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value shown is only 3.16. Increasing the oxygen flow resulted in the deposition of SiO,
with values of band gap energy that are larger than can be determined by the

spectrophotometer used. Another limitation is caused by absorption in the substrate.

The dependence of the Urbach tail energy (which is usually connected to the degree of
disorder in the material'!) on the gas flow ratio is shown in Figure 3.10. It is difficult to
intérpret this data, however, because there is no clear tendency in the Urbach tail energy
values. The values of Urbach tail energies are considerably higher than for RF-PECVD
material'®>. The reason, most probably, lies in the low hydrogen content, usually found
in ECR-grown films. Intense ion bombardment due to self-bias of approximately -170

V also may cause defects in thin film structure'®.

3.8 The optical properties of SiN,

The real and imaginary parts of refractive indices, n and k, respectively, as obtained from
the measurements, are within limits (or very close to it in the case of Si;N,) set by data
for stoichiometric silicon nitride and amorphous silicon presented by Palik'. Figures3.11
and 3.12 depict n and k, respectively, as a function of wavelength for different
SiH,/(SiH,+N,) gas flow ratios. The information on actual gas flows during the
deposition is given in Table 3.2. An increase of the silane content in the gas mixture

leads to an increase in the refractive index over the wavelength range of interest. Atthe
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Figure 3.12: The extinction coefficient of SiN, grown at different gas flow ratios

92



lowest gas flow ratio (R=SiH /(SiH,,+ N2)=O.08), the values of refractive index are almost

identical to those reported for stoichiometric silicon nitride’.

No 30% SiH, in Ar (sccm) N, (sccm)
1 N/A N/A
2 20.0 0.0
3 16.0 4.0
4 11.5 8.5
5 9.0 11.0
6 7.0 13.0
7 54 14.6
8 4.7 15.3
9 4.0 ©16.0
i 10 N/A N/A

Table 3.2: Gas flows for set of experiments on SiN, growth

Calculated absorption coefficient a versus wavelength curves are shown in Figure 3.13.
All layers are transparent in the region 900 to 2600 nm. However, there is a notable shift
of the absorption edge towards shorter wavelengths with an increase in the nitrogen

content of the layer.
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Figure 3.14 depicts the values of the opticél band gap energy taken as the photon
energy at which « is equal to 10* cm™ versus the gas flow ratio. One can easily see that
the band gap increases from 1>.8 to 4.2 eV with a decrease in the gas flow ratio in
accordance with an increase in the nitrogen content of the film (a decrease in the
refractive index). This indicates the transition from silicon to silicon nitride in the
chemical composition of the fim. These values of the band gap energy are similar to

values usually found in films with a very low hydrogen content'®,
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Figure 3.15: Urbach tail energy for SiN, grown at different gas flow ratios

The dependence of the Urbach tail energy on the gas flow ratio is shown in Figure 3.15.

One can infer that the defect density increases with an increase in the nitrogen content.
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The values of Urbach tail energies, E,, for films with low nitrogen content, are

1316 and could

considerably larger than the values found for RF plasma-deposited films
be explained by a very low hydrogen content in the films. Hydrogen, which is much
more abundant in RF plasma-grown amorphous Si and SiN, films, is responsible for the
passivation of dangling bonds in the material, and causes a marked decrease in the

17,19

Urbach tail energy'® and a blue shift in absorption curves'”'®. lon bombardment during

deposition also can substantially increase the Urbach tail energy'>.

3.9  The optical properties of SiO,N,

A "process trajectory" followed during these experiments is shown in Figure 3.16. Points
on this graph correspond to the values of O,/SiH, and N,/SiH, flow ratios for which
layers were grown. Specific points have been chosen to satisfy the need for a large

excursion of the refractive index for optical interference filter manufacturing.

The real and imaginary parts of refractive indices, n and k, as obtained from the
-measurements, are depicted in Figures 3.17 and 3.18, respectively as a function of the
wavelength for different gas compositions. The numbers on curves correspond to the
respective point numbers on the process trajectory. An increase in the silane content
of the gas mixture leads to an increase in the refractive index over the wavelength range

of interest.
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Point number 30% SiH, in Ar 9% O, in Ar N,
(sccm) (sccm) (sccm)
1 16 1 4
2 11 1 9
3 9 1 11
4 7 1 13
5 7 2 12
6 7 2.5 11.5
7 7 3 11
8 7 4 10
9 7 7 7
10 7 11 3
Table 3.3: Gas flows at the respective points of the "process trajectory"

All layers are transparent in the 900 to 2600 nm region. However, there is a notable shift
of the absorption-edge towards shorter wavelengths with an increase in nitrogen and
oxygen content of the layer, as is evident in Figure 3.19. Points 9 and 10 are absent in

Figures 3.18 and 3.19 due to high transparency of the respective films in the working

range of the spectrophotometer.

98




0.30 " : —
. 3

0.25 - 2 4 —
x 4 .
£
& 0.201_ |
&}
i
5 0150 _
3 5
<
O 0.10- .
= .
2 6
K 0.05- =
w 7

0 8 v
0 500 1000 1500 2000

WAVELENGTH [nm]

Figure 3.18: The extinction coefficient of 'SiOxNy grown at different gas flow ratios

1

1000 1500 2000
WAVELENGTH [nm]

ABSORPTION COEFFICIENT, a, [x 104+ cm ™)
w
T

Figure 3.19: The absorption coefficient of SiOxNy grown at different gas flow ratios

99



The values of the optical band gap taken as the photon energy at which a is equal to
10* em™ for SiOXNy materials are presented in Figure 3.20. Bang gap energy increases
from 1.7 to more than 6 eV (not shown on graph) with an increase in the proportion of
nitrogen and oxygen in the gas composition, in accordance with an increase in the
nitrogen and oxygen content of the film (a decrease in the refractive index). This
indicates the transition from amorphous silicon to a silicon-rich silicon oxynitride and

further to silicon dioxide.
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Figure 3.20: The band gap of SiO,N, grown at different gas flow ratios
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3.10 Conclusions

" The investigation produced new information on the optical properties of ECR-PECVD-
grown SiO,, SiN, and SiO,N, thin films in the 200 to 2600 nm wavelength range. The
calculated results show a strong dependence of n, k and a on composition of the gas
mixture during deposition. The refractive index versus the wavelength curves for the
SiO, and SiN, materials grown at a gas composition with a low silane content are almost
identical to those for stoichiometric SiO, and Si;N, films, respectively. These values are
close to corresponding values for films grown by thermal oxidation®, high-temperature
CVD' and reactive ion plating'®, suggesting a small amount of hydrogen in the films.

These results agree with those previously reported for ECR-PECVD grown films2021,

With a decreasing silicon content in the film, k, « and Eg exhibit a strong blue shift. The
explanation for this fact can be found in two models currently being used to describe the
bonding structure of non-stoichiometric SiN,, SiO, and SiO,N, '**#2%. This blue shift can
be linked to the substitution of Si-Si bonds with Si-O and/or Si-N bonds (in the case of
the random bonds network model) or to the decrease of the a-Si-phase in comparison
with the SiO,- and/or Si;N,-phases (in the case of the two separate phase model). The
estimated values of the optical band gap lie between 1.7 and 4.2 eV for SiN, and
between 1.7 to more than 6 eV for SiO,. The transmission curves calculated using the

measured optical constants agree well with the experimental spectra.
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The range of optical parameters available in SiOXNy thin films demonstrates that ECR-
PECVD can be used for the fabrication of optical filters with pre-programmed graded

refractive index profiles by controlling the gas flows of silane, nitrogen and oxygen,

respectively.
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THE BASICS OF THIN FILM OPTICS AND DESIGN TECHNIQUES FOR

CHAPTER 4

GRADED REFRACTIVE INDEX OPTICAL COATINGS

4.1 Introduction

Thin film interference optical coatings have found numerous applications in the

engineering practice. Besides its widespread use in military-related technologies, many
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Figure 4.1: The transfer functions of main optical interference coatings’
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types of optical coatings are used in scientific and medical instrumentation, photo and
video equipment, electronics and telecommunications. And all that owing to the ability
of optical coatings selectively to reflect and transmit specific wavelengths of light. The

main types of optical interference coatings are represented' in Figure 41",

4 REFLECTED LIGHT

= COMBINATION OF
TWO BEAMS

ng AIR

n

1 A | THIN FILM
no, \ SUBSTRATE
) |

- Figure 4.2: The reflection and transmission of light by a single thin film

The design of optical thin films is based on three main principlesz:

1. When light is reflected at any boundary between two media, the amplitude of
reflectance is given by (1-p)/(1+p), where p is a ratio of refractive indices at the
boundary.

2. When light, incoming from a medium with a given refractive index, is reflected at
the boundary with a medium of higher refractive index, there is a phase shift of
180° When reflection takes place at the boundary with a medium possessing

lower refractive index than that of an adjoining medium, there is no phase shift.
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3. If light is split into two components by reflection at the top and bottom surfaces
of a thin film, as illustrated in Figure 4.2, then the beams will interfere. The
resultant amplitude, consequently, will either be the difference of the amplitudes
of the two components if the relative phase shift iAs 180° or the sum of the
amplitudes if the relative phase shift is either 0° or a multiple of 360°. All other
cases where the phase shift is different from either 180° or divisible by 360° will

be intermediate between these two.

When reflectance and transmittance of a stack of films with homogeneous refractive
indices need to be calculated, it can be done by direct solution of the wave equation
with appropriate boundary conditions. Another, more convenient, way of calculating
reflectance and transmittance for a stack of films with homogeneous refractive indices
is by applying the above-mentioned principles within the bounds of the so-called "matrix

- method". We will discuss the matrix method later in this chapter.

In the case of inhomogeneous refractive index films, however, the situation is more
complex. Theoretical treatment in this case is difficult, because the wave equation can
be solved explicitly in terms of known functions in a few special cases only, andy even
then, the expressions are complicated3. But even in such a situation, the matrix method
can be used successfully, provided that the inhomogeneous layer be replaced by a
sufficient number of thin homogeneous layers, of which the refractive index pattern

contours the index profile n(x), as shown in Figure 4.3.
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Figure 4.3: The approximation to an inhomogeneous film by a number of

homogeneous thin layers®

4.2 The basics of thin film optics. The matrix method

Let us start with a description of the system of notation which is thought to be the most
convenient for implementation on computers®**. We will denote the electric and
magnetic vectors of the electromagnetic wave that travels in the positive direction in the
m-th layer by E* and H* _, respectively. Respective vectors for a wave travelling in the
negative direction will be represented as E™, and H™ . Thus, resulting tangential fields

E,, and H,, in the m-th layer may be expressed in terms of E*_ and E”_, as follows:
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Em=EI:‘;+En-1

(4.1)
Hm = "m(Em - Em)

For normal incidence, 5., will be equal to the refractive index of the m-th layer, n,,. At
an arbitrary angle of incidence 8, for the p-component of polarisation 7, can be
calculated as follows

N, = N,fcoso,,
whereas for the s-component of polarisation:

N, = N,cos6,_,

The phase shift of the wave traversing the m-th layer is given by

2nn,d, cosf, (4.2)

t A

where A = the wavelength of the radiation,
d, = the physical thickness of the m-th layer, and
n.d. = is a quantity known as the "optical thickness".

d,, is sometimes called the "phase thickness" of the layer®. The system of notation is
illustrated in Figure 4.4. The refractive indices of the medium of incidence, the m-th layer

and the substrate are denoted by n,, n_ and ng, ... respectively.

It the m-th medium is absorbing, n,, should be replaced by the complex quantity N_ =
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n,, - ik,,, where i is the square root of -1 and k,, is the extinction coefficient which is a

measure of the absorption in the material.
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Figure 4.4: System of notation

First we will consider the reflectance and transmittance at a single boundary between
two homogeneous media. Because an electromagnetic wave is a form of energy
transport, the energy associated with a wave can be observed. The Poynting vector, S,

represents the energy flux and is given by
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S=EXxXH. (4.3)

A time-averaged quantity S is measured experimentally and for real N we obtain

5 - (%Re (EH‘)) r (4.4)

where E,H vector amplitudes,

a unit- vector in 'the direction of propagation of the

electromagnetic wave

and ~ denotes the complex conjugate. Taking into account, that for a medium of index
'n, n(rxE) = H, Equations (4.3) and (4.4) may be expressed as
S = n'E|2’. (45)

and

5 - _’2'_|E I%r (4.6)

respectively.

The problem of determining the light reflected and transmitted at the boundary

separating two media should be dealt with by applying the appropriate boundary
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conditions to the solutions of Maxwell's equations. If the wave propagates in an
isotropic, non-conducting medium in which there is no space charge, these equations

are

2
€p _6_5_ = V°E

62t (4.7)
Ep,_(zﬂ = V2H

at 2

These are the simple forms of the wave equation, which states that waves are
propagating with velocity ¢/(pe) /2. However, at optical frequencies the value of p for all
materials of interest can be regarded as unity. Thus, the velocity of propagation is
c/(€)'?, where ¢ is the relative dielectric permittivity of the material, and from the definition

of refractive index given in chapter 3 we know that n=(e)”2.

The boundary conditions require thaf .the tangential components of both the electric and
magnetic field vectors should be continuous across the boundary. Let us consider the
situation which is illustrated in Figure 4.5: a plane wave is incident on the boundary,
defined by z' = 0, between the medium of incidence (refractive index n,) and adjoining
medium (refractive index n,). We denote the amplitudes of the electric vectors of the
wave approaching the boundary by E+Op and E7,,, and those of the transmitted wave

respectively (subscripts p and s denote the p- and s-components of

1s?

are E*, and E*

polarisatibn).
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Figure 4.5: Reflection and refraction at the surface of the thin film

‘The phase factors associated with the incident, transmitted and reflected waves are*

. 27n, . .
expli |ot- (x sinf,+z cosh,) | | , incident wave,
, 2xn, .
exp|i |wt- (x sinB,-z cosf,) | | , reflected wave,
. 27n, ) , ]
expli |wt- (x sing, +z cosh,)| | , transmitted wave.

The direction of the incident light in this notation is positive. By applying the boundary
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conditions at z = 0, we obtain

Eo = (Egp+Eqp)COS0, = E,, = E,,cos0,

m
il

oy Eo; +Eos = E1y = E1; : (4.8)
H,, = ny(~Egs+Eg)c0s8, = H,, = -n,E;cosb,
Hy, = N (Eop-Eqp) = My, = n,Eq,

From Equations (4.8) one can obtain the ratios of the amplitudes of transmitted and
reflected waves to the amplimde of incident waves for each component of polarisation.
These ratios are known as the Fresnel coefficients of reflection and Fresnel coefficients

of transmission and they are:

.o Eop  Ngcosb, -n,cosb,
1o = -
Egp Mo cosf, +n, cosf,
e\ Eos  ngcosb, -n,cosb,
1s 7 -
E:  Nycosh,+n, cosl,
°f (4.9)
WS Ep 2n,cosb,
ip ~ -
Eqp nycosh, +n, cosf,
.
b Eys 2n,cosf,
1s © -
Ey. Mo cosfl, +n, cosd,

The reflection coefficients or reflectances (defined as the ratios of reflected to transmitted

energies) may be obtained using Equation (4.6). They are
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_ (Eop)® ;2
" P
(Eop)* (4.10)
E2?

B
(Eos)?

=
()
i

and the transmission coefficients or transmittances are

32
o cost, (Eqs) n,cosb,

N 1s
nocosfy(Eg)® Mo cosby (4.11)
(E

*1\2
nycosb,(E,;) n,cos;

,ofa?
1

1
1p

*\2  n,cos6

Ny costy(Eqp) 0 0

Expressed in terms of refractive indices for normal incidence on an isotropic medium the

reflection and transmission coefficients can be written as

2

n -
R =R, = |0 (4.12)
P Ng+y
and
~ o 4n,n,
p= S, = (4.13)
(ny+ny)

provided that n, and n, are real. .
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Among the methods developed for calculating the optical properties of multilayers the
most powerful is the matrix method®. Application of the boundary conditions requiring
that the tangential components of E and H be continuous across any boundary to the
equations of wave propagation at the interface between the (m-1)-th and m-th layers,

gives

. 1 + . - .
Ema” = —t——[Em exp(io,,) + r,E.~exp(-id,)]
1 (4.14)
Em—1_ = _t_[mem+eXp(l'(5m) + Em"exp(-iém)]
m

An alternative recurrence relation may be obtained by using Equations (4.1), namely

i

cosd,, ————| (E
Fot) T psin [ ’") (4.15)
Fln-1 in,sind,_ cosd, ™

Thus, for the L-layer sequence of the films

E

V- fpm (B
Hyl  mar ™ |H,

(4.16)

where
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i
coso —sind
M - T o, (4.17)

in,sind,, cosd,

and

1
] ( ) - (4.18)

The matrix in Equation (4.15) is characteristic of one layer only and has unity
determinant, thus, providing a check on the calculations. Equations (4.15) to (4.18) form
- a basis for almost all thin film calculations and will be used throughout all our work for
analysis of the reflectance of any refractive index profile by dividiﬁg it into many sub-

layers.

4.3 Inhomogeneous optical coatings. Design techniques

Optical coatings possessing graded refractive index profiles have many potential
applications in optoelectronics, optics, photonics and photovoltaics. Typical applications
include broad- and narrow-band filters, rugate filters, suppression of hiéh-order reflection
or transmission bands in multilayer structures, beamsplitters, antireflection coatings,

etc.®. Amongst the above-mentioned applications, rugate filters are especially important



and roUsed considerable interest as a highly challenging problem, both theoretically and

experimentally "',

The design of optical coatings with inhomogeneous refractive index profiles can be
performed in several ways®. The utilization of a numerical approach suggests the
division of the entire starting profile into many sub-layers with thicknesses much less
than a wavelength in the range of interest and with homogeneous refractive indices.
Optimization of the film is performed using the matrix method with a merit function
chosen according to desired specifications. This numerical technique, in principle, does
not require close correspondence of the starting profile to the targef profile. A good

choice of the starting design can, however, save time during refinement.

The analytical approach is founded on the correspondence between the refractive index
- profile and the spectral transmittance T (or reflectance R) curve. ltis based on a Fourier
transform relationship between the real refractive index n and a function of transmittance _
Q. The form of this function is, up to now, not known exactly. The Fourier transform

33-3
d S

relation as introduced by Delano® was used by Sossi and Kar to obtain the

following approximate expression:

.@._Lexp(i&rwx)dx = Q(w)exp(ip(w)) (4.19)
J.dx 2n

where w is the wave number (w=1/1). The variable x is double the optical path length

and defined as
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X =2 f n(u)-du o (4.20)
[¢]

where z is the coordinate within the layer with the origin placed at the geometrical centre

of the inhomogeneous layer. Several types of Q-functions were constructed”"'®:

Q,(T) - %(lr—r)

Q,T) = /1T =R

o - |11 - |2

Qu(T) = nly +/y DG +1)). where y - tes (‘1?7)

Qs(T) = xQ+(1-x)Qs, where 0 <y <1
Qs(T) = V-In(7)
(4.21)
Q,7) = Lin|12/R
2 1_‘/§
- 1
QM) = | —=-/T
TONVT
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The choice of Q-function for a specific case depends on the required filter
characteristics. Another important parameter in Equation (4.19) is the phase factor ¢ (w).
Whereas it is possible to set ¢ to zero, it is more practical %"  to define empirically a

continuously varying phase factor, for instance®

p(w) = c,wsin(h,w) ' (4.22)

where ¢, and h, are constants to be chosen for best performance, or'?

Whin *W Winax ™ Wmin

p(w) = ——Tiv———-_].;_sin (K;:ﬂﬂ‘i.) | (4.23)

is a real number (typically 1 < K < 5),

where K
Wi, andw, = wave numbers between which integration of Equation

(4.24) is performed.
The use of a non-zero phése factor results in a reduction of refractive index modulation

and a more effective utilization of the optical thickness.

Fourier transformation of Equation (4.19) and integration with respect to x yield®

) = exp (4.24)

._2_f Qw) sin(p(w)-wx)dw
Ty oW

121



The integration should be carried out only over the wave number interval in which the
desired spectral transmittance values differs from unity. We will illustrate the Fourier
transform design technique by synthesizing a beamspilitter by four variations of the basic

algorithm.

Analytical Fourier transform technique: In the most simple cases one can use the
properties of the Fourier transform relationship between refractive index profile and
reflectance and knowledge of analytical Fourier transform pairs®®. Tables, containing
numerous examples are readily available*®. One has to choose a Fourier transform pair
with a shape closest to the desired Q-function and then find proper constants to fit the
. analytical solution to the problem. . As an example of this analytical procedure we will
design an in-line beamsplitter. for fibre optic applications. The filter can be deposited
onto the end face of the fibre before splicing and, thus, will be surrounded by identical
media with refractive indices of 1.5. - The most frequently used wavelengths in fibre optic
communication are 1300 nm and 1550 nm. So, we can define a rectangular
transmission function with the transmittance equal to 50 per cent between wavelengths
A, =900and A, = 2100 nm as shown by the dashed line in Figure 4.7. The Q-function .

is chosen to be of the type Q, and is given by

Qw) = C, W+Ws +H(W'Wo] (4.25)
2Aw Aw Aw
where w = wave number,
w, = central wave number of a reflection band,
Aw = width of the reflection band in wave number space, and
C, = constant.
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Figure 4.6: Refractive index profile of an inhomogeneous beamsplitter designed by the

analytical Fourier transform method

60 ' ™
50 4 SN e W -
£ | |
w 40 - : —
O i
Z i
8 30 |, . ) ‘ —
w
-d
. .
W g | ; i
i
i
10| | ' .
AN\
! !
0 11 b
1

000 2000 3000
WAVELENGTH [nm]

Figure 4.7: Target and computed reflectance of the beamsplitter designed by the

analytical Fourier transform method
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The function II is defined by

II

|
—t

w-w Aw Aw
3 0] =1 for Wo-—— SWSWo+——
w

2 (4.26)

=0 elsewhere

The value of the constant C, can be calculated from the required value of peak
transmittance®®. In our case C, = 5.5-10. To construct a refractive index profile for
such a filter one needs to specify one of the limiting values of refractive index. Itis more
convenient to specify the lowest refractive index, n,. In this example.it fs the index of the
surrounding media and equals 1.5. The highest refractive index n, can now be

calculated from38:

2C1M) (4.27)

n, =n,ex
% X p(:rAw

where M is the maximum of the quantity [S;(y,)—S;(y,)], which will be described below.

The refractive index profile for a beamsplitter is then given by

\

c
nx) = exp (nA1 (S:(y2) -Si(v) )J exp (C,) (4.28)

w

where constant C, = In(n,;- n)2. S,(y,) and S(y,) are sine integral functions, where
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variables y, and y, are given by

21X _ 2nx

T (4.29)

Y, =

The refractive index profile is shown in Figure 4.6. It was calculated according to
Equation (4.28), apodized by a Kaiser window with §, = 3, and quintic matching layers
ad'ded for sidelobe and ripple suppression (details will be provided later in this chapter).
Reflectance was calculated using the matrix method. The inhomogeneous refractive

index profile was divided into 10 nm thick layers of homogeneous refractive index.

. Numerical Fourier transform technique: Design of a beamsplitter was repeated using
numerical integration of Equation (4.24). The same parameters for bandwidth and height
of the reflection band were used, as well as the same quintic matching layers and
Windowing. Phase factors were set at 0. The calculated refractive index profile is
depicted in Figure 4.8. It closely resembles the profile shown in Figure 4.6. However,
the length is about 15 per cent larger and the maximum refractive index is slightly
(approximately 0.15) léwer. The reflectance spectrum of the design is shown by the full
curve, whereas the target performance is shown by the dashed line in Figure 4.9. The
reflectance spectra for the analytical and numerical designs are very similar in shape as

was expected.
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numerical Fourier transform method
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Numerical Fourier transform technique with successive approximation: One can see that
major variations of refractive index are placed in the centre of the refractive index
profiles. The maximum values of refractive indgx, required according to the design, do
not exist in Si()XNy alloys. To bypass this obstacle of th-e Fourier transform design
technique we will use the continuously varying phase function'? as suggested by
Equation (4.23). Using a non-zero phase factor and successive approximations following
re-calculation of the Q-function after determination (by the matrix method) of the
reflectance corresponding to the refractive index profile which was obtained after

numerical integration of Equation (4.24), we can modify the Q-function according to'%%®

QW) = QW) + [Q W)y - QW)™ ] (4.30)
where Q(w), = value of the Q-function on the j-th step of iteration,
Q(w), , = value of the Q-function on the (j -7)-th step of iteration,

Q(w)""; ;= new value of the Q-function after calculation of reflection of
the structure obtained by integration of Equation (4.24) on the
(j -1)-th step, and

Q(w), = value of the target Q-function.

Note that itis necessary to set Q(w); equal to zero, if Q(w); is negative as calculated by
Equation (4.30). That will also allow us not only to bring refractive index inside
reasonable range, but also allow better matching of the spiitter proper to surrounding
media. Using the same parameters as in previous examples and K = 1.5 we obtained

the refractive index profile and reflectance as shown in Figures 4.10 and 4.11,

respectively, after 5 iterations.
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Figure 4.10: Refractive index profile of a beamsplitter designed by the numerical

Fourier transform method with non-zero phase factor and successive
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Figure 4.11: Target and computed reflectance of the beamsplitter
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One can see that the refractive index range is considerably lowered and it is spread
more uniformly throughout the thickness. It is clear that numerical refinement is
necessary and, if used with the Fourier transform technigue, makes design much more

practical.

Numerical Fourier transform technique with corrected target function and successive
approximation: Further improvement can be obtained by initial correction of the target
performance. It is described in details in the published work'? and consists of
adjustments of the points on the starting transmission curve using representation of
every reflectance point by the maximum reflectance value of the elementary rugate filter
with a pure sinusoidal refractive index profile. Respective formulae were obtained by

Southwell "’

on the basis of coupled-wave theory. Successive approximation of the
corrected transfer function brings the spectral response closer to the required target
performance. The next correction can be performed after the solution of Equation (4.30)
becomes stable. In Figures 4.12 and 4.13, respectively, we present results of the
implementation of the initial correction technique coupled with successive approximation

of the new target performance. It is observed that in the wavelength range of interest

the ripple on the reflection curve almost disappeared.

Despite all efforts made in this field, the Fourier transform technique works well only
when absorption in the layers and dispersion of the refractive index can be
neglected'®®®.  Another obvious limitation is a difficulty to account for an inevitable
refractive index step between air and the filter, and the possible step between the filter

and the substrate.
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Figure 4.12: Refractive index profile of an inhomogeneous beamsplitter designed by the
numerical Fourier transform method with non-zero phase factor, modified
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Because the main topics of my research are the deposition technique and properties and
applications of inhomogeneous SiOxNy thin films, we decided to use a simple and
effective design procedure developed by Southwell™'%% for one special case of - |
inhomogeneous refractive index filters, namely sinusoidal or rugate. Due to the ability
of this design technique to easily take into account dispersion of the refractive index and
absorption in the layers, as well as refractive index mismatch between the media, we

used it for design of all our rugate structures.

As it was mentioned already, the physical principle of the rugate»'ﬁlter is based on.
“Bragg-like" interference effects due to periodic variations in the refractive index of the
medium and is of particular interest because of its ability to suppress harmonics of the
desired stopband. Filters of this type show high reflectivity at a wavelength 4, equal to

twice the optical period of the refractive index modulation®:

(4.31)
/10 = 2nAP
where n, = the average refractive index of one cycle, and
P = the period of modulation.

The refractive index profile for a such filter is given by
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nix) = nA+% np sin ( 2”;" ‘¢ ) (4.32)

where x = the depth coordinate, '
n, = the peak-to-valley excursion of the sinusoidal refractive index
variation, and
¢ = phase factor that can be adjusted for optimizing the shape

of the filter stopband.

One can have several reflection bands simply by adding more sinusoids of appropriate
period to the profile (in this case care should be taken to insure that refractive index

values lie in the feasible range):

Nb
n(x) = nA+’;j ani sin ( ng + ¢ ) (4.33)

j=1 j

where Ny is the number of reflection bands in the spectrum.

- The bandwidth Al is determined by the excursion of the refractive index according to'®:

i (4.34)

The simple rugate filter realized by the refractive index profile given by Equation (4.32)
tends to have high sidelobes outside the stopband. This deficiency can, however, be

improved significantly by the use of apodization functions or windowing, as shown by
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Séuthwellﬁ. Further improvement in the filter characteristics is effected by using
appropriate matching layers between the substraie and rugate filter, and between the
rugate filter and the surrounding media. As, for instance, it was shown by Southwell that
quintic matching layers (fifth-order polynomial with coefficients such that first and second

derivatives are zero at x = 0 and at x = d,) produced excellent results':

3 4 5
X X X (4.35)
n(xy=n, +{nyg-n)101=-} - 1512 + 6 __)
q L H L
wena oz o[ o[z
In this instance the profile can be expressed by®':
N
1 [ 27x (4.36)
nix) =n,Kx) + — W.(x)n, sin + O,
() = nale) + I}: 0, (Pi(x) ¢,]
where W,(x) = the window function for the j-th sinusoid,
Na(X) = the moving average value of the refractive index ‘proﬁleincluding the
two matching layers, and
Px) = the period of the j-th sinusoid, taking into account the variation

of the average refractive index resulting from the matching layers.

Several kinds of window functions were examined (namely Gaussian, Hamming,
Hanning, Blackman and Nuttal)4°, but the Kaiser window was found to be the best suited
to rugate filter design applications. The Kaiser windows are that family of flexible window

functions that can be described by the following equation*®
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1,6, l1 - C") (4.37)
W) = — for |x|<

d
lo©%) ' 2
where I, = the modified Bessel function of the first kind and of order zero,
6, = a parameter,
d = total thickness of the filter subjected to apodization, and
x = depth coordinate.
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Figure 4.14: A family of Kaiser window functions
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By varying the parameter 8, the trade-off between the main lobe width and the side lobe
level of the Fourier transform of W(x) can be adjusted. Large values of §, correspond
to wider main lobe width and smaller side lobe levels. Several Kaiser windows with

different values of parameter 6, are shown in Figure 4.14.

Figures 4.15 to 4.17 demonstrate how apodization by a Kaiser window with 8, = 6 and
the introduction of a quintic matching layer transform reflection spectra of a rugate
optical filter. All three filters are 30-period rugate filters on glass (with ng, . = 1.5)
designed for a central wavelength of 1200 nm. These filters have a maximum peak-to-
valley excursion of refractive index n, = 0.6 and an average refractive index in the filter

proper n, = 2.

Figure 4.15 shows the refractive index profile and corresponding reflectance spectrum
for the rugate filter without apodization and matching layers. One can notice large

fluctuations in the reflectance on both sides of the stopband.

In the next design apodization by a Kaiser window function with adjustable parameter
0, = 6 for suppression of sidelobes is imposed on the refractive index profile. The
refractive index profile and reflectance spectrum for this filter are shown in Figure 4.16.
The height of the sidelobes near the stopband is decreased (in comparison with the
previous design) to the same level as that of the ripple far from the stopband. However,
the optical density of the filter is also decreased significantly, owing to the decrease in

the average refractive index modulation.
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Figure 4.15: The refractive index profile and the corresponding reflectance pattern for

a 30-period rugate filter without apodization and matching layers
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Figure 4.16: The refractive index profile and the corresponding reflectance pattern for

a 30-period rugate filter with Kaiser apodization (0,=6)
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Figure 4.17: The refractive index profile and the corresponding reflectance pattern for

a 30-period rugate filter with Kaiser apodization and quintic matching layers
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The next step is the introduction of rugated quintic matching layers between the filter and
surrounding media at the expense of the first two and a half cycles and the last two and
a half cycles of the rugate structure, so the total thickness in terms of number of periods -
remains the same. The refractive index profile and reﬂectaﬁce of the filter are shown in
Figure 4.17. In comparison with the previous design, the ripple‘is eliminated from the
spectrum, while the optical density did not change noticeably. In practice, however, the
trade-off is inevitable between thickness, optical density, height of the sidelobes and level

of the ripple.
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4.4 Conclusions

The Fourier transform technique is a powerful method for the design of optical
interference coatings possessing inhomogeneous refracﬁve,index profiles. This
synthesis technique, based on approximate representation of the exact Fourier transform
relationship between refractive index and optical transfer function of the film is fast,
reliable and, if dispersion of the refractive index and absorption are negligible, very

practical.

In the process of successive approximations of the Q-function, use of a non-zero phase
factor and correction of target transfer curve allow for flexible control over refractive index

modulations and resulting performance of the synthesized optical coating.

In the case where the role of dispersion in complex refractive index is more significant,
a technique based on a simple sinusoidal periodicity is more suitable. For the special
case of high-reflectance rugate filters, it permits flexible use of window functions for
sidelobe suppression, and matching of filters with the surrounding media employing
quintic layers, for instance. Wavelength dependent refractive index steps between
surrounding media aﬁd optical coatings can easily be taken into account with this

procedure.

Design examples presented in this chapter show that the design of inhomogeneous
refractive index structures can be performed in several ways, and the most practical one

should be determined from the manufacturing technology point of view.
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CHAPTER 5

THE APPLICATION OF GRADED REFRACTIVE INDEX SiO,N, LAYERS
FOR THE FABRICATION OF OPTICAL COATINGS

5.1 Introduction

The rugate filter, so named after the Latin word rugosus (which means "wrinkled"), still
poses quite a problem to the modern-day optical coatings manufacturing industry. The
fabrication of such complicated structures requires state-of-the-art techniques to gain the
necessary process control, thereby preserving the integrity of the refractive index profile.
Several techniques for the fabrication of rugate filters were reported in the literature:
neutral cluster beam deposition (NCB)'; microwave plasma assisted deposition
(MPACVD)?; ion beam assisted deposition (IBAD)*; organometallic vapour phase epitaxy
(OMVPE)*  molecular beam deposition; reactive (thermal or electron-beam)
evaporation®; laser flash evaporation; pulsed plasma deposition®; radio frequency (RF)
13.56 MHz plasma enhanced chemical vapour deposition (PECVD)® and microwave 2.45
GHz electron cyclotron resonance plasma enhanced chemical vapour deposition (ECR-
PECVD)'®"'. Although each of these techniques has its own advantages and

disadvantages, the latest technique, in our opinion, probably has the biggest potential.
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The sinusoidal modulation can be realized using two approaches, namely a digital and
an analogue approach'. The digital approach achieves the desired refractive index
profile by dividing the layer into thin steps of uniform indices (with each index step being
divided into a high- and low-index pair with the same equivalent index as the required
step). The analogue approach relies upon the continuous grading of the index profile,

using materials that form a solid solution, or a stable phase mixture.

Design techniques for these types of filters based either on the simple sinusoidal

181213 or on the inverse Fourier transform method'*"’, have already been

mode
developed to an édvanced stage (it was, however, pointed out already that in the inverse
Fourier transform method it is still difficult to accommodate the dispersion of a complex
refractive index). Fabrication technology, on the other hand, is still under development.
The implementation of sinusoidal modulation of a refractive index, especially with such

complications as matching layers and windowing, requires the use of complex materials

and deposition techniques with strictly controlled and reproducible parameters.

Neutral cluster beam deposition (NCBD) was used by R Overend et al.’ to manufacture
narrow-band reflection structures for the near infrared at 780 nm. Thin films of BaF, and
ZnSe were deposited at a rate of 300 to 1200 A/min under computer control with quartz
crystal monitoring. A digitized technique was used in the design procedure. Fabricated
rugate filters showed good agreement with the design in the desired stopband and
reasonable agreement outside the stopband, but sidelobes reached about 50 per cent.
Neutral cluster beam deposition has been shown to provide stable rates of film growth.

Compatibility of the technique with a conventional production plant was also shown.
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The manufacturing of single- and double-band rugate filters by microwave plasma-
assisted chemical vapour deposition (MPACVD) was carried out by AG Greenham et al2.
Silicon oxynitride was chosen because of its large refractive index range and continuous
series of solid sblutions in the SiO,-Si;N, alloy. The precursors used were silicon
tetrachloride, oxygen and nitrogen, with argon used as a carrier gas for SiCl,.
Microwave power of 1 kW at 2.45 GHz was used for sustaining the plasma at 1 mbar of
working pressure. Gas supplies to the chamber were controlled by precision mass flow
controllers (MFC) operated by computer for creating true sinusoidal modulation of the
refractive index. The deposition rate was in the range of 600 to 1200 A/sec. MPACVD
has been successfully applied to the fabrication of continuously modulated refractive
index dielectric interference filters of rugate design. Maximum reflectivity obtained was
in excess of 99.95 per cent and uniformity of a few per cent has been achieved over 38-

mm-diameter substrates.

lon beam assisted deposition of Si(w)Ny films for rugate filter fabrication was studied by
EP Donovan et al.. In this realization, the electron beam gun was used for evaporation
of Si and the ion source provided a beam of ionised nitrogen with energy of 500eV and
an extracted current varying from 3 to 40 mA. Feedback from the quartz crystal monitor
via the computer provided control over the ion source and hence over the refractive
index of growing film, which was varying from 2 to 4 (at 1666 nm). A rugate filter with

an optical density of 2.6 at a wavelength of 1150 nm was obtained, showing good
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agreement with calculated values. A similar technique was used by BG Bovard'® for
manufacturing an AIO,N, rugate filter with a variation in the refractive index from 1.65 to
1.85. Aluminium was evaporated with an electron gun and the substrate was
bombarded by a beam of N, ions in an oxygen-rich atmosphere. Maximum reflectance

at about 580 nm reached just below the 60 per cent level.

Organometallic vapour phase epitaxial (OMVPE) growth of rugate structures and graded
index antireflection coatings was undertaken by H Sankur et al.®. Deposition
experiments were done in a vertical-flow atmospheric-pressure' OMVPE reactor.
Trimethylgallium, trimethylaluminium and arsine were used as precursors. (100) oriented
GaAs substrates were used and the deposition temperature was in the range of 750 to
800° C. A digitized approach was adopted in the design. The layer composition was
automatically controlied by the relative flow rate of the Al and Ga precursors by the
computer in closed-loop control, following the acquisition and analysis of the reflectance
data. Several single- and multi-line rugate filters were successfully deposited for use in
the mid-infrared (3 to 5 um) and far-infrared (8 to 12 um) wavelength range. The

wavelength placement accuracy was to within 1 to 2 % for all lines.

The molecular beam deposition (MBD) process, which inherited its equipment ideology
from the molecular beam epitaxy (MBE) technique, was also studied for optical thin film

manufacturing, and for the fabrication of rugate filters in particular, by K Lewis et al.® and
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SP Fisher et al.'. The digitized approach was once again used in the design, and BaF,
and PbF, were used as base materials. The filter grown by thermal evaporation from
Knudsen's cells in the ultra-high vacuum environment had 31 sine periods (186 thin
layers). The maximum in reflectance at 420 nm was in excess of 80 per cent, but the
reflection peak was split in two, owing to small period errors.

Electron gun evaporation, a rather conventional technique, was used by J Allen et al 2021
for the fabrication of digitized rugate filters under computer control. The deposition of
TiO, and SiO, was carried out in a Leybold 700 QEL box coater, while feedback was
provided by the use of twin quartz crystals. Great uniformity (1.5 nm on the substrate

and =2.5 nm in run-to-run trial) over a substrate of 320 mm long by 152 mm wide was

achieved.

Laser flash evaporation of SiOXNy for single- and double-line rugate filters onto
polycarbonate substrates was studied by CS Bartholomew et al.”. This technique was
chosen by the authors because any possible radiative heating of the substrate was
small, and because decomposition and reaction of the source material were minimized.
The computer-controlled CO, laser was evaporating SiO, and Si;N, in impulse regime
following a digitized rugate design. The interferometer, quartz crystal monitor and laser
detector were continuously measuring the index of refraction, thickness and laser power

and were sending these values to the computer, where they were compared to
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theoretical values. Error and change of algorithms then drove the CO, laser and
attenuators to give the proper deposition rates of the two target materials. SiO,N, rugate
filters with optical densities as high as 2.5 and bandwidth as narrow as 6.8 per cent of
the rejection wavelength were fabricated. These filters adhered well to polycarbonate
and showed good film quality. All the important parameters were within iO per cent of

the design values.

Pulsed radio frequency (RF) plasma deposition of optical filter structures was reported
by K Sheach et al.®. Iﬁ contrast with conventional plasma depoéition systems, the
pulsed plasma deposition process is based on the use of short (100 to 400 ps)
discharge pulses of very high RF power (500 W-cm™). These pulses are thought to be
sufficiently energetic to achieve complete dissociation of all the active gases introduced
to the reaction chamber. No active heating of the substrate is required to produce a film
of high quality, and passive heating of the substrate environment is avoided by a low
duty cycle (30 Hz) of the discharge pulses which results in a low average power level.
Using the pulsed plasma process, it has been possible to carry out this type of
deposition solely by pre-programming of the required filter design with no operator
intervention being necessary subsequent to the initiation of the deposition. The
reproducibility of filters from run to run has been shown to be within 0.5 per cent under

optimum conditions. All filters deposited have used the digitized design.
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Another type of plasma impulse CVD with 2.45 GHz microwave activation was reported
by M Heming et al.?2. This plasma process operates at substrate temperatures below
150° C and thus allows a wide range of materials to be coated. The pulsed microwave
excitation of the plasma results in effective gas exchange between puises, high reaction
rates and the efficient use of precursor gases for layer formation. Deposition rates of
9000 A/min for SiO, and 2500 A/min for TiO, have been achieved. The technique allows
coating of flat- and dome-shaped substrates if used in appropriate arrangements. The
uniformity of layer thickness, which is essential for optical filter performance, has been
improved to = 0.3 per cent on 100 mm flat substrates. Uniformity on dome-shaped

substrates was not reported.

High-temperature plasma chemical vapour deposition (PCVD) for the fabrication of
rugate filters was reported by ML Elder et al.®, Damage-resistant optical coatings were
prepared at substrate temperatures from 850 to 1100° C and consisted of several
thousand periods of fused SiO,, lightly doped with a glass network modifier or network
former (e.g. GeO,, F) to give an interlayer index variation. The nominal refractive index
difference An can range from as low as 0.001 to as high as 0.05, depending on the
dopant and the dopant concentration. Control of the layer thickness (coatings period)
to within a few angstroms is possible at deposition rates of a few micrometers per
minute. Peak reflectance for filters manufactured according to this technique was

observed to be within 0.5 per cent of the designed wavelength.
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PECVD with RF 13.56 MHz plasma also was used for fabrication of graded refractive
index layers of silicon oxynitride, and of rugate filters in particular, by S. Lim et al®?,
The process was carried out in a capacitively coupled parallel-plate reactor configuration
with the top electrode powered and the bottom electrode grounded and heated. The
power density used was approximately 0.165 W-<m™, while the chamber pressure and
substrate temperature were 0.5 Torr and 300° C, respectively. As precursors, 2.01%
SiH, in He, nitrogen and 5% N,O in He were used. Flows of SiH, and N, were kept
constant at 20 and 12 sccm, respectively, while the flow of N,O was varied from 0 to
about 300 sccm. Homogeneous layers of different composition were grown in advance
to create a calibration chart. The refractive index range obtained was from 1.46 to 2.05.
Rugate filters with 10 and 20 sinusoidal periods were grown on a glass substrate and
shown to be in good agreement with simulations, except for some difference in

sidelobes.

Remote plasma enhanced chemical vapour deposition (RPECVD) can also be
considered as an optical coatings deposition technique. Results by DJ Stephens et al®.
on the deposition of Bragg reflectors consisting of SiO,/Si,N, multilayers show promising
agreement between the designed and the actual spectra. In spite of the fact that the
fabrication of classical multilayer stacks was only performed, the technology seems to

be capable of producing inhomogeneous refractive index layers as well.
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5.2 ECR-PECVD for the fabrication of inhomogeneous optical coatings

As was illustrated in chapter 3, ECR-PECVD is an effective means for low-temperature
deposition of thin films with strict control being exerted over the refractive index and the
growth rate. The quality of ECR-PECVD-deposited films is superior, in terms of hydrogen
concentration, thermal and chemical stability and packing density, to that of similar
composition films obtained according to conventional techniques®*?8, These are basic
requirements for the successful implementation of the technology fqr the fabrication of

inhomogeneous optical coatings.

The first utilization of ECR-PECVD for optical coatings manufacturing dates back to an
unpublished corporate report by S Dzioba of Bell-Northern Research Ltd., Canada, in
1989%°. ECR-PECVD was used to deposit a Si/SiO, multilayer dielectric stack on InP for
an optical dichroic filter and the possibility to control the refractive index reproducibly
and accurately was illustrated. In 1994, S Dzioba and R Rousina reported on ECR-
PECVD for the fabrication of quarterwave single-layer antireflection coating made of

SiO N, and multilayer stacks of a:Si/SiON, with abrupt interfaces for dichroic mirrors®.

The first application of ECR-PECVD for the deposition of layers with inhomogeneous

refractive index profiles was reported by P Bulkin, P Swart and B Lacquet in 1993%!, A
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rugate filter with reflection of about 80 per cent was fabricated using SiN, (x varied from
0 to 4/3). Later, we reported on the fabrication of SiN, high-reflectance single- and
double-band rugate structures by ECR-PECVD with RF substrate biasing and extended

the materials range to SiO,N,'>"".

We have used ECR-PECVD for the manufacturing of rugate filters because of the number
of distinct features offered by this technology®2. It is a low-temperature process, thus
allowing deposition of the filters onto temperature-sensitive A"BY and polymer substrates.
As deposition occurs from the gas phase in ECR-PECVD, the continuous changing of
the refractive index can readily be achieved by the computer control exerted over the
gas flows, and the duration of the process is not limited by the volume of a crucible load.
Sharp interfaces can, if required, also be easily obtained with this technology®, thus
allowing us to support both the analogue- and digital-design techniques, as well as
classical multilayer stack fabrication®*. The plasma allows for effective pre-deposition
cleaning of the substrates, and the low-pressure results in complete suppression of
volume reaction, eliminating potential particle inclusions into the growing film. The
strong dependence of the refractive index on the gas ratio, the small consumption of
reagents and the possibility to grow many different materials coupled with inexpensive
microwave hardware, make ECR technology especially suited to the research laboratory

environment.
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5.3 Rugate filters

Despite the fact that several of the above-mentioned techniques have shown to be able
to manufacture such complicated structures as rugate filters, we believe that ECR-
PECVD is a versatile and powerful alternative method. We have demonstrated it by
several practical examples of filters realized with either continuously graded refractive
index profiles, or conventional step-index structures. Rugate filters for one and two
reflecting bands were designed, manufactured on silicon and glass substrates, and
characterized. An experimental inhomogeneous gaussian antireflection coating on
silicon is compared with a three-layer coating. Further evidence of the applicability of
ECR-PECVD to the manufacture of step-index structures is provided by the fabrication

of an 18-layer quarterwave stack.

On the basis of experimental optical data for SiN, and SiOxNy described in chapter 3,
several rugate structures featuring rugated quintic matching layers and Kaiser
apodization were designed. The availability of complete data of the optical properties
of the SiN, and SiOxNy thin films makes possible the design of optical coatings which
" takes into account absorption in the layers and dispersion of the refractive index''.
Dispersion and absorption in the layers start to play a substantial role only at
wavelengths shorter than 700 nm. These effects are not always deleterious but can, for

instance, suppress the harmonic reflection peaks''.
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5.3.1 . Single-band SiN, rugate filter on silicon

A single-band rugate filter designed for maximum reflectance at a wavelength of
1000 nm, and having a total thickness of 2.1 micron, had ath-eoretical reflectance of 97.8
per cent in the band. The refractive index profile comprised a Kaiser window for the
entire length of the coating, which was superimposed on a rugated quintic transitional
matching layer from air to filter and from filter to substrate is shown in Figure 5.1. The
average refractive index in the filter proper was chosen to be 2.5, and the maximum
peak-to-valley excursion of refractive index n, = 1.2, while the adjustable parameter of
the Kaiser window (f,) was set at 4.25. Figure 5.2 depicts the required and the actual

gas flows recorded during the growth of the single-band filter.
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Figure 5.1: Refractive index profile (at wavelength 1000 nm) of a single-band SiN,

rugate filter on silicon.
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Figure 5.2: Calculated and recorded gas flows during the deposition of a single-band

rugate filter.

Figure 5.3 shows the reflectance spectrum of the as-grown single-band rugate filter. The
corresponding simulated spectrum is shown by dashed line in the above-mentioned
figure. The experimental spectrum had been corrected for non-idealities of the
aluminium reference mirror employed in the spectrophotometer (Hitachi U-3400 with a
5° specular reflectance attachment). Agreement between simulated and experimental
peak reflectance is within the experimental error of the spectrophotometer, whereas its
position is not exactly at the designed value. It appears at 960 nm instead of at 1000
nm. Although the design incorporates apodization and rugated quintic matching layers,

the sidelobes of approximately 15 per cent evident in Figure 5.3 could not be fully
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suppressed. They are attributed to the wavelength dependent refractive index step

between the filter and the media on both sides.

100

90 |
80 - 5 B CALCULATED
70 - ——— MEASURED

60 |
50 -
40 |
30 |
20 -
10

REFLECTANCE [%]

0 500 1000 1500 2000 2500 3000
WAVELENGTH [nm]

Figure 5.3: Reflectance spectra of a single-band rugate filter on silicon.

The good agreement of the spectra shown in Figure 5.3 has confirmed the high degree
of accuracy in the determination of optical constants of the material. The discrepancy
between the designed and actual spectra is attributed mainly to fluctuations in self-bias
of the substrate, which was not under closed-loop control. The experimental value for
full-width-at-half-maximum (FWHM) is approximately 15 per cent larger than expected.
It is 240 nm (design value: 215 nm). We ascribe this increase to the slight undershoot
of the MFC for silane, as can be seen in Figure 5.2. This will lead to a deeper valley of

the refractive index profile, increasing the total excursion of the refractive index.
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5.3.2 Double-band SiN, rugate filter on silicon

A double-band rugate filter with a total thickness of 3-.33 micron was designed to have
maximum reflectance of 98% in the main band at 1000 nm and a second reflection band
at the wavelength given by the ratio 1.3:1. It has a total excursion of refractive index
np,=1.2, and also features rugated quintic layers and apodization using a Kaiser window
wiéh 6,=3.0. The refractive index profile of this filter is shown in Figure 5.4. The
temporal changes of the gas flows needed during the growth of the double-band filter

are shown in Figure. 5.5.

4

35 -
=
>
5 ,
2 3| .l M
w o
>
5 |
S 23+ \/\/ P
s |

i

o, -\j d

15

1.5 2 25 3

THICKNESS [pm]

0 05 1 35

Figure 5.4: Refractive index profile (at wavelength 1000 nm) of a double-band SiN,

rugate filter on silicon.
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Figure 5.5: Required gas flows for the deposition of a double-band SiN, rugate filter.
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Figure 5.6: Reflectance spectra of a double-band SiN, rugate filter on silicon.
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Fig{Jre 5.6 shows the reflectance spectrum corrected for the aluminium reference mirror,
of an as-grown double-band rugate filter. The corresponding simulated spectrum is
shown by a dashed line in the above-mentioned figure. The maxima of the reflectance
bands of the grown filter are not exactly at the designed values. The centre of the main
band of the double band rugate filter is positioned at 1035 nm instead of at 1000 nm.
The ratio 1.3:1 between positions of the main and second bands, however, has been
préserved. The results are within 3.5 per cent of the design values. The discrepancy
between the designed and actual spectra is attributed mainly to fluctuations in self-bias

of the substrate, which was not under closed-loop control.

The experimental values for FWHM are approximately 15 per cent larger than expected.
The upper band of the double-band filter has a bandwidth of 150 nm at 1035 nm (design
value: 135 nm), whereas the FWHM bandwidth at 800 nm is 120 nm, compared to the
expected value of 105 -nm. We ascribe these increases to the slight undershoot of the

mass-flow controller for silane, as was explained already in paragraph 5.3.1.

5.3.3 Single-band 'SiOXNy rugate filter on glass

Filters based on the Si-Si;N, system have reflectance in the transparent region of not
less than 15%. SiO,N,, on the other hand, could have a refractive index as low as that

of Si0,, yielding a much larger range of refractive indices and a reduced reflection of 5
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to 8 per cent outside the stopband. Simultaneously, lower refractive index will allow for
the more effective matching of the rugate filter with the substrate and incident medium

(ain).

Figure 5.7 presents three-dimensional graphs of n and k as functions of depth and
wavelength of a rugate optical filter. This single-band rugate filter was designed for
maximum reflectance at a wavelength of 680 nm. For a total layer thickness of 2.11 um,
the theoretical reflectance in the band was 97.6 per cent. The refractive index profile .
comprised a Kaiser window for the entire length of the coating, which was superimposed
on a rugated quintic transitional matching layer from air to filter aﬁd from filter to
substrate. The average refractive index in the filter proper was chosen to be 2.0, and
the maximum peak-to-valley excursion of the refractive index equalled 1.0, while the

adjustable parameter of the Kaiser window was set at 6, = 4.25.

This SiOxNy rugate structure was grown on Corning 7059 glass substrates. Temporal
changes of the gas flows needed during the growth of the filter described above are
shown in Figure 5.8. Figure 5.9 shows the reflectance spectrum of an as-grown single-
band filter with correction for the reference aluminium mirror. The corresponding
simulated spectrum is shown by a dashed line. The maximum in the reflectance band
of the grown filter occurs at 700 nm and its height almost equals the design value. Shift
of the central wavelength is approximately 3 per cent from the designed value of 680 nm.

This discrepancy is also attributed to fluctuations in the self-bias of the substrate.
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Figure 5.7: 3-dimensional representation of the refractive index (a), and extinction

coefficient (b) of rugate filteron glass.
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Figure 5.8: Temporal gas flows maintained during deposition of rugate filter on glass
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Figure 5.9: Simulated and measured reflectance of rugate filter
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Owing to the fact that the Tylan 2600 MFC employed for control of oxygen flow did not
exhibit undershoot, the experimental value obtained for bandwidth (FWHM) agrees with
the expected value of 150 nm. Sidelobes outside the stopband are 5-8 per cent peak-to-
peak. There is also a constant offset of approximately 4 pér cent in the level of
sidelobes as a result of incoherent reflections from the back surface of the glass

substrate. These reflections were not accounted for in the simulations.

5.3.4 Gaussian antireflection coating on silicon

Mono-, polycrystalline and amorphous silicon soiar cells together constitute a major
source of alternative energy these days. Itis known that there are two optimum energy
band gaps for photovoltaic conversion®*. One .is 1.15 eV (1.08 pm), which allows the
use of all sunlight above the energy of strong atmospheric absorption (approxfmately 1.1
eV). The second optimum lies at 1.36 eV (0.911 pum). The silicon band gap equals 1.12
eV, therefore it lies just below the first optimum. However, all types of silicon are high-
refractive index materials and reflectance of its bare surface is more than 30%. In order
to make the most of the radiation of the sun an antireflection coating is required. We
present here two types of antireflection coatings on silicon for application in
photovoltaics, one inhomogeneous and the other a three-layer coating. The reference
wavelength was chosen to be 800 nm, where the refractive index of monocrystalline

silicon is 3.69%°,
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The first coating is a Gaussian coating, with a refractive index profile shown in Figure ~

5.10. The profile is described by the formula

_(x—40)2) (5.1)

n(x) =N * (nmax - nmin)exp[ 2
: 20

where o = 0.048 (o_ne quarter of the total thickness of the coating). The total thickness
of the coating is 0.19 pm and the refractive index gradually changes fromn_, = 1.5to
N = 2.9 (at wavelength 800 nm). It would be better to have nma; a closer match to
the refractive index of the substrate. However, in the SiON,-system the maximum

refractive index is limited by the chosen process trajectory (see chapter 2 and 3).

REFRACTIVE INDEX, n

THICKNESS [pm]

Figure 5.10: A refractive index profile of a 0.19 um thick Gaussian antireflection coating
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The required gas flows for fabrication of this coating are illustrated in Figure 5.11. "
Figure 5.12 illustrates the reflectance of an uncoated silicon wafer (1), in comparison with
the design (2) and the actual performance (3) of the inhomogeneous refractive index
coating. One can see that the reflectance was reduced drastically, from approximately
30% in the épectral rénge of interest to less than 5%. The actual performance is
following the design prediction fairly closely, except for wavelengths shorter than 600

nm.
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Figure 5.11: Temporal gas flows set during the growth of a Gaussian antireflection

coating
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Figure 5.12: Reflectance spectra of a Gaussian antireflection coating on silicon

5.4  Multilayer filters

5.4.1 Three-layer antireflection coating on silicon

The 3-layer antireflection coating, with a total thickness of 0.23 um, consists of three
homogeneous layers of materials with refractive indices and thicknesses chosen in such
a way that they meet the requirements of matching neighbouring layers with constraint
on the lowest refractive index possible®, which is 1.5 for the SiO,N, system. Figure 5.13
illustrates the refractive index profile of the 3-layer antireflection coating. Figure 5.14
illustrates the reflectance of a bare silicon wafer (1) in comparison with the design (2)
and the actual performance (3) of the three-layer antireflecton coating. Again, the

reflectance was reduced drastically, from approximately 30% in the spectral range
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Figure 5.14: Reflectance of bare (1) and coated (3) silicon surface, (2) - design
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of interest to no more than 5%. The actual performance is also following the design
prediction sufficiently close, except for wavelengths shorter than 550 nm. However, in
comparison with the inhomogeneous design, there are oscillations as high as 27 per

cent in reflectance on the short wavelength side.

5.4.2 Beamsplitter on glass

Neutral beamsplitters have found many applications in modern optics, which requires
the splitting or combining of light. A good example is a two-beam Michelson or Mach-
Zehnder interferometer®’. It is possible to design an almost exactly 50/50 all-dielectric
beamsplitter based on variations of high and low refractive index layers. We have
adapted the design by HA Macleod®, consisting of a combination LHLHLL (H=2.6,
L=1.5) on glass for the 1300 to 1600 nm wavelength range. This range covers the
wavelengths most frequently used in fibre-optic light sources, and such a beamsplitter .

can be incorporated into fibre-optic sensors based on interference effects.

The refractive index, and the design and performance of the beamspilitter are illustrated
in Figures 5.15 and 5.16, respectively. Transmission (3) and refiection (2) curves, both
are within 2 % of the required 50 % in the spectral range concerned. The splitter shows

very good agreement with the design performance.
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Figure 5.15: Refractive index profile of a 0.95 pm thick 50/50 beamsplitter
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Figure 5.16: Design (1) and actual performance (2 and 3) of a LHLHLL beamsplitter
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5.4.3 The muitilayer high-reflection filter on glass

The fabrication of a multilayer high-reﬂecﬁon optical filter on a glass substrate was also
undertaken. A SiON, Bragg reflector [(HL)°] (H=2.6, L=1.5) was designed for the
central wavelength of 1060 nm and grown on a Corning 7059 glass substrate. The
refractive index profile of the filter is shown in Figure 5.17. Temporal changes of the gas
ﬂo.ws needed during the growth of this filter are illustrated in Figure 5.18. The silane flow

is denoted as 1, the nitrogen flow as 2 and the oxygen flow as 3, respectively.
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Figure 5.17: Refractive index profile of the high-reflection multilayer filter with structure

air-[(HL)®]-glass

173



-t
—d

ST 38 s s O e s Y e O e O e S s O
— 9 I
£
® 7 4
=
S sf =
uw
9
2 5| i
o .
4l -
3+ ]
2 .
1ol Loloni Lot [f el i
0 200 400 600
TIME [min] '

Figure 5.18: Temporal gas flows maintained during the deposition of the multilayer filter

Firgure 5.19 shows the reflectance spectra of an as-grown filter corrected for the
reference aluminium mirror. The maximum in the reflectance band of the grown filter
occurs at 1050 nm and its height approximately equals the design value of slightly less
than 100 per cent. The corresponding simulated spectrum is shown by a dashed line.
The simulation was performed on the basis of the refractive index of the initial design by
compressing its thickness by the value of corresponding to the shift of the centre
wavelength. The shift of the central wavelength from the designed value of 1060 nm is
approximately 1 per cent. Figure 5.20 shows the experimental reflectance and the

transmittance spectra of this filter.
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Figure 5.19: Simulated and measured reflectance of the multilayer filter
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Figure 5.20: Measured reflectance and transmittance of the multilayer filter
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5.5 Conclusions

As was shown, computer-controlled ECR plasma deposition is a convenient method of
producing films with continuously varying refractive index. Thé advantages of easily
achievable computerized mass-flow control and the strong dependence of refractive
index on gas compqsition, together with the stable nature of ECR discharge at low
pressures and the high quality of layers, could lead. to the inclusion of ECR-PECVD in

optical coatings technology.

The good agreement between the designs and the actual measured optical properties:
~ of the rugate structures confirms the attractiveness of ECR plasma deposition for the
fabrication of layers with complicated refractive index profiles. Parameters of deposited

filters made of SiN, and SiO,N, agreed well with the designed values.

Single- and double-line rugate filters, an inhomogeneous antireflection coating, a three-
layer antireflection coating, a beamsplitter and a multilayer high-reflection filter were
grown by ECR-PECVD. Results show compatibility of ECR-PECVD with classical optical
coatings design, while allowing the fabrication of very complex inhomogeneous

structures.

The results made known here can be improved by incorporating new parameters, such
- as control of microwave power. Also, a divergent magnetic field ECR source is needed
to increase the deposition rate and the deposition area. The introduction of these

improvements will be the next step in our research.
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CHAPTER 6

CONCLUSIONS

6.1 Discussion

New deposition technologies are emerging With three major objectivés, namely increased
| deposition rate, improved uniformity and improved level of control'. As coating designs
become thicker freedom from the current limitations on source capacity is required.
Work towards the achievement of these objectives places ever-greater emphasis on the
use of gas sources for which, in principle, the processing time is only limited by factors
such as deposition rate and control reliability. Many of the precursors used in chemical
vapour deposition (CVD) are based on corrosive, pyrophoric and poisonous substances
(e.g. silane, metalorganics, etc.), which in themselves create additional needs for system

integrity and safety.

Another important issue to be addressed by any development of a new deposition
technique is that of a low substrate temperature operation which would allow the

fabrication of advanced-type coatings on temperature-sensitive A"BY and A"BY, as well
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as on organic materials. Direct chemical reaction, however, is not successful at low
temperatures, and some form of plasma or ion assistance is required. Recent
developments in plasma sources based on ECR technology have particular relevance
here?®. The exceptional stability of the ECR discharge and the proven controllability of
the chemical vapour deposition technology ensure that coating performance can be
guaranteed by feed-forward control alone, even in the most complex inhomogeneous
designs, thus eliminating costly real-time broad-band optical monitoring. In addition, a
choice of ECR-PECVD process can help coating manufacturers overcome two more
problems, namely difficulties to perform the final stages of substrate preparation and the

multiple deposition processes within a single vacuum system.
$

The work presented here applies ECR-PECVD for the first time to the fabrication of
inhomogeneous optical interference coatings7'9. Electron cyclotron resonance plasma
enhanced chemical vapour deposition was used for the deposition of amorphous SiO,,
SiN, and SiO,N, films from O,/Ar, N, and SiH,/Ar mixtures. The properties of these thin
films were determined by optical transmission spectroscopy and Fourier transform

infrared spectroscopy (FTIR).

A comparison of the deposition of Si-SiO, and Si-Si;N, alloys revealed marked
differences in the growth rate behaviour and common trends in refractive index changes.
For SiN, deposition the growth rate decreased monotonically with an increase in the

nitrogen flow (at constant total flow) from 43 to 17 A/min, whereas the SiO, growth rate
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dependence has a maximum of around 75 A/min at a gas flow ratio SiH,/(SiH,+0,) of
approximately 0.7. Refractive indices for both processes decreased strongly with a
decrease in the silane content of the gas phase: from amorphous silicon’s 3.8 measured

at 632.8 nm to 1.48 and 1.98 for silicon dioxide and silicon nitride, respectively.

EQR-PECVD of silicon oxynitride layers was also investigated for different gas flow ratios
and substrate bias. The growth rate was in the 20 to 100 A/min range, whereas the
refractive index changed from 2.60 to 1.48, with a corresponding change in the
0O,/(N,+0,) ratio from 0.01 to 0.32 at constant total flow and constant silane flow. Itwas
also found that increased self-bias resulted in a substantial increase in the grthh rate,
- whereas the refractive index shared a marginal change only. Working pressure and
magnetic field exerted a slight influence on the refractive index of a material, but had a
marked effect on the growth rate. The gas flow ratio determined the refractive index over
awide range as a result of changes in the chemical composition. FTIR measurements
showed a smooth transition between silicon dioxide and silicon nitride. Raman
spectroscopy showed that the films deposited from silane diluted with argon, possess

amorphous structure.

The investigation produced new information on the optical properties of Si0O,, SiN, and
SiOXNy thin films deposited by ECR-PECVD from mixture of silane, oxygen, nitrogen and
argon. The results show a strong dependence of n, k and a on the composition of the

gas mixture during deposition. The curves of refractive indices for SiO, and SiN,
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materials grown at a gas composition with the lowest silane content are almost identical
to those for stoichiometric SiO, and Si;N, films. These values are close to the
corresponding values fof films grown by thermal oxidation, high-temperature CVD and
reactive ion plating, suggesting a small amount of hydrogen in the compounds. With
decreasing silicon content in the films, k, a and £, exhibit a strong blue shift. The
explanation for this fact can be found in the two models currently being used to describe
the bonding structure of non-stoichiometric SiN, and SiO,. This blue shift can be linked
to the substitution of Si-Si bonds with Si-O and Si-N bonds (in the case of the random
network bond model) or to the decrease of the a-Si-phase in comparison with the SiO,
and Si;N, phases (in the case of the two separate phases model). The estimated values
- of the optical band gap lie between 1.7 and 4.2 eV for SiN, and between 1.7 and more
than 6 eV for SiO,. The transmission curves calculated, using the measured optical

constants, show a great measure of agreement with the experimental spectra.

The data on the properties of ECR-PECVD-deposited thin film is in good agreement with
that reported for high-quality, low-absorption SiO,, SiN, and SiOXNy layers. The results
demonstrate that ECR-PECVD can be used successfully for the manufacturing of optical
filters with pre-programmed graded refractive index profiles by controlling the gas flows
of silane, nitrogen and oxygen, respectively. Computer-controlled microwave ECR
plasma enhanced chemical vapouf deposition was shown to be a convenient method
of producing films with constant or continuously varying refractive indices. The

advantages of easily implemented computerized mass-flow control and the strong
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dependence of the refractive index on gas composition, together with the stable nature
of ECR discharge at low pressures and the high quality of layers, could lead to the
inclusion of ECR-PECVD in optical coatings technology. The results obtained, however,
not only can be used for optical applications, but contained general valuable information

regarding structure and properties of materials available in the SiO,N, system.

Computer software was developed for the extraction of important optical parameters of
thin films, namely complex refractive index, absorption coefficient and band gap from the
transmission spectra. We also implemented software for the Fourier transform synthesis
technique, and applied it in the design of a broad-band beamsplitter. In addition,
detailed information gained on the optical properties of SiO,N, was incorporated into
design software for single- and dual-band rugate optical filters. The program suite
includes a choice o'f average value and excursion of refractive index, types of matching
layers and apodization functions. Filter reflectance response curves are computed

taking into account dispersion of complex refractive index and absorption in the film.

The agreement between designs and actually measured optical properties of the rugate
structures confirms the attractiveness of ECR plasma deposition for the fabrication of
layers with complicated refractive index profiles. Parameters of deposited filters made
of SiN, and SIO,N, agreed well with designed values. Overall errors in the positions of
the peaks and peak reflectance did not exceed 4 per cent. Truly inhomogeneous rugate

fiters, a Gaussian antireflection coating, a three-layer antireflection coating, a
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beamsplitter and a multilayer Bragg reflector were grown by this technique. Results
show compatibility of ECR-PECVD with classical optical coatings design and fabrication,

while allowing the fabrication of even the most complex inhomogeneous structures.

6.2 Recommendation for further research

The deposition technique for optical interference coatings fabrication developed in the
work has proven very promising and has enabled us to realise any custom-designed
refractive in'dex profile. However, in order fully to evaluate the 'advantages and

disadvantages of this technique, further development seems necessary.

It is necessary, for instance, to extend the wavelength range over which materials are
characterized, which was in this work limited to the 200 to 2600 nm working range of the
Hitachi U-3400 spectrophotometer. Such extension will allow the design and simulation
of optical coatings to be carried out for short wavelength ultraviolet, as well as for the
mid- and far-infrared ranges. Also, only optical characterization is not sufficient for
adequate analysis of optical thin films. Direct investigation of the chemical composition
of SiO,, SiN, and SiO,N, by X-ray photoelectron spectroscopy (XPS) or quantitative
Auger electron spectroscopy (AES) should be accomplished, as well as a study of the
physical properties, such as packing density and stress in the films. An evaluation of

environmental stability will also be useful.
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The results made known in this research project can be improved by incorporating new
parameters, such as closed-loop control of the microwave generator. No expensive
hardware alterations are needed and it should be performed in the near future.
However, the main obstacles in the current realization of ECR-PECVD are the low growth
rate and the lack of uniformity, both of which can be traced to the utilization of a
compact ECR source, initially developed for molecular beam epitaxy, chemical beam
epitaxy and surface analysis applications. The low growth rate is due to the fact that
microwave power of only up to 100 W can safely be allowed in order to preserve
vacuum integrity of the compact ECR source. Reasonable uniforrhity can only be
obtained over an area of approximately 20 mm by 20 mm, owing to the magnetic field
distribution of the ring-shaped SmCo, magnets employed in the source. These
problems can, however, be rectified by replacing the compact ECR source with a
divergent magnetic field ECR source based on a cylindrical waveguide applicator which
is reported to allow uniform deposition on an area of up to 500 mm in diameter® and
Which is reported to increase the growth rate up to 3000 A/min (for SiO, deposition)'®.
For this, alterations of the main vacuum chamber will be required, and considerable

expenses will have to be incurred.
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