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INTRODUCTION

These days there are bunch of applications for thin film coatings which are used in our everyday life.
They are used for magnetic recording [1], electronic semiconductor devices [2], LEDs [3], hard
coatings [4], energy generation [5] and storage [6]. Moreover, thin films are also used in optical
components. Fabrication of antireflective [7], high reflection [8], polarizing [9] coatings and other
optical components also relies on thin film techniques. As the laser industry is growing faster and

faster every day, more optical components are needed.

Metallic oxynitride films are attracting researchers’ because of their unique properties. They might
be applied, for example, in protective coatings applications [10], gas barriers [11], optoelectronics
[12], solar cells [13]. One of the most promising oxynitride property is the possibility to change
optical, electrical, structural properties by varying oxygen-to-nitrogen ratio in the films. In works
[14]-[19], investigations for TaNxOy, CrNxOy, ZnNxOy, NbNxOy, HfNxOy oxynitrides were done.

Aluminum oxynitride (AINxOy) is one of attractive materials for investigation of tunable properties
by changing oxygen and nitrogen content. This possibility arises from the particular characteristics
of each base materials (Aluminum nitride - AIN and Aluminum oxide - Al203). AIN is a
semiconductor material which refractive index varies from 1.8 and 2.2, bandgap is 5.8-6.2 eV. AIN
is commonly used in preparation of optical sensors, light-emitting diodes [20]. In comparison, Al2O3
is an insulator, which refractive index is 1.7-1.8 in visible range. Al>Os is often used as a protective
layer for metal reflectors, dark mirrors and in metal-oxide-semiconductor devices [21]. The
preparation of AINxOy films may give a possibility to combine in it the properties of both AIN and
Al;O3 materials. Oxynitride film properties may be tuned according to the required application.

Afterwards, these oxynitrides might be used in more complicated multilayer coatings.

The aim of this work is to investigate possible applications of aluminum oxynitride thin films in
optical coatings. In order to reach the aim, several tasks must be done: 1) investigate reactive
magnetron sputtering process with metallic aluminum target and two reactive gases; 2)
characterize deposited aluminum oxynitride films with various nitride fractions; 3) model and
characterize multilayer antireflective coating using aluminum oxynitride layers; 4) model quasi

— Rugate filter consisting of alternating fraction aluminum oxynitride films.

Main results of this work are summarized and published in high impacted journal Optical

Materials [22]. Also part of the results were presented in international conference [23].



1. LITERATURE OVERVIEW

1.1 Magnetron sputtering

1.1.1 Magnetron sputtering process
Material sputtering is one of the process that occurs in material when it is under bombardment of high
energy ions or neutral atoms. It is caused of the angular momentum exchange between bombarding
and target material particles. Sputtering is activated when bombarding ions or atoms kinetic energy

is higher than target material bond energy [24].
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Fig. 1. Material sputtering process [25].

Magnetron sputtering technology relies on cross field (electric and magnetic) configuration, which
lets to increase electron density above the cathode (which is sputtering material) and this leads to
intensified density of plasma and greater speed of sputtering. This is because electrons are affected
by electric and magnetic fields and because of Lorentz force they are moving in spiral trajectories, in
this type of configuration. This way probability of ionization of inert gas (for example, Argon (Ar))

increases and as mentioned before — plasma intensifies [26].

Pulsed DC (p-DC) power supply configuration is widely used for metal oxides and other dielectric
films deposition using metallic targets. During the negative part of the pulse, usual sputtering process
is active: target is charged negatively, therefore positively charged Ar ions bombard it and material
atoms with secondary electrons are being sputtered (Fig. 1). Neutral sputtered material atoms are
deposited on the substrates. Secondary atoms ionize Ar gas atoms and the process is continued.
During positive part of the pulse, electrons are moving towards target (because it is charged

positively) and they neutralize positive charge which accumulated during the negative part of the



pulse. Usually negative part of the pulse is much longer than the positive pulse. This way, arcing

caused by the accumulated positively charged layer on top of the target is avoided [27].

1.1.2 Reactive magnetron sputtering

Reactive magnetron sputtering allows to deposit dielectric layers using metallic target. This type of
sputtering is achieved when reactive gas is added to the process gas. This way, sputtered material
atoms chemically react with reactive gas which is injected into the vacuum chamber and forms
chemical compound molecules which are deposited on the substrate. Moreover, when there is too
much reactive gas in the vacuum chamber, reactive gas reacts with a metallic target and forms a layer
of a nitride or oxide on top of it. Then target gets poisoned and the deposition speed drastically
decreases [28], [29].

It is caused because chemical bond strengths of compounds are generally much stronger than the
bonds of metal atoms so more energy is needed to break the bonds when the target is poisoned. This
poisoning is highly undesirable. Moreover, there is a phenomena of hysteresis [30], [31] which is also
redundant. Therefore, it is necessary to add just enough reactive gas to obtain a compound film on
the substrate, but to be able to sputter away the thin compound layer on the surface of the target,
thereby maintaining a metal surface on the target. This type of reactive sputtering is called sputtering

in transition mode [25].

In Fig. 2, classic solution that is used by mostly of research groups and industry (constant oxygen
flow) is shown. Constant oxygen flow control exhibits several disadvantages such as low deposition

rate and refractive index inhomogeneity during repetitive film growth at varying fractions [32].
For reactive sputtering control in transition mode several techniques are known:

e Closed-loop reactive gas control. By controlling target voltage, plasma emission monitoring
(PEM) spectral lines, pressure or current;

e Increasing vacuum pumping speed;

e Periodical metal film oxidation in a separate chamber [24];

e Varying target-to-substrate distance [33];

¢ Introducing a baffle between the substrate and the target [34];

e Pulsed reactive gas flow [35], [36].
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Fig. 2. Deposition rate (), partial pressure of reactive gas (b) and target voltage (c) at various
oxygen flow rates during reactive sputtering of metal niobium target with constant O, flow. Dash
line marks experimentally determined optimal oxygen flow, which allows low absorption Nb,Os

films be deposited [32].

1.2 Optical coatings

Nowadays, optical coatings are widely used. Depending on the application, coating specifications
may require specific transmittance and reflectance wavelength characteristics, polarization
properties, group delay dispersion (GDD), laser-induced damage threshold (LIDT) values and other
specifications. However, the majority desired characteristics of optical coatings are achieved by using
two types of materials: thin metals and dielectric films.

1.2.1 Metal thin films based optical coatings
In general, metals can be described as a type of material having free carriers. When such a material
is illuminated by electromagnetic radiation, electrons oscillate in response to an external electric field,
but their oscillations are suppressed by collisions with other electrons, lattice ions, phonons, etc.
These oscillations of electrons are described by Drude model [37]. According to Drude model, free
electrons in matter induce the following electrical polarization P:

@Wp

0, , iw
(w?+)

P(w) = —¢ E = —¢y&E (1)

here w,- plasma frequency, &,.- relative permittivity, &,- vacuum permittivity, amplitude of E-

oscillating electric field.



Plasma frequency may be described as:

Ne?
T 2)

here N- number density of electrons, e- electric charge, m- effective mass of the electron.

As it seen from the Eq. 1, relative permittivity which is described by Drude model is a complex

quantity. Therefore, it is possible to separate real and imaginary parts:

ey() = 1- =21 3)
(@)= 1-—2 (4)
&2lw w(w?+y?)

here y- damping coefficient.

From the imaginary part of relative permittivity Eq. 4 it is seen that when w > w,,, imaginary part is
insignificant and electron plasma as well as metal becomes transparent. This is due the inertia of the
electrons in oscillation, electrons can no longer react to electric fields with a high oscillation
frequency (high-frequency electromagnetic radiation), and as a result, metal become less and less

absorbent as the wavelength decreases.

When w < w,, electron plasma is absorbing incident electromagnetic radiation and it attenuates as it
propagates. However, electromagnetic waves in plasma take the form of decaying standing waves,
rather than travelling ones, so it does not propagate through the plasma, alternatively it is totally

reflected.

Latter property of metals makes a thin metal layer deposited on the optical substrate the simplest
optical coating which can work as a mirror. For example, aluminum thin film reflects 88% - 92% of
incident light and can work in visible light range (Fig. 3). More expensive metals, such as silver or
gold reflects up to 99% of incident light in visible or near infrared range. The downside of such type
of coatings is that their reflectivity is in wide optical range and sometimes it is an undesirable

characteristic of a mirror.
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Fig. 3. Reflectivity of different metals [38].

1.2.2 Dielectric films based optical coatings
Interaction between dielectric materials and incident light traditionally is described by Lorentz
oscillator model [39]. Lorentz proposed that the electron is bound to the nucleus of the atom by some
force which behaves according to spring-like force. According to the Newton’s second law this type

of system may be described:

d?x dx
mﬁ = Fdriving + Fdamping + Fspring = —eE(t) — m)/a — Mwox (5)

Fariving 15 @ force generated by electromagnetic wave illuminating a material (electric field of the
electromagnetic wave forces the electron to move from a state of rest), Fyqmping is a force generated
due to collisions in lattice, electron radiation as it moves with acceleration, etc., Fs,,inq Is a force

between nucleus of the atom and its electron.

Using Eq. 5 it is possible to derive polarization for dielectric material:

Plw) = —% _F ©6)

(wE-w?)+iyw
Therefore, complex relative dielectric permittivity is described as:

& = £ = —(*)1%
I e (03-02)+iyw

+1 (7)

From Eq. 7, real and imaginary parts of relative dielectric permittivity can be separated:

wp(wo—w)

(w§-w?)?+(wy)?

glw)=1+x+ (8)



here y is dielectric susceptibility.

wjwy
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&w)=1- 9)

When frequency of incident electromagnetic wave is far away from the resonant frequency, imaginary
part of relative dielectric permittivity is negligible, therefore absorption of dielectric material is very
low for given frequency. It means that dielectric materials are transparent in wide range of frequencies
between infrared resonant frequency of the vibrational energy levels of the molecules and ultraviolet
resonant frequency of the electron energy levels. This property makes them suitable for interference

optical coatings applications in the range from ultraviolet up until infrared range.

Dielectric films based optical coatings usually are formed using oxide layers or in some occasions
using metal nitrides or fluorides (e. g. SiO2, Nb2Os, MgF2, AIN, etc.). Material of choice depends on
their refractive indices and extinction coefficients in specific spectral range depending on the desired
application. By varying materials with different refractive indices, their thicknesses and layers
number mirror (reflectivity >99,99%), antireflective (reflectivity <0,1%), beam splitting or filter
coatings for specific wavelength may be prepared. Because of number of applications dielectric

coatings are used in many devices, such as lasers, microprocessors, interferometers [40].

Dielectric coatings usually consist of two dielectric materials: high and low refractive index. They
are being formed on optical substrates in alternating layer structures. Incident light is being partly
reflected from each interface and all reflected waves interfere with each other. Type of the
interference is determined by the phase difference between these reflected waves. If they are in-phase,
constructive interference is formed and it results in enhanced resulting wave, if they are opposite

phase — it is destructive one which leads to reflected wave elimination (Fig. 4) [41].
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Fig. 4. Schematic picture of constructive and destructive interference.

For manufacturing multilayer dielectric mirror coatings constructive interference is used.
Conventionally, optical thickness of every layer is formed to be quarter of the incident light
wavelength (10/4). Coherent waves reflected from each interface between separate layers interfere

with each other and new superposed wave appears. It happens because reflected rays from different



high — index layers and low — index layers are in-phase and their path length difference (PLD) is

satisfying condition of interference maximum:
APLD = nAa (10)
here n=0; 1; 2; 3...; A— wavelength of incidence light.

Antireflective coatings physical principle is similar to dielectric mirrors just they are based on

destructive interference. Condition of destructive interference for PLD:
APLD = [n+3]2 (11)

here n=0; 1; 2; 3...; A — wavelength of incidence light.

Structure of such coatings contains only several layers. Thickness of these layers are selected such
that reflected waves from every interface would be in opposite phase, therefore these rays eliminate

each other.

1.2.3 Rugate coatings
There are several drawbacks of using conventional high and low refractive structure dielectric for
building the interference coatings. One of the solutions to extend the possibilities and properties of
such coatings is to build Rugate type of coatings. The Rugate type of coatings are optical coatings
which have evenly oscillating refractive index (gradient-index) throughout the coating (Fig. 5) [42].
As well as quarter wavelength high and low refractive index material stacks, this periodically
oscillating refractive index distribution is forming low transmittance zone, but in this case it is w/4
narrower than in classical solution. Optical properties of this type of coating are described by four
parameters: average refractive index No, amplitude of refractive index modulation AN, period of the
modulation P and number of periods n. P determines the wavelength of the reflection zone, AN
defines the width of the reflection zone, n decides the level of the maximum reflection and No specifies
coating thickness and its sensitivity to the incident angle (higher No influences lower angular

sensitivity).

Refractive index

S0 10 000 15004
Optical thickness

Fig. 5. Typical refractive index profile for a Rugate coating.
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External media of the coating are substrate and air which refractive indices do not match with the first
and last layers of Rugate coatings in most cases. Due to multiple reflections between coating - air and
coating - substrate interfaces, interference fringes are observed in spectra. In order to reduce this
effect, index — matching layers which coincide the refractive indices between the coating and
air/substrate are introduced into design. Index — matching layers consist of certain number of layers
with specific refractive index distribution until its refractive index matches mean refractive index of
Rugate coating, No [43]. Moreover, this type of optical coating design enables opportunity to eliminate
higher harmonics (Fig. 6) [44].
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Fig. 6. Spectral characteristics of quarter-wave (a) and Rugate (b) coatings [45].

However, modelling and manufacturing of these coatings is a technological challenge. It requires
high precision process parameters adjustment; it is highly time consuming and materials should be

precisely characterized both optically and physically.

Coatings with alternating refractive index distribution enables formation of antireflective coatings
[46], short-pass, band-pass and spectral filters [42]. Although, it is also possible to design such
coatings using only two different refractive index materials, Rugate structures remain the only ones

which forms high optical transmittance bands in wide spectral range.

1.3 Metal oxynitride thin films

One of the possible type of materials for alternating refractive index Rugate coatings formation are
metal oxynitride films. Optical properties of these materials, together with their excellent mechanical
strength, thermal properties and chemical stability allows them be used for optical coatings
applications. Moreover, optical properties of the films are strongly related to the electronic band
structure and can be varied significantly by changing the chemical composition which might be
carried out by varying oxygen and nitrogen content in the films. It enables an opportunity to vary
refractive index, extinction coefficient and band gap of the deposited film [47].
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S. Venkataraj et al. [18] showed that increase of nitrogen fraction in metal oxynitride film, increased
both the index of refraction as well as the extinction coefficient of the films. Likewise, increasing
nitrogen fraction in oxynitride films leads to reduced band gap of the film (Fig. 7). This can be
explained considering the fact that the N 2p orbitals have higher potential energy than O 2p, therefore

nitrogen atoms incorporation into oxygen sublattice leads decreased band gap [47].
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Fig. 7. Schematics of band structures of oxides, oxynitrides and nitrides [47].

Silicon oxynitride (SION) is one of the most commonly used oxynitride materials in optical coatings
applications. It attracts great interest not only because of its excellent properties such as chemical
inertness, high thermal stability and corrosion resistance, but also because of its combination of
adequate mechanical, optical and electrical properties. It was reported [48] that it is possible to tune
refractive index of silicon oxynitride in the wide range between 1.45 (A = 550 nm for silicon oxide)
to 2.05 (A = 550 nm for silicon nitride) using reactive radio frequency sputtering from Si target.
Silicon oxynitride films were used for production of antireflective coatings, Rugate filters, edge

filters, dichroic filters production [49].

S. H. Mohamed et al. [20] showed that by varying nitrogen content in the reactive gas during reactive
magnetron sputtering of titanium target is possible to increase refractive index, film density and
deposition rate of titanium oxynitride films by 15%. Although, higher fraction of nitrogen reduces
optical bandgap from 3.29 eV (TiO2) to 2.11 eV (TiN) it is said that TION is a promising functional

optical material in the visible range.

Zirconium oxynitride films are high refractive index materials with a tunable refractive index from
2.11 to 2.26 at 650 nm. Moreover, it was shown that it is possible to increase deposition rate by more
than a factor of 3 while increasing nitrogen partial pressure at the same time reducing roughness of
the films [50]. Nevertheless, band gap of the films decreases, but they remain transparent in visible

range which makes them applicable in optical coatings.
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1.3.1 Effective medium approximations
Deposited composite films might be treated as two separate consisting materials (in the case of
AlOxNy, it may be separated into AloOs+AlIN) for their characterization. Therefore, relationship
between optical properties of and composition of composite is described by effective medium
approximations (EMA). Using effective medium approximations effective dielectric constant is

described using dielectric constants and volumetric concentrations of consisting materials.

Maxwell-Garnett, Bruggeman and Lorentz-Lorenz models are the most used ones for effective
medium approximations. The first two depends on calculations of different phase for each consisting
materials in a compound. Maxwell-Garnett model says that particles of the second material are spread
in the first material [51], while Bruggeman model states that particles of different materials are
randomly mixed with each other [52]. Lorentz-Lorenz model relies on averaging polarization of

molecules of the compounds, therefore differences of phases are not determined there [53].

Dielectric constant ¢ consists of real and imaginary parts (¢ ir €’"). Relathionsips between them and

refractive index and extinction coefficient are:
g =n?—k? (12)
e =2nk (13)
here n — refractive index, x — extinction coefficient.

Extinction coefficient k can be eliminated if calculations are in spectral range where absorption is

non-existent or negligible then "= 0.

Formulas describing Maxwell-Garnett, Bruggeman and Lorentz-Lorenz approximation models:

- - LeffTEH _ 1 _ F ) ELZEH
Maxwell-Garnett: Py a1-1fy) ey (14)
. ¢ EH—Eeff _ EL=Eeff _
Bruggeman: fy P—cy +(1—-fy) e2arr 0 (15)
) . Eeff—l _ eg—1 N £.—1
Lorentz-Lorenz: i fu otz +(1-fy) o iz (16)

here fu — volumetric fraction of high index material. Indices eff, H, L denote effective, high refractive

index and low refractive index medium respectively.
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2. SUBSTRATES PREPARATION AND SAMPLES DEPOSITION

It is essentially important to select proper substrates cleaning and samples preparation techniques.
Effectivity of coating characteristics highly depend on substrate quality and deposition conditions.
Even small pieces of dust might dramatically change coating properties, therefore it is very important
to look after samples before, during and after deposition process.

2.1 Substrates preparation

All of the depositions were made on double-sided polished fused silica (FS) substrates. Before the
depositions, they all were cleaned using ultrasonic cleaning machine (Optimal “40MF Mk2”) in order

to remove dusts and dirt which is on the surface of the substrates.

Ultrasonic cleaning process consists of 4 baths. First bath is filled with potassium hydroxide (KOH)
solution and ultrasonic is applied here. During the process in the first bath ultrasonic creates vibrations
and bubbles inside the solution which remove dusts and dirt from the surface of the substrates [54].
Ultrasonic in the pure water is applied in the second bath. The process works in the similar way as in
the first bath. Then the process comes to the third bath which is filled with deionized water in order
to clean all the remaining dusts and remove KOH solution from the substrates. In the final bath, the
substrates are heated in the 50-60°C temperature in order to dry them off and not to leave any stains

on the substrates. The lengths of the processes in each bath are 350s, 400s, 300s, 350s, respectively.

2.2 Samples deposition technique

All the samples are prepared using Kurt J. Lesker Company (PVD225) magnetron sputtering system
(Fig. 8).

Substrate holder

rotational system

Load lock
chamber
Transfer arm \
|

Substrate
shutter

Magnetron
sources

Turbomolecular

pump

Fig. 8. Schematic drawing of Kurt J. Lesker magnetron sputtering system PVD225.
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It consists of two interconnected chambers: load lock and main chamber. For pumping down the
vacuum in the load lock, scroll pump (XDS 35i from Edwards; 11 L/s air) and turbomolecular (HiPace
80 from Pfeiffer Vacuum; 67L/s air) pumps are used. Main chamber is equipped with the same scroll
pump and cryogenic pump (Cryo-Torr 8F series from Helix Technology Corporation; 1500L/s for

air).

Firstly, cleaned substrates are inserted into load lock chamber and the chamber is pumped to pressure
of 102 Torr using scroll pump. After turbomolecular pump is started and pressure in load lock has
reached 5x10°® Torr substrates are loaded into the main chamber. Before this, main chamber should
be pumped down to the base pressure of 5x10 Torr using cryogenic pump.

There are two types of pressure gauges in the main chamber. One of them is capacitance manometer
which measures pressure up to 1 mTorr and it is used to measure pressure during the deposition

process. The other one is ion gauge; it measures vacuum above that value and is used for base pressure

estimation.
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Fig. 9. Schematic diagram of the deposition setup with one magnetron source and two reactive gases

connected.

15



In the main chamber of sputtering system, there are unbalanced magnetron sources (Torus™ sputter
guns) with planar targets mounted on top of them (Fig. 9). The magnetron sources are driven by a
pulsed DC (p-DC) power supply (Advanced Energy Pinnacle Plus). All process gases used for
depositions are >99.999 % pure. The Ar flow rate is 20 sccm and the pumping speed is adjusted to
attain the Ar pressure at the same value of 2.2 mTorr. The settings of the Ar flow rate and the pumping
speed are not changed during the processes. Prior every deposition, the target is pre-sputtered for

5 min in Ar to remove any surface oxides.

During all depositions substrate holder is constantly rotating (20 rounds per minute) in order to reach
better uniformity of deposited layer [55] and to monitor layer thickness by Optical Broadband
Monitoring (BBM).

For oxide films deposition in reactive mode it is needed to control oxygen injection into the chamber.
In this case, it is done using closed-loop controller Flotron™ X3 (Nova Fabrica). This device lets to

use one out of two modes of operation:

e Direct mode. In this mode of operation oxygen flow is controlled directly and is not affected
by any process control algorithms.

e Feedback mode. Oxygen flow in this mode of operation is calculated by a Pseudo-derivative-
feedback (PDF) control algorithm based on defined sensor value and its deviation from a
user defined set-point. The PDF control algorithm is described more in details in Ref. [56].
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3. SAMPLES INVESTIGATION TECHNIQUES

For samples characterization in-situ during the deposition process, magnetron sputtering system is

equipped with:
3.1 Optical broadband monitoring (BBM)

BBM system is used to measure transmittance spectrum of the samples during the deposition process
and to calculate thickness of thin film layer. It consists of light source which is located above the
substrates holder (Fig. 9), detector connected to spectrophotometer with a high-speed CCD camera
and BBM software.

Recording and data acquisition of spectra can be performed for preselected positions on a fixed radius
of the substrate holder, so before a deposition process BBM system needs to be calibrated. For this
purpose, a 100% spectrum of an empty position and a spectrum of an area with zero transmittance

are measured and taken as the normalization basis for the sample spectra.

CCD camera, which is used in the magnetron sputtering system, is sensitive in a wavelength range
from 400 to 1000 nm. BBM software is used to calculate layer thickness from the measured
transmittance spectrum of a sample. It fits measured spectra with a theoretical one until it reaches the

minimum value of mean squared error (MSE) [57].

After deposition, processed samples are removed from the vacuum chamber and further investigated

using several coatings characterization techniques:

3.2 Spectrophotometer

For transmittance, T and reflectance, R spectra were measured with the angle of incidence (in
reflection) 8° in the 185<A<1300 nm wavelength range using a Photon RT (Essent Optics)
spectrophotometer. It consists of light source, monochromator, which is diffraction grating and
detector. Light emitted from the broadband light source is being filtered and different wavelengths of
light are directed towards the sample. Transmitted and reflected light intensities measured by detector
are compared with base transmittance value of the specific wavelength. This way transmittance and
reflectance values of the sample can be calculated. For measuring different polarizations of the light,

polarizers are included in the measuring unit.

3.3 OptiLayer software pack

Optical constants (refractive index, n and extinction coefficient, k) of films for every layer were

determined from transmittance and reflectance spectra, using the “OptiChar v8.85” software from
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OptiLayer Ltd. [58]. This software incorporates a lot of different models for n(1) and

k(2) determination, however the following ones have been used specifically in this work:

n() =n+3+ (17)

k() = Boexp (52— =2) (18)

Transmittance - reflectance spectra are fitted by adjusting A, B coefficients and physical thickness of

the film until the discrepancy between theoretical and the measured spectrum were minimized.

“OptiChar” software also includes Bruggeman effective medium approximation model (see

Sec. 1.3.1) which enables the possibility to model volumetric concentrations of deposited film.

Multilayer structures were modelled using “Optilayer v8.84” software. When starting coating
structure is unknown, random optimization tool is used to carry out a sequence of optimization
procedures with random starting designs. This step helps to find a starting design with better
manufacturability. After that, selected design is being optimized by one of the chosen numerical
methods. It is done by optimizing the merit function with respect to the layer thickness. Merit function
estimates the closeness between target and current spectral characteristics. In the simplest case when

target reflectance on the wavelength grid { 4}, it is specified:

1/2

—R . 2
MF = l% i, (AA-G) ] (19)

AR;

This step is called refinement of the design. Number of most powerful first, second and higher order
routines can be used in this step: Hyper Newton method, Modified damped least squares, Newton’s
2" order method, Quasi-Newton DLS, Sequential Quadratic Programming, Conjugate gradient and
Steepest descent methods. User always can decide if merit function value is acceptable, target design

is reached and modelling is completed [59].

3.4 Atomic force microscopy (AFM)

Surface roughness measurements were done using Dimension Edge atomic force microscope system
by Veeco. AFM system consists of a micro-machined cantilever probe and a sharp tip mounted to
Piezoelectric (PZT) actuator and a position sensitive photo detector for receiving a laser beam
reflected off the end-point of the beam to provide cantilever deflection feedback. In tapping mode (T-
AFM), the cantilever is oscillated at or near its natural resonant frequency using a PZT actuator and
iIs moved across the measuring surface. When the tip passes over a bump in the surface, its vibration
amplitude decreases due to availability of less vibrating space. When it passes over a depression, its
vibration amplitude increases (approaching its free air amplitude). This change in oscillation
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amplitude is detected by optical system and fed back to the controller which compares the measured
value with the set reference value and generates an error signal. That error signal is a measure of the
surface irregularities in the vertical position, so it can be used to plot the surface topography of the
sample [60].

Photodiode

Micro-cantilever

. J Sample
Control Law

Y
Amplifier

Fig. 10. Schematic of AFM operation [60].

Surface roughness was evaluated using root mean square (RMS) value which is calculated by the

expression:

RMS = \/%2?’:1(21' - Zavg)z (20)

here Z; — height of i-th measurement, Z,,,,- average height, N- number of measurements. Roughness

measurements were taken in several separate areas (20 pm x 20 pm) of the sample.

3.5 Interferometer

In order to determine stress of the coatings, flatness of the samples should be measured. Fizeau
interferometry method for flatness measurements was used (Fig. 11). Flatness measurements were
done using interferometer MarSurf FI 1040 Z (Mahr GmbH). The aperture of 24 mm was used for
measurements. The interferometric fringes were analyzed by the IntelliWave software.

Principle of the Fizeau interferometer: light (1 = 632.8 nm) from the source is condensed. Then the
light passes through a pinhole and collimating lens projects a parallel beam of light onto the face of
the gauge to be tested via an optical flat. This results in formation of interference fringes which are
reflected back using a glass plate reflector. From the data of interference fringes, flatness of the

workpiece is determined.

19



To estimate stresses of the coatings, Stoney method [61] was used. After measuring the samples with

an interferometer, the flatness measurement data was used to calculate the stress of the film:

B 11
7= 6(1-vs) t; (R1 Ro) (21)

here E; and v, are Young’s modulus and Poisson ratio of the substrate, respectively, tg and t; are
thickness of the substrate and layer, respectively, R; and R, are curvature radiuses of coated and
uncoated substrate respectively.

Light source

—t b

Jv Condensing

Green filter ; lens

Pinhole

Glass plate

/ —ANN reflector

[ N
Collimating ‘ #
lens
A
S —— T , Optical flat

Workpiece "
3 Base plate

Fig. 11. Schematic view of interferometer for flatness measurements [62].

3.6 Transmission electron microscopy (TEM)

Cross-section picture of the coating was taken using transmission electron microscope FEI Tecnai
G2 F20 X-TWIN TEM. During measurements it was operating at 200 kV voltage. Pictures were
recorded using Orius CCD camera (Gatan). The sample was prepared by Ga ion milling on dual beam
system FEI Helios Nanolab 650 equipped with an Omniprobe manipulator was used to prepare the
cross-sectional TEM specimens. The sample was covered by the platinum layer.

This device illuminates the sample with a parallel electron beam and magnifies formed image on a
phosphor screen (Fig. 12). Electron beam exiting the electron gun is collimated by a condenser lens
and illuminates the sample. Electrons passing through the sample form an image that is magnified by
two lenses and projected on fluorescent screen. The fluorescent image can be captured with a CCD

camera or on a photographic film.
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Fig. 12. Schematic picture of TEM [63].
3.7 Bandgap determination
The direct band gap (E,) of the thin films was determined according to Tauc law [64]:
(ahv)? = A(hv — E,) (22)
here hv — photon energy, A — constant. Absorption coefficient (a) was determined from the optical
transmittance and reflectance based on the expression:

@ =2303%" (23)
here d is physical film thickness, Abs is absorbance of the film. If scattering from the film is
negligible, absorbance of the film may be calculated by the following equation:

Abs=1-R-T (24)

here R and T are reflectance and transmittance values of the deposited film, respectively.

Approximating the linear part of the dependence of (ahv)? on hv, the point where abscissa axis (hv)

is intersected corresponds to the numeric value band gap.
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4, RESULTS

4.1 Discharge and deposition characteristics

In this part, investigation of reactive sputtering modes while changing reactive gases composition
(oxygen and/or nitrogen) was done. Every deposition system has its special design and geometry,
therefore it is essential to investigate sputtering conditions. Constant power mode of the power supply
was used and the voltage changes on aluminum target were investigated.

When reactive gas is introduced into chamber, it reacts with sputtered aluminum atoms. Also the gas
reacts with the sputtering target surface and may form compound layer on it. While decreasing the
reactive gas flow, the compound layer on the surface of the target is being removed [28]. This way
highly undesirable phenomena of hysteresis appears. With the lack of reactive gas or gases (metallic
mode) under stoichiometric films with low transparency are done [65]. Aluminum oxynitride films
deposited in metallic mode exhibit high extinction coefficient values. Oppositely, while the process
IS operating in excess amount of oxygen (poisoned mode), deposited films contain large amount of
defects, deposition rate is very low and there are big instabilities in process.

The results of varying the reactive gas composition on power supply voltage are shown in Fig. 13.
Nitrogen and oxygen gases flows were injected simultaneously during the experiment in order to
reach the oxygen to nitrogen ratio as described in the graph. As it can be seen, with the increase of
nitrogen content in reactive gas, the moment of target poisoning is shifting to the higher flow values.
Similar behavior was observed in Ref. [66]. This phenomenon might be explained by aluminum
higher affinity to oxygen than to nitrogen. The standard molar enthalpies of formation are — 1675.7
kd/mol for Al,O3 [67] and — 318.0 kJ/mol for AIN [67]. Moreover, it can be seen that increased
nitrogen ratio in reactive gases flow causes narrowed curve of hysteresis, which was also shown in
Ref. [68].

To sum up, for high-rate stable process optimal reactive gases flows were found. Moreover, at such

conditions optically transparent and defect-free films are deposited.
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Fig. 13. Hysteresis loops of target voltage for various gas mixture with oxygen to nitrogen flow ratios
a) 1:1, b) 1:2 and c) 1:4. Summary d) of approximate optimized conditions for oxynitrides deposition.

4.2 Aluminum oxynitride films properties

In this part, aluminum oxynitride films with various nitrogen fraction in the films are prepared and

their optical properties and surface roughness are investigated.

Using optimized conditions determined in Sec. 4.1 6 aluminum oxynitride samples with various
nitrogen fraction (0 %; 15 %; 37 %; 45 %; 70 % and 100 %) in the films were prepared. Their

transmittance and reflectance spectra were measured. Results are shown in Fig. 14.

95 L . ) ) 30 1 : L L i .
0% (b)

N fraction in the films:

] —15%
. 90+ - 251 —37% -
< - —— 45%
g X
1 o | =
8 85 | = 20
c o] ]
£ § 15
= 8 4 B
£ 804 L ©
2] 0% 2 9
f o) N
(] —15% % 104f |
-
= 754 —37% L
—45% > <
—70% 54 -
704 N fraction in the films: ——100% -

40 600 800 1000 1200 O a0 oo 80 1000 1200
Wavelength (nm) Wavelength (nm)
Fig. 14. Transmittance (a) and reflectance (a) spectra of aluminum oxynitrides prepared with various
nitrogen fraction in the films.
The dispersions of the refractive index, n, and extinction coefficient, k, derived from analysis of the
transmittance and reflectance spectra of various aluminum oxynitride films are introduced in Fig. 15.
Refractive indices are increasing with the increase of nitrogen fraction in the films (Fig. 15a).

Volumetric fractions of nitrogen in the films were determined by Bruggeman model (Sec. 1.3.1).
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Similar increase of refractive index with the increase of nitrogen content in oxynitrides was reported
before [69], [70]. Values of extinction coefficient have not significantly increased with nitrogen
content (Fig. 15b), for all films they stayed at ks3> < 1x10*. This way, by varying oxygen and nitrogen
flows as reactive gases during magnetron sputtering process it is possible to tune refractive index of
deposited thin film from nsz2(Al203)=1.67 to ns32(AIN)=2.1.
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Fig. 15. Refractive index (a) and extinction coefficient (b) of aluminum oxynitrides prepared with various
nitrogen fraction in the films.
Tauc plots which are used for direct optical band gap determination of the films are presented in Fig.
16.
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Fig. 16. Tauc plots of aluminum oxynitride films for optical band gap determination.
The highest band gap value is observed for Al2Os is 6.42 eV, which falls in the range of values
presented in published works (5.75 eV -7 eV) [71], [72]. Whereas, AIN film demonstrates the lowest
band gap — 4.51 eV. This value is corresponding to the reported value (4.5 eV) [73]. The band gap

values of the remaining aluminum oxynitride films fall in the range between 4.64 eV to 5.62 eV
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depending on the nitrogen fraction. Oxynitride films exhibit inverse correlation between AIN fraction
in the film and the band gap of the film.

Surface roughness is one of the critical coating characteristics which needs to be maintained as low
as possible for high quality optical components. Increased surface roughness might cause undesired
scattering losses. In order to evaluate roughness of the deposited aluminum oxynitride films, AFM
measurements were performed. The films topographies are shown in Fig. 17. Polishing scratches
which are clearly visible on most of the topography pictures. They indicate that roughness profile of
each film repeats the roughness profile of the substrate and does not increase. For all the experiments,

double-side polished optical high-quality FS substrates were used.

2.4 nm

1 r 1
0.0 um 20.0 um 0.0 um 20.0 um 0.0 um 20.0 um

-2.6 nm

T 1 r 1 r
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Fig. 17. Surface topography pictures of aluminum oxynitride films with various nitrogen fraction (N fraction
in the film: a — 0%, b — 15%, ¢ — 37%, d — 45%, e — 70%, f — 100%). The scale of scan is 20x20 um, color
bar on the right indicates the height.

Surface roughness values were calculated from the data acquired by AFM measurements. The
roughness dependence on the nitrogen fraction in the films is introduced in Fig. 18. Despite the fact
that roughness values are lower for the samples with a nitrogen content over 45%, correlation between
surface roughness and nitrogen content in the film is not conclusive. This discrepancy may be
explained by different initial roughness of substrates which may be in the range from 0.3 to 0.5 nm.
However, obtained result denotes that all produced films (from AIN to Al>Os, including all aluminum

oxynitrides) are suitable for low roughness, high quality optical coatings production.
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Fig. 18. Surface roughness values of aluminum oxynitride films with various nitrogen fraction.

4.3  Antireflective coatings design

In this part, coating designs for the desired specification (Table 1) were introduced and compared
modelling results for aluminum nitride - aluminum oxide (HL) and aluminum oxynitrides materials
combinations.

Table 1. The AR coatings desired specification. The values of desired reflectance, R, and polarization are

given.
Wavelength Single surface reflectance Polarization
532 nm R<0.5% Unpolarized
1064 nm R<0.5% Unpolarized

In Fig. 19 the solution of the desired specification (Table 1) by using the combination aluminum
nitride - aluminum oxide (HL) layers is introduced. Aluminum nitride was used as a high refractive
index material (H) and aluminum oxide as low refractive index material (L). Similar combination for
AR coating using of silicon oxide-nitride was used in Ref. [74]. Spectra (Fig. 19a) are modelled for
substrate without second surface reflection. The total thickness of 4-layer HL coating is 290 nm: all

oxide layers are 160 nm; all nitride layers are 130 nm.
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Fig. 19. Transmittance, T, reflectance, R spectra (a) and coating design (b) for optimized aluminum oxide -
aluminum nitride (HL) antireflective coating. Total thickness of 290 nm. Desired spectral values (Table 1)
are marked.

In Fig. 20 introduced the solution of the desired specification (Table 1) by using the aluminum
oxynitrides layers combination. Shown spectra (Fig. 20a) are modelled for substrate without second
surface reflection. The total thickness of this 3-layer oxynitrides coating is 288 nm. This coating starts
with higher refractive index layer with 100% nitrogen fraction in the film and then in further layers

nitrogen fraction decreased to 45 % and 15 %.
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Fig. 20. Transmittance, T, reflectance, R spectra (a) and coating design (b) for optimized aluminum
oxynitride with various compositions antireflective coating. Total thickness of 288 nm.
Desired spectral values (Table 1) are marked.
In the case of aluminum oxynitride coating with various compositions, coating with gradient change

of refractive index is reached. The comparison of refractive-index distribution is given in Fig. 21.
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Fig. 21. Refractive-index distribution for (a) aluminum oxide - aluminum nitride (HL) and (b) aluminum

oxynitride with various compositions antireflective coatings.
4.4  Antireflective coatings characterization

Two types of proposed coating designs (see section 4.4) were prepared using reactive magnetron
sputtering in optimized conditions (see section 4.1). Formation of classical HL AR coating (Fig. 19)
was done in 4 deposition steps, and after each layer substrates were closed by shutter. Before each
layer, sputtering target was pre-sputtered and after optimized conditions (Fig. 13d) were reached.
Oxynitrides AR coating preparation was done in two ways. First, it was done as classical HL AR
coating with closing the shutter after each layer. Second, all layers were done in one continuous
deposition process. In this case, after each layer gas composition was changing without closing the
shutter. The gas changes between oxynitrides layers is not as significant as in HL case, therefore the
process remained stable. Shortening of the deposition time and process steps minimizing are critical
for the industry.

The T and R spectra of deposited two coating designs (Figs. 19, 20) are introduced in Fig. 22. It is
seen that both coatings are within the desired specification values (Table 1). Spectral limits caused

by the second surface reflection of FS substrate are also shown in Fig. 22.
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Fig. 22. Transmittance, T, and reflectance, R, spectra of AR coating made by design using HL and
oxynitrides. Theoretical spectral limits for a bare fused silica substrate with the second side reflection are

also shown.
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The AFM measurements (Fig. 23) showed that both AR coatings have low roughness values. The

root mean square roughness was lower than 0.5 nm. Low roughness values are important to avoid
undesired surface scattering.

33nm

0.0nm

20 um

Fig. 23. AFM images of 20 x 20 um scan area of AR coatings surface using HL (panel a) and

oxynitrides (panel b).
Interferometric measurements were performed for prepared AR coatings in order to investigate
flatness and stresses of the samples. High flatness and low stresses coatings are critical for high
performance optical components in order to perform low distortion of the beam. Topographic views
of the classical HL (a) and oxynitride (b) antireflective coatings designs are presented in Fig. 24. As

it is seen from the figures, both samples are concave which indicates that coatings exhibit tensile

stresses.
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Fig. 24. Topographic view of HL (a) and oxynitrides (b) antireflective coatings acquired by interferometric

flatness measurements. Wavelength used for analysis A = 632.8 nm.
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Data obtained from the interferometric flatness measurements were used for calculation of AR
coatings stresses using Stoney‘s formula (Eq. 21). Calculated tensile stresses values of HL and
oxynitrides design antireflective coatings are shown in Fig. 25. It illustrates that induced stress inside
classical HL design sample is about 40% higher than in oxynitrides antireflective coating which is
proposed in this work. This may be caused by the lower refractive indices contrast at the interface
between separate layers which leads to decreased residual stresses in the coating. It is reported that
the residual stresses in mixture thin films are often lower compared to the stress values of their
compound components [32]. For this reason, coating with a gradual change of refractive index exhibit
lower residual stress value [75]. Acquired result suggests that design consisting of gradual change of
aluminum oxynitride films is promising technology for low-stress optical coatings production.
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Fig. 25. Stress values comparison for HL and oxynitrides antireflective (AR) coatings.

In Fig. 26 cross-section image (TEM) of the oxynitride AR coating is introduced. It is seen that the

coating is formed from 3 layers. The layer thicknesses are in agreement with the design (Fig. 20).

N fraction: 15%

45%

Fig. 26. Cross-section image of oxynitride AR coating.
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The first layer is aluminum nitride and it is crystalline with the dense columnar structure. The second
and the third are aluminum oxynitride layers and they are amorphous. Similar results for aluminum
oxynitrides with various compositions were observed in Refs. [76]-[78]. Moreover, it was reported
that the nitrogen-rich aluminum oxynitride films exhibit formation of hexagonal (wurtzite) AIN
crystals, with a possible small amount of O atoms in their lattice. Also it occurs the preferential

orientation characterized by (100) planes parallel to the film surface followed by (110) planes [79].

4.5 Quasi - Rugate filter design

In this part, quasi — Rugate filter consisting of alternating fraction aluminum oxynitride films which
were described in Section 4.2 is modelled. Additionally, its spectral and electrical field characteristics

are compared to classical HL design.

In Fig. 27 the solution of the desired specifications (Table 2) by using the combination of alternating
aluminum nitride, aluminum oxide and aluminum oxynitride layers is introduced. Spectra (Fig. 27a)
are modelled for substrate without second surface reflection. It is seen that modelled spectral
transmittance and reflectance values are satisfying desired specifications. Fig. 27b shows sinusoidal
refractive index distribution throughout the quasi — Rugate filter coating. The total physical thickness
of 200 layers quasi — Rugate filter coating is 3000 nm: each layer is 15 nm of thick.

Table 2. Quasi — Rugate filter coating desired specification. The values of desired reflectance, R, and

polarization are given.

Wavelengths Single surface reflectance Polarization
400 — 480 nm R<125% Unpolarized
528 - 536 nm T>90% Unpolarized
585 - 650 nm R<125% Unpolarized
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Fig. 27. Transmittance, T, reflectance, R spectra (a) and refractive index (A = 532 nm) distribution (b) for
optimized quasi — Rugate filter coating. Total physical thickness of 3000 nm. Desired spectral values (Table

2) are marked.
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In Fig. 28 the modelled solution of the desired specification (Table 2) by using the combination
aluminum nitride - aluminum oxide (HL) layers is introduced. Aluminum nitride was used as a high
refractive index material (H) and aluminum oxide as low refractive index material (L). Spectra
(Fig. 28a) are modelled for substrate without second surface reflection. As it is seen from spectra,
high transmission zones (400 — 480 nm and 585 — 650 nm) contain ordinary sidebands of Bragg
mirrors and desired reflectance values are not reached. These sidebands are influenced by high-order
Fourier components of a rectangular oscillation (Fig. 28b) which might be avoided by using
sinusoidal oscillation distribution of the refractive index. The total physical thickness of modelled HL

coating (16 layers) is 1144 nm: all oxide layers are 636 nm, all nitride layers are 508 nm.
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Fig. 28. Transmittance, T, reflectance, R spectra (a) and refractive index (A = 532 nm) distribution (b) for
optimized aluminum nitride - aluminum oxide (HL) filter coating. Total physical thickness of 1144 nm.
Desired spectral values (Table 2) are marked.

It should be noted that modelled design of quasi - Rugate coating is nearly three times thicker than
classical HL design (3000 nm to 1144 nm of physical thickness). Due to the lower contrast level of
refractive indices between alternating layers in quasi — Rugate filter, thicker coating is needed in order

to reach the same reflectance value as in classical HL design.

Electric field distribution inside the coating is one of the most important characteristics which
influences laser-induced damage threshold (LIDT) of the component. Electric field and refractive
indices field distributions for classical HL and quasi — Rugate filters designs which were introduced
previously are presented in Fig. 29. It is seen that electric field intensity in the outer layers for quasi
— Rugate filter is noticeably higher than in HL design, nevertheless it should be noted that highest
peaks in quasi — Rugate design are placed in the part of the lowest refractive index oscillation. On the
contrary, the very first electrical field intensity maximum is placed in inside high refractive index
material (AIN) in the case of HL design. Moreover, electric field intensity peaks in quasi — Rugate
design are placed at the parts of refractive index sinusoidal minima points, whereas in HL type design

electric field reaches its maximum in high refractive index materials.
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Having exceptionally low refractive index layers in outer side of the coating and electric field
intensity maxima being positioned inside low refractive index layers throughout the coating is
essentially important contributes to enhanced LIDT values in femtosecond regime of quasi — Rugate
filters compared to classical HL stacks [80]. Moreover, it was reported that it is possible to reach up
to 50% higher LIDT values than those of HL stacks in nanosecond regime [81]. It may be explained
by the absence of the vulnerable interfaces between high refractive and low refractive index materials
layers which have distinguished thermal-mechanical properties and are affected by thermal-stress

induced fractures during nanosecond pulse irradiation [82].
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MAIN RESULTS AND CONCLUSIONS

1.

It is possible to tune refractive index of deposited aluminum oxynitride mixture film while
maintaining low extinction coefficient values at visible and infrared wavelengths by varying
oxygen and nitrogen reactive gases flows during magnetron sputtering process while at the
same time maintaining low surface roughness.

By using aluminum oxynitrides films it is possible to produce antireflective coatings in a
smaller number of layers if compared to conventional high and low refractive index materials
design and they exhibit lower stress values.

Numerical model of aluminum oxynitride quasi — Rugate design distinguishes itself from
classical high and low refractive index materials stack design not only by its spectral
characteristics but also by its electric field distribution which might lead to enhanced laser-
induced damage threshold value of the coating.

It is shown that magnetron sputtering technology is suitable technology for effective
manufacturing of aluminum oxynitrides films and multilayer coatings from one metallic target

and two reactive gases.
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SUMMARY
Formation of Aluminum Oxynitride Thin Films and Their Application for Optical Coatings
Naglis Kyzas

The aim of this work is to investigate possible applications of aluminum oxynitride thin films in
optical coatings. In order to reach the aim, several tasks must be done: 1) investigate reactive
magnetron sputtering process with metallic aluminum target and two reactive gases; 2) characterize
deposited aluminum oxynitride films with various nitride fractions; 3) model and characterize
multilayer antireflective coating using aluminum oxynitride layers; 4) model quasi — Rugate filter

consisting of alternating fraction aluminum oxynitride films.

Investigation of reactive sputtering modes while changing reactive gases composition (oxygen and/or
nitrogen) was done. It was determined that with the increase of nitrogen content in reactive gas, the
moment of target poisoning is shifting to the higher flow values. Also high-rate, stable process

optimized reactive gases flows were found.

Samples with various nitrogen fraction in the films were prepared. Their refractive indices and
extinction coefficients were modelled. It was shown that by varying oxygen and nitrogen flows as
reactive gases during magnetron sputtering process it is possible to tune refractive index of deposited
thin film from pure Al.Oz to pure AIN. Surface roughness and band gap values of the films were

evaluated.

Antireflective coatings with conventional high and low refractive index layers structure and
aluminum oxynitride films gradual refractive index change structure were compared. It was shown
that both coatings satisfy desired spectral specifications and maintain low roughness values of the
coating. However, it was found that antireflective coatings using oxynitride thin films exhibit two

times smaller coating stress than conventional high and low refractive index layers structure.

Comparison of conventional high and low refractive index layers and quasi — Rugate filters showed
that quasi — Rugate filter design enables opportunity to reach better spectral characteristics in high
transmittance zone. Moreover, investigation of electric field distribution in the coatings suggests that
quasi — Rugate filter should perform higher laser — induced damage threshold values than typical high

and low refractive index layers coating.
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SANTRAUKA
Aliuminio oksinitrido plony sluoksniy formavimas ir jy taikymas optinése dangose
Naglis Kyzas

Sio darbo tikslas yra istirti galimus aliuminio oksinitrido plony sluoksniy taikymus optinése dangose.
Tikslui pasiekti, iSsikeltos Sios uzduotys: 1) istirti reaktyvyjj magnetroninio dulkinimo procesa,
dulkinant metalinj taikinj dviejy reaktyviyjy dujy atmosferoje; 2) charakterizuoti nusodintus
aliuminio oksinitrido sluoksnius su skirtinga nitrido frakcija. 3) suprojektuoti ir charakterizuoti
daugiasluoksne skaidrinancig dangg, naudojant aliuminio oksinitrido sluoksnius. 4) suprojektuoti

kvazi Rugate tipo filtrg, naudojant kintamos aliuminio oksinitrido frakcijos sluoksnius.

Atliktas reaktyviojo dulkinimo rezimy, keiCiant reaktyviyjy dujy sudétj (deguonis ir/ar azotas),
tyrimas. Nustatyta, kad didéjant azoto kiekiui reaktyviyjy dujy sudétyje, taikinio uZsiterSimo
momentas slenka link aukstesniy srauto verCiy. Taip pat rastos didelés spartos, stabilaus ir

optimizuoto proceso reaktyviyjy dujy srauty vertés.

Paruosti bandiniai su skirtingomis nitridy koncentracijomis (0 %; 15 %; 37 %; 45 %; 70 % ir 100 %)
sluoksniuose. Nustatyta, kad sluoksniy lGzio rodikliai didé¢ja didéjant nitrido daliai sluoksniuose.
Ekstinkcijos koeficiento vertés, didé¢jant nitrido frakcijai, padidéjo nezymiai ir visiems sluoksniams
isliko kszz < 1x10“. Tokiu biidu, kei¢iant deguonies ir azoto kaip reaktyviyjy dujy srautus
magnetroninio dulkinimo proceso metu, galima reguliuoti nusodinamo sluoksnio lizio rodiklj nuo
ns32(Al203)=1.67 iki ns32(AIN)=2.1. Apskaiciuotos nusodinty sluoksniy draustiniy energijy juostos
tarpo vertés. DidZiausiu draustiniy juostos tarpu pasizymi Al2O3 sluoksnis (Eq = 5.85 eV), tuo tarpu
maziausiu — AIN (Eg = 3.87 eV). Likusiy sluoksniy draustiniy energijy juostos tarpy vertés yra tarp
Siy reikSmiy ir stebima atvirkstiné priklausomybé tarp draustinio energijy juostos tarpo ir nitrido
koncentracijos sluoksnyje ver¢iy. Taip pat atlikti $§iy bandiniy pavirSiaus SiurkStumo matavimai
atominiy jégy mikroskopu. Gautos vertés parodo, kad bandiniy SiurkStumas, kintant nitrido
koncentracijai sluoksniuose, nekinta, todél Siuos sluoksnius galima naudoti aukStos kokybés optiniy

dangy gamybai.

Sumodeliuoti, palyginti ir charakterizuoti siekiamy charakteristiky (R < 0.5 % ties bangos ilgiais 532
nm ir 1064 nm) dangy dizainai i§ aliuminio nitrido — aliuminio oksido (HL) ir aliuminio oksinitrido
medziagy kombinacijy. Pademonstruota, kad oksinitrido sluoksniai leidZia pagaminti skaidrinancias
dangas susidedancias 1§ maziau sluoksniy nei jprastame auksto ir zemo luzio rodiklio medziagy
dizaine.Abiejy magnetroninio dulkinimo metodu pagaminty skaidrinanéiy dangy spektrinés
charakteristikos tenkina siektinas. Atlikti abiejy skaidrinanciy dangy plokstiSkumo matavimai

parod¢, kad abi dangos pasiZymi tempiamaisiais jtempiais. Dangy jtempiy verc¢iy analize parode, kad
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skaidrinancios oksinitridinés dangos jtempiai yra apie 2 kartus mazesni nei HL dizaino skaidrinancios
dangos. Pavirsiaus Siurk§tumo matavimai parodé, kad abiem atvejais yra iSlaikomos Zemos dangy

SiurkS§tumo vertés.

Sumodeliuotos jprastiné auksto ir mazo liizio rodikliy, naudojant AIN ir Al2Os3 sluoksnius, ir kvazi
Rugate tipo, naudojant kintamo ltizio rodiklio aliuminio oksinitrido sluoksnius, spektriniy filtry ties
A = 532 nm dangos. Kvazi Rugate filtro atveju yra iSvengiama spektriniy osciliacijy auksto
pralaidumo zonoje, kurios atsiranda esant standartiniam Brego tipo veidrodziui. Elektrinio lauko
pasiskirstymo tyrimas siuose dviejy dangy tipuose parodé, kad iSoriniuose dangos sluoksniuose kvazi
Rugate filtro atveju elektrinis laukas yra didesnis nei aukSto ir Zemo luzio rodiklio dangos atveju,
taciau iSoriniuose Sios dangos filtro sluoksniuose yra maziausio luzio rodiklio medziagos sluoksniai,
o jprastos konstrukcijos dangos atveju, intensyvumo pikas yra pasiekiamas ties pirmuoju auksto lizio
rodiklio medziagos sluoksniu. Taip pat, elektrinio lauko intensyvumo pikai kvazi Rugate dangoje
susiformuoja sinusoidinio 1azio rodikliy osciliacijy minimumuose, o jprastos zemo ir mazo luzio
rodikliy atveju, pikas pasiekiamas ties auksto lizio rodiklio medziagomis. Sios savybés leidzia tikétis

gauti iSaugusias lazerinés pazaidos vertes.
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