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Resumo

Esta tese tem como objetivo o desenvolvimento de revestimentos para absor¢ao seletiva da
radiacdo solar, que tenham um elevado coeficiente de absor¢ao solar (a) (> 95%), baixa
emissividade (g) (<12% a 400 °C), e com elevada estabilidade térmica, acima de 400 ° C ao ar
e acima de 600 °C em vacuo, de modo a que possa ser usado em sistemas de concentracao da
radiagdo solar (CSP) que utilizem temperaturas elevadas. Os revestimentos sdo multicamadas,
que tém quatro a cinco camadas, sendo as duas primeiras, uma barreira de difusdo e um refletor
de radiacdo infravermelha, tungsténio. As restantes sao constituidas por uma estrutura de dupla
camada para absor¢ao da radiacdo solar e uma camada antirefletora. Para a configuragao das
camadas de absorcdo, foram utilizadas trés solugdes diferentes. As duas primeiras solucdes
baseiam-se em camadas de nitreto / oxinitreto de metais de transi¢ao, nomeadamente a partir
de cromio (CrAlISiNx/CrAlSiNxOy) e tungsténio (WsiAINx/WSiAINxOy). A terceira solugio
¢ baseada em compositos ceramico-metal de AISiOx:W.

Camadas individuais das diferentes solu¢des foram depositadas em substratos de vidro, ago
inoxidavel (SS) e silicio (Si) para estudar a composi¢do quimica, estrutura, propriedades
Opticas e mecanicas. Os espectros de transmitancia e reflectdncia das camadas individuais,
depositados em substratos de vidro, foram simulados com o software SCOUT, de modo a
calcular a respetiva funcdo dielétrica, as constantes Opticas espectrais e espessuras. As
multicamadas foram desenhadas utilizando as constantes Opticas das camadas individuais,
utilizando também o software SCOUT. Utilizando os resultados das simulagdes, as
multicamadas foram depositadas em substratos de aco inoxidavel utilizando a técnica de
pulverizacdo catodica por magnetrdo e o desempenho dos revestimentos foi verificado por
meio da sua absor¢do solar, da emissividade e do seu comportamento quando sujeitos a
tratamentos térmicos ao ar € em vacuo. Diversas técnicas de caracterizagdo foram utilizadas
para estudar os revestimentos, nomeadamente por microscopia eletronica de varrimento
(SEM), espectrometria de retrodispersao de Rutherford (RBS), difracdo de raios X (DRX),
espectroscopia de infravermelho com transformada de Fourier (FTIR), espectroscopia de
fotoeletroes de raios-X (XPS), espectroscopia de raios-X por dispersdo em energia (EDS),
analise de deteccdo de recuo elastico por tempo de voo (TOF-ERDA), espectroscopia Raman
e espectroscopia UV-VIS-NIR.

Os revestimentos multicamada apresentados nesta tese mostraram boa estabilidade térmica
e resisténcia a oxidagdo apos o tratamento térmico em vacuo a 600 °C ou 580 °C e tratamento
térmico ao ar a 400 °C ou 450 °C. A solugdo baseada na estrutura WSiAINx/WSiAlOyNx
apresentou os melhores resultados, em termos de estabilidade térmica, resisténcia a oxidagao e
coeficiente de absor¢do solar, enquanto a baseada em CrAlSiNx/CrAISiNxOy apresentou os
valores mais baixos de emissividade a temperatura de 400 °C. As alteragdes no coeficiente de
absor¢ao solar (aso) € na emissividade (¢) sdo insignificantes na maioria dos casos. Em alguns
casos, so foram reveladas pequenas mudangas nas curvas de refletdncia apds o primeiro passo
de tratamento térmico, ndo aparecendo alteracdes nos passos subsequentes. No caso dos
revestimentos baseados em CrAlSiNx / CrAlSiNxQOy, ap6s o tratamento térmico em vacuo a
600 °C, verificou-se que ocorreu a difusdo de dtomos de tungsténio da camada de W para o
substrato de aco inoxidavel. Assim, foi introduzida uma camada de barreira de CrAISiNx entre
a camada de tungsténio e o substrato de ago e fetuado o respetivo estudo, tendo-se verificado a
nao ocorréncia da difusdo do W.
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Abstract

This thesis has the objective to develop solar selective absorber coatings having
simultaneously high solar absorptance (a) (>95%) and low emissivity (g) (<12% at 400 °C)
together with high thermal stability above 400°C in air and above 600 °C in vacuum, which
could be used in the concentrated solar power (CSP) or in other high temperature applications.
The coatings are multilayer stacks, that have four to five layers, being the first two, a barrier
layer and a back-reflector tungsten layer. The remaining layers comprise a double film structure
for phase interference finished by an antireflection layer. For the double absorption layer
configuration, three different approaches have been used. The first two are based on transition
metal nitride/oxynitride layers, namely from chromium as (CrAISiNx/CrAlSiNxOy) and from
tungsten as (WSiAINx/WSiAINxOy). Whereas, the third one is based on (AlSiOx: W) cermets.

The single layers of each approach were deposited on glass, stainless-steel (SS) and silicon
(Si) substrates to study their chemical composition, structure, optical and mechanical
properties. The transmittance (T) and the reflectance (R) spectra of single thin layers, deposited
on glass substrates, were modelled with the help of SCOUT software and the spectral optical
constants and thicknesses were calculated. The multilayer designs were performed using the
optical constants of the single layers and conducted with SCOUT software. The final multilayer
stacks were deposited on stainless-steel substrates using DC magnetron sputtering technique
and the functionality of the absorbers optical stacks was verified through solar absorptance,
emissivity and accelerated thermal ageing treatments.

All tandems and their individual layers were characterized by Scanning Electron
Microscopy (SEM), Rutherford Backscattering Spectrometry (RBS), X-ray diffraction (XRD),
Fourier-transform Infrared Spectroscopy (FTIR), X-Ray Photoelectron Spectroscopy (XPS),
Energy Dispersive X-ray Spectroscopy (EDS), Time of flight Elastic Recoil Detection Analysis
(TOF-ERDA), Raman spectroscopy and UV-VIS—IR spectroscopy.

The absorber tandems presented in this thesis showed good thermal stability and oxidation
resistance after vacuum annealing at 600 °C or 580 °C and air annealing at 400 °C or 450 °C.
The approach based on WSiAINy/WSiAIOyNx tandem showed the best thermal stability,
oxidation resistance and it has higher solar absorbance, aso1, while the CrAISiNx/ CrAISiNxOy
shows the lowest thermal emittance at the temperature (400 °C). The variations in the solar
absorptance (aso1) and the thermal emittance (€) are negligible in most cases. In some cases,
small variations in the reflectance curves after the first step of annealing were observed. After
the annealing in vacuum at 600 °C, tungsten diffusion from the back-reflection layer towards
the stainless-steel substrate was found in the tandem based on CrAlSiNx/ CrAlSiNxOy. Thus,
a CrAlSiNx barrier layer with higher nitrogen N content was included between the stainless-
steel substrate and tungsten. The influence of that barrier layer upon the W diffusion was also
studied.
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Chapter 1

1.1 Introduction

Solar energy is one of the most available and efficient green renewable energy. The annual
amount of that energy delivered into the earth is almost ten thousand times of the annual energy
that human can use [8]. This huge energy can be converted into one of the three main useful
energy forms: solar electricity (photovoltaic solar cells), solar fuels and solar thermal energy
[9]. The solar thermal energy can be used in low, medium and high temperature applications.
Non-concentrating collectors are used for low temperature applications (less than 150 °C) [10],
especially using the plate collectors with evacuated tubes for houses hot water and other
industrial applications [11]. The high temperature applications, such as electricity production,
need to use the concentrated solar power (CPS) [12-14] technology. So, solar thermal energy
can be used for generating electricity, industrial heat process (IHP), domestic hot water and
space heating, air-conditioning and refrigeration, pumping irrigation water, desalination, solar

chemistry and other applications [15].

Concentrated solar power (CSP) technology uses different designs of solar systems, that
can concentrate sunlight from 50 to 1500 times. The resulting energy can be subsequently used
in steam turbines to produce electricity or it can be applied for other high temperature
applications [16-18]. These concentrated solar powers (CSP) are divided into three main
technologies [19]; parabolic trough (PT) collector [20,21], linear Fresnel reflector, parabolic
dish (PD) reflector [22] and central tower (CT) [23].

However, comparing with the current energy resources, the relative cost of electricity
generated by the solar thermal technology is still high. For example, CSP represented less than
2% of worldwide installed capacity of solar electricity plants in 2015 [19,24, 25]. Fortunately,
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in the recent years the prices of CSP plants are fallen and made this technology more

competitive with the other power plants based on fossil and nuclear fuel.

Any improvements on the optical absorber tandems should include the two important
things; the thermal properties of the absorber coatings materials such that it capable to increase
the operating temperature more than 450 °C [26] and the long-term stability against corrosion,
degradation, diffusion and oxidation. Improvements can be achieved by an adequate selection
of used materials [27], maintaining the optical performance at higher temperatures and with
higher durability. The final designs of such absorber tandems should be performed in smart
way that guarantee high efficiency in terms of selectivity, high absorbance (oso1) at solar
radiation region (wavelength range of 0.3- 2.0 um) and low thermal emittance in infrared (IR)
region (wavelength range greater 2.0 pm). The term ‘selective coating’ comes from this point.
In addition to good selectivity, long-term resistance against oxidation and barrier diffusion at

high temperature are also needed.

The first investigations of the solar selective coating absorbers were proposed by Tabor
[28], Gier and Dunkle [29] and Shaffer [30] in 1955. Then, further studies and improvements
were proceeded by other scientists. Most of the current selective solar thermal absorber
coatings are based on metal dielectric composite (cermet) coatings [31-34] , such as Mo- Al,O3
[35], Cr-Cr203 [36] yttria-stabilized zirconia (YSZ) [37], Pt-Al2O3 [38], ZrC- based materials
[39], titanium diboride (TiB2) [40], WTi-ALOs [41], W-ALO; [42] and AISiOx:W [5]. With
those kinds of materials, it is easier to tune the optical properties and the optical constants of
the different layers, which can be done by varying the metal volume fraction of cermet layers.
As a result, it is possible to optimize the optical selectivity with a high number of layers with
decreasing refractive index and extinction coefficient, from substrate to surface according to
the double interference theory of absorption [43]. Moreover, all these absorbers are multilayer
coatings that consist of infrared IR-reflective metallic base layer such as tungsten or
molybdenum, a double interference absorption (high absorber (HA) and low absorber (LA))
layers and a ceramic anti-reflection (AR) surface layer [26]. However, such coatings have
limited durability at higher temperature due to oxidation or diffusion of the metal component

in the dielectric matrix, which limits their applications [10]. The other group of designs are
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based on layers of metal nitrides and oxynitrides structure as absorber layers, such as TiAIN/
TiAION/ Si3N4 [44], W/AISIN/AISiON/AISiOy [26], W/CrAlSiNx/CrAlSiOyNx/SiAlOx [3],
AI/NbTiSiN/NbTiSiON/SiO; [45] and AICrSiN/AICrSiON/AICrO [46]. Structures based on
transition metal nitrides and oxynitrides are commonly used in the current selective solar
thermal absorber stacks because of their high thermal stability, high oxidation resistance, good

diffusion barrier and excellent selectivity [3,46-48].

The most used transition metals are Ti [47,49-51], Cr [2,3,46,52], W [4,16], Nb [45], Zr
[53] and Al [26] or combination between them. Most of their designs show good thermal
stability and oxidation resistance and share the same structure of general design as substrate
(i.e. stainless-steel)\back reflector metal (i.e. W)\metal nitride\metal oxynitride\oxide layer as

antireflection layer.

It is very important to emphasize again that any absorber tandem should be highly efficient
in terms of selectivity, that it should have a high absorptance (aso1) at solar radiation region
(wavelength range of 0.3- 2.0 um), and a low thermal emittance in infrared IR region
(wavelength range dependent on temperature application, but usually greater than 2.0 um). The
low thermal emittance in IR region is a vital condition, because the efficiency decreases as the
temperature increases due to the thermal radiation loss and the overlapping between the
incident solar region and the re-emission thermal spectra [54]. Superior selectivity can be
achieved if the multi-layer absorber tandem has a decreasing refractive index (n) and extinction
coefficient (k) from substrate to surface, which can be easily achieved by appropriate choice
of layers thicknesses and material composition. In the ideal case, at the front of the solar

absorber, in the antireflection layer, n and k should be 1 and 0, respectively [55].

1.2 The aim of study

The main purpose of this study is to develop solar selective coatings with simultaneously
high solar absorptance (osol) (higher than 95% and low emissivity (g) (lower than 12% at 400
°C) together with high thermal stability above 400°C in air and above 600 °C in vacuum, such
that can be used in concentrated solar power (CSP) or in other high temperature applications.

In addition, deep knowledge will be gained about the multilayer structures through their solar
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absorptance and emissivity measurements. Finally, the coating performance and durability will

be studied after thermal annealing in air at 400 °C or 450 °C and in vacuum at 600 °C.

1.3 Thesis structure

This thesis is divided in seven chapters. The first chapter introduces the concept of selective

coatings and their contribution for improving solar thermal absorber tandems.

The second chapter presents the literature on review of the electromagnetic solar thermal

radiation and on the optical properties of materials.

Chapter three is about the methodology for complete design of solar selective coatings. It
presents a brief explanation of the simulation and experimental details used in this study.
Further, the main characterization techniques and their performance functional parameters of

each absorber layer are included and briefly illustrated in this chapter.

Chapter four presents the first solar selective absorber based on W/CrAISiNx/CrAISiOyNx/
SiAlOx. It shows the simulated, and experimental description, together with the functionality
and aging characterization of the tandems. The CrAlSiN barrier layer to improve the thermal

stability of the selective absorber is also presented in this chapter.

Chapter five reports on the solar selective absorber based on W/WSiAINy/WSiAIOyNy/

SiAlOx with a similar methodology as the one followed in chapter four.

Chapter six presents a solar selective absorber coating based on AlSiOx:W cermets.

Finally, the main discussion, conclusions and further work are presented in chapter seven.



Chapter 2

2.1 Electromagnetic and solar thermal radiation

“Light consists in the transverse undulations of the same medium which is the cause of

electric and magnetic phenomena.” (James Clerk Maxwell)

Among the most relevant investigations on the electromagnetic phenomena are the ones by
the Scottish scientist James Clerk Maxwell in 1865. He proved theoretically that the electric
and the magnetic fields satisfy the familiar wave equation with light propagation speed c, which
supporting the fact that light is an electromagnetic phenomenon and classified to its wave

frequency [56]. He gathered his work in a treatise on electricity and magnetism (1873) [57].
Electromagnetic wave is a transverse wave combined of the electric (E) field oscillating

perpendicular to the magnetic (§) field, which propagates in space and is classified according
to the frequency of its wave, as shown in Fig. 1la. As a result, light (ray) spectrum can be
classified to several radiations according to its wavelength; Gamma, X-ray, Ultraviolet (UV),
visible (Vis), infrared (IR), Microwave and Radio radiations. As an example, the spectrum of
solar radiation is an electromagnetic radiation divided into several ranges of wavelengths
according to the different criteria, as shown in Fig. 1b. The most important wavelength ranges

for solar applications are UV/ Vis/ NIR (A=0.3-2.5 um) and thermal (A=2.5-50 pm).

However, part of the solar radiation is absorbed or scattered by atmospheric components.
The solar radiation outside the atmosphere is referred to AM 0 (average power of 1367 W/m?)
and AM 1.5 (average power of 1000 W/m?) on the earth at a latitude of 48.2° [58], where AM
stands for air mass unit (air mass is defined as the ratio of optical mass in the direct optical path

to that of the vertical path [59]).
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Figure 1: a) Schematic electric and magnetic fields composed an electromagnetic radiation, propagating in
the x-axis. b) Solar energy distribution (AM 1.5) with classified wavelength.

As well known, any object above absolute zero temperature emits energy as electro-
magnetic radiation (thermal radiation). This energy is proportional to the fourth power of the
temperature of that object as completely described by Plank’s law of the black-body radiation:

Cq

Ena(AT) = s@m

2.1

where, Ej;: monochromatic emissive power of the black-body (W/m?um), T is the
temperature of the body in (K), A is the wavelength (um), C; = 3.74 x 108 (W um*/m?) and
C, = 1.44 x 10* (um. K).

The black-body is an ideal physical body that absorbs all incident radiation (perfect
absorber) and emits the maximum amount of energy for a given temperature. It is usually used
as a reference to compare the properties of real surfaces. As shown in Fig. 2, the black-body is

characterized by its thermal emission as a function of its temperature.

The wavelength corresponding to the maximum of the distribution decreases with
temperature (Wien's displacement law):

A(Epmax)T = 2897.8 X 103 um. K 2.2
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Figure 2: The radiation energy as a function of wavelength at different temperatures of a radiating black-
body, per unit frequency [60].

The total emissive power Ej; of a black-body is given by (Stefan-Boltzmann law):
Epr = [ Epa(4,T)dA = oT* 2.3

where, 6 is the Stefan-Boltzmann constant, which magnitude is 5.6696 X 1078 W /m?K*.

For any real object, the emissive power E is expressed as:

E(T) = ¢(T)oT* 2.4

where £(T) is the emissivity of the object.

The black-body is a perfect diffuse emitter, such that the intensity of radiation I}, is
constant in all directions:

Eb = T[Ib 2.5
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2.2 Optical properties and optical constants of materials

Matters appear differently to human eyes. For example, metals are shiny, water is colorless,
milk is white and stained glass transmits some colors and absorbs others due to the light
interacts with matter in different ways [61]. Depending on the type and the structure of
materials, light can be reflected, absorbed, or transmitted when hitting an object as illustrated

in Fig. 3.

ref

I

5

Iah
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Figure 3: Schematic diagram of an incident light interacts with matter.

The incident electromagnetic radiation I is given by [62]:

I=Trer + Tabs + Itr 2.6

where, lief , labs and I are the reflected, the absorbed and transmitted light, respectively. With
Lret = pr I, Labs = 0a [ and Iy = t¢ I. Such that:

pr+aa+rt:1 2.7

where;
pr: Reflectivity or coefficient of reflection, fraction of radiation reflected.
oa: Absorptivity or coefficient of absorption, fraction of radiation absorbed.

1: Transmissivity or coefficient of transmission, fraction of radiation transmitted.



When light hits the surface of matter, a reduction of propagate light wave velocity (c)
happens and the light rays are bent at interference point described by Snell's law [63]. Thus,
reflection happens at the interface between two different optical materials that have different
refractive indices. The absorption of light is occurred during the propagation of light through
the matter, for example, the coloration of some metals is due to the electronic interband
absorption.

On the other hand, the transmitted beams are completely related to the absorption, this is
simply, because of the unabsorbed beams are the transmitted one. There are other phenomena
that happen when light interacts with matter, such as luminescence, scattering, polarization and
diffraction [64].

As shown previously in equation (2.7), the coefficients (pr, 0., Tt) depend on the direction
and on the wavelength of the incident radiation. In the case of opaque body, such that, 7. = 0,
equation (2.7) becomes p: + 0. = 1. The propagation of light through the medium is described

by the complex refraction number #i = n + i k, where the real part n determines the light
velocity (v) in the medium (n = %), c is the speed of the light in vacuum, and the complex part

k is the extinction coefficient, which is directly related with the absorption coefficient of the

medium. The electric field (E ) of propagated light in the absence of free charges can be derived

from the Maxwell’s equations as:

2F = OB L ¢ OF
V°E = Heat2+“§at 2.8

The one-direction solution of equation (2.8) is given by:

E(x,t) = E, exp (_zzkx) exp [i(a)t) - (—Zznx)] 2.9

where, u, €, ¢, k and n are dielectric permeability, dielectric permittivity, dielectric
conductivity, extinction coefficient and refractive index, respectively. When the solar ray
become an evanescent wave such that getting into conductive medium, then conductivity ¢ is
not zero ({# 0). According to Beer-Lambert law, the attenuation of light is directly correlated
with the absorption coefficient (o) and the propagation distance x, when the light travels
through a material intensity (/) given by:

I =le ™ 2.10
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where o is the absorption coefficient and I, is the incident intensity of the electromagnetic
wave entering the medium. Then, using the fact that the light intensity I is proportional to the

square of electric field amplitude:

la |Ey|2.11
one can conclude:

2wk 4Tk
Q= —=— 2.12
c A

and

In (i) = —ax = —471’;—‘1 2.13

where d is the thickness of the film. If the film is too thin i.e. A > kd, then it becomes
transparent [65-67].
The complex refraction index 71 given by [61]:
it =¢ 2.14
The complex relative dielectric function €, describes the electrical and optical properties

versus frequency, wavelength, or energy. It also describes the polarization (electric

polarizability (ﬁ)) and absorption properties of the material and given by:
P = eyxE(x,t) 2.15

with the dielectric function (€,) and the susceptibility () relation, at high frequency limit:
€ =1+y 2.16

The relative dielectric function (€, is considered as a sum of several contributions, which

model intraband and interband transitions as [68,69]:
€ = €pack ground T €prude T > €Lorentz + ENO]L 2.17

where, €pqck grouna : background term.

€prude - Drude model, which represents unbound electron oscillators and describes the

intraband transitions of the electrons in the conduction band.
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€Lorentz - Harmonic Lorentz oscillators (bound charges contribution).
€0y : The OJL term follows the model proposed by O'Leary, Johnson and Lim which is used
to describe the band gap transitions. The parabolic bands are assumed with tail states
exponentially decaying into band gap, as will explained briefly in section 3.1 of Ch. 3.

The complex relative dielectric function &, can be written as real and complex parts as €, =
€, + €,1. From the relation between the complex refractive number and complex dielectric
function equation (2.14), it is possible to obtain the optical constants refractive index (n) and

extinction coefficient (k) from €;and €,, and vice versa as following [61]:

€, =n?—k?and €, = 2nk 2.18

with
n=(e + (e + 65)1/2)1/2 and k= (—€ + (e} + 65)1/2)1/2 2.19

The refractive index of the absorbing layers of selective solar thermal absorbers should be
an increasing function of wavelength in the wavelength range 300 —1000 nm because it
contributes to the solar absorption enhancing through the interference effect. Refractive indices
and thicknesses of the bilayer structure should be chosen in order to obtain destructive
interference at wavelengths around 0.5 pm and 1.3 pm, contributing to the decrease of the
reflectance of the solar radiation and consequently improving its absorptance. An optical path
length (product of the refractive index with the thickness, nd) of 1/4 wavelength (in a layer)
would produce a net shift of 1/2 wavelength between the light reflected from the top surface
and from the bottom interface, resulting in cancellation [70]. Increasing refractive index in the
wavelength range of 300 — 1000 nm allows to have a broad range with high degree of
destructive interference effect. The interference effects don’t occur near and above the
wavelength 2.5 um because the total optical path is not large enough. Similar behavior occurs
near the wavelength of 300 nm. So, the surface absorption maximized in the range of the

wavelength 500 — 2500 nm and minimized near these regions.
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2.3 Theory of thin films optics

2.3 Theory of thin films optics

As introduced before, reflection and refraction of light occur when it travels through

different media. Fig. 4a illustrates the propagation of a light beam through two media.

(a) (b)
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Figure 4: Schematic graph of the propagation of light beams through (a) two mediums and (b) g multi-thin
layers deposited in a substrate (the reflectance vector originates from the j* interface).

When two media are involved, at the interface boundaries and according to Snell’s law of

refraction:
ﬁlsin 01 - ﬁzSin 92 220

Applying the continuity interfaces conditions of Maxwell’s equations, the amplitudes of

reflected (r) and transmitted (t) vectors are described by Fresnel- coefficients as [9,71-72]:

12
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'™ 4, cos 8, +7i,cos 0, ’
27iycos 0
tJ_ = = L = L 223
flqcos 81+7,cos 6,
_ 27i,cos 64
ty = 2.24

fl1cos O,+7,cos 61

where, L, || are the perpendicular and the parallel to the interface vectors, respectively. For the

normal light incidence (6; = 6, = 85 = 0) the above equations can be simplified as:

fip=fiy |? _ (fip—7iy)%+k?

Ry = |ror*| = [nyny*| = fig+iig|l (g +7ig)2+k2 225
. i 27, \?
Ty =t t,"| = |tllt|| | = (ﬁ1+ﬁ2) 2.26

where, Ry and Ty are the reflectance and the transmittance at normal incident.

These results can be generalized for q thin multilayers by using the matrix form. The term
thin is very important for assumptions and calculations according to the interference theorems.
So, let q be the number of thin layers as shown in Fig. 4b. Then, the total electric field of the q

layers and substrate can be expressed in the matrix form as [73]:

E} . E}

where, Ef and E; are the complex amplitudes of the forward and backward travelling
wave, respectively, I;,q is the scattering matrix of the interface transition from j™ layer to

layer j+1 and Lj, 4 is the propagation matrix through the layer j+1.

The characteristic matrix of the whole system is given by [72]:
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2.3 Theory of thin films optics

[?]z{ ¢ l cosd; (isinaj)/ﬁjl}[ 1 ] 598

J=1ifi;sing; cosé; flsup

where § = 2miid cos(0) /A is the phase shift of the wave traveling a distance d normal to the
boundary, 7i; is the refractive index of the j® layer and iy, is the refractive index on the

substrate. The operator matrix can be expressed as a product of operator matrices of each layer.

So, eq (2.28) can rewritten as:

5] = i1 (] (Mg ]m) [ ] 229

C/B is the refractive index of the whole system (layers and substrates). The total

reflectance, transmittance and absorption are given by:

__ (foB—=C\ (fgB—C\*
Ry = (ﬁ03+c) (ﬁOB+C) 2.30
_ _ 47g Re(fim)
Ty = (flgB+C)(fig+BC)* 2.31
qn = Ao Re(BC*—fim) .

N ™ (fi,B+C)(fig+BC)*

The numerical calculations for the optical constants n and k governed by this system of
matrices form were performed by SCOUT software, as it will be presented in chapter 3. It uses
the experimental transmittance (Texp) and reflectance (Rexp) spectra of the single layers to
calculate the spectral optical constants n and k. The simulation should be good enough to
minimize the error between simulated spectral transmittance T(n,k,A) and reflectance R(n,k,\)
and their experimental measurements’ Texp(A) and Rexp(A), respectively, i.e. |T(n, k,A) —
Texp ()l)| and |R(n, k,2) = Rexp (/'l)| are minimum [74]. This algorithm is exactly the

backward matrix algorithm described above.

The anti-reflection layer (AR) is required for all selective solar thermal absorbers to reduce
the light reflection from their surfaces and to increase its transmittance allowing light to pass

through to inner layers. The reflection light beams cancellation occurs at the upper and lower
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boundaries of the anti-reflection layer when they have the same beams light amplitude. Any
anti-reflection layer should have a refraction index (n) that gives zero reflection and highest
transmittance. Any anti-reflection layer is efficient, if its refractive index (n) is equal to the
square root of the refractive index (n) of the substrate, which can be derived from the coefficient
of Fresnel model and taking in the account the two conditions; the relative phase shift should
be out of phase 180’ (the phase difference (§) = nm/2), with an even integer n, and the optical
thickness (nd, where d is the film thickness) should be 1/4 the beams wavelength (1). The phase
difference () is given by:

6 = 2nnd cos(6/1) 2.33

where 0 is the incident light angle, which is equal to 0 in the case of normal incidence. So, the
normal reflectance (Rn) is [72]:

No ”sub—ninti 2
Ry = (Lolisub~ e 234

2
Mo NsubtNygnei

where, ng, ng,, and ny,,; are the refractive indexes of the air, substrate (or underlying layer)
and antirefrection layer (AR), respectively. To minimize the reflectance, R, eq (2.34), should
be zero, implying that:

— 2
0= No Ngyp — Nanti

= Npne = \/no Nsub :\/nsub 2.35

This analysis was performed for single layer of anti-reflection later (AR), but it can be
easily generalized for multi-layer cases as the case of selective thermal absorbers by using the

mathematical matrix form [71,72].

2.4 Characterization of solar selective surfaces.

Solar selective surfaces are characterized by their absorptance and thermal emittance. Thus,
highly efficient solar absorber surfaces must meet the two important conditions in addition of

being thermally stable, as shown in Fig. 5 [27]:
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2.4 Characterization of solar selective surfaces

e High absorptance (aso1) or low reflectance (R = 0) in the visible and near infrared (IR)
region (wavelength range of 0.3- 2.0 um) at the operational temperature.

e Low thermal emittance in IR region, wavelength range greater than 2.0 um, (high
reflectance (R = 1) at A> 2um). Low thermal emittance in IR region is a vital condition
because the efficiency decreases as the temperature increases due to the thermal
radiation loss and the overlapping between the incident solar radiation wavelength

range and the re-emission thermal spectra, as shown in Fig. 5.

In the ideal case, an absorber tandems should have an emittance of 1 at short wavelengths
and 0 at long wavelengths and the solar absorptance should be 1 in the wavelength range of
0.3- 2.0 um, with a sharp transition between the two regimes. The wavelength where the
transition occurs is called critical or cut-off wavelength and it should be where the blackbody
intensity begins to exceed the solar intensity in the wavelength between 1.8 and 3 pum
depending on the operating temperature and on concentration ratio. For examples, at high
temperature, the ideal transition wavelength will shift to shorter wavelengths, and at lower
operating temperature, it will shift to longer wavelengths [27,31,66]. So, one way to get an
efficient selective solar thermal absorber is to utilize the interference effect of thin film and
optical trap to increase the absorptance and using an infrared reflector layer to reduce thermal

emission [67].
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Figure 5: Spectral performance of an ideal selective solar thermal absorber.

The performance of a solar selective absorber is basically characterized by solar thermal
absorption and thermal emittance. The thermal emittance (€) is a surface property that depends
on the surface conditions of the material, such as surface roughness. It is a function of the
incident angle (0) and temperature (7) and it can be calculated based on the reflectance
spectrum (R) and Plank’s black body radiation E; (7, 1), especially in the long wavelength (A)

region [27]. The efficiency of the solar photothermal conversion is given by:

N = ag — (22— 236

C.Isolar

where oso1 1 the solar absorptance, € is the thermal emittance of the selective absorber coating
at a temperature 7, ¢ is Stefan-Boltzmann constant, C is the solar concentration ratio and Is,;4,
is the solar flux intensity. The above equation shows why those conditions for selective

coatings are necessary conditions, especially for higher operating temperature.

Usually, the solar reflectance is measured at near-normal angle of incidence (6=0) in the
wavelength range 0.3-2.5 um [27]. The normal solar absorptance (aso1) is the ratio of the total
absorbed solar radiation to the incident radiation and it is determined from the calculated or the
experimental spectral reflectance data R(4) and ASTM AM1.5D solar spectral irradiance, 5(1),
at the wavelength range of 0.3 — 2.5 pum by:

17



2.4 Characterization of solar selective surfaces

JZSEM L (D[1-R(D)] dA

0.3um
(Z l = 2.5 2.37
50 Iy sam 1s() dA

According to the Kirchoff's law of thermal radiation, for an arbitrary body emitting and
absorbing thermal radiation in thermodynamic equilibrium, the emissivity is equal to the

absorptivity [75].

Emissivity (€) = Absorptivity (o) 2.38

In the case of opaque materials, the transmittance is zero and eq (2.37) can be rewritten

as:
e, T) = a(d,0) =1—R(, 0) 2.39

where R(4, 0) is the spectral reflectance of incident radiation at the incident angle of light (6)

and T is the given temperature.

The emissivity of a surface depends on the surface temperature (7), wavelength (A) and

direction. It is defined at specific temperature(7) as [61]

Surface total emissive power (E)

Emissivity (g) = Slackbody total emissive power (5.3 2.40
with total or hemispherical emissivity given by [76]:
& = E(T) _ f(;o £1(To)Eppda
b7 By T oT4
_ e Epa(T)[1-R(A,T)] 2 ol
[2 R By (T,2) dA .

where E},; (T, 1) is the temperature dependent spectral blackbody emissive power and R(/,T) is
the spectral reflectance measured in the wavelength range of 1.6 —25 um. The maximum usage
of high temperature occurs when the thermal emission of the absorbed surface is low because
of the thermal losses by emission increase proportionally by the fourth power of temperature.
The emittance also depends on the roughness of the substrate in case of multi-layer selective
coatings, which govern the reflectance as [50,77]:
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R, = Ryexp (- 4’;"8)2 2.42

where R;, R, and o, are the reflectance of a rough surface, the reflectance of a polished

surface and the root mean-square (rms) of the surface roughness, respectively.

2.5 Spectral selective coating surfaces for solar thermal

absorption.

The different designs of all selective solar absorbers have been developed are classified to
six types: intrinsic, semiconductor-metal tandems, multilayer absorbers, multi-dielectric
composite coatings, textured surfaces, and selectively solar-transmitting coating on a black

body like-absorber [27], as shown schematically in Fig. 6.

a) Intrinsic absorbers (Mass absorbers): one of the straight forward ways of
selective coating production, intrinsic absorbers consist of materials with intrinsic
properties formed in the wanted spectral selectivity (absorptive in the solar
spectrum and reflective in the far-infrared region). These absorbers are structurally
stable but with lower efficiency when compared with other types and can be
metallic such as tungsten W [78], or as Si doped with B, CaF,, ZrB, and HfC
[78,79].

Intrinsic absorber materials are not ideal for solar applications and the materials
need special re-structure, which justify why such kinds of absorbers have not been

very productive.
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2.5 Spectral selective coating surfaces for solar thermal absorption

a) Intrinsic absorber d) Metal dielectric composite (cermet)
substrate dielectric

b) Semiconductor-metal tandem €) Surface texturing

‘Antireﬂection coating

semiconductor metal

¢) Multilayer absorber f) Solar transmitting coating/ blackbody like
dielectric absorber
TCO
diclectric
substrate substrate

Figure 6: Schematic designs of the six types of coating and surfaces for the solar selective absorbers.

b)

d)

Semiconductor-metal tandems: due to the band gap (0.5 — 1.26) eV of these kind
of materials, they can absorb light with short wavelength and most of
semiconductor- metal tandems show low emittance due to the metal layers of those
designs. So, they are mainly consisted of underlying metal layer, designed to reduce
the thermal emission from heated substrates and semiconductors with forbidden
band gaps about 0.4—1.5 eV. The most common used semiconductors are silicon Si
(1.1 eV), germanium Ge (0.7 eV) and lead sulphilde PbS (0.4 ¢V) [78]. To reduce
the reflectance losses of the high refractive indices in the semiconductors absorber
layers, an anti-reflection layer should be included [67].

Multilayer absorbers: consist on several reflection layers that manage to absorb
light with high efficiency. Usually, multilayer absorbers have high solar absorption,
low thermal emittance and depending of the used materials, can have good thermal
stability at high temperatures. The metals (e.g. Cr, W, Ti, Mo, Ag, Cu, Ni) are
sandwiched between the dielectric layers such as Al,Os

Metal-dielectric composite coating (Cermets): Cermets-based absorbers are the

most common solutions used for high temperature applications, they consist of
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metal particles embedded in a dielectric or ceramic material (matrix). The cermet
layer is transparent in the thermal IR region and strongly absorbs in the solar region.
This is because of the inter-band transition in the metal and the resonance of the
small particles of cermet due to the plasmonic effect. The solar selectivity of these
kinds of absorbers can be adjusted by choosing a proper coating thickness, particles
concentration, size, orientations and shape. It can be measured by the response of
the absorbing particles [80]. The role of the metallic particles of cermet is to:

» Increase the solar absorption, due to the interband transitions in the metal.

» Reduce the absorption in the IR- region due to the small particle size.

> Reduce the rate of oxidation; because of the ceramic matrix.

e) Textured surfaces: they may be used for high solar absorbance by multiple
reflection among needle-like dendritic or porous micro-structure [78,81]. The
textured surfaces are rough, absorb the solar energy and work like a highly
reflective mirror in the IR region, and the emittance of such tandems can be
controlled by modifying the microstructure of coatings.

f) Solar transmitting coating/blackbody-like absorber: a highly doped semi-
conductor, such as SnOz:F, SnO»:Sb, In»SO3:Sn, and ZnO:Al, that can be used for

low-temperature flat-plate collectors [27].

There are two main groups of spectrally selective solar thermal absorber coatings for high
temperature applications > 400 °C. The first, is a multilayer structure based on transition metal
nitrides and oxynitrides. The most suitable transition metals candidates are: Ti [50,82-84], Cr
[3,85,86], Nb [45,87],W [4,88], Al [26], Zr [89,90], Mo [87]. They have a core role in such
designs because they have an ideal forbidden bandwidth and after doping with oxygen and
nitrogen, they become an excellent absorbing materials [67], in addition to their high thermal
stability, high oxidation resistance, good diffusion barrier and excellent selectivity. Most of
these absorbers show a good selectivity and an excellent thermal stability after annealing in air

Oor vacuum.

The second group of the available tandems in the market are the cermets-based spectrally
selective solar absorbers. These absorbers are being used in the concentrated solar power (CSP)

technology for electricity generation. Cermets-based absorbers mainly consists of fine metal
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2.5 Spectral selective coating surfaces for solar thermal absorption

particles and dielectric matrix. The most used dielectric matrix are Al,O3 [41,91], SiAlO« [5],
Si3N4 [92], AIN [93], MgO [94], MgF> [95], TiC [96], CrON [97] and HfO[98]. All absorbers
of this group are formed by a multilayer consisting in a IR-reflective metallic base layer such
as tungsten or molybdenum, a double interference absorption structure layers (high absorber
(HA) and low absorber (LA) layers) and a ceramic anti-reflection (AR) surface layer [26]. With
this selection of materials, it is easy to tune the optical properties and the optical constants of
the different layers by varying the metal volume fraction of ceramic layers and optimizing the
absorptance according to the double interference theory of absorption [99]. However, such
coatings have limited durability at higher temperature due to oxidation or diffusion of the metal
component in the dielectric matrix, which limit their applications at those high temperatures

[10].

However, most of the available designs about the two kind of optical stacks suffer from
poor thermal stability and from elemental diffusion between their layers, when subjected to
high temperatures. For example, Coa et al. reported the diffusion of iron atoms from the
stainless-steel into the cermet layer forming a FeWO4 phase [100]. Zhang et al. clearly
observed the elemental diffusion of Cr, N and O between the absorbing layer and Al substrate
and some microstructure defects appeared [101]. This occurred in a sub-stoichiometric
amorphous chromium nitride deposited on an aluminium substrate. Liang et al. confirmed the
existence of the element diffusion close to the interface region, in interfaces SiO2/CrOx and
CrOx/CrNy, and copper elemental diffusion from substrate throughout all the stacked layers
[102]. Kotilainen et al. studied the influence of temperature-induced copper diffusion on the
degradation of selective chromium oxynitride solar absorber coating. They recorded a diffusion
of copper from the substrate into the coating and through the coating to the surface [103]. Wang
et al. claimed that they improved the thermal stability of W-Al2Os by adding Ti nano-particles
as WTi -AlLOs, which revealed that the surface segregation of solute Ti atoms from the parent
alloyed nano-particles and their partial oxidation to form protective layer restrain outward

diffusion of W element [41].

Also, in most studies reported in the literature, there is a small change in the reflectance

curve of the stacks after the first step of annealing in air or vacuum, but for further steps of
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annealing, it looks more stable. Despite extensive studies on the design and the structure of
thermal solar absorber tandems, oxidation resistance and the diffusion process are still difficult

to understand.

This thesis presents and discusses three kinds of designs of solar thermal absorbers. The
first two are based on nitrides and oxynitrides with structures (W/CrAlSiNy/CrAlSiOyNy/
SiAlOy) [1-3] and W/WSiAINx /WSiAIOyN/SiAlOx for high temperature applications [4].
While, the third is coatings based on AISiOx:W cermets [5].
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Chapter 3  Methodology for the design of solar

selective absorbing coatings

3.1 Simulation

All designs presented in this research were previously simulated with the help of SCOUT
software [104] creating a multilayer model based on transmittance and reflectance spectra of
individual thin layers deposited on glass substrates. SCOUT is a windows software developed
for the analysis of optical spectra by computer simulation based on well-known physical optical
models and adjustments of the model parameters to fit the measured data, resulting a realistic

simulation of optical spectra.

Dielectric function or its square root, the complex refractive index (spectral optical
constants) of materials are the key parameters to extract microscopic quantities from optical
spectroscopy, such as the resonance frequencies of the oscillating atoms, the impurity
concentrations or the thin film thicknesses from macroscopic experiments. Using the
experimental transmittance (T) and reflectance (R) of thin film layers deposited on glass
substrate [74], SCOUT allows to perform a standard spectrum simulation employing the
Fresnel equations together with appropriate models for the frequency dependent of relative
complex dielectric function (&, = &, + ig, ), considering the sum of several contributions of
frequencies as shown previously in equation (2.17) [61,105]. All those models use causal
quantities to describe the dielectric function, including the OJL model (proposed by O'Leary,
Johnson and Lim) that is specifically modified in the SCOUT software to ensure the Kramers-

Kronig compatibility between the real and imaginary parts of the dielectric function.

The used harmonic Lorentz oscillators model describes the microscopic vibrations
involving the motion of the atomic nuclei that usually have their resonance frequencies in the
infrared region. Their frequencies depend on the oscillating masses and the strength of the
bonding. So, it can be used for material identification, as an example, silicon important

impurities like carbon and oxygen can be identified by their characteristic vibrational modes
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3.1 Simulation

and their susceptibilities () describing microscopic vibrations can be modeled by harmonic

oscillator terms [61,104]:

Qp
XHarmonic oscillator Q2-92-i5Q,

where, U, (1;, Q and ()p are the light frequency, the damping oscillator strength, the resonance
2

position and the plasma frequencies, respectively. Qp is given by 0% = %, where
0

&0, € ,m, n are the permittivity of free space, the electron charge, the effective mass of electron

and the number of density electrons, respectively.

The Drude model of electrical conduction was proposed in 1897 [106], it describes the free
carriers contribution (e.g. doped semiconductors) and it is mostly used to explain the
transparency of the metallic thin films as a simple expression of the susceptibility (y) of free
carriers as:

Qf
V2+iTQ,

3.2

Xprude(@) = —

With SCOUT it is also possible to use the extended Drude model for situations where the

damping of free carriers exhibits a characteristic dependence on frequency [61,104,107].

The OJL model for interband transitions describes the optical transition from the valence
band to the conduction band and was proposed by O'Leary and al. in 1997 [105] to model the
band gap transitions of amorphous silicon. It is an elementary empirical model for the
distribution of electronic states of an amorphous semiconductor, that determines the functional
form of the optical absorption spectrum, in particular the joint density of states function. It has
four parameters: the band gap, the decay energy to describe an exponential tail extending into

the band gap and two amplitudes [104,105] as shown in Fig. 7.
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Figure 7: Conduction (y.) and valence (yy) bands of OJL model as a function of energy [104].

Our layers are amorphous, and this model yield a good fit. The simulation methodology
used in this research for building of the multilayer solar selective absorber stacks is summarized
in Fig. 8, the starting point is building up a model and performing the theoretical analysis of
experimental spectra of transmittance (T) and reflectance (R) of individual thin films deposited
on glass substrates. Then, obtaining the optical constants, thicknesses and deposition rates of
each films. Finally, using the models of individual layers, the final stacks for any solar selective
absorber can be optimized by the addition of adequate layers and the effect of each layer can

be briefly studied to improve the final design.
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3.1 Simulation

Design of interference coating using the SCOUT software
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Figure 8: Schematic diagram of the methodology of the simulation of multilayer optical stacks as obtained

by SCOUT.
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3.2 Materials and Methods

In this section, materials and all experimental preparation and characterizations

conditions are presented.
3.2.1 Deposition method

All films were deposited by the DC magnetron sputtering method. Fig. 9 shows the
chamber used for coatings deposition. It is equipped with a vacuum pumping system allowing
to reach a base pressure of 2x 10 Pa, a closed water cooling system, several lines of reactive
gases (N2, Oz, and a mixture of N2/O2 (85/15%)) and working gases (Ar and He), two sputtering
magnetrons, several power sources and bias source connected to the substrate holder, that can
work in static or rotation mode. The chamber walls are rolled with high resistance material that
can heat it during vacuuming to improve the degassing process. The main door is supported

with manual hydraulic system to open and close the chamber.

Figure 9: The used DC sputtering chamber for coatings deposition.
For the first two solar selective absorber tandems presented in this work, the depositions
were performed using a substrate holder placed 9 cm above the target and working in static
mode. All layers were deposited in similar conditions by DC magnetron sputtering (Pa—=0.37

Pa, current density 6.4 mA/cm?, pulsed bias of -60 V, f =90 kHz, room temperature and base
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3.2 Materials and Methods

pressure 2x10* Pa), except in tungsten layer case, in which the current density was 12.7
mA/cm?. The different layers were deposited varying the partial pressures of reactive gases, in

order to obtain films with different optical properties.

All back-reflector tungsten layers were deposited using a tungsten target (99.99%) with a
diameter of 10 cm. Then, for WSiAINx and WSiAIOyNy layers, the same target was used, by
adding 9 silicon pellets with a diameter of 10 mm and 9 squares of aluminium pieces with 1
cm X 1 cm on the target erosion zone. For the deposition of CrAlSiNy and CrAlSiN,Oy layers,
a 10 cm diameter target of Cr70 AlI30 at% was used with 9 silicon pellets with a diameter of
10 mm on the target erosion zone. For the SiAlOx antireflection oxide layer, a Si80 Al20 at%

target was used, with oxygen as a reactive gas (Po= 0.06 Pa), as shown in Fig. 10.

Cr 70 Al 30 at.%, and 9

W, 99.9% purity St dises (1 em diameter) gig0 A0 at 9% purity
purity 99.9%

99.9%

Figure 10: Some targets used in the coatings.

The AlSiOx:W cermets coatings were deposited by simultaneous sputtering from pure
metal W and Al targets, the latter with 9 small silicon disc pellets (1 cm in diameter) distributed
uniformly on the erosion zone. The 10 cm in diameter circular targets were placed horizontally,
while the substrate holder rotated with a constant speed over them. The AISiOx:W cermet films
with varying W volume fraction were obtained by maintaining constant the sputter current for
the AlSiy target (6.4 mA/cm?) and Ox flow (5 sccm) and varying the current of the W target
from 0.15 A to 0.75 A (from 1.9 mA/cm? to 9.6 mA/cm?). Two series were prepared using
different substrate holder rotation speeds, 7 and 15 rpm. The same Al target with the 9 small
silicon disc pellets was used to deposit the anti-reflection oxide layer of this stack, as will see
in Ch. 6.
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Three types of substrates were used in this work:
» Polished stainless-steel (AISI304) substrates

Stainless-steel is a based iron alloys containing at least 10.5% chromium and other metals
with different percentage. Alloy AISI304 is a general purpose austenitic stainless-steel with a
face centred cubic structure. It has a lower carbon content, which improve their corrosion
resistance in welded structures. These substrates were selected to support high temperatures
annealing ~ 600 °C. Stainless-steel substrates have the drawback of a relatively high emissivity.
So, it is necessary to use a metallic tungsten layer, which has good oxidation resistance and

high electrical conductivity to minimize the emissivity.
» Si(100) wafer substrates.

Single side polished silicon wafers, with crystal orientation <100>, were used for the study
of some physical properties including grain size, morphology, surface texture and crystallinity.
Also, they were used in the identification of chemical composition and chemical bonding of

some samples.
» Glass substrates.

Microscope slides ISO 8037 76 x 26 mm and thickness of 1 mm, corners 45° glass
substrates were used in the optical spectroscopy to measure the transmittance (T) and the

reflectance (R) of the individual thin layers.

The silicon and stainless-steel substrates were always ultra sound cleaned in acetone for 15
- 20 minutes, and ion etched prior the deposition, while, the glass substrates were always

cleaned with alcohol.

3.2.2 Thermal treatments

For testing the thermal stabilities and oxidation resistance of the final absorber stacks, the
optical stacks deposited on stainless-steel substrates were subjected to annealing tests in air at
400 °C or 450 °C and in vacuum at 600 °C or 580 °C for different periods of time (usually more

than 200 h divided into several steps). In the case of vacuum annealing, the furnace was
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3.2 Materials and Methods

evacuated to the base pressure of 5.0 mPa and annealing was performed for many steps, after
each step, the vacuum was broken, and the reflectance was measured to evaluate the

absorptance and the emissivity. The used furnaces (vacuum and air) are shown in Fig. 11.

(b)

Figure 11: The furnaces (a) vacuum and (b) air used in annealing.

3.3 Characterization techniques

In most cases, the individual and the final multilayer coatings were characterized by UV—
VIS-NIR spectroscopy, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDS), Rutherford Backscattering Spectrometry (RBS), Nanoindentation, X-ray
diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Raman Spectroscopy, Time-of-
flight Elastic Recoil Detection Analysis (TOF-ERDA) and Fourier-transform Infrared
Spectroscopy (FTIR). In the following subsections are presented a brief experimental

description and performance parameters for each one.
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3.3.1 UV-VIS-NIR spectroscopy

The transmittance (T) and the reflectance (R) of individual thin layers of W, CrAISiNy,
CrAlSiNxOy, WSiAINx, WSiAIOyNx, AlSiOx:W and SiAlOx, deposited on glass substrates
were measured by using a Shimadzu PC3100 spectrophotometer shown in Fig. 12, in the
wavelength range of 0.25 — 2.5 um with a scan step of 1 nm. The equipment is supported with
an integrating sphere for reflectance measurements. The reflectance data were obtained at
quasi-normal incidence (angle of incidence of 8°) using an Al mirror as reference, and the
reflectance of final stacks deposited in stainless-steel substrates was also measured in the same

procedure to evaluate the solar thermal absorbance (oiso1).

Figure 12: The Shimadzu PC3100 spectrophotometer used for transmittance (T) and the reflectance (R).

To calculate the normal thermal emittance (ew), the infrared specular reflectance spectra
were measured in the wavelength range of 2-25 um (wavenumber range 5000 — 400 cm™) at
near normal incidence (angle of incidence a~11°) with a Fourier Transform Infrared
spectrometer Bruker IFS 66V equipped with a globar source, a KBr beam-splitter and a DTGS
detector. The measurements were performed in vacuum at room temperature and the spectra

! resolution with 16 scans. Before the sample measurement, a

were recorded at 4 cm’
background reference was performed with an aluminium mirror placed at the same position as

the sample.
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3.3 Characterization

Because of the used measurement configuration doesn’t allow to measure the absolute
reflectance, the original spectra are slightly overestimated (the reference Al mirror reflects less
than 100%). The procedure to correct the data was to measure the reflectance of polished
copper in the same conditions and determine the multiplying factor that gives room temperature
emittance of 3%. Then, all spectra were corrected by using the same multiplying constant. The
emittance was also measured (at 80 °C) with an emissometer AE-AD3, from Devices & Service

Company to compare the two methods of measurements at 80 °C.

3.3.2 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

The microscope shown in Fig. 13 was used for all Scanning Electron Microscopy (SEM)
analysis for W, CrAlSiNyx, CrAISiNxOy, WSiAINx, WSiAIOyNx, AlSiOx:W, SiAlOxand AISiOx
and their corresponding multi-layers. It allows to analyze conductive, semi-conductive and
non-conductive samples including any type of polymer, metal, ceramic or organic material,
and has an ultra-high resolution (<1.8 nm both at high and low vacuum) and particularly
developed to characterize nanomaterials, such as: diamond coatings, thin films, carbon
nanotubes, nanoparticles, semiconductors, polymers, porous materials, glass substrates,
organic materials or others. The detectors of the microscope are: Through-lens (TLD) (high
vacuum) (SE and BSE mode), Everhardt Thornley (ETD) (high vacuum) (SE and BSE mode),
Low Vacuum (LVD) (SE and BSE mode), Backscattered Electron Detector (BSED) (high
vacuum) (BSE mode). Scanning transmitted electron microscopy (STEM) (transmitted
electrons mode) and Infrared CCD camera (CCD) (high and low vacuum) (light mode and

infrared) with 284 mm diameter chamber.

The Nova NanoSEM 200 possess unique ultra-high-resolution characterization capabilities
in low vacuum, an environment that suppresses the charge on non-conducting materials or
components and cancels self-contamination of the sample or contamination induced by the

electron beam. In our analysis it is used to determine the coatings thickness and morphology.
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Figure 13: The Scanning Electron Microscope [108].

The microscope is integrated with Energy Dispersive X-ray Spectroscopy (EDS) and with
electron backscatter diffraction pattern detection and analysis system (EBSD). In this work, the
EDS was used to performed on randomly selected regions of samples surface with an
acceleration voltage of ranged between 7-10 keV. By X-ray, it was able to obtain profiles maps

of elements and perform sequence analysis of particles and regions in a sample.
3.3.3 Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) was used to study the chemical
composition of single layers and, in some cases, to study the thermal stability of the optical
stacks, such as the diffusion of Cr and W after annealing in air and vacuum for first optical
stack, or to study the diffusion of the W nanoparticles from inner absorption layers towards the
anti-reflection layer in the third optical stack. The measurements were carried out at the
CTN/IST Van de Graaff accelerator with detectors placed at 165° or 140° to the beam direction
depending on the samples conditions, the Van de Graaff accelerator is shown in Fig. 14. Spectra
were collected with a 2 MeV *He" beam. Normal incidence was used in the experiments and

the obtained data were analyzed with the IBA Data Furnace [109].
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3.3 Characterization

Figure 14: A 2,5 MV Van de Graaff accelerator with three experimental beam lines, with all the relevant
ion beam techniques available: RBS, PIXE, NRA, Channelling, ERDA and NRB [110].

The collected data were fitted with the help of NDF Software, which is a DOS code
dedicated to the analysis of RBS, ERDA, PIXE, non-resonant NRA and NDP data for any ion,

any target, any geometry, and number of spectra [111].
3.3.4 X-Ray Diffraction

The crystalline structure of all absorbers coating and all their corresponding individual
layers were studied using the X-ray diffraction (XRD) employing a Bruker AXS Discover DS,
operating with Cuk, radiation shown in Fig. 15. With this equipment, several types of analysis
can be performed with high equality, such as, the high-resolution conventional X-ray
diffraction of bulk (powder or thin film samples), phase analysis, environmental
diffractometry, from -190 °C to 1200 °C, grazing incidence (GIXD) and residual stresses

evaluation (sin (2y)) and reflectometry.
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Figure 15: High angles diffraction system and high-resolution reflectometry [108].

For each optical stack, three samples were used to study structural stability, namely as-
deposited, after vacuum and air annealing were analyzed by using a 3° incidence angle. The
grain size of our samples was evaluated using the width of their peaks and the Scherrer equation
[112]:

JjA

F=ﬁc0519 3.3

where, I is the mean size of the ordered (crystalline) domains, J is the mean size of the ordered
(crystalline) domains, which may be smaller or equal to the grain size, § is the line broadening

at half the maximum intensity (FWHM), 9 is the Bragg angle and A is the X-ray wavelength.
3.3.5 X-ray Photoelectron Spectroscopy

The chemical bonding state of single layers of CrAlSiNx, CrAlSiOyNx, WSiAINX,
WSiAIOyNx, AlSiOx:W and SiAlOx deposited with same parameters as those used in
multilayer stacks was evaluated using X-ray Photoelectron Spectroscopy (XPS) analysis. Also,
it was used to study the thermal stability of the third optical stacks. The XPS measurements
were carried out using a Kratos AXIS Ultra HAS X-ray Photoelectron Spectroscopy system
from Centro de Materiais da Universidade do Porto (CEMUP), shown in Fig. 16, using an Al
Kq (1486.7 eV) X-ray source, with a 40 eV pass energy.
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3.3 Characterization

Figure 16: System of analysis of surfaces by electron spectroscopy: XPS (Kratos Axis Ultra HAS) [113].

The Cls line at 285.0 eV was used to calibrate the binding energies and the XPS spectra
were analyzed in CasaXPS software, with all peaks were fitted using a Shirley background and
GL (30) line shape, where GL (p): Gaussian/Lorentzian product formula where the mixing is
determined by m = p/100, GL (100) is a pure Lorentzian whereas GL (0) is pure Gaussian
[114].

3.3.6 Time-of- Flight Elastic Recoil Detection Analysis

Atomic composition and depth profiles of all elements present in Cr based optical stack
samples were determined using Time-of- Flight Elastic Recoil Detection Analysis (TOF-
ERDA). The measurements were performed using a 6 MV Tandem Van de Graaff accelerator
located at Ruder Boskovi¢ Institute, in Croatia, shown in Fig. 17. TOF-ERDA is a
spectroscopic technique for elemental concentrations and their depth profiles measurements in
unknown samples up to the 400 nm depths. Using ionic heavy beam (e.g. CI, I or Au) with
energies of 0.5 MeV/A to recoil atomic nuclei from the target surface layers in forward

directions. Energy and time of flight of the recoiled nuclei are measured in coincidence,
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enabling separation of all elements by energy and mass. Then, the time-energy spectra are

converted to depth profiles.

&%y
Bk

e

Figure 17: The configuration of the TOF-ERDA equipment system (Ruder Boskovi¢ Institute) [115].

With TOF-ERDA all elements are separated and analyzed in a single step and the depth
resolution is in nm range at the surface, with mass resolution of the TOF-ERDA system about

1 amu up to mass of 50 amu and with 10x10 mm? limited samples size [116].

For our samples the measurements were carried out using 20 MeV '?’I°" jons with 20°
incidence angle towards the sample surface and the TOF-ERDA spectrometer positioned at
angle of 37.5° towards the beam direction were used. The Analysis of TOF-ERDA spectra was
done using program Potku [117] and MCERD [118].

3.3.7 Raman Spectroscopy

Raman spectroscopy was used to have more information about the structure of CrAISiNy,
CrAlSiOyNy single layers, but it was not so efficient because those layers are amorphous and it
difficult to identify the structures. The Raman scattering measurements were performed only

for the single thick layers of CrAISiNx, CrAISiOyNy, deposited with different reactive oxygen
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3.3 Characterization

and nitrogen partial gases pressure. The measurements were carried out on alpha 300 R
confocal Raman microscope (WITec) using a 532 nm Nd: YAG laser for excitation. The system
was operated with an output laser power of 2.5 mW. The laser beam was focused on the sample
by a x50 lens (Zeiss), and the spectra were collected with a 600 groove/mm grating using 5

acquisitions with a 2 s acquisition time.
3.3.8 Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) measurements were carried out for the
oxide anti-reflection layer and Cr based on optical stack samples to study their thermal stability.
They were performed in the wavenumber range of 400 cm™ — 5000 cm™ with a Fourier
Transform Infrared spectrometer Bruker IFS 66V equipped with a Globar source, a KBr beam-
splitter and a DTGS detector with KBr window. The measurements were performed in vacuum
at room temperature and with p-polarized light (polarization parallel to the incidence plane) at
oblique-incidence (45°) used in the reflectance measurements and the spectra were recorded

using 128 scans.
3.3.9 Nanoindentation

The nanoindentation measurements have been carried out for thick individual layers of
CrAlSiNy, CrAlSiOyNyx, with different reactive oxygen and nitrogen partial gases pressure
deposited on polished stainless-steel substrates using nano/ microindentation-Micro Materials

equipment shown in Fig. 18.
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Figure 18: Nanoindentation equipment [108].

The equipment technical specifications are: theoretical depth resolution: < 0.025 nm, load
range up to 500 mN for nano-hardness and up to 20 N for microhardness, load resolution: 50
nN, depth range 0-50 mm, contact force: <5 mN, 50 mm x 5 mm inspectable area, samples
manipulation with computer controlled high precision motorized table, X, Y, Z resolution/
travel: 0.05 mm/50 mm, optical image magnified up to at least 500 x, repositioning accuracy
in the field of view: 2 mm, environmental cabinet with internal antivibration mounting and
comprehensive Windows based on software package for instrument control, calibration and

data collection

For our samples the nanoindentation tests were applied with maximum loads ranged
between 6 and 8 mN, in order to have an indentation depth below of 10% of the layer thickness.
Then, hardness and elastic modulus data were obtained using the method proposed by Oliver
and Pharr [118]. For each sample the measurements were repeated five times and the mean of

the measurement was calculated.
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Chapter 4 Solar selective absorbing coatings based

on CrAlISiNy /CrAISiNxOy

4.1 Deposition and Characterization of CrAlSiNx /CrAISiNxQOy

single layers

CrAlSiNx and CrAlSiOyNx are examples of multi-elemental thin films. Recently,
increasing studies and technological efforts have been devoted to the research on those kinds
of materials, due to their excellent properties and numerous industrial applications. Chromium
nitrides, oxides and oxy-nitrides generally have high oxidation resistance [52,120-125] ,
chemical and thermal stability at high temperature [126-131], good thermal diffusion barrier
[132], good corrosion resistance [133] and high hardness [134-137]. The numerous
applications are divided into two main groups. First one is the optical and electrical applications
such as, optical detectors, sensors, optical filters, lenses, emitting diodes, on concentrating solar
power (CSP) [46,138-141] and phase shifting masks [142,143]. The second group is for plastic
metal molds, cutting and drilling tools [144,145], due to their high hardness and wear
resistance. This section devoted to study the influence of varying nitrogen and oxygen partial
pressures on microstructure, mechanical and optical properties of sputtered CrAlSiNx and
CrAlSiOyNx coatings in the sub-stoichiometric range, where the ratio (O+N)/(Cr+Al+Si) is
lower than 1. In literature [146,147], it is found that hard nano-composite coatings based of nc-
CrN/a-SiNx are optically opaque. This would be enough for a coating with high solar
absorption, but not enough to have a coating with low emissivity. On the other hand, adding
aluminium to Cr-Si-N changes the grain size, the composition and the mechanical properties
of those materials, and tend to be amorphous and more transparent. This leads to an
improvement of oxidation resistance properties and opens the possibility to tune the optical
properties. Moreover, oxygen content in films affect the whole coating properties, as an
example, if oxygen content in oxynitrides increase, then films will be more transparent with

lower refractive index, because they tend to lose their metallic behaviour. Also, hardness values
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers

of such coatings remain low (12—13 GPa) in the range of oxygen ratio [O]/[O+N] of 20%—50%
in films as reported by Karimi et al. [125]. So, adjusting oxygen and nitrogen contents enables
to control the optical, chemical, mechanical and electrical properties of CrAlSiNx and

CrAlSiOyNx coatings within a wide range.
4.1.1 Experimental

A series of thin individual layers of CrAlSiNx and CrAISiOyNx were deposited on glass
substrates with different nitrogen and oxygen partial pressures as reactive gases, as shown in
Table 1. These thin layers were used to track the influence of varying those partial pressures
upon the optical properties of sputtered CrAISiNx and CrAISiOyNx.

Table 1:0xygen and nitrogen partial pressures of reactive gases in deposition for thin single layers (<100 nm)

used to track the optical properties of sputtered CrAlSiNx and CrAlSiOyNx. Deposition rates were calculated
from thicknesses obtained using SCOUT software.

Nitride | N2 Partial pressure | Deposition rate | Oxynitride | N2/O2 (85:15) Partial | Deposition rate
Layer (Pa)” [nm/min] Layer pressure (Pa)* [nm/min]

1 0.037 47.0 1 0.046 459

2 0.051 37.6 2 0.064 42.1

3 0.056 35.9 3 0.068 40.6

4 0.060 33.7 4 0.075 38.8

5 0.071 31.0 5 0.092 28.7

6 0.15 17.3 6 0.21 18.6

* Pno will be used in instead of N, /O, (85:15) partial pressure and Py instead of N partial pressure.

For morphology, chemical composition, crystalline structure and mechanical properties

studies, thicker samples were deposited on (100)-oriented silicon wafer (used for SEM, XRD,
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XPS and RBS analysis) and polished stainless-steel substrates (used for nanoindentation tests)
with same parameters as thinner ones, as presented in Table 2.
Table 2: Oxygen and nitrogen partial pressures of reactive gases in of deposition individual thick layers (> 1

pm) used for morphology, chemical composition and microstructure characterization of CrAlSiNx and
CrAlSiOyNx. Deposition rates were calculated using thicknesses measured by SEM.

Nitride | N: Partial | Thickness | Deposition |Oxynitride| N2/O:(85:15) | Thickness | Deposition rate
Layer pressure (Pa) SEM rate Layer [Partial pressure SEM [nm/min]
[nm/min] (Pa)
(nm) (nm)

1 0.033 1.46 48.8 1 0.046 1.29 43.0

2 0.040 1.36 45.2 2 0.053 1.26 42.0

3 0.051 1.26 42.1 3 0.064 1.17 39.0

4 0.056 1.25 41.8 4 0.075 1.08 36.0

5 0.060 1.19 39.6 5 0.092 1.06 35.5

6 0.15 0.52 17.3 6 0.21 0.56 18.7

4.1.2 Optical properties

Fig. 19 shows the transmittance (T) and the reflectance (R) spectra of CrAISiNx deposited
with different N2 partial pressure, from 0.037 Pa to 0.15 Pa and of CrAlSiOyNx films deposited
with different N2/O2 partial pressure, from 0.046 Pa to 0.21 Pa. The results presented in the
figure show that the CrAISiNx and CrAISiOyNx layers become more transparent and lose their
metallic behavior as the nitrogen and oxygen partial pressures increase. This is mainly due the
presence of to Al and Si nitrides and oxides, which are transparent. In accordance with this, the
reflectance in the same wavelength range decreases with increasing nitrogen and oxygen partial

pressures.

The optical constants, refractive index (n) and extinction coefficient (k), and layers
thicknesses were determined from T and R [61] curves by using the optical simulation program

SCOUT [104].
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers
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Figure 19: Transmittance (a) and Reflectance (b) of CrAlSiNx and CrAlSiOyNx as a function of oxygen and
nitrogen partial pressures.

These thicknesses were used to calculate the deposition rates shown in Table 1, which are
slightly lower than those calculated by using the thicknesses of thicker samples, measured by
SEM and shown in Table 2. Fig. 20 shows the spectral optical constants, refractive index (n)
and extinction coefficient (k), as a function of the wavelength in the range of 250— 2500 nm,
which were obtained from the modelling of experimental T and R spectra. The results shown
in the figure indicate a general behavior of n and k with a decrease as increasing the gases
partial pressures for both nitride and oxynitride layers, which is due to the decrement of the
metallic character. Increasing oxygen and nitrogen amount in films caused an increment of the
metal-N and metal-O bonds. Moreover, it is seen that the refractive indices for the CrAISiNx
layers increase in the wavelength range 300—-1000 nm, which make these layers appropriate
materials for selective absorption of solar radiation and other optical applications because it
contributes to the solar absorption enhancing through the interference effect, as discussed in
section 2.2. The refractive index of CrAlSiOyNx layers also shows a similar behavior with

wavelength, but for higher gases partial pressures it becomes almost constant.
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The oxygen induces a decrease in both, refractive index and extinction coefficient, for the
values that is not possible to get with nitride. For example, the minimum refractive index for
nitrides is higher than 2.5, while with oxynitrides it is possible to tune it down to 1.6. A similar
effect can be seen for the extinction coefficient, where in oxynitrides can be tuned down to
zero, while in nitrides is always higher than 0.2. This behavior is also related with the Cr
amount, which cannot be below a certain value in order to have the adequate extinction
coefficient for the high absorption layer. As represented in Tables 1 and 2, the deposition rate
decreases with increasing oxygen and nitrogen partial pressures due to the formation of nitrides
and oxynitrides bonds in the target surface during the film growth (known as target poisoning)

[148], resulting in a reduction of sputtered materials and consequently of the deposition rate.

(a)
L] L] L] L] (b)
. —(.046 I Qs :
3.5 Cl’AlSle - 3.5 354 _ | 0.064 CrAlSlOyNX L 3.5
- '+ 0.068
Y . -t — . 0.075

/_\3'0' =30 304 = 0.002 == = T30 _
= ez = 021 | = = 24
~ = ~
% 2.51 -2.5 % _qzz.s 125 %
E — -0.051 T E =
g 2.04 120 g Ezo F2.0 5
> E=E =
§ 1.5 152 § 1.5 -1.5 £
% . / . .i % . o .i
~ S~ =

1.0 _ 10 1.0 -1.0

0.5 Sl === =105 0.5 0.5

- : ]
0.0 * T T T T 0.0 0°0 . ! ! ! ! -0'0
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength & (nm) Wavelength & (nm)

Figure 20: Refractive index (n) and extinction coefficient (k) as a function of wavelength of: (a) CrAISiNx,
prepared with increasing nitrogen partial pressures. (b) CrAlISiOyNx as a function of wavelength, prepared with
increasing nitrogen and oxygen partial pressures.
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers

4.1.3 Chemical composition of CrAlSiNx and CrAlSiOyNy single layers

As far as Rutherford backscattering spectrometry (RBS) is suitable for analysis of
compositional depth profiles of amorphous structures, it was used to analyze the samples'
elemental compositions. Fig. 21 shows three typical RBS spectra, namely one of a nitride layer

(Fig. 21a) and the other two of oxynitrides layers (Fig. 21b).
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Figure 21: RBS spectra of: (a) nitride layer and (b) two different oxynitride layers.

Since the signals from the different elements overlap, the composition has to be determined
from the front edges of the elements, which are indicated in the figure. The relative heights of
those front edges are correlated with the relative concentrations of the different elements, and
by the analysis of all samples it was verified that the (Al +Si) / Cr composition ratio is about 2

and similar for different samples, as presented in Fig. 22 for all the nitride and oxynitride

samples.
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Figure 22: Elemental composition ratios (Cr+Al+Si) / (N+0) and (Si+Al)/Cr in films as a function of Py for
CrAlSiNx and Pox for CrAISiOyNx films as evaluated by RBS.

With the used conditions, RBS technique is not adequate to have an enough separation
between Al and Si front edges. So, EDS technique was used to measure the Al/Si ratio, which
is in average 1.5. This means that the Cr: Al: Si ratio composition is 1.25:1.5:1. Fig. 22 also
represents the chemical composition ratio (Cr + Al + Si) / (N + O) as a function of the reactive
gases partial pressure, Px in CrAlISiNx samples and Pon in CrAlSiOyNx samples. In both cases,
the compositional ratio decreases with increasing the reactive gasses pressures, as expected,
which means, an increase of the nitrogen and oxygen contents. Moreover, a small amount of
oxygen was detected in the pure nitride’s samples. In most samples, the composition ratio
(Cr+Al+Si)/(N+O) is higher than 1, which means the films are sub-stoichiometric. Only the
oxynitride deposited with reactive gases partial pressure of 0.09 Pa has ratio below one. The

layers used in the optical stack coating are sub-stoichiometric.

For more details about the chemical structure, three samples: (A) CrAlSiNy with Pn=0.056
Pa, (B) CrAlSiOyNx with Pon=0.046 Pa and (C) CrAlSiOyNx with Pon=0.075 Pa have been
chosen for XPS analysis. Fig. 23 shows the evaluated XPS spectra of the Cr 2p3/2, Al 2p, Si
2p, N Is and O 1s core levels, while in Table 3 the Casa software the fitting parameters and the

identification of core levels binding energies are represented.
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Figure 23: XPS spectra of: (a) Cr 2p3/2, (b) Al 2p, (c) Si 2p, (d) N 1s and (e) O 1s electrons for the three
samples: A, B and C. The green curve represents the background correction.

As shown in Fig. 23a, the XPS spectra of Cr 2p3 binding energy (the entire Cr 2p core
level peaks are shown in the insert) can be deconvoluted into three sub-peaks, in the case of
samples A and B. The respective energies of 574.1 eV, 574.8 eV and 577.4 eV are
corresponded to the metallic Cr, CrN and Cr2Os3, respectively [124,149-153]. For higher partial
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pressure of Pon, as in sample C, the peaks corresponding to the metallic Cr and CrN were not
observed and a new peak centred at 576.1 eV appears, which may be an overlap between Cr-
O and CrN. Moreover, the Cr 2ps3» doublet shifts towards higher binding energy with
increasing oxygen content in the films, which indicates an increment of oxidation bonds in

films [136].

For the Al 2p spectra, the oxynitride samples revealed two peaks located at 74.5 and 75.4
eV, as shown in Fig. 23b, whereas for the nitrides another peak is seen, centred at 73.9 eV due
to higher content of nitrogen in the film. The peaks at 74.5 eV and 75.4 eV are considered as
Al(OH)3 and Al,O3 compounds, respectively [48], and the third peak, at 73.9 eV, is recognized
as AIN [52,130,134].

Fig. 23c shows the Si 2p core level spectra, and it is seen that the peaks of samples A and
B correspond to the contribution of three distinct components, while the peak of sample C only
has two components. The peak centred at 103.0 eV in all three samples is recognized as silicon
oxides in the form of Si(Al)-SiO3 or SiO4 bonds [26,154], considering a silicon-centred
tetrahedrons, in which silicon, oxygen and nitrogen atoms are bonded in the form of any of the
four tetrahedral sites of Si—Si4-(m+n)OmNn (Where m+n<4; m,n=0-4) and the chemical shift of Si
2p level for each of the four tetrahedral is proportional to the partial charge on the Si atom
[155]. The 99.3 eV component that appears in sample A and B could be Si-Si(Al) [130]. The
last peak of sample A located at 101.5 eV is recognized as Si3N4 bond [120,124,130,135], and
the peak at 102.3 in sample B and C is related to the formation of silicon oxynitrides Si-N3O
or Si(Al)-SiO2N bonds [26,156].

As shown in Fig. 23d, the XPS spectra of N 1s core level can be deconvoluted into five
peaks. The peaks at energies 397.3, 398.2 and 399.9 eV can be associated to Si3Ns [19,46],
chromium oxynitride [157] and Si(Al)-O2Nz [152] bonds, respectively. The fourth chemical
component that appears only in sample A is located at 396.7 eV, and it describes Al -N bonds
[26,135,157,158]. The peak in sample B located at 401.1 eV is related to CH=N-CH surface

contamination.
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers

Table 3: Casa software fitting parameters and identification of core level binding energies.

Core Peak | FWHM BE (eV) BE (eV) BE (eV) Compound
(eV) sample A | sample B | sample C
1.2 574 574.1 - Cr- Cr
Cr2 p3/2 2.6 574.8 574.8 - Cr-N
2.1 576.9 577.4 577.5 Cr-O; Cr-(OH)s
2.1 - - 576.1 Cr-O; Cn2N
1.4 73.9 - - Al-N
Al 2p 1.4 74.5 74.5 74.5 Al-(OH)
1.4 75.4 75.4 75.3 Al-O
1.5 99.3 99.7 Si-Si (Al
Si 1s 1.5 101.5 - Si3Njy
1.5 - 102.3 102.3 Si(AD)-Si20; ; Si(Al)-SiO;N
1.5 103.0 103.0 103.0 Si(Al)-SiO;; Si-Oq4
1.4 396.7 - - Al-N
N 1s 1.4 397.3 397.4 397.3 Si3Njy
1.4 398.3 398.4 398.2 chromium oxynitride
1.4 399.9 399.9 399.9 N-(C=0); Si (Al)-O2N,
1.4 - 401.1 - CH=N-CH

Fig. 23e shows the Ols spectra, which were not fitted into its components’ peaks because
it is difficult to identify their bonding energy. However, it should contain several peaks that
can describe the chemical composition of samples. It is worthy to mention that the position of
the oxygen peak shifts to higher energies with increasing the percentage of oxygen in films due
to formation of oxides and oxynitrides, in accordance with what was reported in the literature
[136]. From the corresponding core-level intensities and tabulated atomic sensitivity factors,
the relative atomic concentrations were calculated. Due to the surface contamination, the
oxygen is significantly larger than those measured by RBS and EDS. Additionally, the average
(AI+Si1)/Cr composition ratio for these 3 samples is now 4.1, two times higher than the bulk
composition ratio obtained by RBS and EDS, and the Al/Si ratio also revealed an increase (1.9

instead of 1.5, in average). Considering that XPS measures the elements and the quantity of
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those elements that are present within the top 1-10 nm of the sample surface, this means that

surface contamination led to an Al surface enrichment and a significant Cr depletion.
4.1.4 The crystalline structure of CrAlSiNx and CrAlSiOyNjy single layers

Thick layers of CrAlSiNx and CrAlSiOyNx deposited on silicon wafer substrates were used
for the X-ray diffraction, that are shown in Fig. 24. In the diffractograms of CrAlSiNx and
CrAlISiOyNy films in the ranges of Pn =0.037 - 0.071 Pa and Pno =0.046 - 0.091 Pa,
respectively, no strong peaks were observed, which means they are amorphous. For higher
nitrogen and oxygen partial pressures, XRD results revealed that the two samples CrAlSiNx
with Px =0.15 Pa and CrAlSiOyNx with Pno =0.21 Pa are polycrystalline with cubic (fcc-Bi)
structure, with CrN peaks (111), (200), (220) and (222) at expected position as shown in Fig.
24 [159,160]. The chemical composition of these samples was not measured with RBS, but
from data shown in Fig. 22, it can be expected a composition ratio (Cr+Al+S1)/(N+O) below
one, which means those films should be stoichiometric, which should be the main reason for

some microstructure changes.
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Figure 24: XRD difractograms of CrAlSiNx and CrAlSiOyNx films for different nitrogen and oxygen
partial pressures.
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers

Fig. 25 represents SEM cross-sectional micrographs of several films that show the
morphology and the thickness as varying reactive gases partial pressure. The amorphous
structure of the films is mainly due to the high amount of aluminium and silicon in the films,
and due to the sub-stoichiometry of the films [(O+N)/(Cr+Al+Si) <1]. In oxynitride case, it can
be due to the fact that the mobility of oxygen in the growth surface of amorphous films is not
sufficient to form oxide lattice [159], although for those partial pressures the films are still sub-

stoichiometric, as shown in Fig. 22.
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Figure 25: Cross-sectional micrographs show a featureless morphology compatible with an amorphous
structure of CrAlSiNx and CrAlISiOyNx films for different nitrogen and oxygen partial pressures.
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Several CrAlSiOyNy thick single layers deposited on silicon were characterized by Raman
spectroscopy and their correspondent spectra are shown in Fig. 26. All measured samples were
amorphous, and due to that reason, the signal from their elemental vibrational modes was very
weak with used incident power conditions (very low laser incidence power) [157,161,162], as

shown in the figure.
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Figure 26: Raman spectra of chosen CrAlSiON samples.

All samples show two broad bands at approximately 190 cm™ and 250 cm™!, with intensity
ratio between the 190 cm™ and 260 cm™! ranging from 1.3 (Pon=0.075 Pa) to 1.8 (Pon=0.046
Pa). This low intensity ratio indicates that the presence of oxygen in the layer is not favourable

to the formation of wurtzite structure.
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4.1 Deposition and characterization of CrAISiNx/CrAlISiOyNx single layers

4.1.5 Mechanical properties of CrAlSiNx and CrAlSiOyNy single layers

To probe the mechanical properties, such as the hardness and the elastic modulus, a
nanoindentation method has been applied to the thick samples deposited on polished stainless-
steel substrates. The maximum load was selected in order to have the indenter penetration depth
lower than 10% of the coating thickness, and therefore the maximum load is below 8 mN, as
shown in Fig. 27a and Fig. 27b, where the load depth curves are represented for one

measurement of each sample.
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Figure 27: (a) and (b) load — depth curves of CrAlSiOyNx and CrAlSiNXx, respectively. (¢) and (d) hardness
and elastic modulus of CrAISiOyNx and CrAlSiNx as varying Pon varying Py, respectively.

The evaluation of hardness and elastic modulus with increasing Px and Pon are presented
in Fig. 27. With increasing Pon from 0.046 Pa to 0.092 Pa, no significant changes were seen in
the hardness values (Fig. 27c). On the other hand, a notable decrement was seen in the hardness

and elastic modulus values when Pon increased to 0.21 Pa. For nitrides films, the hardness was
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slightly increased with increasing Px from 0.051 Pa to 0.15 Pa. The highest obtained value was
11.1 GPa at 0.15 Pa, as shown in Fig. 27d. the hardness values are relatively low, but it is in
the same range of magnitudes obtained by Karimi et al. [159][125] with oxygen ratio
[OJ/[O+N] in films up to 20% . In those studies, the ratio (Al+Si)/Cr ~1 while in this case
(Al+S1)/Cr ~2, which has a strong influence on the film properties. The sub-stoichiometry and

the amorphous phase fraction can be considered as other factors contributing for poor hardness.

Depending on the results discussed in previous section, the variation of nitrogen and
oxygen partial pressures induces an increase of those elements in sample composition, as
expected, which also result in a strong variation of films’ optical properties. However, the
hardness is almost insensitive to the variation of those partial pressures, mainly due to the
elemental Cr: Al: Si composition ratio of 1.25:1.5:1. The optical constants of CrAISiNx and
CrAlSiOyNy samples are very sensitive to nitrogen and oxygen partial pressures. The most
appropriate ranges of Py and Pon for selective solar absorber stacks are 0.037- 0.06 Pa and

0.046- 0.07 Pa, respectively.

4.2 Antireflection SiAlOy oxide layer

Recently, insulating SiO2, Al2O3 and SiAlOx oxide layers have been used extensively in
selective solar thermal absorbers coatings for high temperature applications. Using SiAlOx
instead of SiO» or Al,Os enable to have a combination between the properties of S10; and Al,O3
properties, which may improve the fracture toughness, corrosion and oxidation resistance, and
silicon addition to Al2Os films provides an optimal combination of breakdown field strength,
band off set and dielectric constant [ 163]. SiAlOx antireflection oxide layer was used in designs
presented in this research because it enables to control the optical properties of the film by
controlling its silicon composition. The addition of silicon provides the possibility of
controlling their dielectric constant to have the desired optical properties, which make them

good candidates for insulating films for the selective solar thermal absorbers [164].
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4.2 Antireflection SiAlOx oxide layer

The antireflection SiAlOx oxide layer also protects the other inner layers of solar selective

thermal absorber tandems against oxidation.

SiAlOy anti-reflection layer was deposited by DC magnetron sputtering on Si (100) wafer
(used for SEM analyses), glass (used for tracing the optical properties of films) and stainless-
steel (AISI304) substrates (used for EDS, XRD and FTIR analyses). It was deposited using a
Si80AI20 at% target in the case of the nitride/oxynitride based optical stacks in static mode and
Al target with the 9 small silicon disc pellets for the AISiOx:W cermet optical stack in a rotation

mode, with oxygen as reactive gas.

In order to obtain transparent and dielectric coatings, it is necessary to guarantee that the
deposition parameters allow to obtain an adequate metal/oxygen ratio. In this sense, the first
step was the determination of the hysteresis curve as a function of oxygen to evaluate if

transparent coatings were being obtained.

The hysteresis curves indicate that the variation of target voltage with reactive gas flow,
which allows to monitor the target surface condition. The target can operate either in metallic
mode for low reactive gas flows, in transition mode, and in reactive or in poisoned mode for
higher reactive gas flows, which will determine the coatings chemical composition as well as
the deposition rate, since the oxidized target surfaces show a lower sputtering yield in relation
to metallic targets, which leads to lower deposition rates in reactive mode. The oxygen partial
pressure was determined to be 0.06 Pa, in case of a current density of 6.4 mA/cm?, for all

antireflection layers presented in this thesis.
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4.2.1 Chemical composition and structure of the SiAlOx oxide layer

The coating’s chemical composition of SiAlOx (in static mode during the deposition) and
AlSiOx (in rotation mode during the deposition) was assessed by means of EDS and it is

presented in Table 4.

Table 4: Chemical composition of SiAlOxand AlSiOy thick layer obtained by EDS analysis.

Layer O At% Al at% Si at% Ar at%
SiAlOx 61 12 26 1
AlSiOx 61 13 25 1

The grazing incident X-ray diffractograms of the antireflection layer is shown in Fig. 28a.
The spectra indicate that the coatings are amorphous, which agrees with the SEM cross-
sectional micrographs shown in Fig. 28b, where is seen a featureless morphology, typical of

amorphous coatings.
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Figure 28: (a) XRD diffractograms of the SiAlOy anti-reflection layer, (b) Cross-sectional micrograph shows
the compact featureless morphology of thick SiAlOy antireflection layer deposited on silicon.
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4.2 Antireflection SiAlOx oxide layer

4.2.2 Optical properties of SiAlOx antireflection layers

The optical properties of the SiAlOx oxides layers are very important due to their high
transmittance and low reflectance. This is associated with low refractive index and almost zero
extinction coefficient, which allow their use as antireflection layer in several applications. All
samples show a high transmittance and low reflectance for all coatings. To compare the
refractive indices and extinction coefficients of SiO2, Al,O3 and SiAlOy oxide layers, three
samples deposited on glass were used to trace the optical constants by SCOUT as shown in
Fig. 29, where the SiAlOx layer has a refractive index of 1.52. This behavior was expected
since the refractive index of silicon oxide and aluminum oxide are 1.48 and 1.67, respectively,

and only a small Al content was added.
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Figure 29: Refractive index (n) and extinction coefficient (k) of Al,O3, SiAlOx and SiO; deposited on glass
substrates as a function of wavelenght (1).

4.3 Tungsten back-reflector layer

Elemental tungsten (W) is a good candidate for the back-reflector layer in selective thermal
absorber tandems, due to its high temperature melting point and due to the high reflectance in

IR region of radiation (R% = 94.6 at A > 2.5 um) as shown in Fig. 30a. High reflectivity of W
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in IR region decreases the whole emissivity of optical stacks. In addition, W also contributes
in the energy absorption at solar radiation region, due to its reflectance in visible region. As
mentioned in the general experimental description in Ch. 3, tungsten was deposited with higher
current density than other layers to have structure with a- phase and less contaminants, because
such conditions affect the stability and reflectance of W IR wavelength region. Even that, most
of W coatings showed a combination of both a- and B- phase of growth, the a-phase is the
dominant and is polycrystalline with (1 1 0) orientation (26=40°) as shown in Fig. 30b. The
formation of B- phase depends on the partial pressure of oxygen (or base pressure) of the

chamber, the film thickness, substrate bias and deposition rate/deposition power [165-167].

Indeed, the SEM cross sectional micrographs of thick tungsten single layer are completely
agreeing with the XRD analysis, as shown in Fig. 30c. Table 5 presents some general physical

and chemical properties.
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Figure 30: (a) Reflectance, n and k of tungsten deposited on polished stainless steel, (b) XRD pattern of W
single layer, deposited on stainless steel (S), performed with fixed incidence angle of 3°and (c) Cross-sectional
SEM micrographs of tungsten (W) layer.
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4.4 The multilayer coatings

Table 5: Some general physical and chemical properties of elemental tungsten (W).

Property Details
Atomic number (Z) 74
Element category Transition metal
Free electron configuration 414 5d* 6s?
Phase solid
Melting point 3422 °C
Boiling point 5930 °C
Density 19.3 g/cm®
Oxidation states 6,5,4,3,2,1,0,-1,-2,-4
Thermal conductivity 173 W/ (m.K)
Electrical resistivity 52.8 nQ.m (at 20 °C)
Sputtering yield 600 eV

4.4 Multilayer coatings

4.4.1 Design: simulation and experimental

Beginning with the individual thin layers deposited on glass and with the help of SCOUT software, the
final tandem is obtained with a layer’s structure, thicknesses and simulated reflectance curve, as shown
in Fig. 31. The layers and respective spectral optical constants used in the simulation are those described
in sections 4.1 (CrAlSiNy and CrAlSiOyNy layers), in section 4.2 (SiAlOy layer) and section 4.3 (W
layer). It is very important to ensure again that efficient selective absorber can be achieved if it has a
graded refractive index and extinction coefficient that decrease from back-reflector W-layer towards
the antireflection layer. In ideal case, at the front of the antireflection layer, n and k should be 1 and 0,

respectively [168,169].
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Figure 31: (a) Schematic diagram of the simulated multilayer as obtained by SCOUT. (b) Simulated and
experimental reflectance curves of the absorber design.

As shown in Fig. 31a, the optical stack is composed of four layers, the first is a back-
reflector tungsten layer, which is followed by two absorption layers based on CrAISiNy/
CrAlSiOyNy structure for phase interference. The final layer is an antireflection layer, that
consists of SiAlOx. The total simulated thickness of the whole multilayer’s absorber
(W/CrAlSiNy /CrAlSiOyNx /SiAlOx) is ~ 316 nm. In the figure are indicated the thicknesses of
different layers and the reactive gases partial pressures of the layers used in the simulation.
More about the experimental details of the complete design are presented in Table 6. The
reflectance of as-deposited multilayer shows good agreement with simulated one except small
differences in the reflectance curves and absorption value, as shown in Fig. 31b. This is due to
the parameters of reactive sputtering deposition, where small variations can happen, such as
target poisoning, chamber base pressure and outgassing during deposition. The final design
shows simultaneously high solar absorbance in average aso= 95.2 % and low emissivity €= 9.8

% (at 400 °C).
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4.4 Multilayer coatings

Table 6: The experimental details of the multilayer stack, deposited in static mode.

Layer Target ! Deposition | Target Current | Reactive gas partial
time density (A/cm?) pressure (Pa) 2
W% W 2 min & 30 s 12.7 -

CrAlISiNy 70-30 at% Cr-Aland | 1 min & 27 s 6.4 Px=0.051
9 Si pellets

CrAlSiOyNx | 70-30 at% Cr-Al and 46 s 6.4 Pon=10.068
9 Si pellets

SiAlOy 80-20 at% of Si-Al I min & 38's 6.4 Po =0.062

'The diameter of the targets: W, Cr-Al and Si-Alis 10 cm, and the diameter of Si pellets is 1cm placed on the
Cr-Al target erosion zone.

2Py, Pon and Po are the nitrogen, nitrogen/oxygen (85%:15%), and oxygen partial pressures of reactive gases,

respectively.

In accordance to that, Fig. 32 shows a cross-sectional SEM micrograph of the optical stack,

deposited on silicon substrate. The tungsten (W) layer shows a typical morphology of a

columnar growth type, whereas the remaining layers reveal a featureless morphology that

completely agrees with XRD analysis, where they revealed as being XRD amorphous.

Figure 32: Cross-sectional SEM micrograph of the optical stack, deposited on silicon substrate.
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4.4.2 Thermal stability

For long lifetime, selective solar absorber stack should have good resistance against
oxidation and it should be thermally and chemically stable. So, the optical stack was
subjected to annealing tests in air, at 400 °C, and in vacuum, at 600 °C, for 650 h. Then, the
solar absorbance (os01) was measured after each annealing step, and the emittance (&) was
calculated from IR reflectance for each sample in as deposited state and after the last step of
thermal annealing. Fig. 33a represents the reflectance curves of a sample in as deposited state,
and after 350h and 650h of air annealing. There is a very small shift in the step of the
reflectance curve towards lower wavelength. As a result, the solar absorptance was improved
a bit and the absorber stack shows good thermal stability. Fig. 33b shows the reflectance
curves of a sample in as deposited state, and after a vacuum annealing for 50h, 350h and
650h. Now, the shift towards lower wavelength was higher than air annealing case, especially

after the first step of annealing (50 h).

After further steps of vacuum annealing the changes were small, demonstrating that the
optical stack has very good thermal stability at this temperature. The shift caused a small
decrease in solar absorptance (from 95.5 % to 95.0 % as shown in Figure 33b), but the
emissivity improved (it decreased from 11.4% to 9.4% at 600 °C). The changes in the
wavelength range A<2000 nm can be related with oxidation of some Si atoms not yet
completely oxidized. Whereas, changes in wavelength range A> 3000 nm can be due to
tungsten phase changes, as will be discussed in the barrier layer section. The small changes
in additional steps can also be related with the diffusion of layer elements, such as the
diffusion of Cr towards surface as will see in RBS analysis, or to the diffusion of oxygen

towards the oxynitride layer.
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4.4 Multilayer coatings
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Figure 33: the reflectance of as deposited optical stack and after (a) air thermal annealing at 400 °C (b)
vacuum thermal annealing at 600 °C, with measured value of the thermal absorptance () and the thermal
emittance (g) (for 400 °C).

The elemental depth profiles of the absorber were studied by Rutherford back scattering
(RBS). Fig. 34 shows the RBS spectra of three optical stacks deposited in same run and
subjected to different thermal load, namely as deposited, after air annealing at 400 °C for 650
h and after vacuum annealing at 600 °C for 650 h. Since the signals from the different elements
can overlap, the composition should be determined from the front edges of the elements, which
are indicated in the figure. The relative heights of those front edges are correlated with the
relative concentrations of the different elements. The position of the different elements, if
located at surface sample, are indicated in the graph. It is difficult to distinguish between silicon
and aluminium because of the small difference of their atomic mass. However, the analysis
shows a small difference between as deposited and annealed samples. After air annealing a
small change is seen in the stainless-steel substrate, which was not clearly identified. On the
other hand, after the vacuum annealing at 600 °C, it can be seen changes of W and Cr depth
profiles (amplified in insert of Fig. 34), which are in accordance with the diffusion of small
amount of tungsten towards the stainless-steel substrate and chromium, mainly from
CrAlSiOyNy layer, towards the surface. The general evaluation shows that there are no other
significant changes occurred after the annealing in vacuum and air. So, a diffusion barrier layer
should be added between stainless-steel substrate and tungsten layer to improve barrier

diffusion between these layers.
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Figure 34: RBS spectra of the as deposited stack, after air annealing at 400 °C and vacuum annealing at 600
°C, both for 650 h. The spectra are shifted along vertical axis for clarity.

TOF-ERDA is also used to study the elemental diffusion and thermal stability. The
measurements allowed to determine the concentration depth profiles of all the elements in the
three samples. Monte Carlo (MC) simulations [116] were used to find the best fits between the
elemental energy spectra extracted from TOF-ERDA measured data and the simulated energy
spectra taking in the account all spectral details of the experimental setup and the multiple
scattering effects in the recoiling process. Fig.35 shows an example of TOF-ERDA histogram
data, experimental and simulated energy spectra for oxygen recoils and the corresponding
depth profiles used in the simulations. All the observed elements (H, C, N, O, Al, Si, Cr, Ar,
W, and Fe) were fitted with simulations in the same way, yielding the concentration profiles of
all the elements in the three samples. The oxygen and chromium depth profiles allow the
identification of the three outermost layers, SiAlOx, CrAlSiNxOy and CrAlISiNy, as indicated in

the Fig. 35. A small amount of Cr is also seen at the sample surface after the annealing in
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4.4 Multilayer coatings

vacuum (Fig. 36 bottom), which is in accordance with results obtained by RBS, with the same
samples. In the as deposited samples, the (Al+Si)/Cr composition ratio is 1.3 for oxynitride
layer and 1.7 for nitride layer. These values increased in the annealed samples, being more
significant in the vacuum annealed samples, which increased to 1.6 and 2.1, respectively. These
values correspond to a small decrease of Cr content in both layers, which suggests the Cr atoms
at surface diffused from nitride and oxynitride layer. The amount of Cr atoms at the surface
corresponds to 5.6% of all Cr atoms in the annealed sample. The Si/Al ratio in oxide layer, is
2.0 in average, 0.5 in the oxynitride and 0.8 in the nitride layers. The difference in Si/Al and
(Al+Si)/Cr composition ratios in the oxynitride and the nitride layers is mainly because of
target poisoning because those layers were deposited with different nitrogen and oxygen partial
pressures, being higher in oxynitride layer. This reduces the sputtering rate of different
elements and this effect is higher for Al and Si when compared to Cr, because Al and Si are
more reactive than Cr. The consequence is the reduction of the (Al+Si)/Cr composition ratio
when passing from nitride to oxynitride. However, this difference was not seen in RBS analysis

of thick single layers (Fig. 22).
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Figure 35: TOF-ERDA histogram (on the left) for the measurement of a sample annealed in air at 400 °C,
experimental oxygen energy spectrum (in the middle) extracted from the measurement data and the MC simulated
energy spectrum with contributions from the three absorber layers, and (on the right) the concentration profiles
used in the MC simulations.

Small differences in the thicknesses of the layers were found, which can be due the
positioning of the samples during the deposition. Hydrogen, carbon, and argon were observed
as impurities in the three absorber layers. Their atomic concentrations were below 3% in all
the layers in all the samples. Hydrogen and argon concentrations decreased significantly with

the annealing treatments.
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Figure 36: Elemental depth profiles determined from the TOF-ERDA measurements with MC simulations:

as deposited stack (top), after air annealing at 400 °C (middle) and after vacuum annealing at 600 °C (bottom),
both for 650 h.

4.5 Barrier layer between the back-reflector W and stainless-

steel

The efficiency of any solar thermal absorber does not only depend on the high performance
of selectivity, but also strongly depends on the thermal stability, corrosion resistance, oxidation
resistance and elemental diffusion between layers [170]. Selectivity is the most crucial and
essential condition for high performance and efficient tandems. On the other hand, the stack’s
high thermal stability, good diffusion barrier and high oxidation resistance after thermal ageing

tests are essential factors for a long lifetime of absorber tandems for high temperature
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4.5 Barrier layer between the back-reflector W and stainless-steel

applications, resulting in a high competition with other renewable energies, especially for
electricity production [26,171]. In most cases, the efficiency of thermal absorber stacks is
directly affected by the degradation of the optical properties of the absorber, which is mainly
due to diffusion, corrosion resistance and oxidation of the metal back reflector layer and other
metallic components. These issues become more important and present serious challenges at

high temperature.

In section 4.4.2, the analysis of thermal stability of optical absorber stacks by RBS and
TOF-ERDA, tungsten diffusion from the back-reflection layer towards stainless steel substrate
was found. Although this did not affect the stability of optical properties with the performed
annealing, in a long-term time scale, this can contribute to the coating degradation due to the
possibility of the formation at the interface of the brittle intermetallic compounds (FeW and
Fe7We). In this section, a barrier layer between the stainless-steel substrate and the tungsten
back-reflector layer was added and its influence upon the W diffusion was studied. Also, to
avoid the Cr diffusion from inner layers to the coating surface, the effect of using higher
nitrogen partial pressure in the deposition of nitride layer in the absorber stack is studied in
detail. Additionally, the small change after the first annealing step was studied using Fourier-
transform Infrared Spectroscopy (FTIR) analyses, in order to understand what is involved in

those small changes, which do not happen in subsequent annealing steps.

To study these effects, four designs (A, B, C and D) were used (see details in Table 7): A
is a solar absorber tandem without barrier layer between tungsten and stainless steel substrate,
with structure based on stainless steel/W/CrAlSiNp= .05 pa /CrAISiONp= .07 pa /S1A1Op=0.06 Pa, B
is the same as A, but with barrier layer included based on CrAISiNp-o.11 pa , C is a multilayer
stack with a nitride layer deposited with higher nitrogen partial pressure and with barrier layer
included structure based on stainless steel/CrAlSiNp=¢.11 pa/ W/CrAlISiNp- .08 pa/SIAIOp-= 0.06 Pa
and D is a barrier layer with structure based on stainless steel/CrAlSiNp=o.11 pa/ W/S1AlOp=0.06

Pa.
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Table 7: Deposition parameters of layers included in different designs (A, B, C and D).
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4.5 Barrier layer between the back-reflector W and stainless-steel

4.5.1 Designs structure

The cross-section morphology analysis of the four samples described in Table 7 was
performed by SEM, and the images are shown in Fig. 37. For clarity purpose, the different
layers are identified as BL, RL, AL and AR, which are correspond to barrier, back reflector,
absorption and antireflection layers, respectively. In Fig. 37a and Fig. 37b AL in comprised of
2 absorption layers, nitride and oxynitride, whereas in Fig. 37c is only the nitride layer. The
tungsten layer (RL) shows a columnar growth in all designs, whereas the morphology of other

layers -including the barrier layer- is not so clear.

e
111

\ o4

E

Figure 37: Cross-sectional SEM images of samples A, B, C and D showing the morphology and the
thicknesses. (BL, RL, AL and AR stand for barrier, back reflector, absorption and antireflection layers,
respectively). In (a) and (b) AL in comprised of 2 absorption layers, nitride and oxynitride, whereas in (c) is only
the nitride layer).
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So, to have more information about the structure of each sample, thicker single layers with
the same coating parameters of barrier layers was analyzed by XRD, as shown in Fig. 38. The

XRD spectrum of the barrier layer shows no peaks revealing its amorphous structure.
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Figure 38: X-ray diffraction spectra of the single thick barrier layers deposited on stainless-steel.

4.5.2 Thermal stability

The thermal stability and elemental diffusion of stacks that were studied in previous
sections are similar to sample A. The stacks revealed an excellent oxidation resistance and no
elemental diffusion with the annealing in air, at 400 °C, but in the case of vacuum annealing,
at 600 °C, a diffusion of W atoms towards the stainless-steel substrate and a diffusion of Cr
atoms from absorption layers towards the surface were recorded. So, in this section we will
study the effect of adding a barrier layer between the tungsten layer and the substrate (samples
B, C, and D), when subjected to a vacuum annealing at 600 °C. In addition, sample C was also
used to study the influence of higher nitrogen partial pressure on the diffusion of Cr from inner

layers towards the surface.

Fig. 39 shows the reflectance curves of the four samples measured in the as deposited state
and after the vacuum annealing at 600 °C. No noticeable changes are seen in the reflectance
curves, solar absorptance (aso1) and thermal emittance (g) values for all samples. This implies
a very good thermal and oxidation resistance for all stacks. However, small changes in the
reflectance curves are observed. In all samples, a small increase of reflectance was found for
wavelength higher than 3000 nm. Considering the excellent oxidation resistance and stability

of the optical properties with the annealing, these small changes are likely to happen in the
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4.5 Barrier layer between the back-reflector W and stainless-steel

back-reflector W layer. To test this, sample D was grown with the antireflection layer deposited

directly over the W back reflector layer, allowing to follow any change in the oxide layer. With

the absorption layers and the antireflection layer, FTIR analyses would integrate the signals

from the three layers. Changes in the first annealing steps followed by steps without significant

changes, with very good thermal stability, were reported in our studies and by other authors in

coatings based on W-ALO3 [42], M0-SiO> [175] and W-SiO2 [176] cermet composites. The

changes were not similar in all cases: in most cases a small increase in reflectance in the IR

range was observed, and a small decrease in the reflectance curves occurred in other cases.
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Figure 39: Reflectance curves of the four samples A, B, C and D, measured in as deposited state and after
vacuum annealing at 600 °C. The emissivity was calculated for 400 °C.
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The spectral reflectance shown in Fig. 39 exhibit some changes with the annealing in
vacuum. A small increase in the reflectance was found, and this can be due to a W phase
transformation during the annealing. A transformation from tungsten - to a- phase was
reported by Antonaia et al [42] with a small increase in the reflectance for wavelengths higher

than 2 um.

According to O’Keefe et al [177] differences in the oxygen concentration in the films
induce variations in the transformation time and temperature for each sample. Films with
higher oxygen concentration need higher temperature or longer time required for the
transformation of A-15 3-W into bce a-W. The authors reported a phase transformation at 600
°C, with an annealing time of 1 minute, for samples with low oxygen concentration (1-2 at. %
O). Samples with higher oxygen concentration transformed around 650 °C. This can be the
reason of the small increase in the reflectance in IR range, which was not found for all samples.
The decrease in the emissivity obtained with the vacuum annealing also supports this
conclusion. The B-W phase has higher electrical resistivity than o-W phase [167,177], and the
mentioned phase transformation contributes to the resistivity decrease of the W layer and

consequent emissivity decrease.

The analyses of infrared bands of sample D show that the oxide layer undergoes small
changes after annealing. Fig. 40 shows the experimental oblique-incidence reflectance for p
polarized light of sample D as deposited and after vacuum annealing. The lowest frequency
part of the spectra amplified in Fig. 40b, shows that after vacuum annealing the main
modifications occur in the broad reflectance bands at around 850 cm™ and 1240 cm™'. The latter
shifts to higher frequencies and the shape of the band at 850 cm™ is clearly modified. These
changes may be due to some local structural rearrangements, e.g., the increment of the
oxidation state of some Si atoms. No important absorption is observed in the water absorption

spectral region in both cases.
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4.5 Barrier layer between the back-reflector W and stainless-steel
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Figure 40: a) p-polarized reflectance spectra (angle of incidence of 45°) of sample D as deposited and after
vacuum annealing at 600 °C. b) Amplification in the spectral range where absorption bands are present.

To access and identify the absorbing bands, the dielectric function was extracted by
simulating the experimental spectra. The modelling was performed by use of Fresnel equations,
considering the back medium (tungsten) as a conductor and the oxide layer as a dielectric with
optical responses described by the Drude model and the factorized form of the dielectric
function [178], respectively. For tungsten we used fixed parameters in the Drude model from
the work of Ordal et al. [179]: plasma frequency - 51700 cm™'; damping frequency - 467 cm’
!, For the oxide layers a high frequency dielectric constant ex= n*> = 2.31 (where n is the
refactive index in the visible spectral range) and the thickness of 63 nm. Fig. 41 shows the
imaginary part of the dielectric function (&) for both samples. The & spectra are roughly
similar to the absorption spectrum of amorphous silica. The main three bands with maxima at
about 480 cm™!, 810 cm™ and 1020 cm™'/ 1036 cm™, can be attributed, respectively, to rocking
(R), symmetrical stretching and asymmetrical stretching of Si-O bond [180-183]. The other
minor bands are identified in Table 8. Notice that the shift of the asymmetrical stretching band,
well known in the studies of amorphous silica, is usually connected to the increase of

stoichiometry in SiOx [184,185].
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Figure 41: Imaginary part of the dielectric function of as-deposited and after vacuum annealing at 600 °C of
sample D. The inset is an amplification to show the detail of the weaker bands.

Table 8: Bands assignment of the FTIR spectra.

Band position Band assignment Reference
(em™)
480 Si-O (rocking (R)), or AI-O—Al (bending in AlOg) [180-183,186,188]
648 Al-O-Al (bending in AlO4) [186-188]
758 T—O-T bending in mixed occupancy tetrahedral, (T = Si, Al) [187,188]
810 Si-O symmetrical stretching [187,188]
888 Al-O stretching in AlO4 [187,188]
1020/1036 Si-O asymmetrical stretching (AS:) [180-183,186,188]
1200 Si-O asymmetrical stretching (AS.) [180]
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4.5 Barrier layer between the back-reflector W and stainless-steel

Although local structural re-arrangements in the oxide layer can give rise to small changes
in its high frequency refractive index, these changes will not induce the reflectance
modifications with the annealing shown in Fig. 39 at the wavelength range higher than 2000
nm. For wavelengths higher than 550 nm, the refractive index of the as deposited oxide layer
is 1.52. The simulated reflectance curves of the oxide layer deposited on tungsten varying the
refractive index (n) of the oxide layer are shown in Fig. 42. The expected variations of n are
smaller than those simulated in Fig. 42, but with these, it is easier to demonstrate the effect.
The simulation shows no changes in reflectance spectra for wavelength greater than 2000 nm

due to changes in the refractive index of the oxide layer.
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Figure 42: Simulated reflectance curves of an antireflection oxide layer on tungsten as varying its refractive
index (n) as shown in the insert.

To obtain more information about oxidation resistance after annealing, all samples were
studied by XRD and no changes were seen in the XRD spectra after annealing, as shown in
Fig. 43 for sample B. No W phase transformation was clearly observed in our samples, since
XRD peaks associated with both phases continue to have similar intensity before and after
annealing. However, the peak located at about 37° showed a small variation of the width and
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the peak located at 40° revealed a small decrease in the width and a shift to higher angles with
a small increase in intensity. This can be associated with an increase of W grain size and out
diffusion of contaminants from W layer, inducing also a W phase transformation contributing

to the small increase of the reflectance in infrared wavelength region, as shown in Fig. 39.
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Figure 43: X-ray diffraction patterns of sample B as deposited and after vacuum
annealing at 600 °C.

The evaluation of elemental diffusion was studied by RBS. Fig. 44 shows RBS spectra of
the four samples A, B, C and D deposited in the same run, namely as deposited and after
vacuum annealing at 600 °C for 200 h. Since the signals from the different elements can

overlap, the composition should be determined from the front edges of the elements, which are

indicated in figures for better understanding.

79



4.5 Barrier layer between the back-reflector W and stainless-steel

Energy (MeV) Energy (MeV)
06 08 10 1.2 14 1.6 138 06 08 10 12 14 1.6 18
AR W layer. J—— Vacuum 600 °C Cr
AL{I%% <—| ot 1 = Asdeposited W layer
| o g ARA
SS Sample A 3| ] E % E g
_ 2| A Sample B W at
51 5] BR Si surface
s Z = SS
= = ~ 7
= “13 O < 4
o= a S — — =
- 9| AR <
Els < w & =
| ] < +
| << = — ~
as deposited ~ : 0=165° A w <
vacuum 600 °C <

T T T T

T T T T T T T T
200 300 400 500 600 700 200 300 400 500 600 700 800 900

Channel number Channel number
Energy (MeV) Energy (MeV)
06 03 1.0 12 14 1.6 1.8 06 0.8 1.0 12 14 1.6 1.8
] AR W layer AR W layer o
AL W Q
] = A o Sample D ‘—I g
] BL =)
SS Sample C surface [EeESSiaiiag 2
~] ~] 6=165° <
= gl | 2 =
< 9 =
=] gzl 5 &
3 ] Sl 2 9 @ Cr 9
- <_E >~ - o
_ 3 K
] < W+ AR ~
{ + Asdeposited | -
§ deposite As deposited —
T—— Vacuum 600 °C Vacuum 600 °C

200 300 400 500 600 700 800 900 200 300 400 500 600 700
Channel number Channel number

Figure 44: RBS spectra of the samples A, B, C and D as deposited and after vacuum annealing at 600 °C for
200 h.

Sample A, which is a stack without a barrier layer, has a structure similar to the one used
in the previous studies [2,3] and presented in previous sections. The analysis emphasized small
differences between as deposited and annealed sample. The difference between those spectra
is in the region of channel numbers 560-580, which is related with the depth profile of W
element and corresponds to a tail elongation of the back side of W layer. These differences are
in accordance with the diffusion of a small amount of tungsten towards the stainless-steel
substrate. The general evaluation shows that no other significant changes occurred after

annealing in vacuum. However, in sample B a diffusion barrier layer was added between
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stainless-steel substrate and tungsten layer to avoid the W diffusion towards the substrate. As
seen in the figure, there are no changes in the W depth profile after 200 h of vacuum annealing,
which demonstrates the improvement of the stack diffusion without any recorded W atoms
diffused towards the stainless-steel substrate. To make sure that the barrier layer works as
expected, the barrier layer was also included in samples C and D and the same results were
obtained. So, the barrier layer is very effective in preventing the diffusion. In the case of sample
C, the stack is composed of the barrier layer, tungsten layer, nitride absorbing layer, which was
deposited with higher nitrogen partial pressure, and antireflection oxide layer. This sample was
used to study both diffusion cases: Cr towards the surface and W towards the substrate. In both
cases, the design shows excellent thermal stability and no diffused elements between layers
were recorded. Thus, using higher nitrogen partial pressure in nitride and oxynitride layers can
control the diffusion of Cr atoms towards surface because the resulting films are stoichiometric

and more stable.

In summary, this optical stack coating showed simultaneously high solar absorbance otso1 =
95.2 % and low emissivity = 9.8% (calculated for 400 °C) together with high thermal stability
at 400 °C, in air, and 600 °C in vacuum for 650 h. The addition of a CrAlSiNp- .11 pa barrier
layer between tungsten and stainless-steel substrate proved to be a good solution to control the
diffusion of W atoms towards the substrate, whereas using higher nitrogen partial pressure in
the high and the low absorption layers reduce the diffusion of Cr from those layers to the

surface (stoichiometric chemical composition of absorber layers is preferable).

The HA layer used in first design revealed that parts of Cr atoms are in the metallic oxidation
state [124,172]. The increase of N2 partial pressure during deposition decreases the amount of
Cr in metallic oxidation state. Additionally, the presence of Si, allows the formation of a
nanocomposite in the form of n-CrAIN/a-SiNx, which improves the barrier diffusion properties

[173,174].
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Chapter S Solar selective absorbing coatings based

on WSIAIN,/ WSIAIO\N,

In this chapter, a design based on WSiAINy/WSiAIOyNx of a multilayer solar selective
absorber coating for high temperature applications is presented. The optical tandem is
composed of four layers, the first is a back-reflector tungsten layer, which is followed by the
two absorption layers based on WSiAIN/WSiAlOyNjx structure for phase interference and the
final layer is an antireflection layer of SiAlOx. The design was conducted with the help of
SCOUT software creating a multilayer model based on spectral optical constants (calculated
from transmittance and reflectance spectra) of individual thin layers deposited on glass
substrates. The final design shows simultaneously high solar absorptance asoi= 96.0 % and low
emissivity €= 10.5% (calculated at 400 °C) together with high thermal stability at 450 °C, in
air, and 600 °C in vacuum for 400 h and 300 h, respectively.

In the previous chapter, a design of solar absorber tandem based on nitride/oxynitride
layers (W/CrAlSiNx/CrAlISiOyNx/S1AlOx) were studied and fully illustrated. The final design
showed simultaneously a high solar absorbance a o= 95 % and low emissivity e= 10 % (at 400
°C) together with high thermal stability at 450 °C, in air, 600 °C in vacuum, respectively. This
absorber coatings also based on nitride/oxynitride structure, the only difference in this chapter

is the transition metal Cr replaced with tungsten W.

Following the same procedure described in previous chapters, a set of individual layers was
deposited and their spectral optical constants and thicknesses (consequently the deposition
rates) were calculated. With these data the final multilayer coatings were simulated and
deposition was performed with parameters obtained from simulation. Thick single layers
(~um) like those used in the multilayer stack were deposited on stainless-steel and silicon
substrates to study them in detail. The antireflection layer and back-reflector tungsten layers

were deposited with same parameters of previous designs, except the thicknesses.
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5.1 Characterization of WS1AINx and WS1AIOyNXx single layers

5.1 Characterization of WSiAINx and WSiAIOyNx single layers

5.1.1 Optical properties of single layers

A series of individual thin layers based on WS1AINy and WSiAIOyNx were deposited with

different nitrogen and oxygen partial pressures as reactive gases for 1 min on glass. Fig. 45

presents the measured and the simulated transmittance (T) and reflectance (R) of WSiAINy and

WSiAIOyNx layers. These layers have the same behavior as CrAlSiNy/CrAlISiOyNy, that they

become more transparent and lose their metallic behavior with increasing of nitrogen and

oxygen partial pressure, but higher partial pressure of reactive gases was needed because

tungsten W is less reactive than chromium Cr. In accordance with this, the reflectance in the

same wavelength range decreases with increasing nitrogen and oxygen partial pressures.
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Figure 45: Measured and simulated (a) Transmittance (T) and (b) Reflectance (R) of WSiAINx and
WSIiAIOyNx as a function of wavelength, prepared with increasing nitrogen and oxygen partial pressures
(indicated in the legend).
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Fig. 46 shows the optical constants, refractive index (n) and extinction coefficient (k), as a
function of wavelength in the range of 300 — 2500 nm, obtained from modelling of the
experimental T and R spectra for different partial pressures of reactive gases, as indicated in
the legend of the figure. It shows the general behavior of n and k with a decrease as partial
pressures of reactive gases increase for both nitride and oxynitride layers. Moreover, it is seen
that the refractive indices for the WSiAINy layers increase with the wavelength, which make
these layers appropriate materials for selective absorption of solar radiation and other optical
applications, because they can be used to enhance the solar absorption through the interference

effect.
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Figure 46: Refractive index (n) and extinction coefficient (k) as a function of wavelength of: (a) WSiAINj,
prepared with increasing nitrogen partial pressure. (b) WSiAIO,Ny as a function of wavelength, prepared with
increasing nitrogen and oxygen partial pressures.

Refractive indices and thicknesses of the bilayer structure should be chosen to obtain
destructive interference at wavelengths around 0.5 pm and 1.3 um, as introduced in ch.1. The
refractive index of WSi1AIOyNx layers also shows a similar behavior with wavelength, but for

high partial pressures of working gases it becomes almost constant.
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5.1 Characterization of WSi1AINx and WSi1AIOyNx single layers

As also seen in Fig. 46, WSiAINy has higher n and k than WSiAlOyNx because it has
stronger metallic character. The increase of oxygen content leads to the oxide formation, which

have lower refractive index and extinction coefficient.
5.1.2 Chemical composition of the single layers

The chemical composition of WSiAINxp- .17 pa and WSiAIOyNxp- 030 pa thick layers,
prepared in same conditions of those used in the solar thermal absorber tandem are shown in
Table 9. EDS measurements were performed for two randomly chosen different positions for
each sample and the average was calculated. A strong decrease of nitrogen and aluminum at%
is seen in WSiAlOyNxp= 030 pa coating comparing with WSiAINXp=0.17 pa. Both are related with
the oxygen addition as reactive gas. The induced target poisoning has a stronger effect on Al,
decreasing its sputtering yield, which resulted in a decrease on Al content. These differences
explain the decrement of WSiAIOyNxp- 030 pa Optical constants, the refractive index and

extinction coefficient, n and k.

Table 9: Chemical composition of WSiAINxp- 17 ps and WSiAlOyNxp- ¢ 30 pa thick layers obtained by EDS
analysis.

Layer N at% 0 At% Al at% Si at% W at% Ar at%
WAlSiNXP=0,17 Pa 29 3 13 20 33 2
WAISIOyNXp=0.30 Pa 25 27 3 16 29 -

To assess the chemical states and bonding information of the films, the two single layers
WSiAINXp-0.17 pa and WS1AIOyNxp- 030 pa Were prepared with the same parameters as those
used in the multilayer stack and were analyzed by XPS. The C 1s line at 285.0 eV was used to
calibrate the binding energies. The XPS spectra were analyzed with CasaXPS software [114],
and all peaks were fitted using a Shirley background and GL (30) line shape. For W 4f core
level, fittings were done assuming the peak doublets with spin-orbit separation (AEp) 4f5, —

4f7, = 2.18 eV and with peaks intensity ratio Iy, 4f5/2/ Ly af,,, = 0.75. In some cases, it was
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necessary to involve W 5ps, at higher binding energy (BE) side of 4fs»> with BEy, 5, , =
BEW 4_f7/2 + 58 and IW 5p5/2/ IW 4’f7/2 = 008 [189]

The cores level spectra corresponding to W 4f, N 1s, Si 2p and Al 2s are shown in Fig. 47,
whereas in Table 10 the Casa software fitting parameters and identification of core levels
binding energies are represented. Fig. 47a shows the W 4f core level spectra, where it is evident
the presence of peaks of different tungsten oxidation states. Those peaks were deconvoluted
into four doublet components corresponding to W 4fs,, and W 4f7. The peaks centered at 32.1,
33.1, 34.6, and 35.8 eV can be considered as W*" (the intermediate W'*, W?* and W** oxidation
states especially W-N bonds in WN or W2N compounds [190-193]), W*", W>* and W¢*
oxidation states of W 4f7,, respectively. The same peaks corresponding to W 4fs, have an
energy 2.18 eV higher, the assumed doublet spin-orbit separation. In nitride sample
(WSIAINXp-= .17 pa), elemental tungsten W 4f7, peak (W) appears at 31.1 [189,194-197].
Elemental tungsten contributes to the solar radiation absorption in the visible wavelength range,

which improve the absorption of whole stack.

As shown in Fig. 47b, the XPS spectra of N 1s core level can be deconvoluted into four
peaks in both samples. The peaks centered at energies 397.0, 398.2 and 399.9 eV can be
associated to W-N bonds, as in WN or W>N compounds [190,191,193,198], N-Si [150,199,
200] and Si-O3N or C=N[1,199,155], respectively. The fourth peak, at 401.9 eV, is considered

as N — C = O surface contamination [1,201].

Fig. 47c shows the Si 2p core level spectra, where the sample WSiAINxp- .17 pa has a
contribution of three distinct components, whereas the WSiAIOyNxp- .30 pa sample has two
components. The two samples share peaks centred at 101.4 and 102.4 eV, recognized as Si -
SiN3 [193,200] and Si — N3O or Si(Al) — SiO2N [1,155], respectively. The third peak that
appears at 103.2 eV in sample WSiAINxp- .17 pa is recognized as Si — O3N as studied in more
detail in [155].

87



5.1 Characterization of WSi1AINx and WSi1AIOyNx single layers
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Figure 47: XPS spectra of: (a) W 4f, (b) N 1s, (¢) Si 2p, (d) Al 2s core level electrons for WSiAINXp=.17 pa
and WSiAIOyNxp- .30 pa single layers. The green curve represents the background correction.
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The Al 2s core level was used to obtain information from Al oxidation states, instead of Al
2p, because of the overlapping between W 5s and Al 2p core levels. Fig. 47d shows the fitted
Al 2s core level from both samples, which have one component centered at 116.6 eV

considered as Al — O bond energy [202].

Table 10: Casa software fitting parameters and identification of core level binding energies.

Core FWHM BE (eV) BE (eV) Compound or oxidation
Peak (eV) WSiAINXp=017pa | WSIAIOyNXp= 030 pa state
1.1 31.1 - wo
1.1 32.1 32.1 W
Wt |- 33.1 33.1 W
1.3 34.6 34.8 W5t
1.5 35.8 35.8 Wt
N 1s 1.4 397.0 397.0 W-N
1.4 398.2 398.2 N -Si
1.4 399.9 399.9 Si-Os3N, C =N
1.4 401.9 401.8 N-C=0
Si2p 1.5 101.4 101.5 Si - SiN3
1.5 102.4 102.4 Si — N3O or Si(Al)-SiO2N
1.5 103.2 - Si-OsN
Al 2s 2.4 116.6 116.6 Al-O

In terms of composition, results obtained from XPS are very consistent with EDS analyses,
especially the decrement in the amount of Al, Si and N in WSiAIOyNxp- 030 pa Sample
comparing with WSiAINXp- .17 pa. However, more oxygen was found in WSiAINXp- 0.17 pa
sample analyzed by XPS than the reported by EDS, which is normal because XPS is a surface

analysis method (~ 5 nm) and there are more chances for surface contamination.

The nitride has 27% of W atoms in the metallic oxidation state, 16 % in the W**, that can
be associated to WN or W2N, and 29 % in the W®" oxidation state, whereas the oxynitride does
not have W atoms in the metallic oxidation state, 29 % in the W** and only 7 % in the W®"

oxidation state. The amount of W®" oxidation state in the nitride suggests its surface oxidation
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5.1 Characterization of WSi1AINx and WSi1AIOyNx single layers

after the deposition, whereas the atoms in the metallic state are due to the low nitrogen partial
pressure. The oxynitride was obtained increasing simultaneously the partial pressures of
nitrogen and oxygen (ratio 85%: 15%), which justify the increase of the amount of W atoms in
the oxidation state that can be addressed to WN or W>N, and the decrease of W atoms in the
metallic oxidation state. The oxygen partial pressure is still not enough to oxidize the W atoms

in a high percentage.
5.1.3 Morphology and crystalline structure of the single layers

The XRD was performed for the single layers used in the absorber stack, as shown in Fig.
48, the diffractograms of WSiAINXp=0.17 pa, and WSiAlOyNxp= 030 pa layers show broad peaks,
which is typical of materials with small grain size. The diffractogram of WSiAINXp- 0.17 pa
shows a broad peak centred at the position of (110) plane of W a-phase (bcc), whereas the
diffractogram of WSiAlOyNxp- 030 pa sShows a broad peak centred at the position of (200) plane
of W B- phase (A15 cubic).

WSIAI(ON)p_ .30 pa

WSiAlNP: 0.17 Pa

Intensity (a.u.)

20 30 40 50 60 70

p—
)

Angle 20 (degree)

Figure 48: XRD patterns of WSiAINXp-= .17 pa and WSiAIOyNxp-= .30 pa single layers deposited on stainless-steel
substrate.
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Indeed, SEM cross sectional micrographs of thick single layers are completely agreeing
with the XRD analysis, as shown in Fig. 49, the micrographs of WSiAINxp= .17 pa and
WSiAIOyNxp- 030 pa layers show a featureless morphology.

Figure 49: Cross-sectional SEM micrographs of (a) WSiAINp-=¢.17pa and (b) WSiAl (ON)p-=¢.30 pa, thick single
layers.

5.2 Design of the multilayer.

Based on the data obtained from transmittance and reflectance of individual thin single
layers in the previous sections, the multilayer was designed, modelled and optimized with

SCOUT software. Table 11 presents the deposition parameters.

The thickness of the simulated layers of the optical stack, together with their corresponding
partial pressures are shown in the schematic diagram of Fig. 50a. The designed layers have a
graded decreasing n and k from back-reflector W layer towards the antireflection layer, as

requested for efficient absorbers.
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5.2 Design of the multilayer

Table 11: Experimental details of the multilayer stack coatings.

Layer Target Deposition | Working Reactive gas Target current
time pressure | Partial pressure density
2
min: s (Pa) (Pa) (mA/cm?)
Tungsten W 2:30 0.37 - 12.7
W+H9AI+9 Si* 0:42 0.41 N2 6.4
WSIAINX 0.17
W+9AI + 9 Si 0:32 0.45 N2 - 02 (85% 15%) 6.4
WSiAIOyNx 030
SiAlOx Si80AI20 1:36 0.37 02 6.4
0.06

* 9 silicon pellets with a diameter of 10 mm and 9 squares of aluminum pieces with 1 cm x1 c¢m distributed
uniformly on the W target erosion zone

In Fig. 50b, it is shown how the whole stack was optimized by the addition of layers one
by one. It is obvious that addition of multilayers results in an improvement upon the reflectance
curve of the stack and upon the solar selectivity. This ensures that multilayers are adequate and

essential for more efficient solar absorbers.

As shown in Fig. 50a, the optical stack is composed of four layers, the first is a back-
reflector tungsten layer, that is followed by the two absorption layers based on WAISiNy/
WAISiOyNx structure for phase interference. The final layer is an antireflection layer, which
consists of SiAlOx. The total simulated thickness of the whole multilayer’s absorber
(W/WAISiNx /WAISiOyNx /S1AlOx) is ~ 372 nm. Fig. 50b also displays the reflectance curve
of as deposited sample, that shows a good agreement with simulation, as expected. The final
design shows simultaneously high solar absorptance, in average oso= 96.2 %, and low
emissivity, e= 8.0 % (measured by emissometer at 80 °C) and 10.5% calculated for 400 °C
using the IR reflectance in equation (2.41). Moreover, Fig. 51 shows a cross-sectional SEM
micrograph of the optical stack, deposited on silicon substrate. W layer shows a typical
morphology of a columnar growth type, whereas the remaining layers reveal a featureless

morphology that completely agrees with XRD analysis of single layers. The total SEM
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thickness of as deposited tandem is about 367 nm, which is very close to simulated thickness

taking into the account the measurements error.

(a)

SiAlOp—g 62 pa (77 nm)
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WSIAINp- (17, (53 nm)
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Figure 50: (a) Schematic diagram of the simulated multilayer as obtained by SCOUT. (b) Simulated and
experimental reflectance curves of the absorber design.

Figure 51: Cross-sectional SEM micrograph of the optical stack, deposited on silicon substrate.
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5.2 Design of the multilayer

5.2.1 Thermal Stability

For oxidation resistance and long-term thermal stability, the solar absorber tandem was
subjected to annealing tests in air, at 450 °C, and in vacuum, at 600 °C, for 400 h and 300 h,
respectively. Then, solar absorptance (oso1) and thermal emittance (g) were calculated, after
each annealing step, from the reflectance curves by methods described in section 3.4. Fig. 52a
represents the reflectance curves of as deposited sample, after 150 h and after 400 h of air
annealing. The solar absorptance and the thermal emittance at 400 ‘C after each step are

indicated in the legend of the figure.

No notable changes were seen in the reflectance curve, solar absorptance and thermal
emittance values. This means that the absorber stack showed a very good thermal stability
when subjected to air annealing. On the other hand, the measurements of the optical constants
after vacuum annealing was performed for 150 h, 200 h and 300 h, as shown in Fig. 52b, the
results confirm that the stack shows a very good thermal stability after vacuum annealing.
These results are very similar to those obtained with coating based on AlSiOx:W cermets with
high (HA) and low (LA) metal volume fraction (W/AlISiOx:W(HA)/AIS10x:W(LA)/AlSiOx)

[5] as will see in the next chapter.
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Figure 52: Reflectance of as deposited optical stack and after (a) air thermal annealing at 400 °C (b) vacuum
thermal annealing at 600 °C, with measured value of solar absorptance (o) and thermal emittance (¢) (calculated
for 400 °C).
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The annealing in vacuum was performed at 600 °C, whereas the air annealing was at 400
°C. The absorption nitride layers had a higher fraction of W atoms at metallic oxidation state,
whereas the oxynitride layer has a big fraction of the W atoms with W-N bonds. In these
samples the W content in absorption layers is around 30 at. %. This showing that oxide and
oxynitride layers protect the W in nitride and antireflection layers against oxidation, which

justifies the high thermal stability.

In order to analyse if the tandem structure had been not changed or affected by oxidation
after thermal treatment, the three samples (as deposited, after air and vacuum annealing) were
analysed by XRD. Fig. 53 represents the diffractograms of the three samples. As it is shown in
the figure, results are completely agreeing with the one obtained from thick single layers that
have a poor crystallinity, except the W layer, that is polycrystalline. However, there are no
significant changes after the annealing, except small differences in the stainless-steel peaks and
in the intensity of W peaks. This confirms that the stack showed a good resistance against
oxidation and it has a good thermal stability after annealing in air and vacuum at 450 °C and

600 °C, respectively.

600 °C (Vacuum) - 300 h

o o

450 °C (air) - 400 h
SS S
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Figure 53: X-ray diffraction of as deposited thermal absorber and after thermal annealing, as indicated in the
legend.
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5.2 Design of the multilayer

In summary, a tandem coating for selective absorption of solar radiation for high
temperature applications was fabricated by DC magnetron sputtering method. It is a multilayer
based on four layers of structure (W/WSiAINy/WSiAIOyN/SiAlOx), as back reflector/high
absorber/low absorber/ antireflection layer, respectively. Thicker single layers of WSiAINx and
WSiAIOyNx with the same coating parameters as those in the optical stack were used to study
the structural, optical and chemical properties. These layers become more transparent and lose
their metallic behavior with increasing nitrogen and oxygen partial pressures as reactive gases.
As a result, the optical constants (refractive index and extinction coefficient, n and k)
decreased. WSiAINy has higher amount of Al, Si, N and W than WSiAIOyNy as reported by
EDS and XPS analysis. Moreover, XPS analysis prove the existence of tungsten in metal state,
that may improve the solar absorptance of the tandem because of its contribution to the
absorption in the visible solar radiation wavelength. Based on data from these single layers, the
tandem was initially simulated by the SCOUT software. The total thickness of the stack is ~
367 nm as measured by SEM. Experimental design shows simultaneously high average solar
absorptance, asol =96.0%, and low emissivity, €= 10.5 % (calculated for 400 °C), together with
high thermal stability at 450 °C, in air and at 600 °C, in vacuum, for 400 h and 300 h,
respectively. After several steps of thermal annealing in vacuum and air annealing, the
reflectance curve of the stack showed an excellent stability of the selectivity (a/€) values, and
there are no significant changes on the tandem reflectance curves. In most cases, the thermal
emissivity improved a bit, which implies that the W back reflector layer maintained its
reflectivity, meaning that it is well protected by the outermost layers. Finally, the WSiAINy,
WSiAlOyNx layers show a featureless morphology, which is in accordance with the XRD

amorphous like structure.
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Chapter 6 Solar selective absorbing coatings based

on AlSiOx:W cermets

In this chapter a design based on AlSiOx:W cermets of a multilayer solar selective absorber
coating is presented. The strategy to design and to deposit this multilayer is different of those
presented in previous chapters, and the design is an example of the second group of thermal
selective solar absorbers described in the introduction. The optical tandem is composed of four
layers structure, W/AISiOx:W(HA)/AISiOx:W(LA)/AlISiOx, and was deposited on stainless-
steel substrates, in the rotation mode, using the magnetron sputtering deposition method. The
numerical calculations were performed to simulate the transmittance and the reflectance of
different single layers with different metal volume fraction cermets and the film thickness, in
the same way as previous designs, and used to calculate the respective dielectric functions.
These were used to design the multilayer. The results indicate that this film structure has a good
spectral selective property that is suitable for solar thermal applications, with the coatings

exhibiting a solar absorptance of 94%-95.5% and emissivity of 10%-14% (at 400 °C).

6.1 Characterization of the single layers

6.1.1 Optical properties of the Single layers

The tungsten (W) layer is similar to the one studied previously. For the absorbing layers,
different cermet AlSiOx:W layers were deposited on glass substrates by varying the applied
current to the W target. Optical spectroscopy in both transmittance and reflectance modes was
used to characterize the optical properties of the films. The increase in W content in the films
led to the expected gradual decrease of the transmittance and consequently to an increase in
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6.1 Characterization of the single layers

the reflectance, which is consistent with the increasing metallic character. Fig. 54 depicts the
optical transmittance and reflectance data for representative AlSiOx:W layers prepared with
increasing W target current, as indicated in the legend of Fig. 54. By varying the W target
current between 0 and 0.7 A it was possible to obtain a wide range of reflectance and
transmittance values (and consequently spectral optical constants), from which it is possible to

select the layers with adequate spectral optical constants and construct the desired optical stack.
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Figure 54: Reflectance (a) and Transmittance (b) of different cermet AlSiOx: W layers deposited on glass,
prepared with a substrate holder rotation speed of 15 rpm and with varying W target current.

The refractive index (n) and the extinction coefficient (k) are plotted in Fig. 55 as a function
of the wavelength, for the same samples shown in Fig. 54 (substrate holder rotation speed of

15 rpm).
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Figure 55: Refractive index (n) and extinction coefficient (k) as a function of wavelength for AISiOx: W
layers prepared with a substrate holder rotation speed of 15 rpm and different W target currents.
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As expected, the refractive index and extinction coefficient increase with W content due to
the increase of the metallic character. The thicknesses of these films were obtained from
SCOUT simulation and they are ranged from 70 to 91 nm. The deposition rate of AlSiOx in
rotation mode is 11.4 nm/min and addition of W lead to increase it, reaching 32 nm/min for a
W target current of 0.75 A. The deposition rate as a function of current applied to W target is
shown in Fig. 56. The thicknesses were calculated from transmittance and reflectance

modelling.
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Figure 56: AlSiOx:W deposition rate as a function of the current applied to W target.

The deposition rate increases linearly with the W target current. Similar analysis was
performed for samples prepared with rotation speed of 7 rpm, being obtained similar deposition
rates, fixing the other deposition parameters. However, the layers prepared with 7 rpm were
always less transparent than those prepared with 15 rpm and they have a higher extinction
coefficient than the prepared with 15 rpm, which also means that they will have a higher
absorptance. As an example, in Fig. 57 are represented the spectral optical constants of two
samples deposited with same parameters, varying only the rotation speed, where is shown a
significative difference on extinction coefficient. This happens systematically with samples
prepared with a constant W target current where the one prepared with a lower rotation speed

has always a higher extinction coefficient. With lower rotation speed it is deposited a higher
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6.1 Characterization of the single layers

W thickness in each cycle and results in a sample with a higher extinction coefficient; which
is also related with less W atoms in the W®" and W>" oxidation states and more in the W*"
oxidation state as will show in the next section. Films with tungsten atoms in the W¢" oxidation
state are transparent and have a low contribution for the solar radiation absorption. However,
tungsten atoms in the W>* and W*" oxidation states already contribute substantially for the
solar radiation absorption. As already reported, WOy substoichiometric films become coloured
for y < 2.75 [189,203], which was justified by the presence of W>* and W*" oxidation states.
Thus, the films prepared with lower rotation speed have higher extinction coefficient not only
due to the increasing number of tungsten atoms at W oxidation state, but also to the higher

amount of tungsten atoms in the W>" and W*" oxidation states.
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Figure 57: The spectral optical constants of two samples deposited with same parameters, varying only the
rotation speed.

6.1.2 The oxidation of W atoms

In order to assess the chemical composition, chemical state and bonding information of the
films, two single layers were prepared and analyzed by XPS. These two layers, D1 and D2,
were deposited with applied currents of 0.75 A and 0.5 A on W and Al (Si) targets, respectively,
with the same argon and oxygen flow rates, but with different rotation speed, 15 rpm for D1

and 7 rpm for D2.

100



The core level spectra corresponding to W 4f are shown in Fig. 58. The tungsten is present
in both metallic and oxidized states, for both samples; the deconvolution of the peaks
demonstrates the different oxidation states of tungsten, which are presented in Table 12. The
peaks appearing at 30.5 eV and 30.6 eV binding energies can be associated with metallic
tungsten in D1 and D2 samples, respectively [189,204]. The peaks at 36 eV, 34.8 eV and 33.1
eV can be related to the oxidation states of W, W>" and W**, respectively, [189,196,197,205]
and the peaks at 31.6-31.7 eV can be attributed to the intermediate W*', W2" and W*" oxidation
states commonly known as the W** oxidation state [189,205]. The latter oxidation state (W*")
can be explained by tungsten ions bonded to oxygen and tungsten ions. The peak associated
with W% oxidation state can have a small contribution coming from the W 5p3/2 peak associated
with W? oxidation state because the binding energy of W 5p3/2 peak is 5.5 eV above that of the

W 417, peak. However, if any, should be similar for both samples.
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Figure 58: XPS spectra of W 4f electrons for analyzed samples. D1 was prepared with 15 rpm and D2 with
7 rpm.
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6.1 Characterization of the single layers

These results show that, in both samples, about one third of W atoms are in the W9 oxidation
state, another third in the W** oxidation state and the last third in the W**, W>* and W®*
oxidation states. Sample D1 has 29.3% of the W atoms at higher oxidation states (W®* and
W3*), while the sample prepared with lower rotation speed (D2) has only 14.0 % of the W

atoms at those oxidation states.

Table 12: Identification of core level binding energies of W 4f core level of analyzed samples.

Sample D1 D2
Core level | BE (eV) | Peak area | BE (eV) | Peak area | Oxidation state
30.6 33.9% 30.5 35.2% wo
31.7 28.2% 31.6 31.2% Wt
W 4f 7 33.1 8.6% 332 19.6% W
34.9 20.3% 34.6 9.1% w3
35.9 9.0% 36.3 4.9% we*

6.1.3 Structural properties of the single layers

AlSi10x:W thick layers were deposited and subsequently analysed by X-ray diffraction. In
Fig. 59 are represented the XRD patterns for layers prepared with a rotation speed of 15 rpm
(Fig. 59a) and of 7 rpm (Fig. 59b) with different W target currents, as indicated in the legend.
The vertical scale is the same in both graphs. In all cases a broad peak is present, around 26=40°,

which could be assigned to (110) planes of bcc W lattice.

The intensity of the broad peak increases with tungsten current, which is obviously
correlated with the tungsten volume fraction. However, the ~7° FWHM indicates that W, SiO»
and Al>O; phases are amorphous. Using the Scherrer equation and the mentioned width of W
peak, a grain size of 1.2 nm was obtained. Similar behaviour was found for W-AlO3 cermet
layers deposited by rf sputtering [42]. The other peaks, referred by S, correspond to the

stainless-steel substrate.
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Figure 59: XRD diffractograms performed with an incidence angle of 3° for AlSiOx: W single layers
prepared with different W target currents (indicated in the legend) and rotation speeds: (a) 15 rpm (b) 7 rpm.
The peaks referred by S, correspond to the stainless-steel substrate.

6.2 Development of the optical stacks

A set of AISi0x:W single layers for each rotation speed (7 and 15 rpm) with varying the W
target current was used to elaborate the optimization of the optical stack. The respective
spectral optical constants were used to design the structure of the multilayers, varying the
materials and its thicknesses and simulating its reflectance. The multilayers were built with 4

layers, as schematically represented in Fig 60.

AlSiO,
AlISiO,:W (LA)
AlISiO,:W (HA)

W (~150 nm)

polished stainless steel

Figure 60: Sketch of multilayer coatings based on AlSiOx:W cermets.
103



6.2 Development of the optical stacks

In Table 13 are presented the parameters associated with the single layers used in each

multilayer coating stack, being identified by the W target current, the thicknesses and

deposition time for the three outermost layers. The first three coatings (A, B and C) were

prepared with a rotation speed mode of 15 rpm, while in the fourth (sample D) the rotation

speed was set to 7 rpm. The spectral reflectance of these coatings is shown in Fig. 61. The solar

absorptance and thermal emittance (at 400 °C) are shown in the legend of the figure. The solar

absorptance and emissivity (at 400 °C) are both higher for sample A, being related with the

higher thicknesses of HA and LA layers. In sample D, the step on the wavelength scale is

shifted to lower wavelengths, which impacts in a reduction in both, solar absorptance and

emissivity at 400 °C.

Table 13:Parameters of single layers used in the multilayers, currents on W target, thicknesses and

deposition times.

Sample | Current on W target [mA] Thicknesses [nm] Deposition time [s]
A 750/200/0 69/30/76 130/ 105 /400
B 750/300/0 58/33/69 110/90/363
C 750/300/0 53/33/62 100/90/326
D 350/200/0 57/30/90 149 /83 / 474

The different coatings, deposited on polished stainless-steel substrates, were analysed by

SEM. In Fig.62 are shown the micrographs obtained for samples B (Fig. 62a) and D (Fig. 62b),

with the indication of the constituent layers of the optical stack and the respective thicknesses.
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Figure 61: Reflectance of different AlSiOx:W absorber coatings described in table 13. The absorptance and
emissivity (at 400 °C) are also indicated in the legend.

a) b)

Figure 62: A cross section SEM images of (a) B; and (b) D samples deposited on stainless steel substrates.
The bottom layer corresponds to W layer, and the top layer to the antireflection layer. The intermediate layer
corresponds to the double layer structure (HA and LA layers).

In all cases, the first layer (W) shows a morphology consistent with a columnar growth.
The remaining layers reveal a featureless morphology, which agrees with the amorphous
structure obtained from the XRD analyses, as shown in Fig. 62 for AlSiOx:W layers. The top
layer is the AlSiOx antireflection layer. The contrast difference between the two cermet layers
in the SEM micrographs is very small, with a slight distinction between them in Fig. 62a, but
indistinguishable in Fig. 62b. This behaviour is related with metal volume fraction in the

different layers. In sample B, the two cermet layers were deposited applying W target currents
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6.2 Development of the optical stacks

of 0.75 and 0.3 A, respectively, while in sample D the two cermet layers were deposited with
W target currents of 0.35 and 0.2 A, although with different rotation speeds, 15 rpm and 7 rpm,
respectively. The thicknesses are similar to those mentioned in table 13, within a deviation of

10%.

These samples were analysed by XRD and a similar pattern was obtained for all as
deposited samples. The pattern measured for sample D is shown in the Fig. 63. The peaks
addressed to tungsten are related with W layer, which is polycrystalline. As expected, from the
measurements of single layers, the other layers are XRD amorphous. The small peaks marked
with S (20 = 43.6° 44.5°and 50.7°) indicates the peaks associated with stainless steel substrate.
Those peaks correspond to fcc-austenite (111), bee-martensite (110) and austenite (200),
respectively. The very small peak appearing at 20=36° is related with (200) of B phase of W.
The small peak at 26~38.3° did not appear in XRD diffractograms of W layer and antireflection
layer [26], which means it must be related with the cermet layers, but cannot be clearly

addressed to a tungsten oxide phase or to aluminium oxide phase.

(110)

Intensity (a.u.)

'

| SS S (200)
™T T r- M ~ N

30 35 40 45 50 55 60
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Figure 63: X-Ray diffraction pattern of as-deposited sample D. The measurements were performed with a
fixed grazing incidence angle of 3°. S indicates the peaks associated with stainless steel substrate.
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6.3 Thermal stability of the optical stacks

The optical stacks were subjected to a thermal annealing in air at 450 °C and in vacuum at

580 °C. In Fig. 64 the reflectance of representative coatings in their as-deposited state and after

the thermal treatments in air (Fig. 64a and Fig. 64b) and in vacuum (Fig. 64c) is presented. In

the legends are indicated the solar absorptance and thermal emittance (calculated at 400 °C) for

different situations.
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Figure 64: Reflectance of as deposited coatings and after the annealing of: a) sample C at 450 °C in air, b)
sample D at 450 °C in air, and c) sample A at 580 °C in vacuum, for the periods indicated in the legend. The solar
absorptance and the thermal emittance (calculated at 400 °C) after each annealing step are also indicated in the

legend.
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6.3 Thermal stability of the optical stacks

The reflectance profile of samples A, B and C revealed minor changes after the annealing
in air at 450 °C, similar to those shown in Fig. 64a. The changes in sample D were slightly
higher, as shown in Fig. 64b. The change in the reflectance profile happened in the first
annealing step, of 200 h, and in the following annealing steps only minor changes were seen.
In terms of annealing in vacuum at 580 °C, the samples A, B and C had a similar behaviour, as
the one represented in the Fig. 64c, showing very small changes in the reflectance profile after
the first annealing step, which induced a small decrease in solar absorptance and in emissivity,

but without significant changes after the additional steps.

As also shown in the figure legend, the solar absorptance and thermal emittance (calculated
at 400 °C) values as a function of the annealing time, for annealing in air at 450 °C and in
vacuum at 580 °C. The solar absorptance value is maintained after 33 days in air, at 450 °C.
The thermal emittance was measured in as deposited samples and after all annealing steps.
Several samples revealed a small decrease, and only the sample D showed an increase of
thermal emittance. This shows that these coatings have very good thermal stability and
oxidation resistance. The similar samples were also annealed in air at 400 °C, with identical

results.

XRD diffractograms of annealed samples and as deposited samples are shown in Fig. 65.
The XRD patterns of annealed samples A (Fig. 65a) and B (Fig. 65b) show small changes when
compared with those measured in as deposited state. The main changes can be seen in peaks
located at 20 = 43.6°, 44.5° and 50.7°, which are the peaks associated with 304 stainless steel
substrates. A small increase in the intensity of (110) W peak, which can also be due to some
grain growth in polycrystalline W layer, contributing for the emissivity decrease as already

described in chapter 4 for the case of W/CrAlSiNx /CrAlSiOyNx /SiAlOx multilayer.
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Figure 65: X-Ray patterns of samples A (a) and B (b) measured in as deposited state and after thermal
treatments, as indicated in the figure. The legend indicates the diffractograms from bottom to top.

In order to assess any diffusion of metallic atoms towards the surface, three multilayer
coatings from same run (sample D) were analyzed by XPS. One was in as deposited state, the
second was annealed in air at 400 °C and the third was annealed in vacuum at 580 °C, both
during 50 h. The antireflection layer, AISiOy, has a thickness of about 90 nm, which means the
analysis was done within this surface layer. Core level spectra corresponding to Al 2p, Si 2p,

O 1s and W 4f are shown in Fig. 66 and peak data extracted from fit are presented in Table 14.
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6.3 Thermal stability of the optical stacks
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Figure 66: XPS spectra of: (a) Al 2p (b) Si 2p (c) W 4f and (d) O 1s electrons for analyzed D samples.
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Fig. 66a shows Al 2p XPS core level spectra, and the results show that Al is present in
oxidized (~74.8 eV, ~75.7 eV and ~76.5 eV) states, which binding energies correspond to
AlO3 and AI(OH)3 compounds [206]. Fig. 66b shows Si 2p core level spectra. The as deposited
sample revealed a small peak located at ~100 eV, which can be ascribed to the Si" oxidation
state [207], showing that about 4% of the Si atoms are not oxidized. This peak disappeared
after the thermal annealing, what can justify a small change in the optical properties of the
coating. The remaining peaks, located at 102-104 eV, can be addressed to Si** and Si**
oxidation states or to oxidized Si [207]. Oxidation was also reported in similar coatings based
on SiO2:W cermet layers[176], where was measured a small increase of oxygen amount
together with a decrease of the H content in the surface layer. This past oxidation was also
found in SiAlOx layers and described in chapter 4 for the case of W/CrAlSiNy /CrAlSiOyNx
/S1AlOx multilayer.

The core level spectra corresponding to W 4f electrons are shown in Fig. 66¢c. The as
deposited sample and the one annealed at 580 °C in vacuum did not show any peak, in
opposition to what happened with sample annealed in air at 400 °C. The peaks show the
presence of WOj3 in the surface of the antireflection layer. This represents only 0.4 at. % of this
layer. More experiments would be needed to clarify this point, because this behaviour cannot
be explained only by W out diffusion. The diffusion is a temperature dependent process, and
at 580 °C this out diffusion process would be more favourable, when compared to 400 °C.
However, the justification for this behaviour can be related not only with the annealing
temperature but also with the annealing atmosphere. Under vacuum it mainly occurs outward
diffusion processes, and AlSiOx is known as good barrier diffusion layer. Under air we have
additionally oxidation processes due to oxygen inward diffusion, which can induce volume
increase and interface degradation, what can facilitate the migration of oxidized species. This
can also be related with incomplete surface coverage by the oxide layer due the presence of
some scratches originated by the mechanical surface polishing prior the deposition. The O 1s
peaks, ~531.2 and ~532.5 eV, (shown in Fig. 66d) can be addressed to C=0 groups and C-OH
and/or C-O-C groups, respectively [207]. The peak located at ~533.6 eV can be ascribed to
Si0o.
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6.3 Thermal stability of the optical stacks

Table 14: Identification of core level binding energies of Al 2p, Si 2p, W4f and O 1s for as deposited samples
and annealed at 400 °C in air and at 580 °C in vacuum.

As deposited 400 °C Air 580 °C Vacuum
BE (eV) | Peak area (%) | BE (eV) | Peak area (%) | BE (eV) | Peak area (%) Oxis(tl:tt?n

74.7 23.2 74.8 41.0 74.8 373 AP?

75.7 49.0 75.7 28.1 75.7 45.0 Al
> . . . . . . (ALOs)
N
=

A13+
76.6 27.7 76.5 23.8 76.5 17.7
Al (OH);

100.0 4.0 -- -- -- -- Si*
- 102.2 23.5 102.2 29.3 102.2 29.2 Si**
:
= 103.2 45.8 103.2 41.9 103.2 53.9 Si**

104.2 26.8 104.2 28.8 104.2 16.9 Si**
< -- -- 36.0 60.7 -- -- we*
=
S == -- 37.4 39.3 -- -- wer

531.2 23.7 531.2 27.5 531.2 24.9
© | 5325 54.5 532.4 51.2 532.4 57.6

533.6 21.9 533.7 21.3 533.6 17.5

The Rutherford Backscattering was also used to study the possibility W diffusion to sample
surface with the annealing. Experimental RBS spectrum of the sample annealed at 400 °C in
air is displayed in Fig. 67. No significant differences were seen with the other two samples, the

as deposited and the one annealed in vacuum. Since the outermost layer of the multilayer is the
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SiAlOx layer, the backscattered signal from the W in the first AISiOx: W layer is shifted to
lower energies, as shown in Fig. 67. In this layer was not found any W content (within the error
of the measurement). The minimum amount that can be detected in this geometry is 0.2 at. %,
when the signal can be distinguished from the pileup background. The W content of the
AlSiOx: W(LA) layer is 14.2 at. %, while for the AlSiOx: W(HA) layer is 19.9 at.%.

W layer

= exp
sim

VAISiOx:W(HA)

Yield (a.u.)

- YAISiOx:W(LA)
R

]

oxide

200 400 600 800
Channel

Figure 67: RBS spectrum of D sample after annealing at 400 °C in air.

In conclusion, the design and the fabrication of a four-layer coating based on the AISiOx:W
cermet layers for selective absorption of solar thermal radiation was performed. The X-ray
diffractograms of AlSiOx:W layers indicated that both components, W and AlSiOx, are
amorphous. The dielectric function and the thickness of the different layers deposited on glass
were calculated through the modelling of the experimental transmittance and reflectance curves
by a commercial optical simulation program (SCOUT). The optical constants of the single
layers were then used to construct the four-layer stack. The as deposited optical stack,
W/AIS10x:W(HA)/AlISiOx:W(LA)/AlS1Ox, revealed a solar absorptance of 94%-95.5% and
emissivity of 8%-9% (at 100 °C) and 10%-14% (at 400 °C). XPS results showed that the high
metal volume fraction cermet layer, AISiOx: W(HA), of samples A, B and C have about one
third of W atoms in the W° oxidation state, another third in the W*" oxidation state and the last
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6.3 Thermal stability of the optical stacks

third in the W*, W>" and W®" oxidation states. The samples were subjected to a thermal
annealing at 450 °C in air, and at 580 °C, in vacuum, and the tandem structure showed very
good thermal stability. A small change in the reflectance profile was found after the first

annealing step, but no significant changes were found after the additional steps.

Samples annealed under air at 400 °C revealed the presence of W in the surface of the
antireflection surface layer. The as deposited sample and the one annealed at 580 °C in vacuum
did not reveal W at the absorber layer. In a long term and under air annealing, this behaviour
would have impact on the optical properties of the absorber. To avoid this, the absorbers are

under vacuum which improves its durability
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Chapter 7

7.1 Discussion

This section discusses the main results of the thesis. Firstly, the optical properties, chemical
composition, chemical structure, morphology and mechanical properties of sputtered CrAISiNy
and CrAlSiOyNx, varying Pn and Pon respectively, have been studied in Ch. 4. The spectral
optical constants n and k of those layers decrease with increasing Pnand Pon, and the refractive
index increases in the wavelength range of 300-1000 nm for all coatings. Films’ elemental
composition ratio (Cr +Al+ Si)/ (N +O) decreases with increasing nitrogen and oxygen partial
pressure. However, the elemental Cr: Al: Si composition ratio remains constant as 1.25: 1.5 :1.
XPS reveals an Al surface enrichment and a significant Cr surface depletion, because in the
sample analysed by XPS the (Al + Si)/Cr composition ratio is in average 2 times higher than
that obtained by RBS and EDS, together with an increment of Al/Si composition ratio. Coatings
with higher nitrogen and oxygen content ((Cr+Al+Si)/(N+O) ~1) are polycrystalline with cubic
(fce-By1) structure, but those used in the solar absorber coatings are sub-stoichiometric. On
contrary, all other films are amorphous and show poor hardness. Layers with adequate optical
properties for the construction of the optical stack belong to the region of reactive gases partial

pressure where the films are amorphous.

The both antireflection SiAlOx and AISiOx oxide layers are transparent with refractive
index n= 1.52 and extinction coefficient k ~0. They are amorphous and show an excellent
thermal stability, especially after further annealing steps, protecting other layers against

oxidation.

In most cases, the W layer showed a combination of both a- and - phase of growth, but
the a- phase is dominant and it is polycrystalline with (110) orientation. Despite that, the results
show a very good resistance against oxidation and thermal stability, which means it is well

protected by the other outer layer. Tungsten is one of the best materials for this purpose because
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7 Discussion and conclusions

it has a high reflectance in the NIR range of wavelength, which improve the selectivity of stacks

by decreasing the thermal emission.

The multilayer that consists in a structure of W/CrAlSiNyx/CrAlSiOyNx/SiAlOx shows
simultaneously high average solar absorbance, 0s0=95.2%, and low emissivity &= 9.8%
(calculated at 400 °C) together with high thermal stability at 400 °C, in air, and at 600 °C, in
vacuum, for 650 h. After the first step of thermal annealing in vacuum at 600 °C, the reflectance
curve of the stack shifted towards lower wavelength, which caused a small decrement in the
value of solar absorbance. The increase in reflectance in IR wavelength range (A> 3000 nm) is
due to the phase changes of the back-reflector tungsten layer, which also contributes to a
decrease in the emissivity after the vacuum annealing. Incomplete oxidized Si atoms in the
antireflection layer can eventually introduce small changes in reflectance curves of the stack
for wavelengths lower than 1500 nm. However, after further steps of annealing, no significant
changes were seen. In most cases, thermal emissivity improved a bit or stayed constant. The
RBS and TOF-ERDA analyses have shown a small amount of W diffused during annealing
towards stainless steel substrate, and at the same time Cr diffused from the nitride and
oxynitride layers towards the surface. The reason for Cr diffusion can be related with the sub-
stoichiometry of those layers in terms of (N+O)/(Cr+Al+Si) atomic ratio. Thus, those layers
have part of the Cr atoms in metallic oxidation state, which favours the diffusion. To avoid the
Cr diffusion, it is necessary to increase the stoichiometry of CrAlSiNx and CrAlSiNxOy layers
while maintaining their optical properties The Cr in the surface of the multilayer can also be
due to some surface defects. To minimize the W diffusion, a diffusion barrier layer between
the stainless-steel substrate and the tungsten layer is necessary and contributed for better

performance

For the multilayer stack based on tungsten nitride and oxynitride presented in Ch. 5, the
single layers of WSIAINx and WSiAIOyNx were used to study the structural, optical and
chemical properties. The XPS analysis proved the existence of tungsten in metallic oxidation
state, that may improve the solar absorptance of the tandem because of its contribution to the
absorption in the visible solar radiation wavelength, although can compromise the long-term
thermal stability. The main difference between the used CrAlSiNxOy and WSiAIOyNx
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oxynitride layers in both designs, in term of chemical composition, is the CrAISiNxOy layers
are sub-stoichiometric, whereas WSiAlOyNy are almost stoichiometric. This may justify why
the optical spectral stack based on WSiAIN/WSiAlOyNx shows better thermal stability after

several steps of thermal annealing in vacuum and air.

The based AlSiOx:W cermets multilayer solar selective absorber coatings are composed of
four layers structure, W/AISiOx:W(HA)/AISiOx:W(LA)/AlSiOy, deposited on stainless-steel.
The film structure has a good spectral selective property that is suitable for solar thermal
applications, with the coatings exhibiting a solar absorptance of 94%-95.5% and emissivity of
10%-14% (at 400 °C). XPS analysis for the sample annealed in air proved the presence of WO3
in the surface of the antireflection layer. This represents only 0.4 at. % of this layer, which can
be negligible and can be due to some surface defects, because W was not seen in the surface of

multilayers annealed in vacuum at higher temperature.

The structure of the high absorption layers, WSiAINy, and AlSiOx:W cermet (750 mA) is
very similar. Although the first was prepared with nitrogen and the second with oxygen, the
oxidation states of W atoms have a similar distribution, with about one third of the W atoms in
the metallic oxidation state, as shown in Fig. 47a and Fig 59 (XPS analysis). The XRD patterns

of both layers are also very similar, as shown in Fig. 68.
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Figure 68: XRD diffractograms of: (a) XRD patterns of WSiAINXp= .17 pa and WSiAIOyNxXp-= 030 pa Single
layers (b) AlSiOx:W single layers prepared with different W target currents and rotation speeds 15 rpm.
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7 Discussion and conclusions

In case of low absorption layers, WSiAlOyNy and AlSiOx:W cermet (300 mA) they already
present some differences. The oxynitride layer does not have W atoms in the metallic oxidation
state but has a big fraction of the W atoms with W-N bonds. In these samples the W content in
nitride and oxynitride layers is around 30 at.%, whereas in the case of cermet absorption layers
the W content is below 20 at.%. The difference is related with the fabrication process because
nitride and oxynitride layers could have less W, but in that case, it would be necessary to
increase the Si and Al pellets in the W target. In general, the emittance of the tandem was
improved after first step of air and vacuum annealing. This means the IR absorption decreased
and/or IR reflectance on W layer increased, showing that oxide and oxynitride layers protect
the W layer against oxidation. In the case of AlSiO:W cermets, two targets (W and AlSi) were
used to deposit all stack, while in case of the nitride/oxynitride based structure 3 targets (W,
WSIiAl and SiAl) were used. In the second case it was used a target with high Si content (in
first case was Al prevailing) and allowed to obtain an antireflection layer with lower refractive
index. This can be one of the reasons the solar absorptance of nitride/oxynitride structure is

slightly higher than cermets structure.

7.2 Conclusions

Three types of selective solar thermal absorber for high temperature application were
designed, fabricated, characterized, and the respective performance was evaluated. The first
two coatings, deposited by magnetron sputtering, are based on transition metal nitride/
oxynitride, consisting in four layers deposited on stainless-steel substrate, as back reflector/
high absorption/ low absorption/ antireflection layers, and they are based on the transition
metals chromium and tungsten as W/CrAlISiNx/CrAlSiNxOy/SiAlOx and W/WSiAINx/
WSiAINxOy/SiAlOx, respectively. The third is a design based on AlSiOx:W cermets, which is
also composed of the four layers structure, W/AISiOx:W(HA)/AlISiOx:W(LA)/AlSiOx

deposited on stainless-steel substrates.

A comparison between the three solar absorbers presented in the thesis is presented in

Table 15. All solutions show simultaneously high solar absorptance, o1, and low emissivity,
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g, together with high thermal stability in air and in vacuum, allowing to reach the objectives of
this research. The solution based on WSiAINx/WSiAlOyNx tandem showed the best thermal
stability, oxidation resistance and it has higher solar absorbance (as0) while the CrAISiNx/
CrAlSiNxOy shows the lowest thermal emittance at the temperature (400 °C). These kinds of
selective solar thermal absorber coatings are recommended for high temperature (600 °C in

Vacuum).

Table 15: Comparison between the three solar thermal absorbers

Solar

Enmissivit
Solar absorber absorptance Fssive ):) Ther.n.lal

(i) % (€400°C) % stability
W/CrAISiN,/CrAISiO,N,/SiAlO, 95.2 9.8 Wi Gl
W/WSIAIN,/WSiAIO,N/SiAlO, 96.0 10.5 Excellent
W/AISIOx: W(HA)/AISiOx: W(LA)/AISIOx|  94-95.5 10.0-14.0 Very good

7.3 Further work.

One of the most interesting future works related to the selective solar thermal absorbers
presented in this thesis is to study the upper limits of temperature in vacuum and air. Further
studied should be performed for the structure, thermal stabilities, diffusion barrier layers

between the stainless-steel substrates and tungsten for the second and third designs.

The research also opens a door for developing and designing other types of selective solar
thermal absorbers based on high temperature structures based on metal cermets. Beginning
with our published research about the AISiOx:W cermets tandem, the effect of adding titanium
Ti or Pt to and W as transition metals in the cermet matrix AISiOx as AlSiOx:WTi, AISiOx:Pt
or AlSiOx:WPt can be studied. The use of a Pt back reflector should be considered, if necessary

to increase the operating temperature.
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