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Abstract: In this paper, we present a method for retrieving the optical properties of a nano-
designed TiN/AIN composite dielectric, using spectroscopic ellipsometry for experimental
measurements and wave optics simulations for numerical analysis. Composite cermets
have gained attention for solar-thermal energy conversion, but their fundamental optical
properties are not well understood. While characterizing uniformly deposited layers is gen-
erally straightforward, the process becomes more complex for nanoparticulate composites.
The refractive index is essential for investigating and tuning the optical characteristics of
the composite. Our method employs COMSOL Multiphysics software, validated by experi-
mental spectroscopic ellipsometry studies. The strong agreement between experimental
and numerical results supports this approach as a rational way to design material models
for optical property studies across a broad spectrum.

Keywords: composite dielectric absorber; cermet; spectroscopic ellipsometry analysis;
numerical homogenization; wave optics modelling

1. Introduction

The refractive index (n) of a material controls the reflection, transmission, and ab-
sorption of electromagnetic (EM) radiation in the range of the optical spectrum. Tuning
the optical properties of materials has attracted noticeable attention for applications in
opto-electronics, nano-optics, plasmonics, and many other technological fields, particularly
in the area of nanostructured films. Optical properties, in terms of refractive index, describe
the interaction between light and media and hence are of prime importance to materials
sciences. The refractive index of a material is a property that is necessary in a wide range of
applications and studies but is challenging to measure (Knoner et al. [1]), especially when
the design and the structure of the material are complex. The refractive index depends
on the wavelength and is defined as the ratio of light speed in vacuum to that inside the
material. It associates light scattering to the size, shape, and chemical composition of a
material /nanostructure (Brown [2], Bohren and Huffman [3]) and defines the magnitude
of the optical force that an EM field applies on nanoparticles (Righini et al. [4], Bendix
and Oddershede [5]). As the effective refractive index of a composite depends on the
chemical composition of the material phases as well as the size and concentration of the
nanoparticles, its determination can also be employed to differentiate between different
material phases in a sample.
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The absorption coefficient (a) determines how far in a material the light of a particular
wavelength penetrates before it gets absorbed. It depends on the material and also on the
wavelength. The (a) value of the material is directly dependent on the extinction coefficient
of the material (). Properties like reflectance (R), absorptance (A), and transmittance (T)
are optical characteristics of the coating film that determine the performance of a device;
hence, precise and exact measurements of the effective optical properties become of utmost
importance for the improvement of optical technology and its applications. The composite
absorber coating under investigation comprises a uniform distribution of 20nm diameter
titanium nitride (TiN) nanoparticles embedded in an aluminium nitride (AIN) matrix,
forming a composite dielectric. This nanostructure design aims to achieve high absorbance
in the visible region of the spectrum while minimizing reflectance in the infrared region,
as detailed in Khanna et al. [6]. Accurate characterization of this composite is crucial for
validating the proposed TiN/AIN nanostructure design.

In this work, we used Scanning Electron Microscope (SEM) and X-ray Photoelectron
Spectroscopy (XPS) characterization data to inform about the nanostructure and molecu-
lar composition of the composite. This allowed us to accurately build a material model
and investigate the effective refractive index n(A) and extinction coefficient x(A) of the
nano-designed TiN/AIN composite dielectric, both numerically and experimentally. For
the numerical study, we calculated the effective parameters from finite element simulations
using COMSOL Multiphysics V6.0software. For the experimental study, we retrieved
the effective parameters from spectroscopic ellipsometry (SE) measurements. Determin-
ing the effective refractive index of rough nanoparticulate composite thin coatings using
SE presents several challenges. The calculated effective refractive index often does not
physically correspond to the homogenized material properties. Consequently, additional
characterization techniques, such as SEM and XPS, are required to quantify surface rough-
ness and layer composition and to incorporate these factors into SE analysis. Furthermore,
resolving ambiguities in the refractive index necessitates iterative constrained fitting with
complex optical models.

Following this introduction, the remainder of this paper is structured as follows:
Section 2 presents the SEM and XPS characterization, along with a detailed analysis of
the nanostructure composition of the TiN/AIN composite samples. Section 3 provides
an overview of the numerical modelling approaches, outlining the equations governing
the interaction between electromagnetic waves and the composite dielectric material, as
well as the methods used to determine the effective refractive index from both numerical
simulations and SE measurements. Section 4 details the nanoscale model simulations
conducted using COMSOL Wave Optics software to obtain scattering parameters and
retrieve the effective refractive index. It also describes the optical models used to derive the
effective refractive index from SE measurements. A detailed comparison of the effective
optical properties obtained through numerical and experimental studies is then discussed.
Finally, Section 5 concludes the paper by summarizing the key findings and providing a
qualitative review of the proposed approaches.

2. Structure of the Composite
2.1. SEM Characterization

To synthesize the AIN/TiN thin-film coating, a layer-by-layer process was employed.
This involved a wet-deposition technique to distribute TiN nanoparticles, followed by an
atomic layer deposition (ALD) technique for AIN layers, as sketched in Figure 1. The simul-
taneous formation of both phases at the same time could not be achieved in a controlled
manner (Khanna et al. [6]). Instead, the DC magnetron sputtering method proposed by
Bilokur et al. [7], Du et al. [8] has enabled the deposition of titanium aluminium nitride
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(TAAIN) crystals. In contrast, our work aims to combine the distinct properties of TiN and
AIN within a single composite. The composite was formed by depositing multiple layers of
TiN nanoparticles embedded in an AIN matrix, stacked on top of each other, resulting in a
total thickness of a few hundred nanometres. Each layer was created by first dispersing TiN
nanoparticles onto the previous layer using a liquid suspension, followed by embedding
them in the AIN matrix. A conformal deposition of AIN onto the TiN NP dispersion is
performed. The synthesis process is detailed in Khanna [9]. Figure 1 shows a schematic of
the composite, showing details of deposition in cross-sectional views. The layer’s number,
from 1 to 8, is indicated on the right-hand side of the image, where odd numbers correspond
to TiN deposition cycles, and even numbers correspond to alternating AIN layer deposi-
tions. Two specimens of the TiN NP suspension were considered. The first specimen was
made from dry powder of TiN, while the second specimen was a ready-to-use suspension.
The development of the composite was guided by a material design approach based on
numerical simulations. These simulations indicate that the composite’s optical properties
can be adjusted by manipulating the distribution of TiN particles embedded within the
AIN matrix, enabling the prediction of an optimal configuration. In this paper, composite I
will be regarded as the one prepared with dry powders of TiN, while composite II is the
one prepared with the ready-made TiN suspensions. Figure 2i,iii show the top view of the
very first layer of composites I and II, respectively, and (ii) and (iv) are the cross-sectional
view of the synthesized layers of composites I and II, respectively. During SEM analysis,
the surface coverage was estimated to be approximately 20% for composite I and 23% for
composite II. Additionally, it was observed that the average thickness of the composites
varied. This is possibly due to the presence of a large amount of agglomerations of NPs,
both the dry powder and ready-made dispersion, leading to chunks of a few nanometres
accumulating, one on top of the other.

AIN layer

Voids Si Substrate

All are AIN thin films with d’ thickness

Figure 1. Schematic of the composite showing the cross-sectional view.

In addition, manual control over the TiN NPs’ distribution throughout the composite
leads to an inhomogeneous distribution in some places, making agglomerates of NPs, as
represented in Figure 1. Overall, it was observed that the average thickness was smaller
for composite L. This was verified by measuring the thickness at various positions on
the sample. A key reason for this behaviour could be the addition of dispersant in the
ready-made TiN suspensions. This is clearly seen in Figure 2, where TiN NPs cover more
area in the case of composite II than in composite I (colour threshold for NP area calculation
is shown in red). Thickness differences between the two composites were also confirmed by
SE. This is explained in detail later, in Section 4.2. It is also evident from Figure 2ii,iv that
the two types of composite possess a high degree of roughness due to the agglomeration of
the NPs.
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Figure 2. SEM images showing the top and cross-sectional views of the prepared samples. (i) Top
view of the 1st deposited layer of composite I (shown in red is the area covered by the TiN nano
powder). (ii) Cross-sectional view of composite I (total of 8 deposited layers). (iii) Top view of the 1st
deposited layer of composite II (shown in red is the area covered by the TiN nanoparticles dispersion).
(iv) Cross-sectional view composite II (total of 8 deposited layers).

2.2. XPS Characterization

XPS analysis was performed using a Kratos Axis Ultra DLD instrument with an
Al (1486.6 eV) X-ray source and a 4 keV argon ion gun for etching. This setup en-
ables the determination of the in-depth elemental composition and distribution of the
primary constituents. XPS analysis confirms the presence of TiN, AIN, and Al,O3 in
the core of the composite. The formation of Al,O3 was attributed to oxidation dur-
ing the composite preparation process. This occurred due to air exposure after each
AIN thin-film deposition and the post-deposition oxygen plasma treatment of AIN, in-
tended to enhance the adhesion of TiN nanoparticles. The upper surface, which is
strongly oxidised due to the direct contact with atmospheric oxygen, was a mixture of
AIN and Al,O3. The surface of AIN films is prone to oxidation, and the emergence of
different forms of oxides and hydroxides on its surface has been previously reported
(Liao et al. [10], Méndez et al. [11], Jose et al. [12], Zhang [13]). Al,O3; and AION are opti-
cally transparent materials over the light spectrum, near-ultraviolet, visible, and midwave-
infrared regions; therefore, their presence would not have any negative impact on the
optical properties of the composites. Notably, the Si signal and the oxygen associated with
5i, which become prominent at longer etching times, were excluded from the percentage
calculations to better highlight the trends of the elements of interest.

The XPS analysis results suggested that the composite could be considered as consist-
ing of two distinct layers, with the upper one, referred to as layer 1, being composed of AIN
and Al,O3, while the one below, designated as layer 2, comprised a blend of AIN, Al;O3,
and TiN. Cross-sectional SEM images confirmed that the thickness varied between samples
of composites I and 11, leading us to approximate an effective thickness for each of the two
layers. Table 1 gives the chemical composition at different times of etching starting from the
top surface of the composite until the Si substrate is reached. Information from 0 s to 60 s
(shown in red) about etching timing is completely ignored, due to the presence of carbon
impurities, as shown in the C1s% column. Information from 120 s to 900 s (shown in blue)
is considered as layer 1, where Ti is absent; thus, only AIN and Al,O3 are present. The
presence of AIN and Al,O3 was investigated through high-resolution scans acquired for
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Al2p, N1s, Ols, Ti2p, and orbitals. For layer 2, information from 1200 s to 4200 s (shown in
purple), showing the presence of Ti along with Al, N, Si, and O, is considered as the main
layer of the composite. The signals from 4800 s to 6000 s (shown in yellow) correspond
to the oxidation layer of the silicon wafer, and the remaining data from 6600 s to 9000 s
correspond to the silicon wafer substrate. We estimated the thickness of layer 1 t; and the
thickness of layer 2 ¢, as

{1050 s—120s
1 =

42005—1205] x L= 68nm @

|:4200 s —1050s
) =

42008_1208]><L:232nm )

Here, L = 300 nm represents the average thickness of the composite, while 4200 s
corresponds to the etching time just before the Si signal reaches its peak. The etching
begins penetrating layer 1 at 120 s. The etching time 1050 s is considered the transition
between layers 1 and 2, as it lies halfway between 900 s and 1200 s. These thicknesses
would provide a useful reference for subsequent FEM simulation and SEM calculations.
The volume fractions of corresponding phases in layer 1 and layer 2 were estimated as
outlined in the equations below. For layer 1, the average percentage composition is 44.76%
for Al2p, 28.56% for N1s, and 26.67% for Ols. Assuming that the 28 atoms of N are bonded
to 28 atoms of Al to form 28 molecules of AIN, this leaves 16 out of 44 atoms of Al available
to bond with 26 atoms of O. For Al,O3, 8 atoms of Al combine with 24 atoms of O. While
there are 26 oxygen atoms in total, the remaining 2 are disregarded for simplicity, as the
calculations are only approximations.

__ atomic mass of AIN __ 3
UAIN = density of AIN ™ 13.4 cm (3)
__ atomic mass of AlLO3 __ 3
UALO; = density of ALL,O3 25.7 em (4)

where vy represents the molar volume of AIN, and v,),0, represents the molar volume
of Al,O3. The total volume of AIN is determined as Vay = 28 x 13.4 cm?® = 375.2 cm?,
while the total volume of Al,O3 is calculated as Vij,0, = 8 x 25.7 cm?® = 206.1 cm®. Thus,
the volume fractions in layer 1 are deduced as follows:

VaIN
0 AN — 5 -,  — — 064 (5)
f VAN + Val,0,

and
Va1,0,

—= =035 6
VaiN + Val,0, ©

UfALO; =

With same reasoning for layer 2, the average percentage composition is 35% for Al2p,

17.44% for N1s, 38.54% for Ols, and 8.10% for Ti2p. Assuming that 8 atoms of N bond

to 8 atoms of Ti to form 8 molecules of TiN, this leaves 9 out of 17 atoms of N to bond

with 9 atoms of Al, resulting in 9 molecules of AIN. The 26 atoms of Al left over bond to
13 atoms of O, forming 13 molecules of Al,O3. As the molar volume of TiN is

o = AOCas PN = 114 em? )

we deduce that Vyjy = 9 x 13.4 cm® = 120.6 cm?; that for ALO; is Va0, = 13 x

25.7 cm® = 334.1 cm?3; and that for TiN is Vg = 8 x 11.4 cm® = 91.2 cm3. Thus, the

volume fractions of the phases in layer 2 are
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VAN
v = =0.22 8
fan VaiN + Vapo; + Viin ®)
' Val,0,
faros Vain + Vano, + V1IN )
and
VN
vaiN = =0.16 (10)

VaiN + Va0, + VN

Table 1. XPS analysis for composite I mentioning the elemental composition from 0 s to 9000 s of
etching. The chemical state and the nature of bonding for Al, C, N, O, Si and Ti, were acquired
respectively for Al2p, Cls, N1s, Ols, Si2p and Ti2p orbitals.

Etching time(s) Al(at.%) C (at.%) N (at.%) O (at.%) Si (at.%) Ti (at.%)

0 30.89 24.06 19.32 25.72 0 0

60 43.74 1.87 31.77 22.60 0 0
120 45.63 0 33.04 21.31 0 0
180 45.91 0 33.25 20.82 0 0
240 45.68 0 33.24 21.39 0 0
300 45.68 0 32.74 21.39 0 0
600 44.12 0 25.66 30.21 0 0
900 41.36 0 13.42 45.21 0 0

Layer 2: 61% Al,O3, 22.4% AIN, 16.5% TiN

4800 1.29 0 0.30 0.83 97.56 0
5400 0.77 0 0 0.49 98.73 0 Subtracted: Si and SiO, content
6000 0 0 0 0.19 99.80 0
6600 0 0 0 0 100 0
7200 0 0 0 0 100 0 Rows ignored- Silicon substrate.
9000 0 0 0 0 100 0

3. Numerical Modelling

Typical solar absorbing materials used for solar-thermal conversion are often con-
ceived as a composite dielectric of metal cermets. Metal nitrides have been investigated
for their potential advantages, such as weather resistance, high melting points, and en-
hanced optical and electrical properties (Khanna et al. [6], Rohmer et al. [14], Chang
et al. [15], Nelson and Wagner [16]). In the past decade, the multidisciplinary element
in materials science research has raised the degree of complexity in the systems under
study (Dobrzarnski [17], Siegenfeld and Bar-Yam [18]). The use of powerful numerical
modelling tools has provided exceptionally accurate predictions of the physical processes
and suggested numerous advanced possibilities for optimized experimental procedures
(Korkel et al. [19], Tan et al. [20]).

To simulate the interaction between light and the composite dielectric material, and
subsequently the wave optics interaction with nanoparticles, we solve Maxwell’s equa-
tions (11) in the frequency domain for wave propagation through the composite film in a
steady state.

V x V x E— k3ii°E = 0 (11)

Here, E represents the electric field vector and ky denotes the wave number in free
space. It is also essential to qualitatively study the optical properties of the individual
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components of the composite. The dielectric loss is expressed within a complex wave
vector as
k=K —jk" = ko (12)

Here, i is the complex refractive index of the medium. Its real part #n and imaginary
part x are both intrinsic values of a material that depend on the wavelength of the incident
light and are related to the complex relative dielectric function, & (Batsanov et al. [21]), as

i=n—jKx=/&w) (13)

where 7 is defined by Snell’s law (Bahaa E. A. Saleh [22]) as the ratio between the speed of
light inside the medium, v, and the speed of light in vacuum, ¢ =299,792,458 m/s:

n=— (14)

Meanwhile, « is the wave extinction. It is related to absorption and represents dielectric
loss, due to the delayed response of molecular dipoles, Joule losses from conduction, and
wave scattering extinction. The attenuation of light intensity I, as the light travels through
the medium, is described by the Beer-Lambert law (Mayerhofer et al. [23]):

I(d) = Ipe™™ (15)

where (a) is the attenuation coefficient and (d) is the distance travelled by the wave inside
the material. The value of (a) is related to the extinction coefficient x¥ of the material
according to

a=— (16)

It follows that
I xd

If the film is such that A>> «d, then it becomes transparent (Zhang et al. [24], Pérez [25],
Chen and Bostrom [26]). Reflection occurs at the interface between two media with dif-
fering refractive indices. As light propagates through a medium, some of it is absorbed.
Consequently, transmittance represents the fraction of the light beam that successfully

passes through the medium, such that
R+T+A=1 (18)

In order to design a good solar light absorber with spectral selectivity, we choose
materials that lead to an effective refractive index, close to that of air in the visible part of
the spectrum to minimize reflection, while being higher in the infrared region to maximise
reflection and reduce blackbody radiation loss. Figure 3 presents the refractive index curves
of the material phases. The AIN and Al,O3 curves exhibit no dispersion across the visible
to infrared spectrum, meaning that refractive index remains constant, and there is zero
extinction coefficient. This transparency makes these materials highly efficient for light
transmission. In contrast, TiN is conductive, exhibits high loss, and is dispersive, with a
refractive index near unity in the visible spectrum but increasing significantly in the infrared
region. When designing the composite dielectric TiN/ AIN-Al, O3, care is taken to prevent
TiN nanoparticles from reaching the percolation threshold by avoiding agglomeration that
could cause excessive reflection in the visible region and considering smaller particles to
enhance scattering extinction (Striebel et al. [27]).
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Figure 3. Optical properties n and « for material phases TiN, AIN, and Al,Os.

3.1. Numerical Acquisition of fi(A)

The homogenization theory was introduced by Maxwell Garnett [28]. Since then, many
empirical formulations have been derived using the Maxwell Garnett and Bruggeman
approximations to calculate the effective dielectric constant for composites with various
shapes and types of inclusions (Doyle [29], Markel [30]). Recently, however, finite-element-
based methods have become the most preferred due to their simplicity (Nayak et al. [31]).
Here, for the estimation of the effective optical parameters of the composite, we solve the
problem of wave propagation at normal incidence, through an infinitely long dielectric
slab, as sketched in Figure 4, in the frequency domain using the finite element method
and calculate the scattering matrix S;;. Then, the values of n and « are derived using the
algorithm described below. To achieve this, we assume a symmetric medium in which

[Sij] = [S11, S21)-

i g+ + 1 gt
— —
ng : ng i n,

ES {E; E; | EL=0

Figure 4. Illustration depicting the components of the electric field in a wave travelling from left side
to right side through an infinite dielectric film with a thickness of d.

Figure 4 shows the field components, propagating from left side to right side through
the dielectric film. Here, the subscripts £ and r denote left and right, respectively, while the
superscripts 7,5, and t denote incident, scattered, and transmitted components, respectively.
Inside the dielectric, forward-propagating components are denoted by the superscript +,
while backward-propagating components are denoted by the superscript —. The elementary
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reflection coefficients at the left and right sides are denoted by p, and p,, respectively.
Assuming the presence of air on both sides of the dielectric, i.e., n; = n, = ng, then
o — fig
ng + fig

00 =—pr = (19)

The relationships between the field components across the interfaces are given in
Orfanidis [32] and are expressed in a straightforward way using the matching matrices

Efl _ 1 |1 pel|ES 20)
E pe+1]pe 1] |E/|
E}f _ 1 1 pr| |E 1)
E- pr+1ipr 1[0
and the propagation matrix
jkd
EFl | 0 HE 22)
E, 0 e/ E;
The relationships
Ei= (0 4 pypre ) EL (23)
(or +1)(or +1)
and 1 i i
ES — ]kd _jkd Et 24
P DD e e M, 29

lead to the expressions
Er + p,¢i2kd
Sy = —f - % (25)
Er 1+ prpee
and -
_E _ (tp)(1+p)e M

521 —_ =
B 1+ppe

(26)

for the scattering parameters. In the simulations at nanoscale, we consider the same
medium on the left and right sides; therefore, we set

e =T =|T |t pr=—pr=p (27)

and we obtain the values

2 2
- 1
(- ShoSi+ 28)

2— =
C+y/F—1=p 25,

and
r_ _P—51—5n 29)
p(S11+ S21) — 1
The values of S11 and Sy; in Equation (29) are determined from simulation on the unit
cell, representing the dielectric composition at the nanoscale, as described in Section 4.1
below. Finally, the complex refractive index of the slab (Nicolson and Ross [33], Smith et al.
[34]) may be determined as
. 2mm—¢In|T |
Hy = ———-
kod+j kod

Here, the coefficient m denotes the branch order of the inverse tangent function.

(30)
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3.2. Acquisition of 7i(A) from SE Measurements

SE is primarily a technique for measuring the optical properties of thin coating materi-
als with polarized light. The measurements are based on the analysis of the polarization
of the light beam reflected from the sample surface. Figure 5 shows a schematic repre-
sentation of the SE measurement. A linearly polarized light beam illuminates the sample
with a specified incidence angle. Upon reflection, the beam transforms into elliptically
polarized light (Lissberger [35]), with the polarization change being entirely dependent
on the wavelength, the angle of incidence, the thickness of the layers in the sample, and,
most importantly, their optical model. The changes in polarization are expressed through
ellipsometric parameters, namely the phase difference A, which represents the difference
between the s-wave and p-wave components of the reflected wave, and tan ¥, which relates
to the amplitude change. The angle of incidence for the interaction between the beam and
the sample should be close to Brewster’s angle, where this method is most effective (Bakker
et al. [36]). A model is chosen to represent the sample’s characteristics, and the param-
eters A and ¥ are compared to the measured values. This model applies mathematical
dispersion formulas to determine material properties, such as thickness, surface roughness,
and optical parameters, by adjusting specific fitting parameters. The constructed model
describes the individual layers in terms of their thicknesses and optical parameter values
(Yusoh et al. [37]). '

R, E,/E,

- ’ — tan¥.e/8 31
R Er/Ei an¥.e (31)

where R, and R;s denote the reflection coefficients of the p-polarized and s-polarized light,
respectively. E;” denotes the intensities of the incident and reflected electric field of the
p-wave and E¢" denotes the intensities of the incident and reflected electric field of the
s-wave.

Light Source P,

F

Detector

Elliptical
polarization

Linear
polarization

S

urface Roughnesg (Sp)
n Layer () /
Sio, (10 nm)

Si Substrate (300 pm)

Figure 5. Schematic of the SE measurement, where the composite under study is represented by
layers 1 and 2 with rough surface.

4. Results and Discussion
4.1. Numerical Simulation

Considering the volume fractions shown in the XPS table (Table 1), a unit cell model
was created for layers 1 and 2 in order to calculate the effective parameters n and x as shown
in Figure 6. The left side shows details of the whole computational domain of the nanoscale
model, with the Al,O3 phase embedded in an AIN matrix forming a representative unit cell
for layer 1. On the right side of the figure, it shows TiN and AIN embedded in an Al,O3
matrix forming a representative unit cell for layer 2.
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Figure 6. Details of nanoscale simulation showing a representative unit cell model for layer 1 and
layer 2 used for the retrieval of n and «.

Equation (11) is solved within the nanoscale model with the following boundary
conditions:

*  Perfectly Matched Layers (PMLs) were applied to the top and bottom domains of the
computational domain to simulate an infinite space. Both the PMLs and air regions
were assigned a thickness equal to (A/2) each.

¢  The boundary surfaces between the PML domain and the air spacing serve as ports
for initiating the incident wave illumination and for post-process calculation of the
scattering coefficients S;;.

*  Floquet periodic boundary conditions are implemented on the transverse sides of the
computational domain to emulate an infinitely extensive film.

The TiN phase has a width of 20 nm and the unit cell has a width of 26 nm. These
sizes are determined to comply with the volume fraction of the phases. The maximum
mesh element size allowed here in the nanoscale model simulation is A/15. The calculation
takes 15 min to complete the frequency sweep over the VIS-IR range. The S-parameters are
post-processed for the representative unit cell, and then the optical properties are retrieved,
as explained in Section 3.1. The results from these numerical models are compared to those
obtained experimentally from SE in the following sections.

4.2. Optical Measurements by Spectroscopic Ellipsometer

The numerical model for retrieving optical properties is validated by performing
measurements on the synthesised samples. Due to the wide susceptibility in ellipsometry,
employing a dependable and efficient numerical approach to forecast outcomes before
conducting experiments is highly advantageous. This is especially useful for analysing
systems with intricate nanostructures. Here, we introduce a straightforward method,
offering thorough SE analysis for complex multi-layer systems. This approach allows
flexibility in design regarding thickness, the number of layers, and phase composition. The
SE analysis was conducted over the spectral range (370 nm to 1600 nm) allowed by the
apparatus bulb. A standard model was developed to analyse composites I and II, reflecting
the characteristics of the real samples. The model was initiated with a 300 pum thick Si
wafer and a thin 10 nm oxidised layer of SiO, on top. For layer 2, a Cauchy model was
created for the conductive TiN embedded within a insulating matrix of mixed AIN and
Al,Og3; thus, the Cauchy absorbent dispersion law was applied. This approach is typically
used to describe the optical properties of materials that are weakly absorbent. Since the
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TiN content in the composite is only 20%, it qualifies as weakly absorbent. The Cauchy
absorbent model is defined as

10% 107
104 10°
k(A)::10‘5-[)+—7ETE—%7?(F (33)

Six fitting parameters are employed in this model, where the first three—A (dimen-
sionless), B (nm?), and C (nm*)—have to fulfil the condition

0<|CI<|Bl<1< A (34)

The extinction coefficient is described by the other three fit parameters: D (dimen-
sionless), E (nm?2), and F (nm?*). Layer 1 was modelled using the ‘Cauchy Transparent’
model. This layer comprises only a transparent mixture of AIN and Al,O3. This implies
thatx(A) = 0.

10t 10°

k(A) =0 (36)

This model is most effective for materials with no optical absorption in the visible
spectral range, typically exhibiting normal dispersion, where n decreases as the wavelength
increases. Surface roughness was a significant factor in our case, as both composites
demonstrated substantial roughness. Consequently, an additional layer representing the
real surface roughness, modelled with a gradient, was added on top of the model. To
construct the Cauchy model for both layers, the thicknesses ¢; and t; were initially fixed at
68 nm and 232 nm, respectively (as determined in Section 2.2). This approach allowed us
to calculate the values for A, B, C, D, E, and F for both layers. Once the values of these six
parameters were established, a standard model was generated. During the analysis of four
samples for each composite (I and II), the thicknesses t; and t; and the surface roughness
were adjusted for fitting in each iteration.

Table 2 presents the fitting parameters of the Cauchy model used to retrieve the optical
functions from SE measurements. The thicknesses ¢; and f; and surface roughness Sg
obtained for different samples are listed in the top lines. The bottom lines list the Cauchy
parameter values for corresponding layers 1 and 2 of each sample. The consistent parameter
values across all samples demonstrate excellent reproducibility, validating the reliability
of the synthesis technique employed. The layer thicknesses align closely with averages
obtained from SEM images and those derived from XPS data, reinforcing the observation
that the average coating thickness, L, is greater for composite II. These results further
support the predictions of the numerical model for such a complex nanostructure.

4.3. Analysis of the Retrieved Refractive Index for Composites I and II

The above discussion provides a foundation for the methodology used to determine n
and « for the complex composite structure. To enhance understanding and improve accu-
racy in assessing the performance of the two composites regarding their light absorptance
and reflectance, obtaining refractive indexes for both layer 1 and layer 2 of composites I
and II is essential. This section presents a clear comparison, emphasizing differences and
offering logical explanations behind the experimentally and numerically obtained optical
properties. The values of n and « from numerical simulations were derived at an incident
angle of 50°.
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Table 2. A detailed table showcasing the thickness (t1, t;) and surface roughness (Sr) for three
individual samples of composite I and composite II. Additionally, the table includes the Cauchy
fitting parameters for each sample.

Composite I Composite II
Sample i Sample ii Sample iii Sample i Sample ii Sample iii
Surface Roughness (Sg) 68.5 nm 80 nm 64.5 nm 115.5 nm 79.2 nm 71.5 nm
Layer 1 Cauchy Transparent (t1) 48.3 nm 55 nm 55 nm 44 nm 84.8 nm 91.4 nm
| mzcnayseimsy | 9250w | aeomm |1 ieem | asisem | aasmm || 64w |
50y 10nm
Si Substrate
Fitting parameter layerl
A (1) 1.809
B (nm?) —0.219
C (nm*) 0.025
D(1) 0.003
E (nm?) 0
F (nm*) 0

In Section 4.1, the volume fractions used for numerical calculations were derived from
XPS data shown in Table 1. The surface roughness was not incorporated within the initial
model. The wave optics module in COMSOL Multiphysics software does not include a
feature to directly account for roughness, yet our samples exhibit a significant degree of
roughness, making it necessary to consider this factor when calculating n and x. To address
this, we included an air fraction of 25% to the unit cell of layer 1 as an alternative way to
model the roughness.

Surface roughness values, approximately 60 nm as shown in Table 2, are smaller than
the wavelengths in the studied spectrum (370 nm to 1600 nm), justifying the homogeniza-
tion approach. This assumes that the voids contributing to roughness are part of a smooth
layer 1 comprising AIN and Al,O3 phases. Figure 7 compares the refractive index and
extinction coefficient values of layer 1 for three samples with subscripts (_i, _ii, _iii) of both
composites and the numerical model predictions. The solid curves represent the refractive
index n, while the dashed curves depict the extinction coefficient x. Green curves illustrate
the numerical predictions for the upper layer 1, black curves in Figure (i) correspond to
composite I, and red curves in Figure (ii) correspond to composite IL

The nanoscale simulations assume a uniform mixture of Al;O3, AIN, and air in layer 1,
leading to a quasi-constant # and a negligible x over the spectrum, as seen in Figure 7.
This prediction aligns consistently across the spectral range. The calculated 7 and «
values for the AIN, Al;O3, and air mix are well justified and align with the XPS analysis
results presented in Table 1 during the initial etching phase until the composite core is
reached. As a combination of three dielectric materials, the experimental x values for
layer 1 in all samples of both composites remain nearly zero, rendering layer 1 completely
transparent. Notably, the  and x values for layer 1 across all samples are identical, resulting
in overlapping curves.
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Figure 7. Comparison of optical functions n and x determined experimentally and through nanoscale
simulations for layer 1: (i) results corresponding to samples of composite I and (ii) results correspond-
ing to samples of composite II.

Figure 8 illustrates the comparison of optical functions for each sample of both com-

posites I and 1II, alongside numerical predictions for layer 2. On the left (i), the n values for
samples (_i) and (_ii) closely align, while sample (iii) shows a slightly lower # in the visible
region of the spectrum. The x values for the samples of composite I range from 0.1 to 0.35
and show good agreement across the spectrum. However, the x values obtained from the
nanoscale model, represented by the dashed green curve, present high values in the visible
range. This discrepancy arises because the numerical model assumes an idealized scenario
with a perfect, periodic distribution of TiN inclusions within the AIN and Al,O3; matrix,
which explains the resulting destructive interference.
All curves representing n converge in the infrared (IR) region, following a similar trend
with moderate differences. Variations among the samples are attributed to the imperfect
distribution of TiN NPs within the matrix. Since the TiN NPs were laid randomly in a
wet solution, some inhomogeneity occurred, leading to the formation of agglomerates and
clusters in specific areas, which altered light interaction behaviour. The higher « values
observed in Figure 8ii are due to a greater concentration of TiN particles in composite IL.
This is supported by SEM images in Figure 2, which show a TiN inclusion distribution of
22% in composite II compared to 19% in composite 1.
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Figure 8. Comparison of optical functions (1 and x values) determined experimentally and through
nanoscale simulations for layer 2: (i) results corresponding to samples of composite I and (ii) results
corresponding to samples of composite II.

The electrically conducting nature of TiN nanoparticles in the layer 2 of the composite
makes its x values significantly elevated in both composites compared to the ones of layer 1.
Figure 9i,ii provide a comparison of functions n and x for composites I and II, covering,
respectively, layer 1 and layer 2 alongside the numerical predictions. Figure 9i highlights
the n and x values for layer 1, showing that the refractive index values for both composites
are lower than the numerical predictions in the visible range. This discrepancy is likely due
to inaccuracies in the fitting model in the SE software (completeEASE M2000), while the
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dip seen at 500 nm is due to the TiN refractive index, as illustrated in Figure 3. Figure 9i
compares the 7 and « values of layer 2 for composites I and II with the nanoscale predictions.
Although the distribution of TiN nanoparticles was manually controlled, it can be observed
that the constant optical values for the three samples of each composite and the numerical
predictions were consistent and within a comparable range.
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Figure 9. (i) Optical functions of layer 1 comparing composite I and II with numerical predictions.
(ii) Optical functions of layer 2 comparing composite I and II with numerical predictions.

4.4. Analysis of the Reflectance Properties of Composites I and 11

To validate the numerical characterization approach of the nanostructured composite,
measurements of the reflectance of composites I and II were performed using a UV-visible
spectrophotometer based on parameters such as the size of the TiN nanoparticles and the
volume fraction of TiN within the AIN matrix. A spectrally selective filter was designed to
achieve minimum reflection in the visible region and maximum reflectance in the IR region
of the spectrum. The effective optical parameters of the composite, including the refractive
index (1) and extinction coefficient (x), were retrieved for both composites I and II.

The macromodel, simulating the homogeneous layers of the composite as shown in
Figure 10, was refined based on the outcomes of the XPS characterization. These refine-
ments specifically addressed the presence of a certain fraction of alumina (Al,O3) and
the thicknesses of the layers (see XPS results in Table 1). The effective optical parameters
derived from the nanoscale model were incorporated into the homogenized macromodel
to evaluate the reflectance across the visible light spectrum. Since the size of the TiN NPs
is extremely small compared to the wavelength, the shape effect of the NPs is negligible;
therefore, the NPs were modelled as cubes in the unit cells of the nanoscale model. The
side of the TiN cube was set to 20 nm, while the unit cell width was determined as 26 nm
based on the volume fraction of the phases.

The composite was divided into two layers, layer 1 and layer 2, for the macromodel
simulations. The n and « values retrieved from the unit cell prepared with an AIN matrix
containing a volume fraction ofAl,O3 and air, with the corresponding thickness deduced
from XPS data, were assigned to layer 1. Similarly, the n and x values from the unit cell
prepared with an Al,O3 matrix containing volume fractions of AIN and TiN, with the
corresponding thickness deduced from XPS data, were assigned to layer 2.
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Macromodel Unit cells

Reflection| |
Port

effective n, k

Figure 10. Details of the constructed macromodel, including the optical functions (n and k values) for
each layer, are retrieved from different unit cells of the nanoscale model.

The measurements of reflectance in the VIS-IR range were performed using a Perkin
Elmer Lambda 750 spectrophotometer. Figure 11 compares the measured and computed
reflectance for both composites. The curves shown in black colour represent measurements
performed at three different locations on composite I wafer, while the curves in red colour
correspond to three different locations on the composite II wafer. Both groups of curves are
closely aligned, with a reflectance difference of approximately 10% across the entire spectral

range. The variation between black and red group of curves is attributed to differences in
the TiN content within composites.
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Figure 11. Reflectance properties of composites I and II: experimental measurements are represented
in black and red, while the predicted reflectance from macromodel simulations is depicted in green.

The black curves show a higher reflectance in the IR region. This is primarily due to
two factors: first, composite II contains more TiN and larger agglomerates compared to
composite I; second, composite I has a lower AIN content (and therefore a higher refractive
index, 1) than composite II. The dotted green curve in the figure corresponds to predicted
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References

reflectance from the macromodel simulation for composite II, while the solid green curve
corresponds to predicted reflectance from the macromodel simulation for composite I.

The predicted reflectance curve in solid green matches the measured reflectance for
composite I because composite I is more homogeneous and exhibits smaller agglomer-
ates of the TiN NPs. In contrast, the red reflectance curves differ significantly from the
numerical model for composite II. This discrepancy arises because the numerical model
assumes a uniformly separated distribution of TiN nanoparticles within layer 2, which
was not achievable by the synthesis technique. Additionally, the nanoscale model assumes
smooth surfaces, whereas the actual composites have very rough surfaces. An important
observation is that the black curves exhibit a distinct filter characteristics at an infrared
limit of 1 pm.

5. Conclusions

In this study, we investigated two methods for retrieving (1) and (x): one through
spectroscopic ellipsometry (SE) experimental measurements and the other via numerical
simulations. These approaches provided a clear framework for making structural mod-
ifications, if required. Initially, calculations based on XPS data offered rough estimates
for parameters such as (1), (t2), (L), and (Sg), which facilitated simplifying the complex
structure by dividing it into two distinct layers. Using the elemental composition data
from XPS measurements, we also estimated the volume fraction of each component in the
composite. These preliminary calculations were instrumental in developing models for
both experimental and numerical analysis.

We successfully created a model for measuring (1), (x), (t1), (t2), and (Sg) via SE
for the complex structure of the composite. Additionally, two unit cell models were
developed numerically to obtain the optical parameters. Comparative analysis revealed
that all samples of composites I and II were reproducible, with their optical parameter
values falling within close range of one another. Furthermore, the optical parameters
obtained experimentally and numerically for both composites showed a high degree of
agreement. However, minor discrepancies were observed, primarily due to differences in
the experimental and numerical setup of the models.
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