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Abstract: Optical coatings are thin layers of materials applied to optical components in order to
modify the transmission, reflection, or polarization properties of light. The common materials used
for optical coatings include magnesium fluoride (MgF,), scandium trifluoride (ScF3), and aluminum
trifluoride (AlF3), owing to their desirable optical properties, spectral range, and compatibility with
substrates. However, each of these materials has its own drawbacks. For instance, AlF; has been
found to exhibit limited resistance to attack by chemicals, as well as poor thermal stability, while MgF,
has low durability, as well as being hygroscopic. In this study, we undertook ab initio calculations
in order to compare the thermal properties of AlF3, ScF3, Aly5ScosF3, and Ing 5S¢ 5F3 in order to
obtain the best material for optical coatings. MgF, was also included in the study as a reference. The
calculations used PBE pseudopotentials and the extended generalized gradient approximation within
the quantum espresso algorithm. The study demonstrated that the computed results agree with the
information found in the literature. ScF; exhibited a negative coefficient of thermal expansion, unlike
the other four. Moreover, AlF3 was found to be the best candidate for optical coatings that are used
in high-power laser systems with high thermal dissipation, due to its superior thermal expansion
coefficient as well as its better response to thermal stress. The large variation between the ¢, and
¢y of ScF3 is not desirable. Moreover, due to its negative thermal expansion coefficient, ScF3 is not
thermally stable. The highest thermal stability was exhibited by Ing 5S¢ 5F3. Since Alg 5S¢y 5F3 and
Ing 55¢ 5F3 have been modeled in this study for the first time, experimental determination of their
crystal structures needs to be investigated.

Keywords: scandium trifluoride; aluminum trifluoride; thermal properties of optical coatings;
negative thermal expansion coefficient; structural properties of optical coatings

1. Introduction

An optical coating (also known as a thin-film coating or an optical thin film) refers
to the process of applying thin layers of specialized materials onto the surface of optical
components such as lenses, mirrors, prisms, and filters [1]. These coatings are designed to
manipulate the behavior of light that interacts with the coated surface. Optical coatings
are used to enhance the performance of optical systems by controlling properties such as
reflection, transmission, absorption, and polarization of light [2]. The main aims of optical
coatings include anti-reflection (to reduce unwanted reflections at the interfaces between
different optical elements or between an optical element and the surrounding medium);
bandpass and notch filtration (to selectively transmit or block certain wavelengths of light);
beam splitting (to divide incoming light into two or more separate beams with specific
intensity ratios); and polarization control (to manipulate the polarization state of light,
allowing specific polarization components to pass through or to be reflected). The selection
of materials and the thickness of the optical coatings are carefully controlled during the
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manufacturing process so as to obtain the coveted optical properties. The goal is to achieve
high optical performance while minimizing unwanted side effects, such as light scattering
and thermal effects [3].

Optical coatings play a crucial role in a wide range of applications, including cameras,
telescopes, microscopes, laser systems, and optical communication devices [1]. The desir-
able properties of materials used for optical coatings depend on the specific application and
the intended purpose of the coating. However, there are several key properties that are gen-
erally sought after in the materials for optical coatings, which include optical transparency,
refractive index, bandgap, stability (mechanical, thermal, and optical), and adhesion. In
addition, the coatings should be environmentally friendly [4]. Materials for optical coatings
usually have wide bandgaps, with that of magnesium fluoride (MgF,) being 13.0 eV [5]. A
previous study by Pankratova, Purans, and Pankratov [6] found the bandgap of scandium
trifluoride (ScF3) to be 11.02 eV. The stability of optical coatings under long-term exposure
to optical radiation is a critical consideration, especially in applications where the coatings
are exposed to intense light sources or prolonged periods of irradiation. The stability of a
coating is influenced by various factors, including the coating material, design, deposition
technique, and the specific environment in which it is used. Point defects in crystals can
give rise to luminescence, which is the emission of light or photons by a material. The lumi-
nescence can be due to various types of point defects (vacancies, interstitials, or impurities),
each with its own mechanism of light emission [5,6].

The common materials that are currently being utilized for optical coatings include
metal oxides such as titanium IV oxide and tantalum oxide; metal fluorides such as MgF,
and aluminum trifluoride (AlF3); dielectric materials such as silicon IV oxide and silicon
nitride; and some specialized compounds such as ScF3;. While MgF, has several advantages,
such as high transparency in the ultraviolet and infrared regions of the electromagnetic
spectrum and good resistance to thermal and mechanical stress, it also has some disadvan-
tages as a coating material, which include poor durability, and being hygroscopic [1,7-9].
The materials mentioned above have their unique properties that are ideal for optical coat-
ings. ScF; for instance, combines a high refractive index, transparency, and compatibility
with other optical materials, which makes it a valuable component in optical coatings [10].
AlF3, on the other hand, has the combination of good optical properties, spectral range,
and compatibility with other materials, which makes it a valuable component in optical
coatings, particularly in applications where anti-reflection properties are essential, such as
lenses, prisms, and optical filters [11].

However, each of the mentioned materials has its own drawbacks. For instance,
it is worth noting that while ScF3 possesses the desirable properties for optical coating
application, scandium itself is a relatively rare and expensive element, which can limit the
widespread use in some of these applications due to cost constraints [12]. AlF3, on the
other hand, is characterized by low hardness that makes the coatings more susceptible
to scratching and wear in abrasive environments, limited durability due to softness and
lower mechanical stability, limited resistance to attack by chemicals, and poor thermal
stability. Moreover, AlF; is hygroscopic, implying that it can absorb moisture from the
atmosphere [13]. This might eventually cause the coating’s optical properties to change,
especially in humid environments. Achieving the right balance of these properties is
therefore crucial for designing effective optical coatings tailored to specific applications,
ensuring improved performance and versatility in a wide range of optical systems [1].

Thermal properties are desirable and important considerations for optical coating
materials. The thermal properties of the coating material can impact its performance,
stability, and durability, particularly in applications where the coatings may be exposed
to varying temperatures or high-power light sources [14]. The key thermal properties of
coating materials include thermal expansion coefficient, thermal conductivity, thermal
stability, and thermal shock resistance. The thermal expansion coefficient represents how
much a material expands or contracts with changes in temperature. When an optical
coating is applied to a substrate with a different thermal expansion coefficient, it can lead
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to stress-induced deformation or delamination as the temperature changes. To minimize
these effects, it is desirable for the coating material to have a comparable thermal expansion
coefficient to the substrate material.

A coating material with good thermal conductivity can dissipate heat more efficiently,
reducing the risk of thermal damage and maintaining stable optical performance. Optical
coatings are often exposed to a range of temperatures during use. The coating material
should maintain its thermal properties and structural integrity across this temperature
range without significant degradation or performance shifts. In certain applications where
the optical element experiences rapid temperature changes, the coating material should be
able to withstand thermal shock without cracking or delaminating [15]. In this work, we
conducted an ab initio comparative study of the thermodynamics of AlF3, ScF3, Aly5Scy5F3,
and Ing 55¢q 5F3 for optical coating application, with the aim of determining which configu-
ration offers the best thermal properties that are ideal for optical coatings. As a reference,
the thermodynamic properties of (MgF,) were also calculated. The specific thermal proper-
ties considered were thermal stability, thermal expansion coefficient, specific heat capacity,
and thermal stress.

2. Materials and Methods
2.1. Crystallographic Inputs

The crystallographic input structures for AlF3 and ScF; that were used in this study;, to-
gether with that of the MgF,, were obtained from materials project website [16]. Figure 1a,b
show the 3D structures of AlF3 and ScF3, while Figure le shows the structure of MgF,. The
AlF; was a cube with a pm-3m space group and a lattice parameter a = 3.589 A (Figure 1a).
The ScF3 was also a cube, with a pm-3m space group and a lattice parameter a = 4.039 A
(Figure 1b). The MgF, was of tetragonal structure, with a p4,/mmm space group and
lattice parameters a = 4.615 A and ¢ = 3.048 A (Figure 1e). AlF; and ScF; cells contained
4 atoms: 1 of aluminum /scandium, and 3 of fluorine. Whereas, MgF, contained 6 atoms:
2 of magnesium and 4 of fluorine. In order to obtain the structures shown in Figure 1c,d,
2 x 2 x 2 supercells were created from the ScF3 cell, which contained 32 atoms (each super-
cell contained 8 atoms of scandium and 24 atoms of fluorine). Of the 8 atoms of scandium, 4
were substituted with aluminum/indium in order to obtain the Aly 5S¢y 5F3 and Ing 5S¢ 5F3
structures, respectively (Figure 1c,d). The substitution was made possible with the help of
the SOD (site occupation disorder) algorithm, where we created six configurations for each
concentration. The total energies of each of the configurations were then calculated, and
the configurations with the lowest total energies were picked for subsequent calculations.
The MgF, cell (Figure 1le) was not modified.

All the calculations were performed using the generalized gradient approximation
(GGA), which is a feature of the quantum espresso code [17]. Structural optimization was
then performed on the 5 samples so as to relax the cells. This was actualized through
carrying out a variable cell (vc-relax) relaxation, using the BFGS algorithm. The BFGS
algorithm relaxes the atomic coordinates, the lattice parameters, as well as the forces acting
on the atoms. The scalar-relativistic, ultrasoft pseudopotentials that preserve the norms
were used to describe how electrons and ions interacted. The GGA was applied to all of
the materials using Perdew—Burke-Ernzerhof (PBE) functionals. The Kohn-Sham wave
functions were increased on a plane-wave basis using a kinetic energy cut-off (ecut) of 50 Ry.
With the exception of MgF;, whose mesh was 5 x 5 x 7, the Brillouin zone integration
was carried out across an unshifted 5 x 5 x 5 Monkhorst-Pack mesh [18] for all the other
samples. The overall tensions placed on the atoms at the conclusion of the optimization
were less than 107* Ry.
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Figure 1. The 3D structures of the input files: (a) aluminum trifluoride, (b) scandium trifluoride,
(c) aluminum-scandium trifluoride, (d) indium-scandium trifluoride, and (e) magnesium fluoride.
Aluminum atoms are represented by the gray balls, fluorine atoms by the green balls, indium atoms
by the blue balls, scandium atoms by the red balls, and magnesium atoms by the purple balls.

2.2. Calculation of Thermal Properties

Most solid materials expand when heated and contract when cold. According to
Taylor [19], the length variation with temperature for a solid material can be represented
as follows: N

I, = AT Al = (lf ~ lo>; AT = (Tf - TO), )
where /1 and [y are the final and original lengths of the material, respectively. The linear
thermal expansion coefficient, «, is frequently referred to as the percentage increase in
length per unit increase in temperature. The result of rearranging Equation (1) gives a
as [20]:

Al /;
0
pr— 2
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The linear thermal expansion coefficient has the unit of per Kelvin (K_l), and is
usually in the range of x10~°/K. All of a material’s dimensions are affected by heating or
cooling, and the volume changes as a result. Volume changes can be expressed by [19]:

AV Yl

VOZ,BAT;[%: AT 3)

with V being the material’s volume, and  is its coefficient of volume expansion. Many
materials exhibit anisotropy in the value of V. However, for isotropic materials, § is approx-
imately equal to 3a.

The quasi-harmonic approximation was used in the present work to compute the
thermodynamics of the materials [21]. Specific heat capacity, electrical conductivity, ther-
mal conductivity, and elastic properties are all governed by the Debye temperature, a
fundamental attribute of matter. The Debye model for solid heat capacity uses the quantum
statistical mechanics of an ensemble of harmonic oscillators to explain the specific heat of
solids at low temperatures. It is possible to think of the solid at these temperatures as a gas
of non-interacting quasi-particles, which precisely complies with the phonon-related Bose-



Coatings 2023, 13, 1840

5o0f 14

Einstein statistics. The phonon and frequency are connected via the Lyddane-Sachs—Teller
connection [22,23]. As to Baroni, Giannozzi, and Isaev [24], an angular frequency harmonic
oscillator in thermal equilibrium at temperature T has the following internal energy:

E=oo )
27Te2nkBT -1

Togo and Tanaka [25] state that differentiating Equation (4) with respect to temperature
of the sum over all possible values of the phonon momentum in the Brillouin zone (BZ)
yields the specific heat at constant volume as:

1 hw

cv = quv E(bfV)P/(b/V)/ ()

in which w(b,v) is the frequency of the phonon’s v-th mode at point q in the BZ. The

ha -1
formula for p'(b,v) is expressed as: p’(b,v) = 2 [eﬁ(b/")/ kT _ 1| . The initial BZ
is where the sum is then extended. We obtain the following relation for the constant
volume specific heat by assuming that there are three degenerate modes with frequencies of
w(b,v) =clbl at each location on the BZ and integrating Equation (5):

4 3
) = 35k g ) ©

in which ¢ stands for the unit cell volume. The Debye temperature, denoted by the symbol

Op, is determined by:
h 3\°
Op=|— — 7
P <k3>c<4ﬂ¢) @

Thermal stress is stress that results from a change in the material’s temperature.
Thermal stress is brought on when a body’s temperature is raised or lowered without
allowing it to naturally expand or contract. Heat stress and cold stress are both types of
thermal stress. Thermal stress is expressed mathematically as [26]

o = ocl(Tf - :ro) — alAT, ®)
where [ is the length of the material.

3. Results and Discussion
3.1. Structural Properties

Table 1 shows the computed unit cell parameters and the densities of the four materials
that were investigated in this study, together with that of MgF,. The values were obtained
at the ground state. The lattice parameter of AlF3 was found to be 0.4458% higher than
the reference value of 3.589 A (from the Materials Project website), demonstrating that
the cell expanded after complete relaxation. The ScFs, on the other hand, recorded a
negative deviation of 0.0272% from the reference value of 4.039 A, which shows that the
cell contracted upon full relaxation. The computed values of the lattice parameters in this
study are in good accord with those that exist in the literature, with that of AlF; being
2.185% higher than the value from the work by Alonso et al. [27]. The value for ScF; was
also found to be in excellent agreement with both the computational values at 0.795% by
Sifuna et al. [28] and —0.443% to 0.795% by Bucharov et al. [29], and the experimental value
at —0.196% by Morelock et al. [30], as is evident in Table 1. The computed lattice parameters
of MgF, also agree very well with those that exist in the literature, with parameter a being
1.038% higher than that from the experimental study by Haines et al. [31], and 1.309% lower
than the computational value from the study by Babu et al. [32], who employed GGA in
their calculations. The closeness of the computed values in this study with those that exist



Coatings 2023, 13, 1840

6 of 14

in the literature is a good indication that GGA produces sufficiently accurate results. The
samples Alg55cos5F3 and Ing5Scy 5F3 were generated in this study for the first time, and
therefore, their lattice parameters and densities do not exist in the literature for comparison.

Table 1. The computed lattice parameters of all the five materials at the ground state and the densities
of A1F3, SCF3, AIQV5SC0_5F3, In0'5SCQ_5F3, and Mng.

Sample SCF3 A10.58C0.5F3 In0_55c0.5F3 MgF2
. 3.6051 (3.528) 4.0379 (4.07, 4.02-4.07, 4.03) 4.673

a <A> [28-30] 3.8943 4.0867 (4.625,4.735) [31,32]
3.082

<(4)

(3.052, 3.124) [29,30]

p (g/cm3)

2.925 (2.88) [33] 2.546 (2.44-2.61) [28] 2.674 3.115 3.070 (3.15) [34]

A study by Sifuna et al. [28] found the density of ScF3 to be quite close to the value
obtained in this study. The densities of AlF3 and MgF, were also found to be in agreement
with those that are available in the literature, representing differences of 1.563% [33] and
2.606% [34], respectively. The addition of indium to the ScF3 lattice was found to increase
both the lattice parameter and the density (sample Ing 5S¢ 5F3) compared to the addition
of aluminum (sample Aly55¢o5F3), as can be observed in Table 1. This was expected, since
the atomic radius of indium (at 156 pm) is larger than that of aluminum (at 118 pm).

3.2. Thermal Properties

The fluctuation of the lattice parameter with temperature for each of the four samples,
together with that of MgF,, is shown in Figure 2. The lattice parameter refers to the spacing
between the repeating units (atoms, ions, or molecules) in a crystal lattice. In general, an
increase in temperature causes an increase in the lattice parameter [35]. As Figure 2 depicts,
the lattice parameters of AlF3, Aly5Sco5F3, Ing5Sco 5F3, and MgF, increased consistently
with an increase in temperature. This phenomenon can be explained by many factors,
including thermal expansion, where the atoms or ions in the crystal lattice gain kinetic en-
ergy, leading to increased vibrations and a greater average interatomic/interionic distance,
causing the lattice parameter to increase. At higher temperatures, the vibrational motion of
atoms becomes more complex and anharmonic, meaning that the atoms oscillate not just
around their equilibrium positions, but also exhibit larger-amplitude oscillations. These
anharmonic effects can lead to an increase in the average distance between the atoms in the
lattice, which contribute to the expansion. The complex and anharmonic vibrations can
be the reason why the lattice parameters increase rapidly at higher temperatures (steeper
slopes of the curves) than at lower temperatures (Figure 2). This observation can also be
attributed to the complex and anharmonic vibrations, which refer to the types of vibrational
motion in physical systems that deviate from simple harmonic motion. Complex vibrations
occur when the restoring force is not strictly proportional to displacement, and the motion
is not a simple sinusoidal oscillation. This can happen in real-world systems due to various
factors like non-linear forces, damping, and multiple coupled oscillators. Complex vibra-
tions can exhibit more intricate and irregular motion compared to simple harmonic motion.
Anharmonic vibrations are a specific type of complex vibration, where the restoring force
does not follow Hooke’s Law or any other linear relationship with displacement, and it
may involve higher-order terms in the displacement. Anharmonic vibrations are commonly
encountered in molecular vibrations and crystal lattice vibrations where interatomic forces
are not linear and can involve various terms.
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Figure 2. The calculated lattice parameter of the 4 materials, together with that of MgF, as a function
of temperature.

The ScF; sample experienced a decrease in the lattice parameter with temperature
(at lower temperatures), a phenomenon called negative thermal expansion (NTE). The
NTE in ScF3 has also been observed in previous studies [28,36]. NTE is a relatively rare
phenomenon, where the volume or linear dimensions of a material decrease with increas-
ing temperature. NTE is an interesting and counterintuitive property that has attracted
significant scientific interest. Figure 3a,b, which show the volume and volume thermal
expansion coefficients, respectively, against temperature, show that the volumes and ther-
mal expansion coefficients of AlF3, AlysSco5F3, Ings5ScosF3, and MgF, increase with an
increase in temperature within the whole temperature range, while those of ScF3 decreased
(NTE), especially at low temperatures. The increase in the lattice parameters of MgF, as
temperature increases has also been reported by Sun et al. [37].
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Figure 3. The calculated (a) unit cell volumes, and (b) volume thermal expansion coefficients of the
4 materials and MgF, as a function of temperature.

There are several mechanisms that can cause NTE in materials, including framework
flexibility, where some materials, particularly those with open framework structures, may
exhibit NTE due to the flexibility of their crystal lattice. When heated, these materials
may undergo structural changes that cause the lattice to contract along specific directions,
leading to NTE. Also, certain materials contain atoms that are loosely bound within their
crystal structures, known as “rattling atoms”. When the material is heated, the rattling
atoms experience increased thermal energy, leading to an expansion in certain directions
and a contraction in others, resulting in an overall NTE effect. Order—disorder transitions
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may also lead to this phenomenon, which involves rearrangement of atoms or molecules in
a way that leads to a contraction of the lattice [38,39].

Optical systems often experience temperature fluctuations during operation or in
different environmental conditions. When the temperature changes, the materials in the
optical coatings expand or contract accordingly. Figure 3b shows the thermal expansion
coefficients of all the materials investigated in this study, which clearly indicates that while
the thermal expansion coefficients of the other four materials increased with temperature
increase, ScF3 experiences a drop at low temperatures, reaching the minimum of a negative
at 100 K. After that, the there is a consistent increase in the volume thermal expansion. ScF3
exhibited the highest coefficient of thermal expansion within the temperature range, while
Ing 55¢o 5F3 exhibited the least. The coefficient of thermal expansion of MgF, was found to
be very high, which is only second to that of ScFs.

High thermal conductivity is beneficial for optical coatings used in high-power laser
systems or other applications with significant heat generation [40]. Thus, AlF; becomes the
best candidate for coating such systems, since it has the highest thermal expansion among
the four materials investigated in this study (Table 2). MgF, comes second. However, if
the thermal expansion coefficients of the materials in the coating and the substrate are
significantly different, it can cause mechanical stress and deformation, leading to coating
delamination or distortion. Thus, the thermal expansion coefficient of the substrate on
which the film coat is to be applied should be carefully investigated, especially for coatings
used in non-demanding or low-temperature applications. Thermal expansion coefficient
of common soda-lime glass (which is among the most common substrates for applying
the optical coatings) is 8-9 x 10~® K [41], which is comparable to that of Alys5ScysF3
(Table 2). It is usually determined between room temperature (298 K) to about 423 K. For
high-performance optical systems and demanding applications, considering the thermal
expansion coefficient becomes crucial to ensure long-term reliability and functionality of
the optical coatings. It is evident from Figure 2 that the volume thermal expansion values
obtained in this study are well in accord with those from previous studies, including that
of MgF,. The values for Aly5Sco5F; and Ing 5Scg 5F3 were found to be the lowest, although
they are still comparable to that of glass.

Table 2. The computed values of the volume thermal expansion coefficients () of the 4 materials
and MgF, at room temperature (298 K).

Material B (x107 K1)
AlF3 20.427 (22) [42]
ScF3 14.371 (14) [43]

A10_5SC045F3 10.793
Ing55co5F3 4.6272
MgF, 12.762 (12.1) [44]

Figure 4a,b depict how the specific heat capacity of the five materials change as a
function of temperature, which shows that both ¢, and ¢, increase with an increase in
temperature for all the materials, as well as MgF,. The quantity of heat energy needed
to raise the temperature of a unit mass of a substance by one Kelvin is measured as the
specific heat capacity. Furthermore, a material’s capacity to conduct heat is determined by
its thermal conductivity. This is a measure of the rate of heat transfer through a substance
per unit temperature gradient. There is no direct dependence between the two; both are
material-dependent properties, and they can both influence the behavior of a material in
response to temperature change. Materials with a high specific heat capacity require more
heat energy to raise their temperature, while materials with high thermal conductivity are
more effective at transferring heat, and have better thermal dissipation capabilities [45].
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Figure 4. The calculated specific heat capacities (a) at constant pressure, and (b) at constant volume
of the 4 materials, together with that of MgF, as a function of temperature.

In the context of optical coatings, a higher specific heat capacity is generally not a
desirable property, since it means that the material can store more heat energy per unit mass
or volume [46]. When an optical coating absorbs and retains significant amounts of heat
energy, it can lead to several undesirable consequences such as thermal distortion, where
the heat energy absorbed by the coating material can cause local temperature gradients
within it, leading to thermal expansion and distortion. This thermal distortion can affect the
precision and performance of optical components, causing image degradation, wavefront
aberrations, or shifts in the optical properties. A higher specific heat capacity can also lead
to coating damage, where excessive heat absorption by the coating can cause localized
heating and thermal stress. This can lead to coating delamination, cracking, or other forms
of degradation, thus reducing the coating’s durability and lifespan [47].

Thermal conductivity is likewise an important consideration for optical coatings. High
thermal conductivity allows the coating to efficiently dissipate heat and distribute it over a
larger area or to the substrate, helping in mitigating temperature-related issues. Overall,
when selecting materials for optical coatings, a low specific heat capacity and high thermal
conductivity are generally preferred in order to ensure the stability, performance, and
durability of the coatings in optical systems, since a low specific heat capacity means that
they can quickly dissipate and release absorbed heat energy, thus reducing temperature-
related effects [48]. Thin films with low thermal mass are preferred to minimize the amount
of heat stored within the coating material. Thus, Iny5Sco5F3 was found to be the best
candidate for optical coatings in this regard, since it has the lowest values of the specific
heat capacity, while Aly5Scy5F3 was found to be the worst, since it had the largest value
(Table 3). It was found out that both AlF3 and ScF3, which are already commonly used
in optical coatings, have comparable values of specific heat capacities, but the values are
inferior to that of Iny 5Sc( 5F3 (Table 3).

Figure 5 compares the specific heat capacity for each of the four materials at constant
volume and pressure with respect to temperature. All four materials show that the two
types of specific heat capacity are almost equal at low temperatures. As temperature
increases, however, variations are observed. This is explained by the fact that at high
temperatures, variations in specific heat result primarily from variations in how heat is
absorbed or released during a process with constant pressure (cp) compared to the process
with constant volume (cy). At high temperatures, the increase in molecular degrees of
freedom and interactions causes cp to increase more rapidly than cy. This is because at
constant pressure, heat not only contributes to the material’s internal energy, but it also
performs work in expanding the material against the pressure, leading to additional heat
absorption. On the other hand, at constant volume, there is no work performed, and so, the
increase in specific heat is less pronounced [49].
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Figure 5. The calculated specific heat capacities of (a) AlF3, (b), ScF3, (¢) Alg55co5F3, (d) Ing55¢o5F3,
and (e) MgF, as a function of temperature.

The variation between the two specific heat capacities at high temperatures is more
pronounced for ScF3, which means that it can absorb more heat energy when heated at
constant pressure compared to when heated at constant volume. This difference in heat
absorption can influence the temperature distribution and thermal stress within the coating
material during deposition and post-processing steps, potentially affecting the coating’s
optical properties and overall performance. A large variation between ¢, and ¢y can affect
the temperature stability of the coating material. For instance, when the coating experiences
temperature changes, the material with a large ¢, — ¢y difference may respond differently in
terms of thermal expansion and contraction, potentially leading to mechanical stresses that
can degrade the optical performance, or even cause delamination or cracking of the coating.
Thus, ScF3 is not suitable as a coating material in this regard. MgF, also experienced a
noticeable variation between the two specific heat capacities, as can be observed in Figure 5e.
It is therefore also not an ideal coating material in this regard. The computed values of
specific heat capacity at constant pressure obtained in this study are in good accord with
the existing values in the literature, as can be observed in Table 3.

Table 3. The calculated thermal properties of the 4 materials and MgF, at room temperature (298) for
Cp, Cv, and Ot. ¢p and cy are shown in J /kg/K, while &7 is shown in GPa.

Material cp (J/K) ¢y (J/K) 5t (x1073)
AlF; 80.73 (75.1) [50] 79.71 (—4.38)~(—5.15)
ScF, 82.21 (83.5) [51] 81.15 (—19.2)~(—28.67)

A10V5SC0_5F3 120.40 119.35 (—233)—(—358)
Ing 5S¢0 5F3 56.21 55.23 (—0.684)—(—1.34)
MgF, 955.6 (980) [8] 951.1 -

Thermal stress is a crucial consideration in the design and performance of optical
coatings. The optical coatings are typically applied to substrates made of different materials,
each with its own coefficient of thermal expansion [52]. When there is a temperature change,
the coating and substrate will expand or contract at different rates, leading to differential
thermal expansion. This can result in significant thermal stress at the interface between the
coating and the substrate. Thus, managing thermal stress in optical coatings is critical to
ensure the coating’s performance, adherence, and long-term durability.



Coatings 2023, 13, 1840

11 0f 14

Thermal stress typically increases as temperature increases in most materials, espe-
cially for materials with positive coefficients of thermal expansion [53] This is due to the
fact that a material’s coefficient of thermal expansion determines how much it will expand
or contract in response to a change in temperature. Moreover, when a material is subjected
to temperature changes, it tends to expand or contract freely. However, if it is constrained
or bonded to another material with a different coefficient of thermal expansion, it cannot
freely expand or contract. The material begins to experience thermal stress as a result
of this constraint. As Figure 6 depicts, the thermal stress of the four materials in this
study were found to decrease consistently with an increase in temperature. This is a rare
phenomenon, and can be attributed to many factors, including phase transitions, material
softening, and coefficient of thermal expansion. Some materials undergo phase transitions
at specific temperatures, and during the phase transitions, the material may experience
changes in its internal structure, crystal lattice, or other physical properties. These changes
can result in stress-relief mechanisms that offset the increase in thermal stress that would
typically be expected with temperature rise. Other materials may also experience softening
or a decrease in Young’s modulus with increasing temperature. Since thermal stress is
proportional to the Young’s modulus, a decrease in the Young’s modulus can lead to a
decrease in thermal stress as temperature rises [54].
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Figure 6. Thermal stress of the 4 materials as a function of temperature.

All four materials explored in this study show negative values of thermal stress
(Table 3), which is also a rare phenomenon, and can have both significant practical im-
plications and theoretical importance in the study of materials and their behavior under
thermal loads, including stress relief and prevention of cracking. Negative thermal stress
is good for optical coatings, since it leads to improved adhesion on to the substrate, com-
pensation for substrate stress, and thermal stability, especially in applications where the
optical component experiences significant temperature fluctuations or rapid changes in
operating conditions. ScF3 was found to have the highest negative value of the thermal
stress, while Ing 5Scg 5F3 was found to have the lowest. Thus, ScF3 is the best of all four
materials explored in this study with regards to thermal stress.
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4. Conclusions

The comparison of the thermal properties of AlF3, ScF3, Alg5Scos5F3, and Ing55¢o 5F3
was successfully made. The study found out that the calculated values of the thermal
properties are well in accord with the literature data. It was also found out that thermal
expansion coefficients of the materials increased with temperature at low temperatures,
except that of ScF3, which experienced a negative temperature coefficient of thermal expan-
sion. This was attributed to rattling atoms, and order-disorder transitions. AlF3 had the
best thermal expansion coefficient. Ing55¢o 5F3, on the other hand, had the lowest value
of coefficient of thermal expansion. The negative coefficient of thermal expansion of ScF3
indicates that it is not thermally stable, especially at low temperatures, while Ing 5S¢ 5F3
is the most stable. It was also found out that Ing 5S¢y 5F3 has the lowest values of ¢, and
cy of all four materials, while Alp5Sco5F; has the highest. The lowest values of ¢, and
¢y for Ing55co 5F3 are good for optical coating applications. While ¢, and ¢y were found
to be almost equal for AlF3;, Alp55cysF3, and Ings5Sc5F3, this was not the case for ScFs,
which showed a large variation between the two quantities, especially at high temperatures.
This was attributed to the molecular degree of freedom and interactions. The specific
heat capacity of MgF, was found to be much higher than those of the rest, which is not
a desirable property for optical coatings, since it leads to thermal distortion and shifts
in optical properties. The thermal stresses of all the materials were found to decrease
with an increase in temperature, with ScF3 recording the lowest value, while Ing 55¢o 5F3
recorded the highest value. The ScF; sample was thus found to be good for coatings that
are used in high-power laser systems with high thermal dissipation, owing to its good
thermal expansion coefficient as well as lowest thermal stress. Ing55cy5F3 is only better
than AlF; due to its lowest values of ¢, and ¢y, which are good for most optical coating
applications, since higher values of the two parameters can lead to undesirable effects
such as thermal distortion or fluctuations in the optical properties of the coating. However,
thermal properties alone are not enough for a complete understanding of materials. Thus,
other properties such as mechanical and optical need to be investigated for the four ma-
terials, considering these properties are also essential to the operation of optical coatings.
Moreover, this study carried out a computational investigation of the thermal properties.
Experimental treatment of the materials can form a basis for future work in order to verify
the results.
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