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A B S T R A C T   

Ceramic-metal nanocomposites (NCs) are the one of the most promising materials for selective solar absorbers 
(SSAs) in renewable energy applications. Design of efficient SSAs demands precise modeling of light propagation 
in NCs. We report on the synthesis, detailed characterization, and analytical and numerical modeling of Mo-
lybdenum (Mo)-alumina (Al2O3) NCs. In this study, Mo–Al2O3 NC films with thicknesses of 45 nm and 60 nm and 
nominal metal volume fraction (f) of 30%, 40%, and 60% were grown on polished glass substrates, using 
sequential DC and RF sputtering. TEM analysis of the samples with f = 40% showed that most 2 nm-diameter Mo 
particles are spherical and isolated. The reflectance (R) and transmittance (T) curves of the NC were measured in 
the spectral range of 300 nm and 1700 nm. The measured R and T characteristics were compared with the 
calculated FDTD simulations to analyze the prediction accuracy of the approach.   

1. Introduction 

Ceramic-metal (cermet) nanocomposites (NCs) are the fundamental 
materials for selective solar absorbers (SSA) with a high absorptance of 
solar radiation and low infrared emittance [1]. Such SSA structures are 
an essential part of solar thermal collectors for increasing their operation 
temperature and/or efficiency. Structures of SSA coatings using NC thin 
films, in general, have the structure of ARF/LMVF/HMVF/IR reflector 
layer/substrate, where ARF is an antireflecting layer, LMVF is an NC 
with a low metal volume fraction, HMVF is the same but with a higher 
metal volume fraction and IR reflector is a metal film with high IR 
reflectance [2]. From a fundamental point of view, the NCs used in SSAs 
are considered plasmonic materials due to plasmonic resonances [3] at 
the metal-dielectric interface, contributing to the absorption and scat-
tering of light in these materials. Accurate prediction of the optical 
characteristics of an NC with multilayer coatings is essential to design 
efficient SSAs [4,5]. It is necessary to know the complex refraction index 
ñ = n + iκ of each layer to calculate the reflection spectrum of multilayer 
coatings using the transfer matrix formalism [6]. Conventionally, n(λ) 
and κ(λ) of thin films are experimentally determined using ellipsometry. 
However, this method may produce contradictory results in n and κ 
determinations for NCs [7,8]. Alternatively, optical characteristics of 
nanocomposite cermets have been calculated using the effective me-
dium theories like Maxwell–Garnett (MG), Bruggeman, and their 

extensions [3,9]. For example, Ref. [10] calculated the optimum NC 
layer thicknesses and f values for Mo Al2O3 NC using the MG model with 
the optical constants (n and κ) of bulk Mo and Al2O3. The input pa-
rameters for these calculations were the complex refractive indices of 
the pure forms of both metal and dielectric components of the NC. 
However, a sputtering process that is normally used to obtain cermet 
films may result in significant changes in their optical properties due to 
the introduction of impurities, amorphous phases, stress, etc. [11]. The 
metal nanoparticles’ size also affects their optical properties due to the 
differences in the number of free electrons per unit volume, the effective 
mass, and the mean free path of the conduction electrons [12]. 

Moreover, the mean-field theories do not consider particle-particle 
interactions. The Finite-difference time-domain (FDTD) method, on 
the other hand, is quite capable of reproducing the optical response of 
NCs [1,13,14]. Recently, the utilization of the FDTD technique has been 
reported for simulation of the optical properties of NCs with noble metal 
nanoparticles (Ag and Au) and SiO2 as dielectric host [13,14]. Recently, 
the importance of particle-particle interactions as well as the effects of 
the spatial distribution of the particles in the determination of the 
reflectance (R) and the transmittance (T) of nanocomposites have been 
demonstrated by FDTD calculations [1,14]. It was also demonstrated 
that the spatial disorder of nanoparticles (randomness) reduces the 
quality of resonant behavior in R and T spectra of the amorphous met-
amaterials like NCs [15]. Considering the MG method’s limitations, the 

* Corresponding author. 
E-mail address: nakte001@fiu.edu (N. Akter).  

Contents lists available at ScienceDirect 

Solar Energy Materials and Solar Cells 

journal homepage: http://www.elsevier.com/locate/solmat 

https://doi.org/10.1016/j.solmat.2021.111027 
Received 30 June 2020; Received in revised form 31 December 2020; Accepted 18 February 2021   

mailto:nakte001@fiu.edu
www.sciencedirect.com/science/journal/09270248
https://http://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2021.111027
https://doi.org/10.1016/j.solmat.2021.111027
https://doi.org/10.1016/j.solmat.2021.111027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2021.111027&domain=pdf


Solar Energy Materials and Solar Cells 225 (2021) 111027

2

results of Ref. [10] can be significantly improved by using FDTD and 
taking the sputtering-related effects into account. 

FDTD simulations of Mo–Al2O3 nanocomposites have not been re-
ported in the literature to the best of our knowledge. This work aims to 
study the optical properties of Mo–Al2O3 NCs by using the FDTD based 
approaches that consider the effects of sputtering on particle distribu-
tion and material characteristics and compare the results with the 
experimental ones to assess the accuracy of FDTD approaches. 

2. Theoretical framework - plasmonics 

The extinction spectrum E(λ) of a spherical metal nanoparticle with 
radius r that is irradiated by z-polarized light of wavelength λ (where r is 
much smaller than λ; i.e., r/λ < 0.1) can be expressed as follow [16]: 

E(λ)= (Const.)
r3ε3/2

out

λ

[
εi (λ)

(εr (λ) + χ εout)
2
+ εi (λ)2

]

(1) 

Here, εr and εi are the real and imaginary components of the metal- 
dielectric function, respectively, and εout is the dielectric constant of the 
external environment. The factor of χ that appears in front of εout is 2 for 
spherical nanoparticles. In this case, E(λ) reaches the maximum value 
when the dielectric constant of the metal is roughly equal to − 2εout. The 
higher polarization of the metallic nanoparticles leads to higher energy 
absorption due to the localized surface plasmons’ electric field 
enhancement on the metallic nanoparticles [2]. Considering that the Mo 
nanoparticles in our NCs are below 5 nm (see TEM in Fig. 6(a)), we can 
assume that extinction E(λ) is only related to absorption [17]. In Fig. 1 
we show a comparison between E(λ) for gold and molybdenum calcu-
lated using reported n and κ spectra data in Ref. [18] embedded in Al2O3. 
We can see that Au has its plasmonic resonance at around 600 nm, while 
Mo resonance is close to 200 nm. This is in a good agreement with Ref 
[19] where Au and Mo’s plasmonic analysis is reported. We will show 
later that the absorption behavior of Mo–Al2O3 NCs can be well 
explained using Fig. 1. 

Equation (1) does not consider the dipolar interactions between the 
particles. These interactions can be regarded as by introducing a dipolar 
interaction parameter S to find the new particle polarizability α* [20]: 

α* = 1
/(

α− 1 + S
)

(2)  

where S depends on the particle distribution in NCs. Equation (2) shows 
that the dipolar interactions (coupling) between the particles decreases 
the polarizability related to plasmonic resonances. 

3. Methods 

3.1. Mo–Al2O3 cermet preparation by sputtering 

Mo–Al2O3 NCs with nominal metal volume fractions of 30%, 40%, 
and 60% and with two different thicknesses of 45 and 60 nm were grown 
on transparent glass substrates using a custom-built sputtering tool. The 
tool had two planar rectangular magnetron sputtering guns (Gencoa 
SW50200), each of which operated in DC or RF mode and was powered 
by advanced energy MDX-1K and advanced energy Cesar RF Power 
Generator with a power output of 1 KW. The Argon (very high purity) 
pressure in the chamber during the sputtering process was 0.93 Pa. The 
base vacuum was lower than 10− 3 Pa. Mo, and Al2O3 ceramic targets 
(rectangular 5 cm × 20 cm) had a purity of 99.95% and 99.99%, 
respectively. The specular borosilicate glass substrates were mounted on 
a cylindrical holder that rotated with adjustable circular rotation speed. 
Shields were used to avoiding the co-sputtering of Mo and Al2O3 species. 
The setup is shown schematically in Fig. 2(a). Ceramic and metal growth 
rates were separately measured as a function of the power applied to the 
targets, using an Inficon SQM-160 rate/thickness monitor and a KLA 
Tencor D − 120 profiler. We adjusted the power of each magnetron gun 
to have the desired growth rate and metal volume fraction. With the 
rotational substrate holder speed of 30–40 rpm, each pass of the sub-
strate conduced to deposition of material with no more than 0.2 nm 
thickness, which is smaller than the interatomic distance between Mo 
atoms about 0.2 nm. This condition guaranteed that Mo nucleated as 
isolated nanoparticles. 

The samples used in this work are described in Table 1. NCs with 
three different metal volume fractions (f = 30, 40, and 60%) and two 
different film thicknesses (45, 60 nm) were investigated. Sputtered Mo 
thin films with thicknesses of 70 nm and 300 nm were also measured to 
determine pure Mo characteristics and used in FDTD simulations. Fig. 2 
(b) shows the NC films’ picture with different f values grown on glass 
substrates to show the change of transparency with the increasing value 
of f. 

3.2. Optical, TEM, and thickness characterizations 

The cermets ’ reflectance and transmittance spectra were measured 
in the spectral range of 300 nm–1700 nm using a QEX10 Solar Cell 
Quantum Efficiency Measurement System and an integrating sphere 
with high repeatability. For transmission electron microscopy (TEM) 
imaging, the cermet samples were prepared using a focused ion beam 
(FIB), and a Tungsten (W) thin film was deposited to protect the cermet 
film during the process. In the TEM analysis using a Philips CM-200 200 
kV microscope, a 20 nm Mo–Al2O3 film was sandwiched between Mo 
and W protective films. For the deposition of NCs with different thick-
nesses, the calibration of NC thickness as a function of the sputtering 
deposition time was determined using the SEM profile of these films. 
Fig. 2(c) shows the SEM profile picture of a 100 nm thick NC film. Note 
that this film, used for calibrations, is thicker than the used in this study 
(45 and 60 nm) to reduce measurement errors. We have also measured 
the thickness of the NCs using an Alpha step 200 Tencor Instruments 
profiler, with a nominal resolution of 5 nm. 

3.3. FDTD simulations 

A commercially available FDTD solver (Lumerical 2020) [21] was 
used for numerical modeling. In the simulation setup, a periodic 
boundary was selected for the x-axis and y-axis directions, while 
perfectly matched layers (PMLs) with 64 layers were used as the 

Fig. 1. Extinction spectra of gold and molybdenum nanoparticles in an Al2O3 
host calculated using Eqn. (1) and the optical parameters reported in Ref. [18]. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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workplace boundaries in the z-direction. For the simulation setup, we 
have designed the cermet structure by embedding Mo nanoparticles in 
alumina (Al2O3) and placing them on a glass substrate. Optical param-
eters (n and κ) of alumina, glass substrate, and bulk Mo were taken from 
the empirically defined values by Palik et al. [22]. The optical param-
eters of sputtered Mo were calculated from the measured spectra of the 
sputtered Mo thin-film. We have designed our body-centered cubic (bcc) 
cermet structure using the build-in bcc structure from Lumerical FDTD 
object library [21] and tuned the material properties, lattice period, and 
the number of stacking layers in x, y, and z directions while keeping the 
radius of Mo nanoparticles as constant. Similarly, for the cermet struc-
tures with randomly distributed nanoparticles, we have used the 
build-in structure available in the Lumerical FDTD object library [21]. 
We have tuned the material properties, the number of randomizer seed, 
and the number of stacking Mo nanoparticles while keeping the radius of 
Mo nanoparticles constant. A broadband plane wave was injected in the 
z-direction (for both bcc and random cermet structure), and for precise 
geometry defining and accurate calculations, spatial mesh grid size was 
set to Δx = Δy = Δz = 0.20 nm. Transmission and reflection monitors 
were placed above and below the sample to gather the simulated data, 
and the numerical analysis has performed by exporting the data from the 
monitors and using custom codes. 

4. Results and discussions 

4.1. Optical characteristics of the sputtered Mo–Al2O3 cermets 

This section will describe the measured optical characteristics of the 
sputtered NC. Fig. 3 shows the measured reflectance spectra of the pure 
bulk Mo and the sputtered thin films (C1 and C6). It should be noted 
that, in the case of sputtered Mo films, the reflectance is lower than the 
bulk case, and the peaks related to interband transitions are not clearly 
resolved. This experimental fact is related to the sputtering-caused ef-
fects such as impurities and film stress that alter the Mo optical prop-
erties [11]. 

Fig. 4(a) compares the measured R and T of a 100 nm thick Al2O3 
film and one of the NCs (C4). It is exciting to observe the general shape is 
the same for both cases. The higher level of R for the NCs case can be 
attributed to the metallic Mo nanoparticles. In Fig. 4(b), we show the 
reflectance curves of Al2O3 and NCs normalized at the maximum R of the 

NCss, which clearly shows the effect of the Mo nanoparticles. The 
transmittance spectra in Fig. 4(c) indicate the strong absorption by the 
Mo nanoparticles, whereas the alumina absorption is very low. 

The experimentally measured reflectance and transmittance spectra 
of the NCs (C2–C5) with different metal volume fractions (f) and 
thicknesses (d) are presented in Fig. 5. There is a good correspondence 
between the increasing reflectance and the decreasing transmittance. 
The difference between reflectance and transmittance indicates ab-
sorption in the NCs. Moreover, the level of a maximum of reflectance 
increases with the increasing f and increasing thickness. All observed 
differences changing f and d should be related to the dependence of R 
and T on the refraction index (n and κ) [23]. In the reflectance spectra, 
minima and maxima are clearly visible for all f and d values. Similar 
characteristics have been reported for Nb–MoN cermets [24]. The 
minima observed in the reflectance curves must be related to the 
interference between the light beams reflected at the upper (air/cermet) 
and lower (cermet/substrate) interfaces. 

Fig. 5(c) presents the absorptance (A) curves of the NCs samples. Just 
like the R, A also increases with the increasing thickness and volume 
fraction ratio. It is also observed that the region of high absorption 
related to Mo in the NCs is below 700 nm. This fact is in good agreement 
with Ref. [17] in which the absorption characteristics of different metal 
nanoparticles (including Mo) are studied. The maximum absorption for 
Mo nanoparticles with diameters smaller than 20 nm was found at 
around 200 nm. In the case of nanoparticles with 75 nm, this maximum 
shifted to 500 nm. We observe a knee at this wavelength for sample C5. 

Fig. 2. (a) The schematics of the sputtering setup used in this study. A rotating cylindric sample holder allows the substrate to be exposed to the material to be 
deposited (Mo or Al2O3) for a desired duration of time. (b) NC films with different values of f grown on glass substrates with thickness 45 nm to show the change of 
transparency with f. The picture was taken on a text to be able to see the transparency level. (c) The SEM profile of 100 nm thick Mo–Al2O3 NC. 

Table 1 
Samples used in this study.  

Sample Type Thickness (nm) 
±5 nm 

f (%) 

C1 Sputtered Mo thin film 70 nm 100% 
C2 Mo–Al2O3 NC 45 nm 40% 
C3 Mo–Al2O3 NC 60 nm 40% 
C4 Mo–Al2O3 NC 45 nm 30% 
C5 Mo–Al2O3 NC 45 nm 60% 
C6 Sputtered Mo thin film 300 nm 100%  

Fig. 3. Measured reflectance spectra of pure Mo bulk and sputtered thin films 
with thicknesses of 300 nm (C6) and 70 nm (C1). 
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We can assume that, for sample C5, particle agglomeration results in a 
larger nanoparticle diameter. Therefore, we did not include this sample 
in FDTD simulations, where isolated particles are assumed. It is impor-
tant to note that Eqn (1) well describes the A spectrum characteristic 
with an increasing value in the low wavelength region. 

4.2. Nanoparticle distribution and optical parameters for the FDTD 
simulations 

We have performed TEM analysis of a NC sample with 40% of 
nominal metal volume fraction to determine the nanoparticle size and 
distribution experimentally. Fig. 6 shows a cross-sectional TEM image of 
this NC from which we can see the detail of Mo particles with a diameter 
of about 2 nm. Similar results of Mo size particles are reported in 
Ref. [25] for Mo–SiO2 NCs. Although there were some joined nano-
particles, the majority of them were isolated. 

For FDTD simulations, we have used a body-centric cubic (bcc) lat-
tice and random distribution for the nanoparticle arrangement. The idea 
of using this distribution structure of NPs is linked to the need to be able 
to model the metallic volume fractions obtained experimentally without 
the particles touching each other. In Ref. [26], different regular struc-
tures are analyzed in their effect on the dielectric constant of NCs, 

finding that this effect is not very important under certain conditions. In 
Fig. 6 (b) and (c), we show a schematic representation of bcc and random 
distributions. In all cases, we assumed a monodisperse distribution with 
a diameter of 2 nm based on the TEM analysis Fig. 6 (a). The same 
assumption of using identical particles was used in Ref. [14], consid-
ering it is a good approximation when the particle diameter is consid-
erably smaller than the wavelength of the incident radiation. In the case 
of bcc lattice, we adjusted the value of f by changing the distance be-
tween particles. Table 2 shows the distances between particles centers 
and the distance between the surfaces of the particles as a function of 
metal volume fractions. It should be noted that f should affect particle 

Fig. 4. Comparison of the reflectance and transmittance spectra for a 100 nm thick Al2O3 film and one of the NCs (C4). (a) Comparison of the R spectra. The arrows 
indicate the isomorphism and shift of the NC spectrum. (b) Comparison of the normalized (at maximums) reflectance. (c) Comparison of the T spectra. 

Fig. 5. Experimental (a) transmittance (b) reflectance and (c) absorptance spectra for NCs with different thicknesses (d) and metal volume fractions (f).  

Fig. 6. (a) Cross-sectional TEM image of one of our Mo–Al2O3 NC showing the individual Mo nanoparticles (b) bcc nanoparticle lattice schematic representation (c) 
Random nanoparticle distribution generated by our FDTD program. 

Table 2 
Metal volume fractions as a function of particle radius.  

Metal volume 
fraction f 

Distance between 
particles (nm) 

Distance between particle 
surfaces (nm) 

10% 4.37 2.37 
20% 3.47 1.43 
30% 3.03 1.03 
40% 2.75 0.75 
50% 2.55 0.55  
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interactions, which play a very important role in the optical properties of 
NCs [20]. 

FDTD method uses complex refractive index components n and κ in 
simulations of light-matter interactions. In pure bulk Mo and pure Al2O3, 
we used the data provided in Ref. [10]. However, it is known that 
sputtered metal films have quite different optical properties due to the 
incorporation of impurities, such as Oxygen and stress. Therefore, we 
experimentally determined n and κ spectra of a semitransparent sput-
tered Mo film (C1) through the reflectance and transmittance mea-
surements. Using the Beer-Lambert equation, we calculated κ from the 
transmittance data, and we obtained n using the equation for the 
reflectance of a thick film. In Fig. 7, we show n and κ of bulk Mo and the 
sputtered Mo thin films. Note that in the case of sputtered Mo, we 
observe a loss of resolution of interband transitions in the visible spec-
trum and an inversion behavior for n above 900 nm visible for bulk Mo. 
Similar results have been reported for sputtered Mo films by others [27]. 
As we present below, the measured n and κ allowed more realistic FDTD 
simulations for the NCs resulting in R(λ) and T(λ) spectra in close 
agreement with the measured ones. 

4.3. Experimentally measured and FDTD simulated R and T spectra 

4.3.1. Choice of Mo optical parameters and Mo particle distribution 
For the FDTD simulations, we used the optical parameters of both 

bulk Mo [28] and sputtered Mo films extracted from our measurements 
and compared the results to understand the accuracy of the simulation 
approaches. We also compared the results of FDTD simulations using 
both bcc and random distributions of the Mo particles. Here, we pre-
sented the results for bcc and random particle distributions obtained 
using the optical parameters of bulk Mo and sputtered Mo for the sample 
C2. In Fig. 8 (a), reflectance curves obtained by using bulk Mo param-
eters present broad secondary minima at longer wavelengths (in addi-
tion to the primary minima in the UV range) that are not observed in the 
experimental curves. These minima are less prominent in the reflection 
spectrum for random distribution. 

Moreover, the amplitude predicted by the random distribution is 
much lower than both experimentally observed and bcc modeled ones. 
This variance could be related to the fact that the random distribution 
resembles a porous metallic structure, which would have lower reflec-
tance. In contrast, bcc distribution resembles a continuous metallic thin 
film with high reflectance (see Fig. 6). On the other hand, the reflectance 

curve obtained by using the sputtered Mo optical parameters and bcc 
distribution predicts the experimental behavior quite accurately, except 
for the slight shift in the first minimum position. In Fig. 8(b), we 
compare the experimental and numerical transmittance results for the 
same cases. Again, the transmittance curve obtained using the sputtered 
Mo optical parameters and bcc distribution predicts the experimental 
behavior the most accurately, compared to the other approaches. 

Next, we compare FDTD absorption spectra (bcc and random particle 
distributions) with the samples C2 and C4’s experimental absorptions. In 
Fig. 9(a), we see that, below 600 nm, there is a very good agreement 
between C2 (40%, 45 nm) and bcc with f = 30%, d = 60 nm; and between 
C4 (30%, 45 nm) and bcc with f = 20% d = 60 nm, using bulk Mo input. 
Above this wavelength, the theoretical absorptions are higher with the 
characteristic broad fluctuations when Mo bulk input is used. The 
random distribution case calculated using bulk Mo data predicts higher 
absorption than any experimental curve for similar volume fractions. 
This allows us to speculate that our NCs have some order akin to bcc, 
rather than completely random distribution. It is also essential to 
consider that we have used our simulations with the same radius for all 
nanoparticles. 

Ref. [15] discussed that size variations of monodispersed particles 
could affect the FDTD results. Fig. 9(b) compares the bcc and random 
absorptions calculated using Mo bulk data for 10, 20, and 30% of metal 
volume fractions. It is intriguing to note that for f = 10%, where the 
distance between the particles is larger, both distributions result in 
almost the same spectrum. This coincidence decreases for higher metal 
volume fractions where the distance between particles for the bcc case is 
reduced. This result shows the effect of particle interactions, which in-
creases when the metal volume fraction is increased. Based on the results 
presented in this section, we used optical parameters of sputtered Mo 
thin films and bcc particle distribution in further investigations. 

4.3.2. Case of bcc particle distribution with sputtered Mo optical properties 
This section compares the experimental R and T curves with the 

FDTD simulations using bcc particle distribution with varying metal 
volume fractions. Fig. 10 presents a family of FDTD-calculated R and T 
spectra for different metal volume fractions (20, 25, 30, and 40%) and 
thicknesses (45 and 70 nm) and compare with the experimental data for 
the samples C2 (d = 45 nm and f = 40%) and C4 (d = 45 nm and f =
30%). We can see that the theoretical curves resemble the experimental 
ones with the presence of first reflectance minimum and the general 
trend of R and T. For the R spectrum, the best fitting for C2 is obtained 
for the FDTD results with d = 70 nm and f = 30% and while the best 
fitting for C4 is obtained for d = 70 nm and f = 25%. We can see that the 
best fit is obtained for FDTD with 70 nm thickness rather than 45 nm of 
the experimental case which could be related to the error in thickness 
estimation. For lower thicknesses (black curve), the reflectance mini-
mum blue-shifts to shorter wavelengths. This behavior can be explained 
by the destructive interference condition at the surface of the thin film, 
which depends on film thickness. For both sample C2 and C4, the best fit 
FDTD results are 10% and 5% less than the nominal metal volume 
fractions of 40% and 30%, respectively. In the literature, it has been 
reported that a slight change of actual value is possible during the 
sputtering process [25]. Therefore, the good fit for smaller f in the R 
spectrum could be reasonable and important to understand the materials 
changes and optical characteristics. The difference could also result from 
a strong agglomeration of nanoparticles in this case, which breaks the 
FDTD assumption with isolated nanoparticles of 2 nm. The FDTD 
calculated T spectra and shown in Fig. 10(b), in general, show reason-
able agreement with the measured spectra for C2 and C4. In opposition 
to the R case, FDTD calculations underestimate the T for the given 
nominal metal volume fractions. Hence, the best fit for T of C2 and C4 
are for f = 25% and f = 20%, respectively. 

Due to its larger thickness, we present the R and T calculations for C3 
(d = 60 nm and f = 40%) separately in Fig. 11. Like the previous cases, 
the best fitting FDTD for the R of the sample C3 is the larger thickness (d 

Fig. 7. Complex refractive index components n and κ of bulk Mo and sputtered 
Mo thin film. 
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= 90 nm) and lower metal volume fraction (f = 30%) than the nominal 
values. Further, FDTD calculations with the same parameters slightly 
underestimate the T spectrum compared to the experimental one shown 
in Fig. 11(b). 

4.3.3. FDTD simulation of the entire SSA coating 
Finally, we simulated the entire SSA’s reflectance shown in Fig. 12(a) 

through FDTD with sputtered Mo optical parameters and with bcc dis-
tribution and compared with the experimentally measured spectrum as 
shown in Fig. 12(b). The agreement with the curves is excellent, with 

perfectly matching positions of the minima. The FDTD slightly un-
derestimates the amplitude for the wavelengths longer than 600 nm. The 
almost perfect fit indicates that the complete SSA coating’s film thick-
nesses were measured more accurately compared to the samples inves-
tigated in the previous sections. FDTD calculations using the optical 
parameters of bulk Mo (not shown) were not in good agreement with the 
experimental results. 

Fig. 8. (a) Effect of Mo sputtered input in bcc and random particle distribution. Comparison of (b) R and (c) T random FDTD simulations for 20 and 30%, with 
experimental samples C3 (40%, 60 nm) and C4 (30%, 45%). R, T. 

Fig. 9. (a) Comparing theoretical FDTD absorptions (bcc and random particle distributions with the thickness d = 60 nm) with experimental absorptions of samples 
C2 and C4. (b) Effect of metal volume fraction in FDTD absorption spectra for the random and bcc case. 

Fig. 10. Family of FDTD-calculated (a) R and (b) T spectra for different metal volume fractions and thickness with bcc particle distribution and comparison with the 
experimental data for the sample C2 (45 nm, f = 40%), C4 (45 nm, f = 30%). 
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5. Conclusion 

In summary, we studied the transmission, reflection, and absorption 
spectra of Mo–Al2O3 cermet nanocomposites using FDTD and compared 
the results with the experimentally measured ones. In general, R, T, and 
A spectra calculated for bcc particle distribution using pure bulk Mo 
parameters are in good agreement with the experimental ones with the 
presence of the first reflectance minimum and the magnitudes’ general 
trend. However, broad fluctuations observed in the calculated spectra as 
opposed to the experimental ones when bulk Mo optical properties (n 
and κ) are used. Since these fluctuations are present in both bcc and 
random distribution cases, we concluded that they result from the op-
tical properties of bulk Mo and are not strongly related to particle in-
teractions. The optical properties for sputtered Mo in FDTD simulations 
eliminated the broad fluctuations in the calculated spectra completely 
for both random and bcc particle distributions. It is worth emphasizing 
that the differences between bcc and random simulations are minimal 
when optical properties for sputtered Mo are used in the simulations. It 
proves that the Mo metal properties altered during sputtering allow the 
simulations to better reproduce the experimental behavior. The best fit 
between the FDTD and experimental spectra is achieved when there is a 
freedom to use a different simulation thickness than the thickness of the 
experimental samples; a fact may be related to experimental uncertainty 
in NCs thickness measurements. We also observed that the simulated 
FDTD absorptions as a function of metal volume fraction are quite 
similar for random and perfect bcc particle distributions for this quan-
tity’s small values. Considering that the higher is the metal volume 
fraction, the smaller the distance between particles; this result must be 
viewed as an indication of FDTD simulations’ sensitivity to the particle 
interactions. The FDTD simulated R spectrum of the entire SSA coating 

with Mo–Al2O3 nanocomposites is in good agreement with the experi-
mentally measured one. The results would help understand the capa-
bilities and limitations of FDTD to develop better approaches and 
ultimately design more efficient ceramic-metal nanocomposites for se-
lective solar absorbers (SSAs). 
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Fig. 11. Family of FDTD-calculated (a) R and (b) T spectra for different metal volume fractions and thickness with bcc particle distribution and comparison with the 
experimental data for the sample C3 (60 nm, 40%). 

Fig. 12. (a) Cross-sectional structure of the selective solar absorbing (SSA) coating was investigated in this study. (b) Comparison of the experimentally measured 
and FDTD calculated R spectra for the SSA. 
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[26] B. Sareni, L. Krähenbühl, A. Beroual, C. Brosseau, Effective dielectric constant of 
periodic composite materials, J. Appl. Phys. 80 (3) (Aug. 1996) 1688–1696. 

[27] J.A. Thornton, A.S. Penfold, J.L. Lamb, Sputter-deposited Al2O3/Mo/Al2O3 
selective absorber coatings, Thin Solid Films 72 (1) (Sep. 1980) 101–110. 

[28] N. Akter, J. J. Becerril-Gonzalez, G. Oskam, N. Pala, and O. Ares-Muzio, 
“Numerical and experimental study of sputtered Mo-Al 2 O 3 nano composites for 
photothermal energy harvesting.”. 

N. Akter et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0927-0248(21)00070-2/sref1
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref1
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref1
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref3
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref3
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref4
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref4
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref4
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref5
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref5
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref6
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref6
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref6
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref7
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref7
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref7
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref7
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref8
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref8
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref8
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref9
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref9
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref10
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref10
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref11
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref11
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref11
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref13
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref13
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref14
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref14
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref14
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref15
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref15
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref16
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref16
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref17
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref17
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref17
https://refractiveindex.info/
https://refractiveindex.info/
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref19
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref19
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref20
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref20
https://www.lumerical.com/products/fdtd/
https://www.sciencedirect.com/book/9780125444224/handbook-of-optical-constants-of-solids
https://www.sciencedirect.com/book/9780125444224/handbook-of-optical-constants-of-solids
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref23
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref23
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref24
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref24
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref24
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref25
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref25
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref25
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref26
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref26
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref27
http://refhub.elsevier.com/S0927-0248(21)00070-2/sref27

	FDTD modeling of sputtered Mo–Al2O3 nanocomposites
	1 Introduction
	2 Theoretical framework - plasmonics
	3 Methods
	3.1 Mo–Al2O3 cermet preparation by sputtering
	3.2 Optical, TEM, and thickness characterizations
	3.3 FDTD simulations

	4 Results and discussions
	4.1 Optical characteristics of the sputtered Mo–Al2O3 cermets
	4.2 Nanoparticle distribution and optical parameters for the FDTD simulations
	4.3 Experimentally measured and FDTD simulated R and T spectra
	4.3.1 Choice of Mo optical parameters and Mo particle distribution
	4.3.2 Case of bcc particle distribution with sputtered Mo optical properties
	4.3.3 FDTD simulation of the entire SSA coating


	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	References


