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Abstract: The present article examined the influence of size and periodicity of simulated gold (Au)
nanoparticles (NPs) embedded in Nickel Oxide (NiO) matrix on localized plasmonic resonances
(LSPRs). The scope of this work is to comparatively study the theoretical outcomes exhibited against
the experimental results delivered from previous works, including a significant number of simulations
and testing of numerous NPs diameter values. A comparison between Au and NiO NPs over silver
(Ag) and NiO NPs is also reported to investigate whether the nature of noble metal affects its behavior
in terms of LSPRs. The computational results strongly support that the appearance and intensity
of LSPRs is straightforward to the increase in the diameter of NPs. The simulation results are in a
good agreement with the literature of small NPs, offering the opportunity to further understand the
LSPR phenomenon and its more effective implementation to opto-electronic applications. Rigorous
Coupled Wave Analysis (RCWA) is performed to stimulate the justification and knowledge of the
theoretical conclusions.
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1. Introduction

Over the years, the scientific interest has been concentrated on metal’s surface plasmon
resonances (SPRs) and localized SPRs or LSPRs (for metallic NPs) since the latest have
the unique ability to amplify multiple times the induced electromagnetic field once it is
radiated on their surface [1]. This phenomenon prioritizes these metallic NPs as highly
remarkable and suitable for a series of operations [2–10].

This interest is primarily oriented to the demonstration of the existence and number
of Plasmonic Resonances in the UV-Vis spectrum via experimental structures. The scope
of this work is to controversially show the appearance of LSPRs generated with the aid
of software analysis. This study focuses on the noble metal Au, a promising material
according to recent studies, due to the numerous technological applications; it participates,
characteristically mentioning the diode and biochemical devices, the bioluminescence
and biosensing applications, the electromechanical sensors, the photocatalytic activity, the
Metal-Organic Framework, the photocatalytic mechanism for the solar, and photovoltaic
production [11–18].

The computational results are discussed with the help of the Rigorous Coupled-Wave
Analysis (RCWA) in order to obtain a deeper physical insight. The numerical method
applied is the modeling of the RCWA. The absorbance, transmission, and reflection formu-
las have been interpreted according to [19]. In the Fourier expansion of the permittivity
(Equation (1) of [19]), thirteen grating vectors are used in each direction. Calculations with
a higher number of grating vectors gave results within the 2% difference.
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The advantage of applying the RCWA method over other computational methods is
its ability to efficiently handle very large objects that have the same cross section along the
z-axis. In RCWA, cubes and cylinders having their axis along the z axis can be effectively
treated using almost the same computational time regardless of their length while methods
such as the Finite Difference Time Domain (FDTD) or Finite Element (FE) need to increase
their mesh linearly as length increases in order to keep the computational time reduced [20].

Among the most important parameters of a nanosized/nanostructured system in
order to be applicable is the controllable optical band gap tuning. This tuning is feasible,
since the band gap depends strongly on the particle size of the NPs or the thickness of the
film and, therefore, it can be changed by properly adjusting the NPs dimensions [21].

The dependence of the geometry of AuNiO NPs in terms of the induction and sizing of
LSPRs has been thoroughly investigated in the context of this work. In particular, size and
shape variables such as thickness (ti), diameter (d), lattice constant (a), and the conditions
between them are some software parameters examined if affecting the optical properties
of AuNiO NPs. The demand for the existence of NiO medium is due to the improved gas
sensing properties AuNiO NPs exhibit. In particular, the gas sensing result reveals that the
response of AuNiO Core-Shell NPs gas sensor is higher than pristine NiO NPs [22,23].

In this work, NPs of d = 2.54 nm−240 nm are simulated and the LSPRs intensity and
position are calculated. NPs sizing over 30 nm demonstrate opposite plasmonic features
against those when the diameter is less than 25 nm. The main difference observed is the
redshift of resonances as the size of Au NPs is increasing.

Significant outcomes also delivered after the comparison of Au nanoscaled particles
over the bulk material. When diameter values increase, whether it comes for NPs or bulk
material, any shift of the simulated resonances appearing seems to eliminate.

Last but not least, comparative simulations over the plasmonic behavior of AuNiO
against AgNiO NPs towards the existence of LSPRs have also been evaluated as part of an
overall effort to comprehend the LSPRs induction and scale up this study to other new and
modern materials and metal alloys [24].

2. Materials and Methods

In this work, the tuning of the geometrical parameters of noble metals Au NPs is
investigated whether it has any impact on the induction of resonances. Au was reviewed as
a susceptible material [25,26] for the induction of LSPRs it exhibits, and thus was thoroughly
investigated in terms of its size. Simulated absorbance spectra results have shown that
the dependence of Au existence and intensity of LSPRs is straightforward to the size of
NPs. The methodology, and consequently, all results derived, have been based on software
calculations. Numerous simulations of diameter have been performed along with the
system modeled in order to reach a safe conclusion about the dependence of the increased
absorbance values with size and any shift of the resonances to the Infra-Red (IR) or Ultra-
Violet (UV) spectrum that might occur. The initial system studied comprises Au NPs on
Silicon Dioxide (SiO2) substrate. The NiO dielectric is of total thickness (t1 + t2) nm, with t2
equal to Au NPs thickness. The thickness layer t1 = 30 nm is constant for all cases examined.
The diameter values range among 30 nm–240 nm with an increasing rate of 30 nm. The
system studied is illustrated in Figure 1. For all cases, t2 = d/2 is applied. In this model,
Au NPs are placed directly on SiO2 according to high-resolution transmission electron
microscopy images [27]. Au NPs examined are depicted as cylinders placed in lattice in
NiO environment. RCWA theory also takes precedence over Mie theory, since the latest
only deals with spherical objects [28].
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Figure 1. Side and Top view of the AuNiO examined system.

3. Results and Discussion

The “Results and Discussion” part of this work is divided into five (5) main sections,
including the (a) analysis of the absorbance spectra against the increasing diameter values
for Au NPs of d= 30 nm–240 nm, (b) analysis of the absorbance spectra against the increasing
diameter values for Au NPs of d = 2.54 nm–25 nm, (c) comparative study of the simulated
LSPRs presence against the plasmonic behavior of Au NPs in precursor NiO thin film as
reported in [27], (d) comparative assessment of the behavior of bulk Au NPs against those
in the nanoscale, and (e) comparative assessment of the plasmonic behavior of AuNiO NPs
towards AgNiO NPs with regards to their increasing size.

3.1. Plasmonic Behavior with Respect to the Increased Diameter for NPs of d = 30 nm–240 nm

Three (3) different conditions between diameter (d) and lattice constant (a): a = (3/2)d,
a = 2d and a = 3d; were fully investigated. This is because experimental self-assembled Au
NPs show similar distributions [27]. The absorbance is fairly increased with the increase
of diameter for almost all diameter values and conditions, and is in good agreement with
the experimental results of [29] since over 10 nm the extinction spectra show features
well correlated with size. From the number of data simulated, it is observed that with
the increase of diameter, LSPRs are redshifted for the majority of cases. It is worth to
mention that with the increase of lattice constant with diameter, especially for a = 3d, LSPRs
become sharper, and this could lead to highly sensitive sensors [30]. Figure 2 illustrates
the dependence of LSPRs on the bigger values of lattice constant over diameter (a = 3d)
of the embedding medium NiO. In this case, besides the LSPRs resonances, there are
additional absorbance peaks due to the fact that the periodicity of the structure (a) becomes
comparable to the incident wavelength.

Figure 2. Size-dependent LSPRs for a = 3d and (a) d = 120 nm & 150 nm; (b) d = 180 nm–240 nm.

For the first three (3) simulations and d = 30 nm, 60 nm, and 90 nm, respectively, reso-
nances are not well defined, not offering a safe conclusion, and consequently not included
in the study. For the other simulations examined, specifically for d = 120 nm to 240 nm with
increasing step of 30 nm, the absorbance spectra are depicted in Figure 2a,b respectively.
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Both figures illustrate the red shift and well formation of resonances with the in-
creasing values of diameter. Despite that absorbance values are stable and measured at
approximately 0.45 a.u., for all five (5) graphs, the energy values are shifted from 1.38 eV to
0.9 eV once the diameter values are increased.

LSPR intensity and position is presented in Figure 3a,b, accordingly. LSPR intensity
trend has significantly increasing features, at least for a = (3/2)d, but this increase is not
that steep when it comes for a = 2d and a = 3d. In addition, LSPR position graph depicts
that the smaller the NPs become, the broader the LSPRs. LSPR positions are redshifted
while NPs size is increasing for all three (3) cases studied.

Figure 3. Size dependent LSPRs (a) intensity; (b) position for d = 30 nm–240 nm.

Concerning the redshift of LSPRs, it is known that the size parameter and the depolar-
ization field lead to a redshift in the plasmon resonance. The blueshifts of LSPRs might be
owed to interparticle coupling and a sample’s homogeneity. Those LSPRs which have no
or a slight shift even after doubling the annealing time is due to the fact that the particles
become larger, but not so much to decrease the resonance frequency [31].

3.2. Plasmonic Behavior with Respect to the Increased Diameter for NPs of d = 2.54 nm–25 nm

Motivated by [32] negotiating the formation of LSPRs due to the presence of Au films
by depositing the films at elevated temperatures, this work advances the analysis of LSPRs
size dependence for smaller, compared to those reported in Section 3.1 NPs. Two sets of
measurements were simulated. For the first set, diameter values ranged from 5 nm to 25 nm,
and for the second set, the diameter values were accordingly: d = 2.54 nm, 3.8 nm, 3.84 nm,
5.27 nm, 6.6 nm, and 14 nm, as reported in [32]. Especially for the second set of values, (t2)
thickness was first simulated for t2 = d/2 and secondly random relation between d and t2
was applied. The scope of these two different scenarios was not only to compare the results
derived but also to investigate how a non-linear relation between thickness and diameter
may affect the intensity of LSPRs. The results produced concerning the characteristics
of resonances are of significant interest. In particular, for a = 3d (Figure 4c) the biggest
absorbance values drop down is observed, when compared for a= (3/2)d and a = 2d. The
max absorbance value, for d = 25 nm and a = 3d, is 0.31 a.u, the lowest value of all absorbance
values. The increase of absorbance values is observed for all three (3) conditions between
a and d investigated with regards to the increase in diameter, and practically no shift of
resonances is noticed.

For d = 5 nm to 25 nm and t2 = d/2, LSPR intensity features depicted in Figure 5a show
similar characteristics to those for the NPs as reported in Section 3.1, but the increase in
absorbance for d = 5 nm to 25 nm is significantly raised, as illustrated in Figure 3a.
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Figure 4. Size dependent LSPRs for d = 5 nm–25 nm and (a) a = (3/2)d; (b) a = 2d; (c) a = 3d.

Figure 5. Size dependent LSPRs (a) intensity; (b) position for d = 5 nm–25 nm.

LSPR position shift, depicted in Figure 5b, behaves in a totally different manner, related
to the LSPR intensity features of NPs reported in Section 3.1, resulting some blueshift of
resonances at least for a = (3/2)d and a = 2d.

The absorbance spectra of NPs for d = 2.54 nm, 3.8 nm, 3.84 nm, 5.27 nm, 6.6 nm,
14 nm, and t2 = d/2 initially and secondly when random relation relates d and a were also
exploited to further understand the origin of resonances due to diameter values changes.

Simulation results do confirm that the absorbance is increased with the increase of
thickness independently of any relation that may connect thickness with diameter.

Computational results also support the experimental ones since the position of the
LSPRs shows an almost monotonous increase with the increasing nanoparticle size.
Figure 6a,b present the LSPR intensity and LSPR position trend over the increase of thick-
ness for d = 2.54 nm, 3.8 nm, 3.84 nm, 5.27 nm, 6.6 nm, 14 nm, and t2 = d/2.
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Figure 6. Size dependent LSPRs (a) intensity; (b) LSPRs position for d = 2.54 nm, 3.8 nm, 3,84 nm,
5.27 nm, 6.6 nm, 14 nm.

The LSPR intensity and position over t2 depicted in Figures 5a,b and 6a,b, behave
similarly, meaning that LSPRs with increasing values of absorbance are induced due to the
presence of Au NPs when the size of the latest is moderate. When diameter ranges from
2.54 nm to 25 nm, the absorbance rate is growing linearly with t2. On the contrary, a further
increase in diameter starting from d = 30 nm leads to the opposite results of the reduction in
the absorbance, and in some cases, the steer dropdown of the LSPR position as illustrated
in Figure 3b. This is observed when lattice constant has the biggest values against diameter
(a = 3d). Besides that, when thickness is independent of diameter, the absorbance spectrum
shows limited deviation from the original graph when t2 depends on d.

Summarizing the theoretical results, the optical properties of NPs, the diameter of
which ranges among 2.5 nm−25 nm, are in a different way than those of NPs when
d = 30 nm−240 nm. Although LSPR intensity exhibits a growing trend for all NPs, and in
some cases the absorbance value of the largest NP is doubled the absorbance values of
the smallest NP Figures 5a and 6a, LSPR position values either remain constant, or show
very limited decrease, at least not showing dramatic drop down when it comes for the
NPs of d = 30 nm−240 nm. The importance of the results delivered is applied to the fact
that the size and shape of metallic NPs are significant parameters towards the tailoring
of resonances.

3.3. Plasmonic Behavior with Respect to the Formation of Au NPs into Precursor
NiO Environment

The theoretical approach for LSPRs of Au NPs surrounded by NiO under incomplete
vacuum conditions reported in [27] is attempted in the context of this part. Special focus
was given to the films with initial thickness of 3 nm, 7 nm, and 10 nm. The outcomes of [27]
exhibit the formation of well-defined LPRS along with increasing values of the absorbance.

Figure 7 illustrates the simulated results of resonances for Au NPs of t2 = 3 nm, 7 nm,
and 10 nm, which confirm the experimental results in terms of the increasing thickness
values against a significant increase in the absorbance values. All three (3) resonances are
also well defined.

The LSPRs of experimental results are located at about 2.1–2.3 eV. The Blue-shift of
resonances simulated to 1.9eV may be attributed to the presence of substrate SiO2.

To further capitalize the behavior of the Au films of t2 = 3 nm, Au NPs of t2 = 1.5 nm to
4.5 nm, with increasing step of 0.5 nm, were also tested. The results show a very moderate
increase of LSPR position, but LSPR intensity increases at least for a = (3/2)d and a = 2d as
presented in Figure 8a,b.
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Figure 7. LSPRs formation for Au NPs when t2 = 3 nm, 7 nm, 10 nm.

Figure 8. (a) Absorbance changes; (b) Energy changes over t2 when t2 = 1.5 nm–4.5 nm.

3.4. Plasmonic Behavior Comparison of NPs against Bulk Materials

Interesting results also derived from the comparative study of Au bulk materials
against those in the nanoscale. In particular, values of the real and imaginary part of
complex refractive index, N = n + ik, as function of diameter (d), were first exported
from [29] and then compared to the values of Au as reported in [33].

The Au NPs of d = 2 nm, 7 nm, 10 nm and 50 nm Figure 9a–d, respectively, were
examined. The general conclusion resulted for all four (4) cases is the blue shift of reso-
nances for the NPs along with a considerable increase in absorbance with the increase in
diameter. This blue shift brings the calculations based on input values from [29] closer to
the experimental data of [27].

When increasing the diameter values, (Figure 9d), the shift between resonances tends
to disappear. However, for NPs with a very small diameter, the absorbance becomes
significantly smaller.

The bigger differences between the two figures in Figure 9a are due to the small value
of absorbance. The differences are much smaller for the transmittance. More specifically,
the transmission drops from 0.91 to 0.81, for 1.5 and 4 eV, respectively. While the differences
between two inputs [29,33] are less than 5%.
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Figure 9. Absorbance spectrum over Energy for Ag NPs, when d = 2, 7, 10 and 50 nm, for the cases
(a–d), respectively. Comparison between input [29] and input [33].

3.5. Plasmonic Comparison of AuNiO against AgNiO

Plasmonic properties of AuNiO NPs, examined in Section 3.1, against those of AgNiO
are studied in this section. Noble metals Ag and Au are chosen in purpose, since they both
exhibit strong plasmonic responses under visible illumination [34–36].

So, any further understanding of their behavior may support and fasten the scientific
effort for the discovery or synthesis of new materials and new devices. Comparison results
revealed that Au shows a better plasmonic behavior in terms of LSPRs formation, as
illustrated in Figure 10a,b.

Figure 10. Absorbance spectrum over energy for (a) Ag in NiO environment; (b) Au in NiO environment.

In particular, the presence of Ag in the NiO environment is responsible for
two (2) resonances, at least for a = 90 nm and a = 120 nm, opposed to the presence of
Au, responsible for one resonance. The increase of lattice constant values and consequently
the increase of diameter values is responsible for the redshift of resonances for both metals.



Solids 2022, 3 63

Absorbance values show no differences for both metals, but a redshift of LSPRs po-
sition for Au resonances is monitored against Ag resonances. Au NPs are better formed
against those of Ag NPs. The more intense SPRs of Ag combined with the better compati-
bility and easier synthesis of Au NPs indicate that these novel structures could be highly
suitable for surface enhanced Raman scattering [37]. Additionally, the enhancement of
many physical properties due to LSPRs in, for example, the light-emitting diodes (LEDs)
devices is an important issue; therefore, nanostructures like those of Ag are more likely of
being a potential candidate in applications [1].

4. Conclusions

In this work, we comparatively study the plasmonic behavior of different size simu-
lated Au NPs into NiO environment, the diameter values of which range from d = 2.54 nm
to 240 nm, with regards to the increasing values of absorbance and LSPR induction. This
work has been performed, with respect to the RCWA theory, satisfactorily reproducing
the experimental results of relevant articles, also oriented into the plasmonic behavior
of Au NPs. Interesting results were exported for all cases examined. Au NPs between
30 nm−240 nm result the redshift of their resonances in the UV-Vis spectrum once their
size is increasing, performance not applied when investigating Au NPs sizing between
2.54 nm−25 nm. For that geometry, NPs present opposite behavior features in terms of
resonances intensity and position. The simulation comparison results for bulk and NPs for
Au practically exhibit no absorbance shift when it comes for bigger sized NPs. Last but not
least, the tunable LSPRs characteristics for both noble Au and Ag examined do support
all previous results that the controllable tuning of the size of materials ranging into the
nanoscale does affect the existence and presence of LSPRs, a significant parameter towards
the design of new materials and new technological applications.
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