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Editorial

Latest Advances in Nanoplasmonics and Use of New Tools for
Plasmonic Characterization

Grégory Barbillon

EPF-Ecole d’Ingénieurs, 55 Avenue du Président Wilson, 94230 Cachan, France; gregory.barbillon@epf.fr

Nanoplasmonics is a research topic that takes advantage of the light coupling to
electrons in metals, and can break the diffraction limit for light confinement into subwave-
length zones allowing strong field enhancements [1–4]. In the past two decades, a very
significant explosion of this research topic and its applications has occurred. The applica-
tions cover a great number of fields such as plasmonic devices [5–8], plasmonic biosens-
ing [9–14], plasmonic photocatalysis [15–19], plasmonic photovoltaics [20–23], surface-
enhanced Raman scattering (SERS) [24–29] and its derivatives as the photo-induced en-
hanced Raman spectroscopy [30–35], SERS effect induced by high pressure [36] and the
shell-isolated nanoparticle-enhanced Raman spectroscopy [37–41], other surface-enhanced
spectroscopies, such as sum frequency generation (SFG) [42,43] and second harmonic gen-
eration (SHG) [44,45]. Thus, this Special Issue is focused on recent advances and insights in
the research topic of nanoplasmonics and its applications.

This Special Issue is composed of nine research articles, and three review articles. The
first part of the Issue is devoted to the surface plasmon resonance (SPR) spectroscopy [46,47].
Daniyal et al. have shown the use of the SPR spectroscopy for the optical characterization
of a thin film based on nanocrystalline cellulose (NCC) [46]. Andam et al. have also
used this SPR spectroscopy for determining the optical properties of ultra-thin films of
azo-dye-doped polymers [47]. The second part is dedicated to plasmonic devices [48,49].
Firstly, Zhang et al. have reported on a plasmonic narrowband filter based on an equilateral
triangle-shaped cavity and a metal–insulator–metal waveguide [48]. Lastly, Adibzadeh et
al. have investigated the performances of plasmonic InP nanowire array solar cells [49].
In the third part, Gonçalves et al. demonstrated surface plasmon and Fano resonances
in titanium carbide nanoparticles in the spectral range from visible to infrared [50]. In
the fourth part, the plasmonic sensing is addressed [51–53]. At first, Cardoso et al. have
reported on a second-order dispersion sensor based on multi-plasmonic resonances in D-
shaped photonic crystal fibers [51]. Next, Ramdzan et al. have demonstrated a plasmonic
sensing of mercury ions in an aqueous medium by using as a sensitive layer, a thin film
composed of NCC and poly(3,4-ethylenethiophene) (PEDOT) which is deposited on a gold
plasmonic film [52]. To finish this part, Barchiesi et al. have reported on the performance
of plasmonic sensors based on copper/copper oxide films [53]. In the following part, the
addressed topics are focused on surface-enhanced spectroscopies [54–56]. At first, Humbert
et al. have highlighted a plasmonic coupling with the vibrations of the thiophenol molecule
by using two-colour sum-frequency generation spectroscopy with an enhancement factor
of the intensity around two orders of magnitude from blue to green–yellow due to the
presence of a significant number of hotspots between Au nanosphere aggregates [54].
Yang et al. present in a review paper the applications of the SERS effect to agriculture and
food safety [55]. Barbillon introduced a review paper on the recent applications of the
shell-isolated nanoparticle-enhanced Raman spectroscopy [56]. To conclude this Special
Issue on the latest advances in nanoplasmonics, Barbillon exhibited a short review paper
on nanoplasmonics in high pressure environments [57].
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To realize this Special Issue entitled “Latest Advances in Nanoplasmonics and Use of
New Tools for Plasmonic Characterization”, we have obtained various contributions from
authors of the high standard around the world. I want to thank all these authors as well
as the whole editorial office of the journal “Photonics” for their great support and help in
the management process of a great number of tasks associated to manuscript submissions.
Finally, I expect that you will find this special issue dedicated to nanoplasmonics and their
applications useful and attractive, which is aimed to the students or researchers who are or
wish to be interested in this topic.
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Abstract: The best surface plasmon resonance (SPR) signal can be generated based on several factors
that include the excitation wavelength, the type of metal used, and the thickness of the metal layer.
In this study, the aforementioned factors have been investigated to obtain the best SPR signal. The
excitation wavelength of 633 nm and gold metal with thickness of 50 nm were required to generate
the SPR signal before the SPR was used for optical constant characterization by fitting of experimental
results to the theoretical data. The employed strategy has good agreement with the theoretical value
where the real part refractive index, n value, of the gold thin film was 0.1245 while the value for the
imaginary part, k, was 3.6812 with 47.7 nm thickness. Besides that, the optical characterization of
nanocrystalline cellulose (NCC)-based thin film has also been demonstrated. The n and k values
found for this thin film were 1.4240 and 0.2520, respectively, with optimal thickness of 9.5 nm.
Interestingly when the NCC-based thin film was exposed to copper ion solution with n value of
1.3333 and k value of 0.0060 to 0.0070 with various concentrations (0.01–10 ppm), a clear change of
the refractive index value was observed. This result suggests that the NCC-based thin film has high
potential for copper ion sensing using SPR with a sensitivity of 8.0052◦/RIU.

Keywords: surface plasmon resonance; nanocrystalline cellulose; optical characterization; copper ion

1. Introduction

Surface plasmon resonance (SPR) is a collective oscillation of electrons that can be
generated by light [1,2]. This oscillation occurs at the interface between metal and dielectric
material and can be observed using various configurations and the most common config-
uration is the Kretschmann configuration as shown in Figure 1. This configuration has
been used in most practical applications such as clinical diagnostic, gas sensor, biological
sensing, and chemical sensing [3–14]. Theoretically in the Kretschmann configuration, the
SPR can be generated using the basic principles of physics. The light beam that passes
through two different media with a higher to lower refractive index will be totally reflected
if the incident angle is higher than the critical angle. The electromagnetic field component
of the incident light will penetrate through the prism and reach the interface between the
metal and dielectric medium to excite the free electron on the metal surface if the metal
layer is thin enough [15–22]. As a result, the electron is excited and plasmon wave is formed

Photonics 2021, 8, 361. https://doi.org/10.3390/photonics8090361 https://www.mdpi.com/journal/photonics

5



Photonics 2021, 8, 361

that propagates along the metal surface. The plasmon wave is the sensing component that
interacts optically with the metal surfaces. At specific angle, when the momentum of the
plasmon wave is equivalent to the incident light, resonance occurs and the intensity of the
reflected light decreases [23–27]. The plasmon wave is the sensing component of SPR and
very sensitive towards the changes of the thin film surrounding properties that includes
the excitation wavelength, type of metal used, and the thickness of the metal layer [28–30].
Changes of these properties will change the reflectance curve and will affect the sensitivity,
full width half maximum (FWHM), and the accuracy of the SPR, curve which are important
parameters to define the performance of the SPR. In this study, the surrounding properties
to generate SPR have been investigated using a simulation and automatic fitting program
that has been developed using the Matlab program to achieve the best SPR signal.

 
Figure 1. Kretschmann configuration to generate the surface plasmon resonance (SPR) signal.

SPR is an optical technique that has many advantages that include being cost-effective,
and having linear properties, low mass, and fast measurement [31–39]. One of the most
important findings in SPR is the introduction of the active layer on the surface of the
metal thin film. Since the past decades, a wide range of materials have been exploited to
be used as an active layer to improve the sensitivity of the SPR and most of the studies
only focused on the target analyte’s adsorption uptake performance for potential sensing
applications [40–55]. Other important information that can be investigated using SPR is
the refractive index value of the active layer. The refractive index value of the active layer
is very crucial as it can provide information regarding the intermolecular interactions in
liquid mixtures [56–60]. To the best of our knowledge, SPR has not yet been used to study
the refractive index value of nanocrystalline cellulose (NCC) and graphene oxide (GO)
composite. The NCC-based active layer has high potential to improve the SPR sensitivity
owing to the excellent properties for metal ion adsorption [61,62]. The optical properties of
the NCC-based thin film can provide information on the intermolecular interactions with
metal ions for sensing applications. Hence in this present work, SPR has been used to study
the optical properties of NCC-based thin film and the changes of the optical properties
after interaction with copper ion also was investigated.

2. Theory

To generate an SPR signal, the incident light must first be in a transverse magnetic
mode as the electric field is perpendicular to the metal thin film. The electric field of the
light source can be described by [63]:

⇀
E = Eo(

�
x + i

�
z )ei(kx−ωt)e−k|z| (1)
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where Eo is the amplitude,
�
x and

�
z are the unit vectors, k is the wave vector, and ω are

the angular optical frequency of the electrical field. When total internal reflection occurs,
the evanescent wave will excite the free electrons that exist on the surface of the thin film
forming a surface plasmon that propagates along the surface of the thin film. The wave
vector for the surface plasmon, Ksp can be described by the following equation [64]:

Ksp =
ω

c

√(
ε1ε2

ε1 + ε2

)
(2)

where ω is the frequency, c is the velocity of light, ε1 is the complex dielectric constant for
the surface active, and ε2 is the complex dielectric constant for the dielectric media. The
dielectric constant can also be described by:

ε = n2 (3)

Using Equation (3), Equation (2) then can be rewritten as:

Ksp =
ω

c

√√√√( n2
1n2

2
n2

1 + n2
2

)
(4)

where n1 and n2, is the refractive index of gold layer and sample layer respectively. On the
other hand, the component of the incident light vector that is parallel to the prism/metal
interface, Kx can be described as [65]:

Kx =
(ω

c

)
np sin θSPR (5)

where np is the refractive index of the prism. SPR then can be generated when the wave
vector for the surface plasmon is equal to the incident light vector and can be described
by [66]:

Ksp = Kx (6)

with √√√√( n2
1n2

2
n2

1 + n2
2

)
= np sin θSPR (7)

The coupling of these two wave vectors, Ksp and Kx result in a sharp dip of the
reflectance at a resonance angle, θSPR. The SPR optical sensor works by detecting the
changes of the thin film surface refractive index. Thus, the refractive index of the sample
layer is [67]:

n2 =

√√√√ n2
1n2

p sin2 θSPR

n2
1 − n2

p sin2 θSPR
(8)

In accordance with the boundary conditions for the electrical and magnetic fields at
the interfaces between multilayers, the reflection coefficient, r, can be expressed as [68]:

r =
m21 + m22γ2 − m11γ0 − m12γ2γ0

m21 + m22γ2 + m11γ0 + m12γ2γ0
(9)

mij are the matrix transfer element with thickness, d given by [69]:

m =

(
cos δ −i sin δ

γ1−iγ1 sin δ cos δ

)
(10)
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where,

γ1 =
n1

cos θ1

√
ε0μ0 and δ =

2π

λ
dn1 cos θ1 (11)

The reflectivity of the multilayer system, R, is defined as the ratio of the energy
reflected at the surface to the energy of the incident and can be expressed as [70]:

R = rr∗ (12)

where it is the function of the thickness and refractive index of both metal and sample layer.

3. Materials and Methods

3.1. Surface Plasmon Resonance (SPR) Optimization

Based on theoretical equations in Section 2, a simulation and automatic fitting program
has been developed using the Matlab program. The simulation was used to investigate the
optimal condition to generate an SPR signal. As the SPR signal is very sensitive towards the
surrounding properties, the simulation was used to determine the optimum surrounding
condition to generate an SPR signal that includes the type of light source, type of metal,
and thickness of the metal used.

3.2. Preparation of Thin Film

After the SPR simulation, thin films were prepared to be studied using SPR. In this
study, two thin films were prepared, i.e., gold thin film and NCC based thin film. The
gold thin film was prepared using a glass substrate of 0.13–0.16 mm thickness and area of
24 mm × 24. Gold layer was deposited on top of the glass substrate using SC7640 sputter
coater (Quorum Technologies, West Sussex, UK).

To prepare the NCC-based thin film, the NCC-based composite solution was initially
prepared by mixing 1 mL of NCC that was modified using hexadecyltrimethylammonium
bromide, with 1 mL of graphene oxide [71]. All chemicals were analytical grade and
deionized water was used during the preparation of the NCC-based composite solution.
The NCC-based composite solution was deposited on top of the gold thin film using the
spin coating technique. About 1 mL of the solution was dropped at the center of the gold
thin film using a micropipette and spun for 30 s at 6000 rpm by a P-6708D spin coater
machine (Inc. Medical Devices, Indianapolis, IN, USA) to a homogenous NCC based
thin film.

3.3. Surface Plasmon Resonance

After the evaluation of the SPR signal, the SPR setup was designed and prepared in
the laboratory as shown in Figure 2. The SPR setup then was used to obtain the SPR curve
of the gold thin film and the NCC-based thin film. The thin film was placed between the
prism and the dielectric medium. Then, deionized water and copper ion solution with
different concentrations was injected before the SPR signal was recorded [72].

3.4. Fitting Experimental to Theoretical

After the SPR experiment, the reflectance curve was analyzed to investigate the optical
properties of the gold thin film, copper ion solution, and NCC-based thin film. The
reflectance curve for the gold thin film in contact with deionized water was first fitted
to the theoretical data. Using Equation (7), the refractive index of gold thin film was
determined by taking the refractive index of deionized water as 1.3333 [31]. To investigate
the refractive index value of copper ion solution, the reflectance curve for the gold thin film
in contact with copper ion solution was fitted. The obtained refractive index value of the
gold thin film was used to further determine the optical properties of copper ion using the
same equation.
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Figure 2. Optical setup of surface plasmon resonance spectroscopy with nanocrystalline cellulose
(NCC)-based thin film.

Then, the reflectance curve for the NCC-based thin film in contact with deionized
water and copper ion solution was fitted to investigate the optical properties and the
changes after in contact with copper ion at different concentrations. The refractive index
value for the NCC-based thin film was calculated using Equation (8). The thickness of the
thin film was calculated using the reflection coefficient, r from Equation (9).

4. Results and Discussion

4.1. Simulation of SPR Signal

Prior to the SPR simulation, the refractive index of copper, gold, and silver were
obtained from previous study [73,74]. The refractive index of metal is one of the critical
parameters that will affect the SPR signal performance. The real part and imaginary part of
the refractive index as a function of wavelength for all three metals are shown in Figure 3a,b
respectively. All three metals have different characteristics of refractive index. From the
figures, the real part of the refractive index for copper and gold decrease exponentially with
the increase of wavelength from 400 nm to 650 nm while silver only decreases gradually.
For the imaginary part of the refractive index, all three metals show the same characteristics
where the value increases with increasing wavelength.

To obtain the best SPR signal, different light sources and metals were first evaluated
through the simulation program that was developed using Matlab based on the theory
from Section 2. Using different light sources and the value of refractive index for each
metals obtained previously, the SPR signal can be simulated to select the best light sources
and best metal to generate SPR signal. The thickness of all metals was kept fixed at 50 nm
before the investigation was carried out. Figure 4a,c shows the comparison of SPR signal
between copper, gold, and silver respectively using air as the dielectric media and light
sources of different wavelength, i.e., blue light (436 nm), violet light (441 nm), green light
(546 nm), yellow light (589 nm), and red light (650 nm). It can be observed that SPR signal
can be obtained using a green, yellow, and red light source for both copper and gold while
for silver, the SPR signal can be obtained using a blue, violet, green, yellow, and red light
source. On the other hand, the SPR signal changed when water was used as the dielectric
media. Only yellow and red light sources were able to generate an SPR signal for both
copper and gold while for silver, the SPR signal can be generated using green, yellow,
and red light source as shown in Figure 5a,c respectively. Besides that, blue and violet
light sources are not feasible in generating an SPR signal for all three metals. SPR refers
to the electromagnetic response that occurs when plasmons are oscillating with the same
frequency to the incident light. The existence of surface plasmon on a metal dielectric
interface is confined to the wavelengths longer than the critical wavelength, which depends
on the plasma frequency and is specific to the metal. The frequency of the incidence light
must be equal to the natural frequency of the material or resonance will not occur; thus, SPR
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signal can be seen was not generated at some wavelengths for each metal [75]. Moreover,
the SPR curve also can be observed to shift further to the right when water was used as
the dielectric media. SPR is very sensitive towards the changes of the refractive index near
the surface of the metal. Thus, changes of the dielectric media from air to water greatly
affect the SPR signal owing to the refractive index value, i.e., 1.0003 and 1.3333 for air and
water respectively [76]. Furthermore, the use of a higher wavelength is more favorable in
generating the SPR signal owing to the appreciable effect of the width of SPR signal [77].
From this simulation, the red-light source has been selected as it is the best light source to
generate an SPR signal for all three metal thin films.

  
(a) (b) 

Figure 3. (a) Real part and (b) imaginary part refractive index for copper, gold, and silver from
400–650 nm wavelength.

 
(a) (b) 

 
(c) 

Figure 4. SPR signal using different excitation wavelength for (a) copper, (b) gold, and (c) silver
(thickness of 50 nm) in contact with air.
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(a) (b) 

 
(c) 

Figure 5. SPR signal using different excitation wavelength for (a) copper, (b) gold, and (c) silver
(thickness of 50 nm) in contact with water.

To obtain the best SPR signal, one of the parameters that needs to be optimized is
the wavelength of the light source. To determine a more accurate wavelength of the light
source to generate the best SPR signal, the wavelength in the red-light range (613–653 nm)
was used to simulate the SPR signal for all three metal thin films. The best SPR signal
was determined by the lowest reflectance minimum and a smaller value of full width half
maximum (FWHM). To obtain the FWHM value, the width of the SPR curve at half of the
maximum value was calculated as shown in Figure 6. Then, the accuracy of the SPR signal
was calculated using the inverse of the FWHM [78].

Figure 6. The full width half maximum (FWHM) of the SPR curve.

From the simulation, the optimal SPR signal using copper thin film can be obtained
at 653 nm where the FWHM value was the lowest at approximately 2.2◦ thus, gives the
highest accuracy. At 613 nm to 643 nm, the FWHM increased from 3.2◦ to 2.5◦ while the
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lowest reflectance minimum also increased as shown in Figure 7a. Moving on to the gold
thin film, the generated SPR signal using a light source with a wavelength of 613 nm and
623 nm has the highest FWHM value at approximately 2.5◦ and 2.3◦, respectively. The
FWHM and accuracy of the reflectance curve do not change when a light source with a
wavelength of 633, 643, and 653 nm was used. The calculated FWHM value for these
wavelengths was 2.2◦. Besides that, at 633 nm the SPR signal has the lowest reflectance
compared to at 643 and 653 nm as shown in Figure 7b. For the silver thin film, the lowest
reflectance minimum for all wavelengths does not show any significant change as shown in
Figure 7c. Moreover, only a slight difference is identified in the calculated FWHM value of
the reflectance curve for all ranges of wavelength. From 613 nm until 633 nm, the calculated
FWHM value was 0.5◦ while at 643 until 653 nm, 0.4◦ was obtained. The calculated FWHM
value and accuracy for all three metal thin films are recorded in Table 1.

  
(a) (b) 

 
(c) 

Figure 7. Optimization of the SPR signal based on different wavelengths of light sources for (a) copper,
(b) gold, and (c) silver.

Another parameter that needs to be optimized to obtain the best SPR signal for
maximum sensitivity is the thickness of the metal thin film. The optimization of the
reflectance minimum and FWHM value of the reflectance curve can be achieved by selecting
the appropriate thickness of the metals. Different thickness from 40 nm to 60 nm was used
to investigate the SPR signal for all three metal thin films at the 633 nm wavelength light
source. For the copper thin film, the lowest reflectance minimum of the reflectance curve
can be obtained at 44 nm thickness as shown in Figure 8a. It can also be observed that at
higher thickness, the reflectance minimum gradually decreases. The FWHM value of the
SPR signal for the copper thin film also was the lowest at 44 nm thickness at approximately
3.1◦. For the gold thin film, the best SPR signal can be obtained around 50 nm where the
reflectance minimum was the lowest as shown in Figure 8b. The FWHM value calculated
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at 50 nm was also the lowest approximately 2.1◦ that gives higher accuracy compared to
other thicknesses. On the other hand, the best SPR signal using silver thin film can be
obtained around 52 nm where the reflectance minimum and the FWHM were the lowest
around 0.4◦ as shown in Figure 8c.

Table 1. The FWHM and accuracy of copper, gold, and silver thin film at different wavelengths.

Metal Wavelength (nm) FWHM (Degree) Accuracy (Degree−1)

Copper

613 3.2 0.31
623 3.0 0.33
633 2.8 0.36
643 2.5 0.40
653 2.2 0.45

Gold

613 2.5 0.40
623 2.3 0.43
633 2.2 0.45
643 2.2 0.45
653 2.2 0.45

Silver

613 0.5 2.0
623 0.5 2.0
633 0.5 2.0
643 0.4 2.5
653 0.4 2.5

 

(a) (b) 

 
(c) 

Figure 8. Optimization of the SPR signal based on different thickness of (a) copper, (b) gold, and
(c) silver in contact with water and excitation wavelength of 633 nm.

From the simulation results, the red light of 633 nm wavelength has been proven to
be the most appropriate light source to generate SPR. For metal selection, copper is not
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favorable to generate SPR owing to its optical properties that give a higher reflectance
minimum and high FWHM value of the reflectance curve, hence decreasing the accuracy of
the SPR in sensing application. The SPR signal is the best for both gold and silver thin films.
However, silver has poor chemical stability and less inert compared to the gold that limits
its application. Therefore, the most favorable metal to generate SPR is gold that gives a low
reflectance minimum and smaller width of the reflectance curve [77]. Besides that, gold is
also inert and has higher chemical stability that gives advantages for wider application.

4.2. Analysis of Thin Films Properties

Gold thin film has been used to generate SPR using water as the dielectric medium at
room temperature. The experimental SPR signal then was fitted to obtain the information
on the thin film properties as shown in Figure 9. According to the fitted SPR signal, the
optical properties of the prepared gold thin film for the real part, n and imaginary part, k
refractive index was 0.1245 and 3.6812, respectively. The thickness of the gold layer was
also determined from the fitting where 47.7 nm thickness was revealed.

Figure 9. Fitted SPR signal of the gold thin film in contact with deionized water and copper ion.

The SPR signal of the gold thin film in contact with copper ion at low concentration
has also been investigated. This result was also fitted to analyze the optical properties of
the copper ion solution. From the fitting result, the k value for the copper ion at 0.1 ppm
found was 0.0060. At 0.5 ppm, the k value increases to 0.0070 and the value remains the
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same until 10 ppm. This result has a good agreement with the previous study where the n
value of copper ion at low concentration is almost equal to the deionized water refractive
index at room temperature, i.e., 1.3333 [76].

The SPR experiment then continued using the NCC-based thin film. The SPR experi-
ment using NCC-based thin film with deionized water was first carried out to investigate
the optical properties. The obtained reflectance curve then was fitted as shown in Figure 10.
The fitting of the SPR curve reveals that the refractive index of the NCC based thin film was
1.4240 and 0.2520 for n and k respectively. This refractive index value has a good agreement
with the refractive index of NCC from the previous study, i.e., 1.499 [79].

Figure 10. Fitted data and experimental data of SPR signal for NCC-based sensing layer on gold thin
film in contact with deionized water.

In further analysis of the SPR results, the thickness of the NCC-based layer was also
investigated. The fitting of the SPR curve reveals that the NCC-based layer has a thickness
of 9.5 nm. The effect of the NCC-based layer thickness towards the SPR signal can be
demonstrated as shown in Figure 11. A thinner NCC-based layer will give a lower FWHM
value and sharper SPR curve that has higher accuracy in the determination of resonance
angle but the binding interaction with copper ion might be minimal thus reducing the
sensitivity of the SPR sensor. For a thicker sensing layer, although more interaction with
copper ion can be achieved, a higher FWHM value and broader SPR curve have lower
accuracy that can reduce the SPR sensor’s effectiveness [80]. Hence, by considering both
factors, i.e., the binding interaction of copper ion with the NCC based layer, and to obtain
the best SPR result for resonance angle determination and better detection accuracy, the
optimal thickness of the sensing layer was fixed around 9 to 10 nm. The FWHM value and
the accuracy of the SPR curve for each thickness were recorded in Table 2.

Figure 11. Optimization of the SPR signal based on different thickness of NCC-based layer.
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Table 2. The FWHM and accuracy of NCC-based thin film at different thickness.

Thickness (nm) FWHM (Degree) Accuracy (Degree−1)

6 3.0 0.333
7 3.2 0.313
8 3.4 0.294
9 3.5 0.286

10 3.6 0.277
11 3.7 0.270
12 3.8 0.263
13 3.9 0.256

Then, the SPR experiment for the NCC-based thin film was carried out using copper
ion solution. The obtained refractive index value for the gold thin film and copper ion
was used to investigate the optical properties of NCC-based thin film through the fitting
procedure. The curves presented in Figure 12 show the fitting of the SPR curve for NCC-
based thin film in contact with copper ion solution. The refractive index of the NCC-based
thin film increased from 1.424 to 1.457 for the n while the value of k decreased from 0.252
to 0.192 after in contact with copper ion at 0.01 ppm. Interestingly, the refractive index of
the NCC-based thin film changes gradually for both n and k when a higher concentration
of copper ion was used, as shown in Figure 13a,b respectively. Changes in the refractive
index might be due to the chemical interaction of the NCC-based thin film with copper
ion thus. The refractive index of the NCC-based thin film remains the same when in
contact with copper ion above 0.5 ppm due to the saturation of copper ion on the surface
of the NCC-based thin film [81]. The refractive index value and the thickness of the NCC-
based thin film is recorded in Table 3. The thickness of the NCC-based thin film after
interaction with copper ion was also investigated. The thickness of the NCC-based thin
film gradually increased after being in contact with the copper ion that was believed due
to the interaction that causes changes of the thin film surface. The thickness remains the
same at around 11 nm when in contact with copper ion from 0.5 ppm to 10 ppm after the
thin film reaches saturation.

Table 3. Refractive index of the NCC-based layer in contact with deionized water and copper ion.

Concentration (ppm)

Refractive Index of Sensing Layer After
in Contact with Copper Ions Thickness of NCC

Based Layer (nm)
Real Part, n Imaginary Part, k

0 1.424 0.252 9.5
0.01 1.457 0.192 9.7
0.05 1.467 0.173 9.9
0.08 1.482 0.155 10.3
0.1 1.487 0.136 10.5
0.5 1.504 0.123 11.0
1 1.504 0.123 11.0
5 1.504 0.123 11.0
10 1.504 0.123 11.0
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Figure 12. Fitted data and experimental data of SPR signal for NCC-based thin film in contact with
copper ion from 0.01–10 ppm.

  

(a) (b) 

Figure 13. Refractive index of the NCC-based thin film (a) real part and (b) imaginary part at different
concentrations.
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After the analysis of the refractive index, determination of the resonance angle for the
SPR result was also carried out. The resonance angle was obtained by measuring the angle
of the minimum reflectance curve. The changes of the resonance angle, Δθ was calculated
using the resonance angle of the NCC-based thin film in contact with deionized water as
the reference. The result obtained then can be used to examine the sensitivity of the SPR.
The sensitivity, S is a key performance parameter for a sensor and can be defined as [82–85]:

S =
Δθ

Δn
(13)

Figure 14 shows the Δθ against Δn for the NCC based thin film in contact with copper
ion from 0.01 until 0.5 ppm. The calculated slope for the plotted graph was 8.0052◦/RIU
which represents the S with a correlation coefficient, R2 of 0.99. From this result, the
NCC-based thin film has good sensitivity for potential copper ion detection.

Figure 14. Sensitivity for the NCC-based thin film in contact with copper ion using SPR.

5. Conclusions

In this research, the excitation wavelength of 633 nm and gold metal with thickness of
50 nm has been demonstrated to be the optimal condition to generate the best SPR signal.
The SPR has also successfully been applied for optical characterization and has good
agreement with the theoretical value where the real part refractive index, n and imaginary
part, k for the gold thin film were 0.1245 and 3.6812, respectively, with 47.7 nm thickness.
Moreover, the optical constant for NCC-based thin film has also been investigated. The n
and k values found for the NCC-based thin film were 1.4240 and 0.2520, respectively, with
optimal thickness of 9.5 nm. When the NCC-based thin film was exposed to copper ion
solution with n value of 1.3333 and k value of 0.0060 to 0.0070 from 0.01–10 ppm, a clear
change of the refractive index value was observed. The studies of the NCC-based thin film
shows that it has a good sensitivity of 8.0052◦/RIU for copper ion sensing using SPR.
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Abstract: The determination of optical constants (i.e., real and imaginary parts of the complex
refractive index (nc) and thickness (d)) of ultrathin films is often required in photonics. It may be
done by using, for example, surface plasmon resonance (SPR) spectroscopy combined with either
profilometry or atomic force microscopy (AFM). SPR yields the optical thickness (i.e., the product of nc

and d) of the film, while profilometry and AFM yield its thickness, thereby allowing for the separate
determination of nc and d. In this paper, we use SPR and profilometry to determine the complex
refractive index of very thin (i.e., 58 nm) films of dye-doped polymers at different dye/polymer
concentrations (a feature which constitutes the originality of this work), and we compare the SPR
results with those obtained by using spectroscopic ellipsometry measurements performed on the
same samples. To determine the optical properties of our film samples by ellipsometry, we used, for
the theoretical fits to experimental data, Bruggeman’s effective medium model for the dye/polymer,
assumed as a composite material, and the Lorentz model for dye absorption. We found an excellent
agreement between the results obtained by SPR and ellipsometry, confirming that SPR is appropriate
for measuring the optical properties of very thin coatings at a single light frequency, given that it is
simpler in operation and data analysis than spectroscopic ellipsometry.

Keywords: optical properties of ultra-thin dielectric films; surface plasmon spectroscopy; spectro-
scopic ellipsometry

1. Introduction

Surface plasmons (SPs) are electromagnetic waves that are bound to metal/dielectric
interfaces and are capable, among other things, of yielding the optical properties of very
thin films (i.e., down to few angstroms) deposited on metal layers [1–3]. Optical characteri-
zation (i.e., determination of the complex refractive index (nc) and thickness (d)) of thin
films is required inasmuch as these films find applications in optoelectronics and photonics.
Azo-dye-containing polymers are no exception in this regard. Besides SPs, other techniques
can be applied to thin films, such as spectroscopic ellipsometry (SE) and photothermal
deflection (PTD) spectroscopy. The latter can be applied to dye-doped polymers to measure
optical absorption, requiring optical modeling such as Kramer–Kronig to get the refrac-
tive response. Unlike PTD, surface plasmon resonance (SPR) spectroscopy yields a direct
measurement of the complex refractive index (i.e., n and κ) without the need for data
transformation. PTD may be useful, however, where there is a necessity to differentiate
between scattering and absorption losses [4,5]. In this paper, we report on the optical char-
acterization of very thin films (thickness: ∼58 nm) of guest–host azo-dye-doped polymers
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at different dye/polymer concentrations. We use SP resonance (SPR) spectroscopy and
spectroscopic ellipsometry (SE) to independently measure nc and d of our samples by both
techniques. The experimental SPR spectra are theoretically compared to Fresnel’s reflec-
tivity calculations of the layers system used in our study, and SE results are rationalized
by the Lorentz equation for the resonance characteristics (i.e., the absorption of the azo
dye, the host polymer being transparent in the frequency range studied, and Bruggeman’s
effective medium approximation for the dye polymer system, which is considered as a
composite material).

SPs and localized surface plasmons (LSPs) were reported long ago [6,7], and their
use is of the utmost importance in, for example, the field of bio-sensing [8–10], enhanced
spectroscopies [11], dye-sensitized solar cells [12], and photocatalysis [13]. Important
reviews summarize the developments in the field [9,14–19]. The research discussed in
this paper is part of a series of works published by our group in the field of plasmonics,
combining metals and dielectric organic materials. This includes work on surface-enhanced
visible absorption of dye molecules by LSPs at gold nanoparticles [11], optical characteri-
zation of nano-thin layers of dielectric and metals [1,2,20–22], sensing of photoreactions
in molecularly thin layers, plasmons coupling at metal-insulator-metal (MIM) structures,
glucose sensing using such structures [23–25], plasmons and waveguides (WGs), WG–WG
coupling generating Fano resonances (FR), external control of FR by light action, and so on
(for examples, see [26,27]).

Azo-dye-containing materials have been studied extensively in past decades for appli-
cations in holography and optical data storage [28,29], nonlinear optics (NLO), electro-optic
modulation (EO), second-harmonic generation (SHG) [30–33], photomechanical actuation
and matter motion, and so on [34–40]. Azo dyes also have potential applications in dye
chemistry and bio-photonics [41,42], driving a natural interest in their optical character-
ization, namely the determination of the real and imaginary parts of nc as a function of
the wavelength of light. For example, Prêtre et al. developed a method for calculating
the real and imaginary parts of nc and the first order molecular hyperpolarizability of
NLO azo-polymers for SHG based on UV–vis absorption spectroscopy and SE [43], and
Bodarenko et al. determined nc for an azo-dye-doped polymer by SE, driven by the
need for application of EO polymers in silicon-hybrid-organic photonics [44]. Several
other researchers determined the optical properties of azo-dye-containing materials by
SE [43,45,46]. The investigation of the optical properties of the DR1/PMMA nanocompos-
ite material, which is considered as a mixture of two constituents (i.e., DR1 and PMMA),
requires the use of a mixing law describing this material as an effective medium. Maxwell–
Garnett (MG) and Bruggeman (BR) theories are usually employed to model the observa-
tions for composite materials [47,48]. It is not the purpose of this paper to discuss the
detailed differences between these two theories, and we are only stating their usefulness
in describing dye-doped polymer systems. For the DR1/PMMA material studied in this
paper, we found that BR’s theory better fits our observations compared to MG. Other
authors compared the usefulness of the two theories to model the same type of materials
and found that BR is more appropriate than MG for modeling azo-dye-doped PMMA [45],
and that BR theory is appropriate for modeling NLO guest–host systems [46,49].

In this paper, we determine the real and imaginary parts of nc for Disperse Red One
(DR1), an azo dye that is well known for its photoisomerization and NLO properties [50],
incorporated into a poly-methyl-methacrylate (PMMA) matrix at different dye/polymer
concentrations by using SPR and SE, and we show that there is an excellent agreement
between SPR and SE in the determination of the real and imaginary parts of nc for quite thin
(i.e., 58 nm) DR1/PMMA films. For this range of thicknesses of the DR1/PMMA dielectric
layer, only SP is observed (vide infra), and waveguides occur for thicker films [51].

2. Materials and Methods

For UV–Visible absorption, SPR, and SE measurements, we prepared DR1/ PMMA
thin films in the following manner. Commercially available DR1 and PMMA (product
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reference 182230), with an average molecular weight of Mw ~120,000 and a glass transition
temperature Tg of 110 ◦C, were purchased from Sigma-Aldrich, and were used without
purification. The statistical segment length of the PMMA (density: ~1.188 g·cm−3) used
in our study is not available to us, however the statistical segment length of PMMA of a
density of 1.13 g·cm−3 is 6.5 Å [52]. A set of mixture solutions of DR1 and PMMA with
different concentrations was prepared. First, we dissolved PMMA in chloroform with
0.83 weight percent (% w/w) concentration, and we stirred the solution for 12 h with
a magnetic stirrer. Then we added the DR1 powder into the PMMA solution with 8%,
10%, and 12% w/w relative to PMMA. The DR1/PMMA solutions were also stirred for
12 h. The prepared solutions were then spin-coated onto cleaned glass substrates with
appropriate speed to achieve the desired film thickness. Spin coating was performed with
5500 rpm to obtain thin films with thicknesses of ∼58 nm. Finally, the films were dried
at 80 ◦C for 30 min, followed by 115 ◦C for 1 min to remove the solvent remaining after
spin-coating. We measured the film’s thickness, d, by a profilometer (Bruker), at four
different positions for each sample, and we found that our samples were homogeneous
with d = 58 nm ± 4 nm.

3. Results and Discussion

3.1. UV-Visible Spectroscopy

The absorption spectra of the film samples were measured by using a UV–visible
spectrophotometer (Perkin Elmer-Lambda 1050). Figure 1a shows the absorption spectra
of our film samples (e.g., of DR1/PMMA thin films) with different weight concentrations
of DR1 versus PMMA C (% w/w), and the same thickness (i.e., ∼58 nm). For all the films
prepared, the maximum absorption is observed at 488 nm and is assigned to the π → π*
transition of trans-DR1, as is well known from the literature [50].

Figure 1. (a) Absorption spectra of DR1/PMMA thin films with different weight concentrations of DR1 versus PMMA
C (% w/w). The inset shows a linear evolution of the maximum of absorption, at λDR1

max = 488 nm of the film, with its
concentration, for a fixed film thickness d ∼58 nm; and the absorbance extrapolate to the origin. The solid curves are the

experimental data, and the close circles’ curve is a Lorentzian theoretical fit y = y0 + (2A/π)(w/
(

4(x − xc)
2 + w2

)
, while

the open circles’ curve is Gaussian theoretical fit y = y0 + Ae− ln (2) (x−xc)
2/w2

/w
√

π/4ln(2), where y0 is the baseline. (b)
The values of the characteristic parameters of the Lorentzian and Gaussian are given in the table. The Lorentzian function
does not fit the data as well as the Gaussian function at the infrared tail ∼700 nm.

The inset to Figure 1a shows that the maximum absorption increases linearly with
the increased concentration C (% w/w) of the dye according to Abs (OD) = εt·d·C (i.e.,
the Lambert-Beer law), where εt is the molecular extinction coefficient of trans-DR1, d the
thickness of the DR1/PMMA film, and C the concentration of DR1. Aggregation may occur
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when dye concentration exceeds 12% in weight [53,54]; however, in our case, we did not
observe aggregation of DR1 at 12% w/w, since the shape of the absorption spectrum of
the 12% sample is the same as those at lower concentrations, and the linear increase of the
absorbance with the concentrations extrapolates to the origin (see inset to Figure 1a). This
indicates that the chromophores can be considered as isolated for all concentrations studied.

Lorentz and Gaussian functions curve fitting are applied to the UV–visible spectra
of the DR1/PMMA films by using the equations shown in the caption to Figure 1a for
each function. Where xc, is the center of the peak, w is the width of the peak at half height,
and H is the amplitude (in OD units) defined by H = 2A/wπ for the Lorentzian and by
H = A/w

√
π/4 ln(2) for the Gaussian (where A is the area under the absorption band).

These parameters (i.e., xc, w, and H) are the most representative of each spectrum in Lorentz
and Gaussian fitting. Each of the DR1/PMMA spectrums has unique Lorentz parameters
as shown in Figure 1b. For all concentrations, we found that xc is located at ∼488 nm
(corresponding to central energy of ∼2.54 eV). H has different values corresponding to
the optical densities of the different concentrations of DR1. Figure 1a shows that the
Gaussian function fits the absorption spectra nicely as well and yields nearly the same
theoretical spectra as those obtained by the Lorentzian fit, except at the tail ∼700 nm,
where the Gaussian better fits the experimental data than the Lorentzian. The characteristic
parameters of both functions, summarized in the table in Figure 1b, are close enough.
We extracted the extinction coefficient of our sample using both sets of parameters, and
we found nearly the same values of the extinction coefficients of the samples at the three
concentrations studied. Indeed, using κ = (λ α/4π) for the extinction coefficient of the
sample, with α = 2.303H/d being the optical density of the sample in units of [43], we
found the values of 0.0925 (0.088), 0.1094 (0.1033), and 0.1279 (0.1202) at 488 nm, and
0.0065 (0.0069), 0.0108 (0.0093), and 0.0115 (0.0105) at 632.8 nm, for κ for the 8%, 10%, and
12% samples, respectively. The values between parentheses are those corresponding to the
Gaussian function. The values of κ found by UV–vis spectroscopy are nearly the same as
those we found by SPR spectroscopy and SE (vide infra).

3.2. SPR Spectroscopy

We will briefly recall the principle of SPR spectroscopy, and how it is used to calculate
the optical properties of very thin coatings (up to a few tens of nanometers). Then, we
will discuss our experimental results of SPR observations in films of the same thickness
and different dye concentrations. SPs are electromagnetic waves that are bound to and
propagate along the interface between metal and dielectric. They penetrate to different
extents into the metal and the dielectric, with penetration depths given by their field
amplitudes decaying exponentially perpendicular to the interface [1,55–57]. The dispersion
relation of SPs is given by:

kSP =
ω

c

√
εm(ω).εd(ω)

εm(ω) + εd(ω)
(1)

where k0
SP is the longitudinal component of the SP wave vector and is proportional to

the wave frequency ω, and c is the speed of light in vacuum. εd(ω) and εm(ω) are the
complex dielectric constants of the dielectric and the metal, respectively, and they are
light-frequency-dependent. A free wave of wave-vector k and frequency ω propagating in
the dielectric, at an incidence angle θ, is characterized by:

k0
photon =

ω

c

√
εd(ω) sin θ (2)

Equations (1) and (2) indicate that a free wave, characterized by a line (i.e., the light
line on Figure 2a), cannot couple to an SP wave unless its k vector is augmented, by, for
example, adding a prism, or a grating that brings the additional longitudinal k vector
required for coupling [1]. When coupling takes place, a resonance phenomenon is observed
in the attenuated total reflection (ATR) spectrum, as can be seen from, for example, an
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angular scan (Figure 2b). In such a scan, θc is a critical angle at which light incident on
the prism/metal is totally reflected from the base of the prism, a phenomenon referred to
as total internal reflection (TIR). Below θc, the metal film acts as a mirror, and reflectivity
is still high with little transmission, while above θc, TIR takes place, and ATR occurs
via coupling to a resonance (i.e., SPR). A dip occurs in the reflectivity curve at θ0. The
coupling angle (i.e., θ0) is given by the energy and momentum matching condition between
surface plasmons and photons. When a dielectric coating is applied to the metal layer, the
resonance condition changes and θ0 shifts to larger angles θ1 (Figure 3a). From this shift
and Fresnel’s calculations, one can calculate the optical thickness of the coating. This is
what is discussed next for our DR1/PMMA thin films.

Figure 2. (a) Dispersion relation of SPs (i.e., ω vs. kSP (e.g., Equation (1)), referring to the SP at an
Ag-air interface (SP0), and when a thin dielectric coating (DC) is deposited on the Ag layer (SP1).
The light line is also indicated in this figure. A light frequency ωL crosses the dispersion curves
at k0

SP and k1
SP, and it determines the coupling angle θ0 and θ1, for k0

SP and k1
SP, respectively. The

thin DC shifts the SP dispersion curve to higher coupling (k1
SP = k0

SP + ΔkSP, i.e., resonance, angle,
and momentum). (b) Experimentally observed SPR at a prism/Ag (thickness~56 nm) system with
a 638 nm laser light. The scatters are experimental data points, and the solid curve is a Fresnel’s
theoretical fit.

As schematically depicted in Figure 3a, the bilayer stack used for our SPR measure-
ments consisted of an Ag layer (thickness: ~56 nm) coated with a 58-nm thin layer of
DR1/PMMA. The stack was deposited onto cleaned BK7 glass slides (15 × 22 mm with a
refractive index of 1.5151 at λ = 632.8 nm [58]), which were put in contact with a 90◦ BK7
glass prism by an index-matching oil. The DR1/PMMA dielectric layer was deposited
on Ag by the spin-coating process. To measure the angle-scan ATR spectra (i.e., SPR in
Kretschmann configuration), we used a custom-made optical setup, which is described
in detail in [59]. To do so, the sample/prism system was mounted on a (θ, 2θ) rotating
stage, where θ is the internal angle of incidence (see Figure 3a). The sample/prism system
was illuminated by P-polarized (e.g., transverse magnetic (TM)-polarized) light from a
Helium–Neon (He–Ne) laser operating at the wavelength of 632.8 nm, with few μW of
power to avoid absorption by the sample, even though at this wavelength the sample
presents negligible absorption. The reflected light was measured by using a Si photodiode
connected to a lock-in-amplifier as a function of θ. The precision of the measurement
of θ was 0.018◦. The error that this precision can cause on reflectivity measurements is
ΔR = 7 × 10−3.

Figure 3a shows the experimental and the theoretical fit ATR angular spectra for an Ag
layer (∼56 nm) without and with DR1/PMMA (~58 nm) at different weight concentrations
C (8%, 10%, and 12% w/w). Electromagnetic (EM) calculations of the reflectivity of light at
multilayer structures based on Fresnel reflection were performed using a freely available
software package (Winspall) to reproduce experimental ATR spectra. We used a value of
the refractive index at the wavelength λ = 632.8 nm, for BK7 prism of ng = 1.5151 from
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a database [58], and we extracted the refractive index and the thicknesses of Ag, which
led to the theoretical spectrum that fits the experimental one well. Theoretical fits to the
experimental data yielded the values nAg = 0.0679 + i4.087 of the refractive index and the
thicknesses (i.e., 56 nm) of the Ag layer. The refractive index of silver determined in our
work (0.0679 + i4.087) is close to that found in the literature (0.0562 + i4.276) [58,60]. The
thickness of the Ag layer obtained from the theoretical SPR curves was identical to that
measured by profilometry.

Figure 3. Angle-scan ATR spectra in a Kretschmann configuration for a single Ag layer (56 nm)
at a wavelength of 632.8 nm. (a) Experimental (dots) and theoretical (solid curve) ATR spectra of
an Ag layer sample without and with DR1/PMMA thin films (d ~ 58 nm) at 8%, 10%, and 12%
w/w as indicated on the figure. (b) Dependence of SPR angle and full width at half maximum
(FWHM) versus DR1 concentration in PMMA. (c) Refractive index (real, n, and imaginary, κ, parts)
of DR1/PMMA versus DR1 concentration. Note the linear dependence of n and κ of DR1/PMMA
on the DR1 concentration. The scatters are experimental data adapted from the SPR curves at the
corresponding concentrations, and the full lines are guides to the eye.

In Figure 3a, we see that the ATR scan at the prism/Ag system exhibits a sharp
dip at 42.96◦, due to the excitation of SP at the Ag/Air interface. The full width at half
maximum (FWHM) of this dip was about 0.34◦. After adding the outermost layer of 58 nm
of DR1/PMMA, the resonance shifts towards higher incidence angles: 56.59◦, 58.13◦, and
59.66◦ for the DR1 concentration of 8%, 10%, and 12% w/w, respectively (Figure 3b). This
figure also shows that the FWHM of the mode increases linearly with the dye concentration
owing to the increase of losses (i.e., linear increase of κ with the DR1 concentration). Indeed,
by fitting the experimental data of SPR observed with DR1/PMMA, we extracted the optical
properties (n and κ) of the outermost layer (i.e., DR1/PMMA) for different concentrations
of DR1 (Figure 3c). We found a linear relationship between the dye concentration and the
mode shift, as well as the refractive index (n and κ) of the material. This result confirms the
fact that both the refractive index and the extinction coefficient of material are proportional
to the molecules concentration in agreement with the UV–vis data of the previous section
(see also [61]). Next, we discuss the determination of nc = n + iκ, i.e., n and κ, by SE.

3.3. Spectroscopic Ellipsometry

Ellipsometry data were acquired using a commercially available variable angle SE
system (VASETM, J.A. Woollam). The principle of operation of SE is schematically depicted
in Figure 4. A light beam is first polarized by passing through a polarizer, and is then
reflected from the sample surface at an angle of incidence ϕ. After reflection, light passes
through a second polarizer, which is called an analyzer, and it falls onto the detector. Our
sample consists of a thin film of DR1/PMMA (vide infra) deposited on the top of an ITO
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glass (∼147 nm). All measurements were performed in air at room temperature for three
angles of incidence (60◦, 70◦, and 80◦) and in the wavelength range 400–1000 nm. The data
analysis was made using Complete EASE software (version 5.04). The SE method is based
on Fresnel reflection coefficients measurement [62], which is given by:

ρ =
rp

rs
= tan(ψ)eiΔ (3)

where rp and rs are the complex Fresnel reflection coefficients for parallel (P-) and per-
pendicular (S-) polarized (i.e., transverse electric (TE)) light to the plane of incidence,
respectively, and delta (Δ) and psi (Ψ) are the ellipsometry angles [62,63]. We determined
the optical properties, n and κ, of DR1/PMMA at different dye concentrations, as functions
of the wavelength, by fitting the Δ and Ψ using the SE software (Figure 4). The most
appropriate way of simulating the dielectric functions of the DR1/PMMA thin films is to
treat the films as a mixture of two constituents. Generally, Bruggeman effective medium ap-
proximation (B-EMA) is frequently used to calculate the dielectric function of the composite
layer based on the volume ratios (f ) and the dielectric functions of each constituent [62–64].
The complex dielectric constant of DR1/ PMMA was fitted using B-EMA, given by:

f DR1
v

ε̃DR1 − ε̃

ε̃DR1 + 2ε̃
+ f PMMA

v
ε̃PMMA − ε̃

ε̃PMMA + 2ε̃
= 0 (4)

where ε̃ = ε′ + iε′′ is the effective complex dielectric function of the mixture, with
ε′ = n2 − κ2 and ε′′ = 2nκ, and ε̃DR1 and ε̃PMMA are the complex dielectric functions
of DR1 and PMMA, respectively. f DR1

v and f PMMA
v are the volume fractions of DR1 and

PMMA with ( f DR1
v + f PMMA

v = 1). The values of volume fractions can be calculated by
using Equation (5).

f DR1
v =

f DR1
w

f DR1
w + (1 − f DR1

w ). ρDR1
ρPMMA

(5)

where f DR1
w is the weight fraction of DR1, and ρDR1 = 1.1523 g·cm−3 and ρPMMA =

1.1880 g·cm−3 are the densities of DR1 and PMMA, respectively. We determined the
optical properties of the DR1/PMMA mixture as follows: for the PMMA constituent, we
used the dielectric functions parameterized in the database of the software, and for the
DR1 constituent (i.e., an absorbing compound), we used the Lorentz model describing
absorption. The Lorentz parameters are obtained by fitting the experimental data of Δ and
Ψ of the DR1/PMMA mixture for each concentration, allowing us to extract n and κ of DR1
and the DR1/PMMA composite.

 

Figure 4. (a) Schematic of light reflection on a layered stack (i.e., polymer film on top of an ITO layer),
which we used in our SE experiments. The experimental data, measured at three different angles
(i.e., 60◦, 70◦, and 80◦ incidence angles) are (b) delta (Δ) angle and (c) psi (ψ). Experiments were
performed on DR1/PMMA thin films (thickness ~ 58 nm) at 8%, 10%, and 12% w/w concentrations
(only the data of 8% w/w are shown). Dotted curves are experimental data and the theoretical fits are
represented by full curves. See text for more details.
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It is well known that Lorentz oscillators are primarily useful for describing resonant
absorption peaks due to doping of a transparent dielectric material with an absorbing
dye [63]. DR1 is one of such dyes, and it absorbs light in the UV–visible range. It has an
absorption peak centered at 488 nm. When DR1 is introduced as a guest into a PMMA
matrix, the absorption of the DR1 can still be described by the Lorentz formula, which
gives the dimensionless complex dielectric function of DR1 as a function of the photon
energy E (Equation (6)).

ε(E) = ε′ + iε′′ = ε′(∞) +
N

∑
k=1

Ak

E2
k − E2 − iBkE

(6)

where ε′ and ε′′ are the real and imaginary parts of the complex dielectric function of DR1,
ε′(∞) is its real dielectric function at infinite energy (offset term), and N is the number of
oscillators. Each oscillator is described by three parameters: Aκ is the amplitude of the kth
oscillator in units of (eV)2, Bκ is the broadening of the kth oscillator in units of eV, and Eκ is
the center energy of the kth oscillator [45]. For DR1, a single oscillator centered at 2.5 eV
yields the best fit value, corresponding to 495 nm. This value is close to (i.e., shifted by 7 nm)
the experimentally observed wavelength (i.e., 488 nm), corresponding to the maximum
absorption of DR1 in the visible region of the spectrum (Figure 1a). SE data allows for
the determination of n and κ of all constituents of a composite material, in our case DR1
and PMMA, as well as their composition, and we could extract n and κ of neat DR1. To
do so, we used both the model of Brugemann for the composite material and the Lorentz
model to account for the absorption of DR1 in the composite (vide infra). Data for PMMA
is available from the literature and from the Complete EASE software. We did not measure
neat PMMA independently, but the theoretical dispersion curve of PMMA extracted from
the database. (i.e., from EASE software) and used in our Bruggeman effective medium
match well with that of the literature [44]. Indeed, the refractive index of PMMA extracted
from the EASE software at 632.8 nm is nPMMA

632.8 nm = 1.4888, and is close enough to the value
of nPMMA

632.8 nm = 1.4889 that we found in our previous works using plasmonic structures [59].
The fit parameters of DR1 corresponding to Equation (6) (i.e., ε′(∞), A1, E1, B1) are shown
on the table as an inset to Figure 5a. These fitting parameters allow for the determination
of the dispersion curve of n and κ as a function of the wavelength using the data of Δ and
Ψ. We found the same values of the parameters of the table in the inset of Figure 5a for all
3 concentrations (i.e., 8%, 10%, and 12% of w/w) of DR1 compared to PMMA. These values
yielded the best theoretical fits of the experimental data.

Figure 5 shows the dispersive curves of optical constants (n and κ) of neat DR1
(Figure 5a) and DR1/PMMA composite at different concentrations (Figure 5b–d) as ob-
tained from SE experiments. Figure 5a shows that for neat DR1, the value of κ at the
wavelength of maximum extinction (i.e., 495 nm) is 1.066. This is in good agreement with
the value of κ (i.e., 1.077) which we extracted from [43] using the data of this reference.

The extinction coefficient κ, which is related to the absorption coefficient α by κ =
(λα/4π), is calculated to be 1.077 using λ = 478 nm and H/d = 123 × 103cm−1, with
H/d calculated in [43], using 478 nm corresponding to the maximum absorption of DR1
measured in chloroform. Comparing n and κ of DR1/PMMA in Figure 5b–d with those
for neat DR1 in Figure 5a, we see that the values of n and κ of DR1/PMMA are lower
than those of neat DR1, and that n and κ increase with the increased concentration of
DR1 in the DR1/PMMA composite. The molecular polarizability of DR1 is larger than
that of PMMA. For both SPR and ellipsometry, the measurements at each concentration
were repeated three times and the value of n and κ was calculated as the average of the
three measurements for each sample. Table 1 summarizes the results of n and κ of all the
samples measured with UV–vis spectroscopy, SE, and SPR, together with data from the
literature [43,44]. A good agreement between the data from our paper and the literature is
obtained, and interestingly enough, n and κ obtained from SE measurements are reasonably
close to those obtained by SPR spectroscopy.
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Figure 5. n and κ as a function of the wavelength for (a) neat DR1, (b) 8% w/w DR1/PMMA, (c) 10%
w/w DR1/PMMA, and (d) 12% w/w DR1/PMMA. The film’s thickness was d ∼58 nm.

Table 1. Optical Constants of neat DR1 and thin films of DR1/PMMA at 488 nm and 632.8 nm. The precision of the
measured data by spectroscopic ellipsometry and SPR is 2 × 10−3 and 4 × 10−4 for n, and 4 × 10−3 and 1 × 10−4 for κ,
respectively.

DR1/PMMA
Concentration

Literature SPR a Ellipsometry a UV-Vis a

632.8 nm 632.8 nm 488 nm 632.8 nm 488 nm 632.8 nm

n κ n κ n κ n κ κ κ

Neat DR1 2.0536 b - - - 1.835 1.058 2.136 0.126 - -
8% w/w - - 1.5401 0.0075 1.534 0.082 1.537 0.008 0.0925 0.0065
10% w/w 1.5450 c 0.008 c 1.5540 0.0101 1.545 0.098 1.550 0.011 0.1094 0.0108
12% w/w - - 1.5650 0.0120 1.553 0.120 1.561 0.012 0.1279 0.0115

a This paper; b From [43]; c From [44].

4. Conclusions

The optical properties, n and κ, of azo-dye-contacting materials are often researched
for photonics applications, especially for NLO including EO modulation and SHG. In this
paper, we determined n and κ of DR1-doped PMMA for different dye concentrations, a
feature which is useful for researchers working in the fields of, for example, NLO and
plasmonics. We also demonstrate the potential of SPR spectroscopy in determining such
properties for ultrathin films of the NLO dye-doped polymer studied, especially that SPR
mode shifts were observed at different concentrations of DR1. Both the determination of n
and κ and the observed SPR modes shifts for different dye concentrations constitute the
originality of this work. We also used UV–vis spectroscopy and SE with Lorentz theory
and Bruggeman effective medium approximation to determine n and κ of the films studied.
The results obtained by SPR measurements are in good agreement with those obtained by
UV–vis and ellipsometric spectroscopies.
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Abstract: A kind of plasmonic structure consisted of an equilateral triangle-shaped cavity (ETSC) and
a metal-insulator-metal (MIM) waveguide is proposed to realize triple Fano resonances. Numerically
simulated by the finite difference time domain (FDTD) method, Fano resonances inside the structure
are also explained by the coupled mode theory (CMT) and standing wave theory. For further
research, inverting ETSC could dramatically increase quality factor to enhance resonance wavelength
selectivity. After that, a bar is introduced into the ETSC and the inverted ETSC to increase resonance
wavelengths through changing the structural parameters of the bar. In addition, working as a highly
efficient narrowband filter, this structure owes a good sensitivity (S = 923 nm/RIU) and a pretty
high-quality factor (Q = 322) along with a figure of merit (FOM = 710). Additionally, a narrowband
peak with 1.25 nm Full-Width-Half-Maximum (FWHM) can be obtained. This structure will be used
in highly integrated optical circuits in future.

Keywords: waveguide; SPPs; FDTD; bandstop filter; CMT

1. Introduction

Surface plasmon polaritons (SPPs) perform as special electromagnetic (EM) waves
that propagate along with the metal–dielectric interface and decay exponentially in the
perpendicular direction [1]. SPPs are of great potential value in setting up optical circuits [2]
because of their outstanding properties, such as overcoming the conventional optical
diffraction limit [3] and achieving the transmission and manipulation of the optical signal
within the subwavelength scale [4].

Under these characteristics, SPPs are widely used among optical communication,
physical chemistry, biological and biochemical sensing [5,6], etc. For example, plasmonic
biosensing is used for the fast, real-time, and label-free probing of biologically relevant
analytes, where the main challenges are to detect small molecules at ultralow concentrations
and produce compact devices for point-of-care analysis [7–9]. Guatha et al. detected
biomonolayers and streptavidin-conjugated semiconducting quantum dots by employing
the arrays of gold nanoantennas covered by an ultrathin silicon layer. Additionally, they
found surface lattice resonances (SLRs) with high sensitivities to small changes of refractive
index [10]. Sadeghi et al. found that narrow SLRs could be shifted by changing the
environmental refractive index based on the arrays of large nanodisks for chemical and
biological sensing [11]. Additionally, plasmonic biosensing offers a new way to detect
coronavirus with low-cost and rapid detection. Liping Huang et al. employed a spike
protein specific nanoplasmonic resonance sensor to measure SARS-CoV-2 virus particle
with only one step [12].

For Fano resonance, the physical essence is that the interference of a discrete state
with a continuum gives rise to characteristically asymmetric peaks in excitation spectra. In
this way, the scattering of the structure is limited well in a narrow wavelength scale and
has strong localized electromagnetic characteristics in the near field. As the curve of Fano
resonance is asymmetric and steep, its subtle wavelength shift is easy to distinguish.
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Fano resonance reflected on the metal nanostructures is the interference between the
bright mode and the dark mode of the surface plasmons. The bright mode can be directly
excited by the incident light, while the dark mode needs to be excited by the coupling
effects of the bright mode. The bright mode has a relatively broad band and the dark mode
has a relatively narrow band. The resonance of the surface plasmons is the result of the
interference between the bright mode and the dark mode, and this kind of resonance can
be recognized as Fano resonance [13,14].

As for the metal-insulator-metal (MIM) waveguide, it has the merits of a strong local
field enhancement characteristic for SPPs [15] and ease of integration. Unique advantages
enable the MIM waveguide to be made into different optical devices, such as filters [16],
sensors [17] and slow light devices [18]. Furthermore, Fano effects in the MIM waveguide
coupled with resonators owe high figure of merit (FOM) and Sensitivity (S) and structural
parameters’ change accompanied by a sharp asymmetric spectral profile. Consequently,
more and more researchers are paying attention to its applications in the modulator, optical
switches, wavelength division multiplexing (WDM), Mach–Zehnder, and splitters [19–21].
It is worth noting that recent studies have aimed to design different structures for higher
FOM and S [22–25], and through changing the external size of resonators to make the whole
structure tunable [26,27]. Additionally, a lot of structures are designed to obtain higher
quality factor (Q). Quynh et al. demonstrated that local surface plasmon resonances (LSPRs)
can be coupled to the (0, +/− 1) diffraction orders to achieve high Q-factor (SLRs) with low
dispersion. These ultrahigh Q-factors can be increased to above 1500 without an adhesive
layer [28]. Saad Bin-Alam et al. proposed a modified anapole resonator based on Hg with a
high Q-factor and large thermal sensitivity of 17.14 MHz/degrees to realize high-precision
temperature sensing [29]. Peter A et al. illustrated a metasurface that consisted of hollow
dielectric cuboids with an experimental Q-factor of 728 at 1505 nm by using silicon as
the high index dielectric [30]. Liang et al. demonstrated a plasmonic metasurface with a
Q-factor of 2340 in the telecommunication C band by exploiting SLRs, which is the highest
one in the record [31].

In this paper, based on equilateral triangle-shaped cavity (ETSC), we designed a
highly selective and tunable plasmonic structure. The spectral characteristics and magnetic
distributions in the z-direction are numerically analyzed by finite difference time domain
(FDTD). Additionally, the structural transmission properties are calculated by the temporal
coupled mode theory (CMT) [32]. Subsequently, simply inverting the ETSC obtains a higher
Q. In addition, Fano resonances can be adjusted by introducing a bar without sacrificing
performance. Furthermore, with a good sensitivity of 923 nm/RIU and a high Q of 322, the
results manifest that our designed structure could perform as an exceptional narrowband
filter. In brief, the devised structure, with highly selective and tunable multiple Fano
resonances, has promising applications in the future.

2. Materials and Methods

As can be seen from Figure 1a, the proposed structure includes an ETSC and one MIM
waveguide. Specifically, the insulator and the metal material (white and blue areas) are,
respectively, set as air and silver. For the structural parameters of the filter, they consist
of the side length and height of the ETSC (B = 484 nm, H = 420 nm), coupling distance
between the ETSC and the waveguide (G = 200 nm), and the waveguide width (W = 50 nm)
enabling only the fundamental mode (TM0) to propagate through whole structure. Inside
this simulation, characteristics of silver are described by the Johnson and Christy model.
The computation volume is 800 nm × 1100 nm and all its four boundaries are ended
with perfectly matched layers in order to absorb incident light with minimal reflections.
Additionally, mesh step is set as dx = dy = 1 nm. A two-dimensional model (xoy plane) is
chosen to dramatically decrease computation time.
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Figure 1. (a) The schematic of the equilateral triangle-shaped cavity (ETSC); (b) the transmission
spectra of the ETSC by using coupled mode theory (CMT) and Johnson and Christy model.

The resonance wavelength of the ETSC can be deduced by standing wave theory as:

λr =
2ne f f H

r − (φ1 + φ2)/2π
, r = 1, 2, 3 . . . (1)

Here, r is equal to the number of the resonance wavelength. φ1, φ2 denotes the phase
delay when the SPPs couple into the ETSC and the SPPs return to the waveguide after
multiple reflections inside the ETSC, respectively. The effective reflective index ne f f could
be conducted by combining the following expressions:

εdkdtanh(
Wkd

2
) = 0 (2)

kd,m =
√

βspp − εd,mk2
0 (3)

� φ =
4πne f f H

λ
+ φ1 + φ2 (4)

ne f f =
βspp

k0
(5)

Here, εd is the permittivity of dielectric and εm is the permittivity of metal. kd is the
propagation constant of dielectric and km is propagation constant of metal. βspp is the
complex propagation constant of SPPs. k0 = 2π

λ is the wave vector inside the waveguide.
�φ is the total phase delay which SPPs propagate in the ETSC within one cycle. Especially
when the resonance condition is satisfied with �φ = 2mπ, Equation (1) is attainable. The
transmission spectra of the ETSC using both CMT and FDTD simulation are shown in
Figure 1b with three resonances at 489 nm, 581 nm and 927 nm.
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CMT is utilized to study the optical properties of the proposed structure. As shown in
Figure 1a, the input and output energy are expressed by Sj± (j = 1, 2, 3 and 4), a1 and a2
display the energy amplitudes which meet the following conditions:

da1

dt
= (iw1 − 1

τi1
− 1

τc1
)a1 + S1+

√
1

τc1
+ S2−

√
1

τc1
(6)

da2

dt
= (iw2 − 1

τi2
− 1

τc2
)a2 + S3+

√
1

τc2
+ S4−

√
1

τc2
(7)

w1 and w2 are resonant angular frequency of the incident light, and match the order of nth
(n = 1 and 2) resonance separately, 1

τin
= wn

(2Qin)
(n = 1 and 2) stands for the decay rate of

internal loss of cavity, and 1
τcn

= wn
(2Qcn)

(n = 1 and 2) denotes the cavity loss which coupled
to the ETSC. Qin and Qcn are internal and cavity quality factors. Additionally, we can
obtain energy conversion equations:

S2+ = S1+ −
√

1
τc1

a1, S4+ = S3+ −
√

1
τc2

a2, S3− = S4− −
√

1
τc2

a2 (8)

S3+ = S2+Cei(φ1+φ2), S2− = S3−Cei(φ1+φ2), S4− = 0 (9)

C is the related damping coefficient. Combining the Equations (6)–(9), we calculate the
model’s transmission function, and T is representative of the transmission coefficient.

t =
S4−
S1+

= (1 +
μ1
τc2

+ μ2
τc1

+
√

β2

τi1τc2

μ1μ2 − β2 )Cei(φ1+φ2) +

√
β2

τi1τc2

μ1μ2 − β2 (10)

μ1 = i(w − w1)− 1
τi1

− 1
τc1

, μ2 = i(w − w2)− 1
τi2

− 1
τc2

, β =

√
C2e2i(φ1+φ2)

τc1τc2
(11)

T = |t|2 (12)

The FDTD simulation result has the same tendency as the CMT method, which is
depicted by the black dot line in Figure 1b. It owes the parameters C = 1, φ1 = φ2 = 0
and when the resonant angular frequency w1= 3.80 fs−1 and w2= 3.9 fs−1, τi1= 48.2 ps,
τi2= 72.3 ps, τc1= 5.1ps, τc2= 7.9 ps. and τi1= 722.5 ps, τi2= 100.3 ps, τc1= 7.9 ps, τc2= 9.6 ps
when w1= 3.2 fs−1 and w2= 2.0 fs−1.

Figure 2a–c reveal the magnetic field distribution (|Hz|) of different surface plasmon
wavelengths inside the ETSC. Three resonances mainly happen in the three vertices of
the ETSC. Figure 2a indicates that intense resonances exist at the bottom left and the top
of the ETSC, and Figure 2b,c show that resonances happen at the bottom of the ETSC.
Additionally, Figure 2b denotes there is also a little energy at the top of the cavity. To
further illustrate the excitation method of the resonance modes, Figure 2d is depicted. In
Figure 2d, the vectorial charge mainly exists between the bottom of the ETSC and upper
side of the MIM waveguide, and along with every side of the ETSC.

To further study the multiple Fano resonances based on this structure and achieve a
high Q narrowband filter, an inverted ETSC schematic is proposed.

Figure 3a shows the inverted ETSC schematic. In detail, the distance between the ver-
tex of the inverted ETSC and the waveguide is D = 30 nm. Additionally, the transmittance
spectrum of the inverted one is shown in Figure 3b. It displays quintuple Fano resonances
at 406 nm, 419 nm, 491 nm, 582 nm and 930 nm.
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Figure 2. The magnetic distribution profile of the ETSC at: (a) λr = 489 nm; (b) λr = 581 nm; (c) λr = 927 nm; (d) the vectorial
charge distribution of the ETSC at λr = 489 nm.

Figure 3. (a) The schematic of the inverted ETSC; (b) the transmittance spectrum of the inverted ETSC.

Figure 4a–e manifest the magnetic field profile of the inverted ETSC at five resonance
wavelengths, separately. A little energy at the top of the inverted ETSC is exhibited in
Figure 4a, while it does not exist for both Figure 4b,c. Referring to Figure 4d, intense
resonances occur at the bottom and the top compared with the three resonance modes
above. Additionally, the strong resonance occurs at the bottom of the inverted ETSC in
Figure 4e. It is apparent when comparing Figure 4a–e with Figure 4f,g that the physics
mechanisms of FR1, FR2, FR3, FR4 and FR5 are the same as the Fano resonances. It can
be observed that the inverted ETSC and the waveguide cause destructive interference so
that most of the input energy cannot pass through the bus waveguide and are restricted in
the inverted ETSC from Figure 4a–e. On the contrary, in Figure 4f,g, most of the energy
passes through the waveguide and little energy is coupled into the inverted ETSC, causing
constructive interference between two excitations.
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Figure 4. The magnetic distribution profile of the inverted ETSC at: (a) λr = 397 nm; (b) λr = 413 nm; (c) λr = 488 nm;
(d) λr = 578 nm; (e) λr = 925 nm; (f) λ = 401 nm; (g) λ = 451 nm; (h) λ = 538 nm; (i) λ = 700 nm; (j) λ = 1000 nm.

3. Results

On the one hand, the former designed structure can realize tunability by adding a
bar. In this way, visible and near-infrared resonance wavelengths can be controlled via
changing the geometrical parameters of bar. On the other hand, inverting the ETSC results
in quality factors of all resonance wavelengths increasing dramatically with peak at 322,
and FWHM decreasing significantly with minimum at 1.25 nm when λr = 413 nm.

3.1. Bar Embedded ETSC Configuration

Figure 5a shows the ETSC with a bar. The height h1 and width w1 of bar are 100 nm
and 20 nm by default. Additionally, Figure 5b indicates the transmittance spectrum of the
ETSC with a bar. From Figure 5b, adding a bar into the ETSC is almost the same as the
ETSC without a bar.

Figure 5. (a) The schematic of the ETSC with a bar; (b) the transmittance spectrum of the ETSC with
a bar.

The transmission spectra of the structure with various heights are shown in Figure 6a.
From Figure 6a, by increasing height of the bar, FR1 shifts obviously to a higher wavelength
without a significant reduction in Tmin, while a new resonance mode called FR2 emerges
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when h1 range from 50 nm to 100 nm, and after that, FR2 does not change with the growth
of h1.

Figure 6. (a) The transmission spectra of different h1; (b) the transmission spectra of different w1.

From Figure 6b, based on the ETSC, the effects of w1 which increases from 20 nm to
150 nm on transmittance spectra are studied. There is an apparent tendency in Figure 6b
that both FR1 and FR2 have evident redshifts, and two resonance wavelengths became
closer since the increase in width, when w1 = 100 nm the distance is at the minimum.

3.2. Bar Embedded the Inverted ETSC Configuration

Figure 7a denotes that the derived structure consists of the inverted ETSC and a bar,
which is introduced into the inverted ETSC to realize the increase in λr. The bar is described
by two structural parameters h2 and w2. h2 and w2 of the bar are defined as 150 nm and
20 nm by default. the structural parameters are altered independently, and the influences
on the transmittance spectra are investigated. As for Figure 7b, it exhibits the transmittance
spectrum of the inverted ETSC with a bar, which has little difference with the inverted
ETSC only.

Figure 7. (a) The schematic of the inverted ETSC added with a bar; (b) the transmittance spectrum of
the inverted ETSC with a bar.

On the foundation of the inverted ETSC, the effects of h2, which climbs from 0 nm
to 200 nm on the transmittance spectra, are studied, and the outcomes are depicted in
Figure 8a. It is distinct that, without a significant reduction in Tmin, the resonance wave-
lengths of the FR1, FR2, FR3 and FR4 are almost fixed, while the FR5 has a redshift by
altering h2. To further certify the linear performance, the resonance wavelengths of FR1,
FR2, FR3, FR4 and FR5 are researched, and the results do manifest this linear relation, as is
shown in Figure 8b.
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Figure 8. (a) The transmittance spectra for different h2; (b) the resonance wavelength of FR1, FR2,
FR3, FR4 and FR5 with different h2.

After that, the transmission spectra of the structure with different widths are shown in
Figure 9a. By increasing the width of the bar from 20 nm to 150 nm and keeping the other
parameter constant, FR1 and FR4 are nearly fixed at their original location, while λr of FR2
and FR3 shift to higher wavelengths. For FR5, the movement to a higher wavelength is
significant. In the same way, the resonance wavelengths of FR1, FR2, FR3, FR4 and FR5 are
depicted in Figure 9b. Through the range of different parameters, transmittance spectra
can be better controlled to meet various demands in practice.

Figure 9. (a) The transmittance spectra of different w2; (b) the resonance wavelength of FR1, FR2,
FR3, FR4 and FR5 with different w2.

The sensitivity of the proposed structure in Figure 7a depends on the response degree
to the change of the refractive index (RI) inside the white area of the inverted ETSC. With
all the structural parameters in Figure 7a unchanged, the n increases from 1.00 to 1.16 at the
step of 0.04. The performance of the proposed structure in a nanometer scale is described
in Figure 10a, which indicates that these quadruple Fano resonances owe redshifts. Since
the sensitivity (S) of narrowband filter can be explained as the wavelength shift per unit
refractive index change, expressed as S = dλ

dn (nm/RIU), the sensitivities are 923 nm/RIU,
542 nm/RIU, 427 nm/RIU, 301 nm/RIU and 250 nm/RIU at FR5, FR4, FR3, FR2 and FR1
separately, which are concluded in Figure 10b.
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Figure 10. (a) The transmittance spectra of the designed structure with n varying from 1 to 1.16;
(b) the resonance wavelength of FR1, FR2, FR3, FR4 and FR5 with different n.

Moreover, FOM can be represented as FOM = S
FWHM , where FWHM is the full width

at half-maximum of the transmittance spectrum. From Figure 7b, different resonance
wavelengths’ FOMs are calculated, in which the maximum can reach 710 at 933 nm.

Another essential factor of a filter measuring the ability to give wavelength selectivity
is represented as a quality factor (Q). The quality factor can be expressed as Q = λr

FWHM .
Additionally, the dephasing time of the inverted ETSC is a critical parameter that can be
defined by taking into account the resonance narrowness as follows: td = 2�

δ [33]. Here, � is
the reduced Planck’s constant and δ =

∣∣wmax
r − wmin

r
∣∣. wmax

r and wmin
r are corresponding to

λmax
r and λmin

r . Therefore, the dephasing times are 5.4 × 10−3 fs, 5.7 × 10−3 fs, 1.2 × 10−2 fs,
9.7 × 10−3 fs, and 2.5 × 10−2 fs.

Another important factor is Veff which represents the effective mode volume of the
confined electromagnetic field in the cavity. Additionally, the effective mode volume is

calculated according to Ve f f =
∫

V ε(r)|E(r)|2dV

max
[
ε(r)|E(r)|2

] [34–46], where ε(r) is the dielectric constant,

|E(r)| is the electric field strength and V is the volume encompassing the resonator with a
boundary in the radiation zone of the cavity mode. As for Figure 11a, the minimum of Veff

is 0.02 × 105 μm when h2 = 50 nm. By increasing the height of the silver bar, Veff has a slight
redshift in the near-infrared band. In Figure 11b, the minimum of Veff is 0.06 × 105 μm
when w2 = 20 nm. Increasing the width of the silver bar, Veff has an obvious redshift in the
near-infrared band.

Figure 11. (a) Effective mode volume (Veff) for different heights of the inverted ETSC; (b) Veff for different widths of the
inverted ETSC.
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To manifest the advantages of the designed structure performed as a narrowband
filter, Table 1 is formed, which compares the performance characteristics of our structure
with other likely designs which can produce multiple Fano resonances based on SPPs
published in recent years. From Table 1, we could conclude that our structure has relatively
good sensitivity and it is superior to other designs in the maximal Q.

Table 1. Comparison of the proposed structure with the latest relative designs.

References Type Q S FOM td Veff

[4] Single 29.67 2080 29.92 N N
[15] Dual Max 31.1 Max 2300 Max 31.5 N N
[16] Dual 106/123 900/1700 Max 1.38 × 105 N N

This work Quintuple Max 322 923/542/427/301/250 Max 710 Min 5.4 × 10−3 fs Min 0.02 × 105 μm

Q: represents quality factor. S: represents sensitivity. FOM: represents figure of merit. td: represents dephasing time.

4. Conclusions

Several plasmonic bandstop filters based on the ETSC are designed in this work.
Additionally, triple and quintuple resonance modes occur when light passes through the
proposed structure, including the ETSC and the inverted ETSC. By introducing a bar
into the ETSC and the inverted one, structural resonant wavelengths can be increased by
changing the height and width of the bar. Moreover, inverting the ETSC could reduce the
FWHM of every resonance wavelength to increase Q efficiently. The main advantage of the
proposed structures compared with previous methods is the better quality factor, narrow
bandwidth, good sensitivity and tunability. It is believed that the proposed structures will
be used in high integration plasmonic devices in future.

Author Contributions: Conceptualization, J.Z. and H.F.; data curation, J.Z.; formal analysis, J.Z.;
investigation, J.Z.; methodology, J.Z.; project administration, Y.G.; resources, J.Z.; software, J.Z.;
supervision, Y.G.; validation, J.Z., H.F. and Y.G.; writing—original draft, J.Z.; writing—review and
editing, Y.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by University Nursing Program for Young Scholars
with Creative Talents in Heilongjiang Province (Grant No. UNPYSCT-2015016), Natural Science
Foundation of Heilongjiang Province (Grant No. LH2019F047) and Project of the central government
supporting the reform and development of local colleges and universities (Grant No. 2020YQ01).

Data Availability Statement: The available data have already been stated in the article.

Acknowledgments: Structure numerical simulation was provided by Lumerical Solutions, Inc.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, J.; Sun, C.; Gong, Q. Fano resonances in a single defect nanocavity coupled with a plasmonic waveguide. Opt. Lett. 2014,
39, 52–55. [CrossRef]

2. Chou Chao, C.T.; Chou Chau, Y.F.; Huang, H.J.; Kumara, N.; Kooh, M.R.R.; Lim, C.M.; Chiang, H.P. Highly Sensitive and Tunable
Plasmonic Sensor Based on a Nanoring Resonator with Silver Nanorods. Nanomaterials 2020, 10, 1399. [CrossRef]

3. Farahani, M.; Granpayeh, N.; Rezvani, M. Improved plasmonic splitters and demultiplexers. Photonics Nanostruct. Fundam. Appl.
2013, 11, 157–165. [CrossRef]

4. Lu, H.; Wang, G.; Liu, X. Manipulation of light in MIM plasmonic waveguide systems. Chin. Sci. Bull. 2013, 58, 3607–3616.
[CrossRef]

5. Li, Z.; Wen, K.; Chen, L.; Lei, L.; Zhou, J.; Zhou, D.; Fang, Y.; Wu, B. Control of Multiple Fano Resonances Based on a
Subwavelength MIM Coupled Cavities System. IEEE Access 2019, 7, 59369–59375. [CrossRef]

6. Wen, K.; Yan, L.; Pan, W.; Luo, B.; Guo, Z.; Guo, Y.; Luo, X. Electromagnetically Induced Transparency-Like Transmission in a
Compact Side-Coupled T-Shaped Resonator. J. Lightwave Technol. 2014, 32, 1701–1707. [CrossRef]

7. Kravets, V.G.; Kabashin, A.V.; Barnes, W.L.; Grigorenko, A.N. Plasmonic Surface Lattice Resonances: A Review of Properties and
Applications. Chem. Rev. 2018, 118, 5912–5951. [CrossRef]

8. Mejia-Salazar, J.R.; Oliveira, O.N., Jr. Plasmonic Biosensing. Chem. Rev. 2018, 118, 10617–10625. [CrossRef]

44



Photonics 2021, 8, 244

9. Ahmadivand, A.; Gerislioglu, B.; Ahuja, R.; Kumar Mishra, Y. Terahertz plasmonics: The rise of toroidal metadevices towards
immunobiosensings. Mater. Today 2020, 32, 108–130. [CrossRef]

10. Gutha, R.R.; Sadeghi, S.M.; Sharp, C.; Wing, W.J. Biological sensing using hybridization phase of plasmonic resonances with
photonic lattice modes in arrays of gold nanoantennas. Nanotechnology 2017, 28, 355504. [CrossRef]

11. Sadeghi, S.M.; Wing, W.J.; Campbell, Q. Tunable plasmonic-lattice mode sensors with ultrahigh sensitivities and figure-of-merits.
J. Appl. Phys. 2016, 119, 244503. [CrossRef]

12. Huang, L.; Ding, L.; Zhou, J.; Chen, S.; Chen, F.; Zhao, C.; Xu, J.; Hu, W.; Ji, J.; Xu, H.; et al. One-step rapid quantification of
SARS-CoV-2 virus particles via low-cost nanoplasmonic sensors in generic microplate reader and point-of-care device. Biosens.
Bioelectron. 2021, 171, 112685. [CrossRef]

13. Fano, U. Effects of Configuration Interaction on Intensities and Phase Shifts. Phys. Rev. 1961, 124, 1866–1878. [CrossRef]
14. Anderson, P.W. Localized Magnetic States in Metals. Phys. Rev. 1961, 124, 41–53. [CrossRef]
15. Akhavan, A.; Ghafoorifard, H.; Abdolhosseini, S.; Habibiyan, H. Metal–insulator–metal waveguide-coupled asymmetric

resonators for sensing and slow light applications. IET Optoelectron. 2018, 12, 220–227. [CrossRef]
16. Chou Chau, Y.-F. Mid-infrared sensing properties of a plasmonic metal–insulator–metal waveguide with a single stub including

defects. J. Phys. D Appl. Phys. 2020, 53, 115401. [CrossRef]
17. Butt, M.A.; Kazanskiy, N.L.; Khonina, S.N. Nanodots decorated asymmetric metal–insulator–metal waveguide resonator structure

based on Fano resonances for refractive index sensing application. Laser Phys. 2020, 30, 076204. [CrossRef]
18. Fang, Y.; Sun, M. Nanoplasmonic waveguides: Towards applications in integrated nanophotonic circuits. Light Sci. Appl. 2015,

4, e294. [CrossRef]
19. Wang, S.; Yu, S.; Zhao, T.; Wang, Y.; Shi, X. A nanosensor with ultra-high FOM based on tunable malleable multiple Fano

resonances in a waveguide coupled isosceles triangular resonator. Opt. Commun. 2020, 465, 125614. [CrossRef]
20. Zhang, Z.; Wang, J.; Zhao, Y.; Lu, D.; Xiong, Z. Numerical Investigation of a Branch-Shaped Filter Based on Metal-Insulator-Metal

Waveguide. Plasmonics 2011, 6, 773–778. [CrossRef]
21. Zhang, Z.; Yang, J.; He, X.; Han, Y.; Zhang, J.; Huang, J.; Chen, D. Plasmonic Filter and Demultiplexer Based on Square Ring

Resonator. Appl. Sci. 2018, 8, 462. [CrossRef]
22. Gramotnev, D.K.; Bozhevolnyi, S.I. Plasmonics beyond the diffraction limit. Nat. Photonics 2010, 4, 83–91. [CrossRef]
23. Butt, M.A.; Kazanskiy, N.L.; Khonina, S.N. Highly Sensitive Refractive Index Sensor Based on Plasmonic Bow Tie Configuration.

Photonic Sens. 2020, 10, 223–232. [CrossRef]
24. Yu, S.; Wang, S.; Zhao, T.; Yu, J. Tunable Plasmonic System Based on a Slotted Side-Coupled Disk Resonator and Its Multiple

Applications on Chip-Scale Devices. Optik 2020, 212, 164748. [CrossRef]
25. Yan, S.; Shi, H.; Yang, X.; Guo, J.; Wu, W.; Hua, E. Study on the Nanosensor Based on a MIM Waveguide with a Stub Coupled

with a Horizontal B-Type Cavity. Photonics 2021, 8, 125. [CrossRef]
26. Yang, X.; Hu, X.; Yang, H.; Gong, Q. Ultracompact all-optical logic gates based on nonlinear plasmonic nanocavities. Nanophotonics

2017, 6, 365–376. [CrossRef]
27. Wang, Y.; Xue, B.; Mao, J.; Lu, M. Plasmonic-induced transparency in a metallic stub with two cuts and transmission line model. J.

Mod. Opt. 2018, 65, 2301–2307. [CrossRef]
28. Le-Van, Q.; Zoethout, E.; Geluk, E.J.; Ramezani, M.; Berghuis, M.; Rivas, J.G. Enhanced Quality Factors of Surface Lattice

Resonances in Plasmonic Arrays of Nanoparticles. Adv. Opt. Mater. 2019, 7, 8. [CrossRef]
29. Bin-Alam, M.S.; Reshef, O.; Mamchur, Y.; Alam, M.Z.; Carlow, G.; Upham, J.; Sullivan, B.T.; Menard, J.M.; Huttunen, M.J.; Boyd,

R.W.; et al. Ultra-high-Q resonances in plasmonic metasurfaces. Nat. Commun. 2021, 12, 974. [CrossRef]
30. Jeong, P.A.; Goldflam, M.D.; Campione, S.; Briscoe, J.L.; Vabishchevich, P.P.; Nogan, J.; Sinclair, M.B.; Luk, T.S.; Brener, I. High

Quality Factor Toroidal Resonances in Dielectric Metasurfaces. ACS Photonics 2020, 7, 1699–1707. [CrossRef]
31. Ma, L.; Zheng, W.X.; Li, J.; Chen, D.X.; Wang, W.J.; Liu, Y.F.; Zhou, Y.D.; Yang, Y.J.; Huang, Y.J.; Wen, G.J. High-Q Hg-anapole

resonator with microstrip line coupling for high-precision temperature sensing applications. Results Phys. 2021, 24, 5. [CrossRef]
32. Dong, L.; Xu, X.; Sun, K.; Ding, Y.; Ouyang, P.; Wang, P. Sensing analysis based on fano resonance in arch bridge structure. J. Phys.

Commun. 2018, 2, 105010. [CrossRef]
33. Gupta, M.; Singh, R. Terahertz Sensing with Optimized Q /Veff Metasurface Cavities. Adv. Opt. Mater. 2020, 8, 1902025.

[CrossRef]
34. Ahmadivand, A.; Gerislioglu, B.; Ramezani, Z. Gated graphene island-enabled tunable charge transfer plasmon terahertz

metamodulator. Nanoscale 2019, 11, 8091–8095. [CrossRef]
35. Min, B.; Ostby, E.; Sorger, V.; Ulin-Avila, E.; Yang, L.; Zhang, X.; Vahala, K. High-Q surface-plasmon-polariton whispering-gallery

microcavity. Nature 2009, 457, 455–458. [CrossRef] [PubMed]
36. Gierak, J.; Madouri, A.; Biance, A.L.; Bourhis, E.; Patriarche, G.; Ulysse, C.; Lucot, D.; Lafosse, X.; Auvray, L.; Bruchhaus, L.; et al.

Sub-5nm FIB direct patterning of nanodevices. Microelectron. Eng. 2007, 84, 779–783. [CrossRef]
37. Li, G.; Winick, K.A.; Griffin, H.C.; Joseph, S. Hayden Systematic modeling study of channel waveguide fabrication by thermal

silver ion exchange. Appl. Opt. 2006, 45, 743–755. [CrossRef]
38. Stewart, G.; Millar, C.A.; Laybourn, P.J.R.; Wilkinson, C.D.W.; Delarue, R.M. Planar Optical Waveguides Formed by Silver-Ion

Migration in Glass. IEEE J. Quantum Electron. 1977, 13, 192–200. [CrossRef]

45



Photonics 2021, 8, 244

39. Asgari, S.; Pooretemad, S.; Granpayeh, N. Plasmonic refractive index sensor based on a double concentric square ring resonator
and stubs. Photonics Nanostruct. Fundam. Appl. 2020, 42, 100857. [CrossRef]

40. Moradiani, F.; Farmani, A.; Mozaffari, M.H.; Seifouri, M.; Abedi, K. Systematic engineering of a nanostructure plasmonic sensing
platform for ultrasensitive biomaterial detection. Opt. Commun. 2020, 474, 126178. [CrossRef]

41. Rakhshani, M.R. Optical refractive index sensor with two plasmonic double-square resonators for simultaneous sensing of human
blood groups. Photonics Nanostruct. Fundam. Appl. 2020, 39, 100768. [CrossRef]

42. Rakhshani, M.R. Wide-angle perfect absorber using a 3D nanorod metasurface as a plasmonic sensor for detecting cancerous cells
and its tuning with a graphene layer. Photonics Nanostruct. Fundam. Appl. 2021, 43, 100883. [CrossRef]

43. Rakhshani, M.R.; Mansouri-Birjandi, M.A. A high-sensitivity sensor based on three-dimensional metal–insulator–metal racetrack
resonator and application for hemoglobin detection. Photonics Nanostruct. Fundam. Appl. 2018, 32, 28–34. [CrossRef]

44. To, N.; Juodkazis, S.; Nishijima, Y. Detailed Experiment-Theory Comparison of Mid-Infrared Metasurface Perfect Absorbers.
Micromachines 2020, 11, 409. [CrossRef] [PubMed]
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Abstract: Vertical nanowire (NW) arrays are a promising candidate for the next generation of the
optoelectronics industry because of their significant features. Here, we investigated the InP NW array
solar cells and obtained the optoelectronic properties of the structure. To improve the performance of
the NW array solar cells, we placed a metal layer of Au at the bottom of the NWs and considered
their top part to be a conical-shaped parabola. Using optical and electrical simulations, it has been
shown that the proposed structure improves the absorption of light in normal incidence, especially
at wavelengths near the bandgap of InP, where photons are usually not absorbed. Under inclined
radiation, light absorption is also improved in the middle part of the solar spectrum. Increased light
absorption in the cell led to the generation of more electron–hole pairs, resulting in an increase in
short circuit current density from 24.1 mA/cm2 to 27.64 mA/cm2, which is equivalent to 14.69%
improvement.

Keywords: nanowires; back reflector; solar cells; plasmonic; III-V semiconductor

1. Introduction

Photovoltaics, first introduced in 1958, is a process in which light is converted directly
into electricity. Various materials and techniques are used to make solar cells based on
the cost and efficiency of conversion. The first material used was silicon, which had
disadvantages such as low efficiency. The second generation of solar cells was thin-film
solar cells for producing electrical power, which received a lot of attention due to the
use of thin layers in their structure [1]. Then, following further research in the field of
photovoltaics technology to achieve new structures, the vertical arrays of III-V direct band
gap semiconductor nanowire (NWs) were considered due to the reduction in the volume
of material consumed compared to planar structures.

The low cost and other features of semiconductor NW structures have led to great in-
terest in their use in a variety of applications, including photodetectors [1–3], light-emitting
diodes [4–6], and lasers [7,8]. In NW array solar cells, proper design and improved ab-
sorption of excited optical modes are effective factors in optimizing photovoltaic efficiency.
One of the common strategies to achieve these points is the proper design of the struc-
ture geometry. For example, increasing the length of the NW, which reduces the light
transmission at the NW/substrate interface, increases the volume of consumables, and
decreases the efficiency due to the increase in the dark current of the solar cell. Furthermore,
the reduction of the pitch leads to a stronger absorption but increases the top insertion
reflection losses. Another strategy to improve the absorption characteristic of NWs is
to break the symmetry of the incident light/NW system. Oblique radiation stimulates
new polarization-dependent optical modes. However, the improvement is limited to a
narrow band of the solar spectrum. One way to increase light absorption in NWs is to
reduce light transmission at the NW-substrate interface and reduce light reflection at the
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NW/superstrate interface. Another way to improve the absorption in solar cell structures
is to use the plasmonic effect. In this effect with light irradiation, charge carriers at the
metal and the dielectric boundary with positive or negative permittivity begin collective
oscillation and produce surface plasmon resonance (SPR).

Surface plasmon resonances are divided into two categories, localized surface plasmon
resonance (LSPR) and surface plasmon polariton (SPP). LSPRs are observed when surface
plasmon is confined in the subwavelength nanostructure, and SPPs are caused by the
propagation of charge carriers along the planar surface. Upon excitation, both forms of
SPRs can confine incident light on a low-subwavelength scale. The confinement of some
carriers improves the local field and allows the manipulation of light below the diffraction
limit. These remarkable SPR features allow plasmonic materials to be used in a variety
of fields, including photonics [9], energy [10–12], sensors [13], and more. For example,
metal nanoparticles inside thin-film solar cells act as antennas that capture the incident
light and store its energy in LSPR modes [14–16]. This energy can be transferred to
the semiconductor layer by near-field coupling or scattered to the active layer by metal
nanoparticles. Nanoparticles can also be used as front scatterers or back reflectors [17–21].

The metal nanostructures at the front trap light in the solar cell beneath by forward
scattering the incident light at their LSPR wavelengths with a scattering cross-section
greater than their geometric cross-section. Plasmonic nanoparticles at the back of the solar
cell increase the optical thickness and improve performance by scattering the far-field. In
this theoretical study, we present a structure in which a layer of Au metal was placed at the
bottom of the NW to prevent the transmission of light into the substrate and reflect the light
that is not absorbed in the single pass into the NW. Increasing the optical path length of
excited modes led to improved absorption and photovoltaic efficiency without increasing
the volume of material used. More recently, with the development of nanotechnology, the
use of metamaterials in many applications such as biosensors [22], photodetectors [23], and
absorbers [24,25] was considered. This method can be beneficial in solar harvesting as well.

Furthermore, by considering the conical-shaped parabola on the top of the NW, we
reduced leakage of the light into the space outside the NW from the top. The proposed
structure is a new method to improve the performance of the NW array solar cell and
achieve absorption of over 90% at wavelengths close to the band gap wavelength of InP.

2. Materials and Methods

In this work, we investigated a square array of vertical InP NWs with Au layer at the
bottom and conical-shaped parabola at the top. Cone-shaped nanowires grown in vapor-
liquid-solid (VLS) mode are a good candidate for the fabrication of low-cost high-performance
solar cells. Thus, this shape of nanowires can be beneficial in solar cells. Methods of fabrication
of this kind of nanowire are presented in [26]. According to [27], we can place an Au layer at
the bottom of the nanowire. Figure 1 shows a schematic of the proposed structure (with Au
layer at the bottom and conical-shaped parabola at the top of NWs).

Here, we calculate the absorption of incident photons and the separation of electron–
hole pairs photogenerated over an axial n-i-p junction for the InP NW array. The optical
response of the NW array is calculated by solving the Maxwell’s equations using tabulated
data for the refractive indices of InP [28]. Electron–hole transfer in NWs is solved using
the drift–diffusion formulas. We use the finite element method (FEM) for this numerical
analysis.
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Figure 1. 3D configuration of the proposed InP nanowire (NW) array solar cell with Au layer at the
bottom and conical-shaped parabola on the top.

The solutions of Maxwell’s equations show how light is distributed inside and outside
of the NWs. By obtaining the electric field of the system, E(r), the number of electron–hole
pairs photogenerated per unit volume per unit time, G(r), can be obtained for a given
incident intensity spectrum. The absorption at each wavelength on the volume V of the
NW can be calculated by:

A(λ) =
1
2
ωε0

∫
|E(λ)|2Im

(
n2(λ)

)
dV (1)

where ε0 is the vacuum permittivity, ω is the angular frequency, E is the electric field, and
n is the complex refractive index.

After calculating the optical generation rate, G(r), and recombination mechanisms, R,
the electron–hole transfer is analyzed by solving the drift–diffusion equations presented
below:

∇.(−ε∇ϕ) = q(p − n + ND − NA),
∇.Jn = ∇.(−qμnn∇ϕn) = q(R − G),
∇.Jp = ∇.

(
−qμpp∇ϕp

)
= −q(R − G),

(2)

R is the net recombination rate in the bulk of the NW obtained from:

R = RSRH + RRad + RAug =
A

n + p + 2ni
+ B + C(n + p)

(
np − n2

i

)
, (3)

where A, B, and C are the recombination coefficient of the SRH/Radiative/Auger recom-
bination, and ni is the intrinsic carrier concentration. We neglect radiative recombination
and we use B = 0 in Equation (3). We assume that the Shockley–Read–Hall (SRH) lifetime
and the Auger recombination coefficient for both electron and holes are equal. The surface
recombination at the surface of the NW is also considered through the term:

Rsurface =
νsr

n + p + 2ni

(
np + n2

i

)
, (4)

where νsr is the surface recombination velocity [29].
Assuming that all the photogenerated carriers contribute to the current, we can obtain

the short circuit current density from:

Jsc = e
∫

λ

hc
Pabs(λ)

Pin(λ)
IAM1.5(λ)dλ, (5)

49



Photonics 2021, 8, 90

The geometric structure used for the drift–diffusion model has a length of 100 nm in top
n-segment and 300 nm in bottom p-segment with 1018 cm−3 ionized doping concentration
for both of them. The i-segment with 1015 cm−3 p-doping concentration is located between
the n- and p-segments.

The calculations are performed using the finite-difference time-domain (FDTD) method
at a wavelength range of 320–1000 nm for unpolarized incident light parallel to the axis of
the NWs, taking into account the periodic boundary conditions in the x-, y- directions and
perfectly matched layer (PML) in the z-direction. The specific values of the parameters used
in the drift–diffusion model are presented in Table 1. We consider here, surface recombina-
tion velocity for the bare cell without Au layer at the bottom and conical-shaped parabola
at the top equals to 20,000 cms−1 [30]. Placing the Au layer at the bottom of the NWs causes
a change in the motion of the electrons, which is considered in modeling by changing the
surface recombination velocity. The value of this surface recombination velocity is selected
according to reference [31]. Reflection is monitored with a power monitor placed behind
the radiation source; transmission is monitored with a power monitor placed behind the
structure. Electric and magnetic fields are detected within the frequency profile monitors.
For a solar cell, in addition to the efficiency of converting sunlight into electrical energy, η,
three other parameters are usually considered: (1) the short circuit current density Jsc, (2)
the open circuit voltage Voc, and (3) the fill factor FF defined by η = JscVoc FF

Pin
.

Table 1. The parameters used in the drift–diffusion model [32,33].

Parameters InP

Dielectric constant (εr) 12.5
SRH recombination coefficient (A) 107 s−1

Auger recombination coefficient (C) 9 × 10−31 cm6s−1

Electron mobility (μn) 5400 cm2V−1s−1

Hole mobility (μp) 250 cm2V−1s−1

Band gap 1.34 eV

3. Results and Discussion

As mentioned in previous works [34–37], light absorption in NWs depends on the
geometrical parameters, and with proper design, light absorption can be improved in them.
One way to improve the absorption of light to achieve almost complete absorption in NWs
is to increase their length. Increasing this parameter reduces the transmission of light to
the substrate, but in solar cells it increases the dark current, which results in decreased
structural efficiency. Furthermore, with increasing length, the volume of materials used
increases. Increasing the radius of the NWs increases the absorption of light in them, but
due to the increase in light transmission between the NWs and the substrate, the current of
the structure decreases. In addition, by reducing the pitch of the array, the absorption of
coupled light into the array increases. However, the problem is the increase in top-insertion
reflection losses.

In this study, to reduce the transfer of guided modes into the substrate without
changing the geometrical parameter of the NWs, we placed a layer of Au metal at the
bottom of the NWs which are placed in a square lattice with geometrical values of radius of
100 nm, pitch of 500 nm, and length of 1400 nm. The geometrical values of the radius and
the pitch are chosen so that the NWs form a sparse array and the results are independent of
the lattice arrangement [38]. Furthermore, the length of 1400 nm for the total length (with
or without Au layer) is chosen so that the absorption saturation that is seen in long NWs
does not occur [30,39,40].

Because most of the light in the NWs is absorbed in the top parts and the absorption
decreases as it moves towards the bottom, we placed Au layer at the bottom to act as a
reflector at optical frequencies and reflect light into the NWs. This reflection increases
the optical path length of the excited modes and improves the absorption of the guided
modes. In addition, when the light reaches to the metal, plasmon is excited in metal and it
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generates dipole. Due to dipole–dipole coupling between the plasmon excited metal and
the adjacent semiconductor in near-field, plasmonic energy in the metal is transferred to
semiconductor and it generates more electron–hole pairs in the semiconductor. This can
promote performance of the solar cell. Therefore, placing the Au layer at the bottom of the
NW has a better result than other parts. By placing the Au layer on the top part of the NW,
the light cannot reach the lower part of the NW and the light absorption is reduced.

Decreased light absorption also reduces the number of photogenerated carriers com-
pared to the bare structure. To determine the appropriate thickness of the Au layer, one
must sweep its thickness from 0 to 250 nm, and obtain the Jsc each time. According to the
results presented in Figure 2, sweeping the thickness of this layer has little effect on the
Jsc. Among the various values, 80 nm thickness gives the maximum improvement in Jsc.
In this case, the Jsc increases from 24.1 mA/cm2 for the bare cell to 26.75 mA/cm2, which is
equivalent to a 10% improvement.

Figure 2. The short circuit current density (in mA/cm2) of the InP NW array solar cell for varying
thickness of Au layer for the fixed radius of 100 nm and pitch of 500 nm.

In NWs with the same geometry, we can improve the absorption if we can reduce the
reflection of light from the NW/superstrate. To achieve this goal, we consider the top part
of the NW, which is the interface between air and NW, in the form of a conical-shaped
parabola. With this assumption, as can be seen in Figure 3, the light reflection from the top
part decreases and the absorption in the NW increases. This increase in absorption increases
Jsc from 24.1 mA/cm2 for the bare cell to 24.931 mA/cm2 for the NW with conical-shaped
parabola on the top.

Figure 3. Reflection spectra for the bare cell and for the NWs with conical-shaped top.

Considering that the use of an Au layer at the bottom of the NW and the conical-
shaped parabola on the top part both cause more light to be trapped and more electrons
and holes are generated by the light, in the following we will examine the effect of applying
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both of them on the performance of the array. According to the results presented in Figure
4, the absorption increases at all wavelengths, and close to the band gap wavelength of InP
is approximately 1 and is limited by the reflection losses at the top side.

Figure 4. Absorption spectra for bare cell and proposed cell.

Observation of the electric field distribution profile within the NWs in Figure 5 for the
bare cell and proposed cell shows that the Au layer prevents the transmission of light into
the substrate and reflects most of the light into the NW. Thus, the modes are broadening
and the absorption at the bottom of the NW is improved. By improving the absorption
within the NW, more carriers contribute to the production of current and the Jsc increases
from 24.1 mA/cm2 to 27.64 mA/cm2.

Figure 5. The electric field profile for transverse magnetic (TM) and transverse electric (TE) modes respectively for (a,b) the
bare InP NW array solar cell, and (c,d) the proposed InP NW array solar cell.

Since the performance of the NWs depends on the geometric parameters of the
structure, we sweep the radius and pitch parameters and examine their effects. As shown
in Figure 6, sweeping the radius up to about 50 nm does not cause a significant change in
the Jsc of the proposed cell relative to the bare cell. As can be seen in Figure 7, as the radius
increases, the absorption spectrum of the proposed cell expands to longer wavelengths,
and the location of the wavelength of HE11 mode, which is equivalent to the absorption
peak at the longest wavelength and close to the InP band gap wavelength, red-shifts.
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Figure 6. The short circuit current density (in mA/cm2) of the bare and proposed cell of
InP NW array solar cell for varying radius.

Figure 7. Absorption spectra for varying radius for (a) bare cell and (b) proposed cell.

In Figure 8, the Jsc is plotted as a function of pitch of the array. Increasing this
parameter reduces the semiconductor material in the NW, which leads to a decrease in the
absorption in the NW, as can be seen in Figure 9.

Figure 8. The short circuit current density (in mA/cm2) of the bare cell and proposed cell of InP NW
array solar cell for varying pitch.
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Figure 9. Absorption spectra for varying pitch for (a) bare cell and (b) proposed cell.

According to Figure 10, by increasing pitch of the array, the insertion reflection losses
at the top air/NW interface, which are an upper limit on the Jsc decrease and the absorption
in the NWs can be improved. Therefore, it is necessary to choose the pitch of the array
in such a way that the volume of material consumed is sufficient for absorption and the
insertion reflection losses are reduced.

Figure 10. Reflection spectra for varying pitch for (a) bare cell and (b) proposed cell.

Another way to improve the absorption of NWs, especially in the middle part of
the solar spectrum, is to break the symmetry of the NW array/light incident system,
which can be achieved by obliquely incident light on the vertical NWs. In addition to the
HE1m-guided modes, which depend on symmetry and are excited in the NWs, oblique
radiation also stimulates additional Mie resonances. In this way we can achieve broadband
absorption.

As can be seen in Figure 11, the absorption improvement occurs in a broad spec-
tral range for inclined radiation compared to normal radiation for both bare and pro-
posed structures. Improved absorption due to the excitation of additional modes indi-
cates strong light trapping in the NWs and prevents its transmission to the substrate.
Figure 12 shows the effect of inclined radiation on the transmission spectrum of both bare
and proposed cells.
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Figure 11. Absorption spectra for inclined radiation for (a) bare cell and (b) proposed cell.

Figure 12. Transmission spectra for inclined radiation for (a) bare cell (b) proposed cell.

Figure 13 shows the changes in the Jsc by changing the radiation angle. Increasing
the absorption of light in oblique radiation compared to normal radiation has increased
the generation of the optical carriers, which leads to an increase in Jsc. Among the various
radiation angles studied, the 60 ◦ angle achieves the greatest improvement in Jsc.

Figure 13. The short circuit current density (in mA/cm2) of the bare and proposed cell of InP NW
array solar cell for varying radiation angle.

Quantitative performance of the cell can be estimated according to the current density–
voltage curve obtained by solving the Poisson and drift–diffusion equations with bulk
conditions and surface recombination and parameters listed in Table 1. The proposed
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structure which consists of a layer of Au at the bottom of the NW and a conical-shaped
parabola at the top improves the Jsc by 14.69%. The power conversion efficiency varies
from 14.7 for the bare cell to 17 for the proposed cell.

If we replace the ohmic contacts with carrier selective contact, the Jsc will increase from
24.1 mA/cm2 to 24.71 mA/cm2 for the bare cell and 27.64 mA/cm2 to 28.2 mA/cm2 for the
proposed cell due to neglecting the recombination of minority carriers in the contacts [41].
The results of the electrical simulation for the ohmic and carrier selective contacts shown in
Figure 14 are summarized in Table 2.

Figure 14. Applied voltage vs. current density for the bare InP NW array solar cell and for proposed cell, applied voltage
vs. photovoltaic efficiency for the bare InP NW array solar cell and for proposed cell for (a–b) ohmic contacts (c–d) perfect
carrier selective contacts.

Table 2. Electrical result for the bare and proposed InP NW array solar cells.

Structure Voc (Volt) Jsc (mA/cm2) FF (%) Efficiency (%) Jsc Enhancement (%)

Ohmic Contacts

Bare cell 0.958 24.1 63.67 14.7 ———-
Proposed

cell 0.963 27.64 63.87 17 14.69

Perfect Carrier Selective Contacts

Bare cell 1.015 24.71 66.03 16.56 ———-
Proposed

cell 1.02 28.2 67.97 19.55 14.12
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4. Conclusions

We theoretically investigated an InP NW array solar cell with an Au layer at the
bottom and a conical-shaped parabola at the top with an axial n-i-p junction on each NW.
Among the various values studied for the thickness of the Au layer, at the thickness of 80
nm, the highest improvement was obtained compared to the bare structure. According to
the results, the use of Au layer at the bottom of the NWs prevented the transmission of light
into the substrate and improved the absorption at long wavelengths, especially around the
band gap wavelength, where light absorption was usually poor. The light trapping due
to the multiple reflections of the Au layer increased the optical path length of the excited
modes in the NWs. Enhancing the absorption of light also increased the photogenerated
carriers and ultimately increased the Jsc. The conical-shaped parabola of the top part of
the NW also reduced light reflection from the upper part of the structure and improved
cell performance. The proposed structure increased Jsc from 24.1 mA/cm2 for the bare
cell to 27.64 mA/cm2 for the proposed cell with ohmic contacts and from 24.71 mA/cm2

to 28.2 mA/cm2 for the carrier selective contacts, which improved to 14.69% and 14.12%,
respectively.
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Abstract: Since the discovery of the optical properties of two-dimensional (2D) titanium carbide
(MXene) conductive material, an ever increasing interest has been devoted towards understanding it
as a plasmonic substrate or nanoparticle. This noble metal-free alternative holds promise not only
due to its lower cost but also its 2D nature, hydrophilicity and apparent bio-compatibility. Herein, the
optical properties of the most widely studied Ti3C2Tx MXene nanosheets are theoretically analyzed
and absorption cross-sections are calculated exploiting available experimental data on its dielectric
function. The occurrence of quadrupole surface plasmon mode in the optical absorption spectra
of large MXene nanoparticles is demonstrated for the first time. The resonance wavelengths corre-
sponding to interband transitions, longitudinal and transversal dipole oscillations and quadrupole
longitudinal surface plasmon mode are identified for single and coupled nanoparticles by modeling
their shapes as ellipsoids, disks and cylinders. A new mechanism of excitation of longwave transver-
sal surface plasmon oscillations by an external electric field perpendicular to the direction of charge
oscillations is presented. Excitingly enough, a new effect in coupled MXene nanoparticles—Fano
resonance—is unveiled. The results of calculations are compared to known experimental data on
electron absorption spectroscopy, and good agreement is demonstrated.

Keywords: two-dimensional material; titanium carbide MXene; near-field enhancement; plasmonic
material

1. Introduction

A recently discovered family of 2D materials—transition metal carbides/nitrides
called MXenes—has become the subject of versatile intensive studies due to the materi-
als’ unique optoelectronic properties as well as hydrophilicity, flexibility and metal-like
electronic conductivity [1–10]. This interest in MXenes is fueled by the possibility of
applications as supercapacitors [11] and in electromagnetic interference shielding [5], in
optical sensing and light detection [7], and even in communication and biology [9]. The
study of the optical properties of MXenes showed the possibility of creating transparent
conductive electrodes [9] and saturable absorbers for femtosecond mode-locked lasers [12],
for photonic devices [4] and for plasmonic applications at near-infrared wavelengths [13].

MXenes are mostly synthesized by etching out the A layers from parent MAX
phases [11,14,15], which have a composition generally denoted as Mn+1AXn, where M is
an early transition metal, A is mainly a group IIIA or IVA element, X is C and/or N, and n
= 1, 2, 3 or 4. In most cases the etching process with acids or alkalis results in the fabricated
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MXene, Mn+1XnTx, that is terminated by some surface functional groups—Tx, such as OH,
O, Cl or F (depending on the synthesis method). The synthesis method is a crucial aspect
for controlling the surface functionality of MXenes and hence the underlying properties.

Much work has been performed for exploring the optical properties of MXenes.
For instance, the plasmonic properties of MXenes were investigated by electron energy
loss spectroscopy (EELS) [16,17] and by optical measurements in the IR, visible and UV
ranges [13,18,19]. In these studies, both surface plasmons (SPs) as well as bulk plasmons
and interband transitions (IBTs) were identified. Optical forces on MXene nanoparticles in
the near-infrared have been calculated using the finite-difference time-domain method [20].
Non-linear optical properties of MXenes have also been studied [21]. The exploitation of
optical properties of MXenes is not limited to the possibility of creating new photonics
devices. Another promising area of their application is molecular sensing by surface
enhanced Raman scattering (SERS). For the most widely studied MXene, Ti3C2Tx, the
first experimental result demonstrated a SERS enhancement factor in the order of 106 [19].
Afterwards, the following studies included other types of MXenes as well, such as nitride
Ti2N, which yielded a notable enhancement factor of 1012 [22]. Recently, more publications
appeared on thickness dependence of SERS in Ti3C2Txnanosheets [23], or for using it as
a SERS active substrate for reliable and sensitive detection of organic pollutants [24]. A
systematic theoretical understanding of the optical properties of MXenes is not developed
yet, which makes difficult the interpretation of all the experimental data.

In this paper we analyze the experimental data obtained in Ti3C2Tx nanoparticles by
both optical absorption and EELS and present the results of calculations for the absorption
cross-section in isolated and interacting nanoparticles composed of MXene sheets. To
effectively use the simulation software, an approximate analytical method is applied to
identify the ranges of wavelengths corresponding to the peculiarities of spectra. The
presented approach allows interpretation of experimental results on EELS in MXene in
the vis-infrared range. Moreover, an interesting phenomenon related to the interaction
between longitudinal quadrupole and transversal dipole modes suggests the appearance
of a Fano resonance.

2. Analysis of Experimental Data of EELS and Optical Absorption Spectroscopy
of Ti3C2Tx

To assess the physical properties of MXenes it is crucial to reveal the peculiarities of
the energy spectrum of free and bounded carriers. EELS experiments in Ti3C2Tx, covering
a fairly wide range of energies up to 30 eV, showed that the maxima at lower energy losses
between 0.2 and 0.7 eV in stacks of MXenes occur due to dipole oscillations [16]. Further-
more, in [16], for the energy losses at higher energies up to 1.5 eV a weaker maximum
was also found, which was independently revealed in optical spectra of Ti3C2Tx as well
in [18,19]. Detected by different methods, this peculiarity was prescribed to low-energy
IBTs (see Figure 2 and Figure S6 in [19]). At energies over 5 eV, rather strong IBTs were
detected, after which bulk plasmons occured [16]. It was also shown that dipole plasmonic
frequencies can be tuned in the mid-infrared range by controlling the sheet geometries
and terminations. Moreover, the experiment of [16] revealed that in multilayered (ML)
MXene sheets the individual 2D flakes interact weakly, apparently reducing the intensity of
bulk excitations and leaving longitudinal surface plasmons (LSPs) as a source of dominant
screening mechanism. In [17], a strong IBT centered around 4 eV was revealed by exploring
the role of the localization of termination groups on the optical properties of ML Ti3C2Tx.
It was shown that the Tx functional group localization on the surface has a prominent
effect on the optical properties of the ML MXene, leading to 40% variations in the optical
conductivity in the middle of the visible spectrum.

For a complete understanding of the optical properties of ML MXenes, it is necessary to
know the permittivity tensor of the material. For the first time, the Ti3C2Tx permittivity was
measured by the ellipsometric method at 45◦ polarized light in [13]. We recall that setting
the real part of the transversal component of a dielectric function equal to 0 (
[ε(ω)] = 0)
of a thin film is the condition for the realization of transversal surface plasmons (TSPs).
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According to the measurements of [13], this condition for the films of thicknesses from 14
to 75 nm is satisfied for the wavelength range λ = 1130 − 1260 nm. Thus, in ML MXene
one can expect the appearance of TSP peaks in the EELS and optical absorption spectra
with a photon energy of less than 1.1 eV. This means that the absorption in ML Ti3C2Tx in
the photon energy region above the values corresponding to TSP can be attributed to IBT
except if higher plasmonic multipoles are excited.

In [25], using scanning transmission electron microscopy (STEM) combined with
ultra-high resolution EELS, the spatial and energy distribution of electron excitations in
Ti3C2Tx were obtained. It was shown that the longitudinal multipolar SP modes strongly
depend on the geometry of the sample. An interesting result related to the similarity in
the behavior of polarizability of monolayer (1L) and ML samples attributed to unusual
weak interlayer coupling was obtained. The origin of the peak at energy of 1.7 eV in EELS
spectra [25] will be discussed in the next section.

Recently, Ti3C2Tx MXene disk arrays on glass and on Au/alumina were fabricated,
and it was shown that the new metamaterial exhibits strong broadband absorption in a
wide range of wavelengths, λ = 500 − 1500 nm [26]. The origin of this effect is conditioned
by the appearance of gap plasmons, localized SPs and plasmon-polaritons. Full wave three-
dimensional finite element method (FEM) simulations were performed using the COMSOL
package, and a good agreement with the experiment was demonstrated. The broadband
absorption, obviously being the result of hybridization of different plasmonic modes via
interparticle interaction in the array, causes splitting of the absorption frequency. While in a
system of ν noninteracting resonators the resonance frequency is ν-fold degenerated, in the
case of interacting nanoparticles within an array ν spectral lines appear in the absorption
band because of splitting. The absorption spectrum of a single disk for both TE and TM
polarizations will be considered in the next section, and it will be demonstrated that a
strong broadening takes place already in the isolated particle.

3. Calculation of Optical Spectra of Single Ti3C2Tx Nanoparticles

In this section, we consider the excitation of the quadrupole SP mode in large enough
MXene nanoparticles. Moreover, we show that hybridization of transversal modes in
large coupled particles initiates Fano resonance. Theoretical study of optical properties
such as wavelength dependence of dielectric function, reflection and absorption for 1Ls
of pristine MXenes is performed by DFT calculations of density of states (DOS) and band
structures [27]. In [28,29], analogous DFT calculations were performed and substantial
differences were revealed in the absorption spectra of 1L MXenes with various terminations
particularly in the lower photon energy regime. Furthermore, in case of ML MXene sheets
with thicknesses ranging from 5 to 45 nm, ab initio calculations revealed LSPs [16]. It was
also shown that the thinner the sheets are, the stronger are the contribution of LSP modes in
the total cross section, and with the increase of the thickness the role of surface terminations
becomes negligible. In [17] ab initio calculations were carried out to investigate the role of
surface functionalization on dielectric properties of ML Ti3C2Tx for the termination cases
of either OH or F, and intense IBT at 4 eV and higher energies was identified. However, the
lower energy region was not investigated and consequently SPs were not studied.

Below, we present our numerical simulations on optical spectra of MXene particles
of sizes up to 2000 nm, exploiting analytically a priori identified ranges of resonance
frequencies for various configurations and shapes (see Supplementary Information (SI)—S1
Analytical approach). For that purpose, we applied the COMSOL Multiphysics® package,
modeling the shapes and sizes of sheets as close as possible to the synthesized samples in
the above-mentioned experiments with a known dielectric function [13,26]. It is important
that scanning electron microscope (SEM) and atomic force microscope (AFM) images
show a continuous coverage of Ti3C2Tx flakes predominantly oriented parallel to the
substrate. MXenes flakes parallel to Si-SiO2 substrates, as shown in [13], take place even for
thicknesses of less than 10 nm, corresponding to just a few MXene layers. A more detailed
description of the modeling method is provided in Section S2 of the SI. The resulting plots
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are accompanied with corresponding intensity maps (spatial distribution of electric field
normalized to the amplitude of the incident field). Throughout the paper the scale bars
on the right side of each inset correspond to the absolute value of the ratio between the
amplitude of the total electric field and the amplitude of the incident field. The direction
of wave incidence coincides with the Z-axis in the figures, and the electric field oscillates
along the Y-axis. In all of the calculations, MXene particles are embedded in air, i.e., the
effect of the substrate that could be important in certain experiments is not considered here.
We also compare our results with experiments performed with MXene films on substrates.
This approach is justified by the very small difference of the reflectance between common
substrates and MXene [13]. On the other hand, neglecting the role of the substrate of
MXene films is also justified by the fact that our results, which are based on experimental
values of the dielectric function from [26], match well with measured absorption data.

Calculation of the absorption in Ti3C2Tx in the range of 400 to 1600 nm, when the
single sheets are modeled as small oblate spheroids with a shape approximation to a
disk, are presented in the Supplementary Information of [19]. As shown for small MXene
particles of different thickness, in case of an electric field directed along the long axis the IBT
occurs at a wavelength of about 760 nm. This value is formed under the influence of strong
LSP absorption at longer wavelengths—the effect of “attraction” of peaks (see Figure S7a
in [19], and S1 Analytical approach of this paper). The calculations were also performed
with different aspect ratios (η) of spheroids in the case of light polarization along the short
axis and an IBT at 600 nm was identified. It was shown that for small nanoparticles, the
absorption of light polarized along the short axis is relatively weak and the “attraction” by
the TSP peak is negligible. Thus, for the polarization considered, the redshift of IBT peaks
does not appear, independently of η and in accordance with the experiment (see Figure S7b
in [18]).

In [26], for the wavelength range of 600 to 2100 nm the absorption spectrum of
unpatterned nanometer-thin MXene film was measured for TE polarization of incident
light. On the absorption curve, two maxima decreasing with the increase of wavelength
were observed at around 600 and 1000 nm (see red curve corresponding to unpatterned
MXene film in Figure 4c of [26]). To assess the thickness dependence of absorption cross-
section in unpatterned film, we performed COMSOL simulations for different heights of
single MXene disks. The result of calculations for the absorption in a Ti3C2Tx disk of 500 nm
diameter with a thickness of 14 nm using ε(ω) from [13] is presented in Figure 1. The
maxima in the short wavelength range of 640 nm, also observed in [26], corresponds to IBT.
Indeed, our calculations give the same value of 640 nm for the left-side maxima regardless
of nanoparticle shapes (see Figure 2, Figure S3), if the electric field polarization allows
excitation of only TSP. This behavior is expected since the absorption peak corresponding
to IBT always essentially dominates that of TSPs located nearby and therefore the IBT
resonance wavelength is not shifted. The second peak for the chosen polarization located at
1200 nm obviously corresponds to TSP resonance for a disk of a large aspect ratio [30]. Note
that this wavelength is very close to λ = 1260 nm, satisfying the condition 
[ε(λ)] = 0
for the ε(λ) measured in [13]. The minor shift here is conditioned by the contribution
of the imaginary part of ε(ω) into the polarizability. We also calculated the absorption
cross-section for the disk with a diameter of 1000 nm (see Figure S3) and found that the
resonances are located at the same wavelengths as for that with a diameter of 500 nm. This
is not surprising since also our analytic approach shows (see SI) that the peak position of
TSP resonance in a small particle does not depend on the diameter at large aspect ratios.
On the other hand, the peak values of absorption for a larger disk are four times higher,
which is a consequence of the four-fold increase of volume of the particle.
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Figure 1. Simulated absorption cross-section (CS) of Ti3C2Tx disk of diameter 500 nm with 14 nm
height. Inset: electric field intensity map at IBT resonance—640 nm.

×

Figure 2. Simulated absorption CS of Ti3C2Tx cylinder of diameter 500 nm with heights 200 nm
(blue) and 300 nm (red). Inset: electric field intensity map of cylinder of diameter 500 nm with height
300 nm at the wavelength of TSP resonance—1200 nm.

To counter for the effect of particle thickness, we calculated the absorption cross-
section of a cylinder of 1000 nm diameter and 300 nm height using the ε(ω) measured
in [26], where the nanoparticles of these sizes were experimentally studied. Herein, two
directions of electric field are applied—parallel and perpendicular to the base of the disk.
Interestingly, for parallel polarization, a new peak appeared next to IBT one (600 nm) at
around 1000 nm, which we attribute to quadrupole SP (QSP) absorption (see Figure 3).
Indeed, the penetration depth d of an incident wave defined by d−1 = (2π/λ)�[ñ(λ)]
(where λ is the vacuum wavelength and ñ is the complex index of refraction) at λ = 1000
nm takes a value of 100 nm. Obviously, the decrease and vanishing of the electric field
amplitude over the penetration depth and consequent fading of the dipolar polarization
of MXene along with propagation of light leads to an increase in the symmetry of charge
distribution. Indeed, the loss of axial symmetry leads to full isotropy of charge distribu-
tion allowing the excitation of higher multipoles. This creates favorable conditions (full
symmetry and appropriate value of QSP wavelength in the material) for inhomogeneity of
charge distribution. This causes the appearance of a quadrupole mode due to fluctuations
of charge distribution.
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Figure 3. Simulated absorption CS of Ti3C2Tx cylinder of diameter 1000 nm with height 300 nm.
Inset: electric field intensity map at the wavelength of QSP resonance—980 nm.

The wavelength λm denoting the longitudinal oscillation induced by the pump wave
at 980 nm in the medium is determined by the formula λm = λ/

√
[ε(λ)] and gives
for λm = 363 nm. Such a value of λm obviously allows the excitation of longitudinal
quadrupole mode in a cylinder with a diameter of 1000 nm. The excitation of the QSP
mode at a shorter wavelength than the dipole SP mode is well-known in the quasistatic
approximation [30]. The absorption cross-section of TE polarized light in unpatterned
MXene film was measured and two absorption peaks at around 600 nm and 1000 nm were
revealed (see Figure 4c of [26]). Our simulation for the same polarization of incident light
for the cylinder, as was mentioned above (see Figure 3), gives exactly the same maxima,
which we identify as IBT and QSP resonances, respectively. The close values of resonance
wavelengths of QSP for the unpatterned film and cylinder are conditioned by the fact that
the electric field strength of quadrupole charge distribution decreases very fast, in the
order of R−4, where R is the distance from the center of charge distribution to the point
of observation. This behavior of the field is associated with a weak dependence of the
sensitivity of QSP resonance on the shape of the nanoparticle. As can be seen from the
inset of Figure 3, for the considered polarization there should be a peak corresponding
to LSP resonance at much longer wavelengths. However, to demonstrate it, we need the
experimental dielectric function of MXene in that region, which is not yet available.

The increase in the absorption cross-section at longer wavelengths (λ > 2400 nm)
is conditioned by the broadened weak LSP resonance. We interpret this behavior as a
consequence of the fact that the diameter of the cylinder is much larger than the mean free
path of charge carriers. In the inset of Figure 3 the presented electric field intensity map
corresponding to the peak wavelength of QSP absorption at 980 nm for the cylinder of
300 nm height shows inhomogeneous field distribution around the particle. This asym-
metry is caused by the extinction of the electric field along the propagation direction. The
occurrence of four maxima beneath the cylinder shown in the inset of Figure 3 (see also
Figure S7) indicates the excitation of a quadrupole plasmonic mode. We recall that the QSP
absorption is proportional to the fourth power of the resonator size, whereas the dipole
absorption of LSP is proportional to the square of resonator size. Our calculation shows
that due to that reason the QSP resonance is not excited in smaller cylinders. Particularly,
the simulation of the absorption cross-section for a cylinder with a diameter of 500 nm
and height of 200 nm does not indicate a QSP resonance (see Figure S4). However, for a
larger height of 300 nm, there appears a broad peak caused by a joint contribution of IBT
resonance and QSP oscillations.

For the perpendicular polarization (electric field is directed along the cylinder axis)
the change of cylinder diameters from 500 to 1000 nm and heights from 200 to 400 nm does
not cause qualitative differences in absorption cross-sections. In Figure 2 we present the
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results of calculations of absorption cross-section spectra of a Ti3C2Tx cylinder of diameter
500 nm with heights 200 nm (blue curve) and 300 nm (red curve) with an electric field that is
perpendicular to the disk base. Particularly, one can see a broadened absorption band due
to the joint contribution of three processes—the IBT, QSP and TSP modes. In addition, the
described behavior of the cross-section takes place for a larger particle (cylinder diameter
1000 nm) as well (see Figure S5).

To verify the possibility of the appearance of a QSP resonance in MXene, we also calcu-
lated the absorption cross-section of a large spheroidal particle (with semiaxes c = 500 nm,
a = b = 200 nm). As expected, a peak at 980 nm was revealed, indicating the appearance
of a QSP resonance (see Figure 4) in the spheroidal nanoparticle as well. The symmetry
braking of the field distribution with respect to the XY-plane typical for the QSP mode
can be observed in the inset of Figure 4. Note that the exhibited sharp rise of the cross-
section with wavelengths is due to LSP resonance for λ > 2400 nm, which is typical for
sub-micrometer spheroidal nanoparticles.

Figure 4. Simulated absorption CS of large spheroidal particle with semiaxes of 500, 200 and 200 nm.
Inset: electric field intensity map at quadrupole resonance wavelength, 960 nm.

Thus, the resonance wavelengths corresponding to QSP modes for a single cylinder
(Figure 3) and a spheroid (Figure 4) are very close to each other, which is a consequence of
insensitivity of QSP resonance on the shape of such a large nanoparticle.

Next, we apply the measured dielectric function of [13] to analyze the experimental
data of [25], where in the vicinity of 1.7 eV (730 nm) in the EELS spectrum of a triangular
Ti3C2Tx film a peak was ascribed to TSPs. To analyze this experiment, we look for the
positions of SP and IBT modes of a triangular 7.5 nm-thick MXene (using values of ε(ω)
from [13] for the thinnest available sample, i.e., 14 nm-thick film) by carrying out COMSOL
calculations. We found the absorption spectra for two geometries, corresponding to the
excitation of LSP and TSP resonances for the triangular sheet of sides of 300, 400 and
500 nm. In Figure 5 we present the spectra for the cases when the incident electric field
is directed perpendicular to the plane of the film to excite TSP (red curve), and when the
electric field is directed parallel to the plane of film (perpendicular to the longest side of the
triangle) to excite LSP (blue curve). We see that for the geometry close to the experimentally
studied one (by EELS), there are two peaks in each spectrum.

65



Photonics 2021, 8, 36

Figure 5. Simulated absorption CS of 7.5 nm thick triangular Ti3C2Tx sheet with side lengths 300,
400 and 500 nm. For the ease of modeling, the triangles are capped at corners by arcs of 2 nm
curvature radius. Incident electric field is: perpendicular (TM polarization, red curve) and parallel
(TE polarization, blue curve) to the plane of sheet being perpendicular to the hypotenuse. Insets:
electric field intensity maps placed above each curve, at the excitation wavelengths of 680 nm for the
red one, and 780 nm for the blue.

The maxima at longer wavelengths correspond to TSP, at 1215 nm (red curve) and
LSP, exceeding 2300 nm (blue curve). As expected, the LSP peak is much stronger than
the TSP. We interpret the peaks at shorter wavelengths on both curves in the range of 650
to 800 nm in Figure 5 as IBT, based on the following reasoning. First, when the electric
field is directed perpendicularly to the film plane our calculations for the triangular sheets
of differing thickness from 7.5 to 30 nm give the same peak at the wavelength of 600 nm.
Obviously, this is because the IBT peak values, which depend solely on material properties,
are stronger and cannot be shifted by the weaker TSP resonance peaks located at higher
wavelengths. Note that the maxima of IBT peaks for two polarizations in Figure 5 do not
match since the higher peak of LSP, unlike TSP, causes a redshift of IBT maxima by 140 nm
(effect of “attraction” of peaks, see SI—Analytical approach). Thus, we can state that the
detected peak at 1.7 eV in EELS spectra of Ti3C2Tx [25] is due to IBTs. It can also be seen
from Figure 5 (blue curve) that the values of the LSP resonance absorption cross-section
are much higher (25 times) than the TSP peak around 1200 nm. This could be the reason
why the TSP resonance was suppressed in the EELS spectrum of [25]. Note that in case
of excitation of SP, higher multipoles cannot be optically excited because of the shortness
of the propagation length (7.5 nm) compared to penetration depth. The peak at 0.66 eV
in the EELS spectrum prescribed to the QSP mode (see Figure 1 in [25]) arises due to
the strong inhomogeneity of the field created by the electron beam. Dissimilar to that,
the QSP mode of the cylinder revealed in this study (Figure 3) appears because of light
intensity decay during prorogation in the nanoparticle. Interestingly, these two physical
mechanisms of inhomogeneity excite QSPs at very different wavelengths. The direction of
light propagation for the case of TM polarization is parallel to the plane of the triangle and,
consequently, the absorbing area is much smaller than for the TE polarization where the
light incidence is normal to the triangle. Thus, the electric field intensity in the vicinity of
the triangle in TE case is much stronger than in the TM case, as demonstrated in the insets
of Figure 5.
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Thus, the interpretation of the peculiarities of spectra of ML MXene sheets exploiting
the measured dielectric function provides good agreement with a wide range of wave-
lengths, namely 500 to 2500 nm, and predicts the appearance of QSP in large nanoparticles.

4. Calculation of Optical Spectra of Coupled Ti3C2Tx Nanoparticles

It is known that large and spatially confined electromagnetic enhancement effects can
be reached only for the case of strongly coupled nanoparticles such as dimer configura-
tions [31]. Using experimental data for the dielectric function of Ti3C2Tx measured in [26]
we also calculate the optical absorption in coupled particles that can present interest for
reaching large values of enhancement factors of SERS. This type of physical enhancement
mechanism commonly termed as hot-spots is important to consider for material design in
practical applications.

To reveal the peculiarities of LSP resonances in coupled MXene nanoparticles, we
calculated the absorption spectra of two identical interacting spheroidal Ti3C2Tx particles
in an end-to-end configuration at separations of D = 0.8 nm, D = 1.0 nm and D = 1.5 nm.
The corresponding semiaxes of the particles are: (a) (20 nm, 5 nm, 5 nm), (b) (25 nm, 5 nm,
5 nm) and (c) (30 nm, 5 nm, 5 nm). The electric field of the light is again directed along
the symmetry axis of the system. The results of the COMSOL simulation are presented in
Figure 6. The positions of the IBT peaks around 760–780 nm did not change significantly
when varying the aspect ratios of spheroids and the interparticle separations, since the IBT
and LSP peaks’ separation is large.

×

Figure 6. Simulated absorption CS of coupled MXene nanospheroids in end-to-end configuration
with equal short semiaxes (a = b = 5 nm) and varying long semiaxis (c = 20, 25 or 30 nm).
Inset: electric field intensity map in the case of coupled spheroids with semiaxis c = 25 nm and
a = b = 5 nm, irradiated by parallel electric field at 760 nm.

However, contrary to IBT, the LSP peaks were drastically redshifted. It is interesting
that the proposed simple model consisting of coupled Ti3C2Tx ellipsoids for the SP reso-
nance energy of 0.59–0.73 eV is in good agreement with the results observed in EELS [16]
and optical absorption experiments [19]. The corresponding electric field intensity map at
760 nm, presented in the inset of Figure 6, clearly demonstrates the hotspot induced by
IBT polarization.

Note that when aspect ratios of spheroids increase from η = 4 to η = 6 (the semiaxis
c varies from 20 to 30 nm), peak positions of LSP resonances shift by 100 nm for all
interparticle separations. Furthermore, the peak positions of the absorption in the range of
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LSP resonances depend weakly on the interparticle separation. Thus, the corresponding
shift for different separations makes no more than 50 nm for all three values of η = 4, 5, 6.
Consequently, the main peculiarities of the SP absorption spectrum can be prescribed to
the geometry of a single nanoparticle of MXene rather than the random spatial deposition
of their plurality on the substrate. Hence, for small nanoparticles wherein the spatial
dependence of the EM field in the ignored, the simple model allows to describe the optical
properties of individual MXene sheets. Note that the spectral shift of coupled SPs in the
MXene dimer (50 nm in considered case) is smaller than that of the coupled noble metallic
nanoparticles [32]. This difference is due to a higher density of free charge carriers in noble
metals as compared to MXene.

To see how the peculiarities revealed above can change in the case of relatively large
particles, we further carried out simulations of the absorption spectra for the identical
coupled MXene ellipsoids of semiaxes c = 100 nm, a = 40 nm and b = 10 nm. The
calculation results presented in Figure 7 show that the absorption spectrum of medium-
sized coupled ellipsoidal particles still does not contain QSP resonance.

×

Figure 7. Simulated absorption CS of coupled identical MXene ellipsoids with semiaxes c = 100 nm,
a = 40 nm and b = 10 nm. Insets: electric field intensity maps at IBT maxima—800 nm and LSP
resonance at 2030 nm.

The optical spectrum of a single ellipsoid of the same size, presented in Figure S6 of
the SI, confirms that the IBT resonance wavelength is the same as that in Figure 7 while
the LSP resonance appears redshifted by 200 nm. This consistent IBT peak in the range of
700–800 nm (irrespective of particle size or colloidal solution concentration) is in accord
with the UV-vis absorption results of Ti3C2Tx often reported in the literature.

In order to assess the possibility of the appearance of QSP resonance in interacting
MXene nanoparticles, we also simulated the absorption in notably larger coupled spheroids
with semiaxes: 500, 200 and 200 nm. The results for the end-to-end configuration of
spheroids with an inter-particle gap of 1.5 nm, when the incident electric field is directed
along the long axis, are presented in Figure 8. They clearly show the existence of a QSP
mode at 980 nm, analogous to those revealed for the single cylinder and spheroid (see
Figures 3 and 4).
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Figure 8. (A) Coupled spheroids with semiaxes of 500, 200 and 200 nm in end-to-end configuration.
Electric field intensity maps at TSP maximum—1780 nm in the XY-plane (B) and YZ-plane (C)
are presented.

Interestingly, as can be seen from Figure 8A, in addition to LSP at resonance wave-
length λ > 2300 nm (the highest field strength at the far apexes of spheroids) and the
quadrupole resonance detected at 980 nm, there is also a new resonance at 1780 nm. We
attribute this resonance to longwave transversal plasmon oscillations, the mechanism of
occurrence of which differs significantly from the classical one. The point is that typically
the directions of the external field and plasmon oscillations coincide and correspondingly
the transversal plasmon oscillations should not occur when the electric field of light oscil-
lates along the long axis of coupled spheroids. The physical mechanism of excitation of
TSP when the directions of incident electric field and SP oscillations are orthogonal is the
following. In the center of the symmetry of the quadrupole charge distribution a repulsive
alternating force appears orthogonal to the incident electric field (see schematics in SI 2).
It is this force that causes dipole transversal plasmon oscillations in both spheroids. It is
easy to see from the electric field intensity maps of Figure 8B,C that there is an attraction
between the transversal plasmons, which is also demonstrated in SI 2. Thus, the QSP–TSP
coupling in each spheroid and TSP–TSP hybridization in interacting spheroids lead to a
strong redshift of the new TSP resonance wavelength.

Figures 8B,C apparently demonstrate the occurrence of the TSP mode in the high field
intensity regions close to middle parts of spheroids. A small shift of bright regions from
the centers of spheroids is a consequence of attraction between counter-phase oscillating
transversal dipoles. Moreover, Figure 8C clearly shows the shift of all induced dipoles in
the incident wave propagation direction.

Furthermore, in Figure 9 the electric field intensity maps at QSP maximum (980 nm)
in the XY-plane (A) and YZ-plane (B) are presented. Note that the resonance wavelength of
QSP remains the same for single and coupled nanoparticles.
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Figure 9. Electric field intensity maps at QSP maximum—980 nm in the XY-plane (A) and YZ-plane (B).

It is important to mention that as a result of strong coupling of QSP and induced TSP
modes, as follows from Figure 8A, there appears a Fano dip at 1440 nm. The lowest mini-
mum at 1440 nm in strongly interacting nanoparticles (Figure 8) is a result of destructive
interference between QSP and TSP modes, which is a manifestation of Fano resonance [33].
Moreover, the attraction between dipoles induced by TSP oscillations in two spheroids is
clearly demonstrated. In Figure 8C the symmetry of intensity distribution with respect
to incident electric field is violated, obviously demonstrating the appearance of a QSP
resonance. Furthermore, in Figure 9 the electric field intensity maps at QSP maximum
(980 nm) in the XY-plane (A) and YZ-plane (B) are presented. Note that the resonance
wavelength of QSP remains the same for single and coupled nanoparticles.

It can be seen from Figure 10A that the dipole and QSP modes are suppressed (“dark”
mode in Fano resonance), whereas Figure 10B shows that the energy is cumulated in the
TSP mode (“bright” mode). Unlike the 1780 nm wavelength, the field distribution around
the hotspot at the Fano resonance (1440 nm) is negligibly small, since the transversal dipoles
oscillate counter-phase and their cumulative superimposed field vanishes. Our result is
different from conventional Au nanoparticle systems where the Fano resonance appears
only in the case of non-identical small nanoparticles (with sizes less than the wavelength of
the incident wave) [34]. It is clear, however, that in a realistic case of non-identical large
interacting MXene flakes a Fano resonance can take place as well. The small asymmetry in
the Fano deep, is a consequence of the moderate difference between the damping constants
of the two modes considered.

Figure 10. Electric field intensity maps at Fano resonance—1440 nm in the XY-plane (A) and YZ-plane (B).

Summarizing, all optical phenomena taking place in the visible and infrared ranges
for arbitrary geometries of ML MXene single and coupled particles originate via strong
polarization induced by IBT, QSP and TSP resonances. We stress that the QSP resonance
in the absorption spectrum yields stronger peaks than the TSP. Moreover, the plasmonic
behavior of this MXene starts not at the TSP resonance but at a shorter wavelength (980 nm).
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5. Discussion

Experimental MXene 2D flakes present a large shape variety, depending on the fabri-
cation conditions. It is therefore not easy to define a general shape for samples appropriate
for all experiments. Hence we tried to model several flake shapes to see what kind of
shape-dependent peculiar plasmonic effects are also evidenced in experiments. We studied
the absorption spectra of MXene nanoparticles with shapes and sizes matching those
studied experimentally. Thus, we considered both thin and thick samples.

The substrate was not taken into account in our simulations. Although we have
used a homogeneous medium with a refractive index of n = 1 (air), this situation is
similar to MXene flakes suspended in aqueous solution (the refractive index of water in
the green region of the visible spectrum is n ∼ 1.33). On the other hand, the MXene films
in [13,26] were deposited on quartz, glass, and SiO2/Si. As was shown experimentally, the
difference in the reflectance between Ti3C2Tx and quartz at λ = 550 nm is only 4.7% (see
Figure S5 in the SI of [13]). Not taking into account the role of substrate of MXene film in
the interpretation of absorption spectra can be largely justified by the fact that our results,
which are based on experimental values of the dielectric function from [26], match well
with measured absorption data.

In the analysis of EELS spectra of MXenes it is important to stress that the energy
loss experiments allow revealing all resonances of the sample. However, in some parts
of experimental EELS spectra of ML MXenes, it is difficult to distinguish closely located
maxima, such as resonances corresponding to IBT and TSP. On the other hand, optical
absorption spectra expose the resonances selectively, depending on the polarization of
incident light. Thus, for exciting TSP in optical experiments the electric field of the light
wave should have a component perpendicular to the surface of the flake. Accordingly,
changing the polarization of light will allow the identification of the TST mode revealed in
EELS experiments. As for the peak frequency of IBT, it is independent on the geometry of
the sample and is determined only by the dielectric properties of the material. Consequently,
this resonance appears in both experiments.

To study the interaction of MXene sheets closely placed on the substrate, we considered
coupled large nanospheroids with semiaxes of c = 500 nm, b = 200 nm and a = 200 nm in
the end-to-end configuration under plane wave irradiation, as depicted in Figure 7. The
polarization is along the Y-axis and the propagation is along the Z-axis. Since the particle
lengths are large enough compared to the penetration depth, higher multipole plasmon
oscillations can be excited together with dipole LSP. In the case considered, quadrupole
oscillations occur, since the QSP wavelength λm = λ/
[n(λ)] = 366 nm for λ = 980 nm
is less than half the long axis of the spheroid. Here n is the refractive index of the MXene.
The configuration of dipole and quadrupole LSP in each spheroid is presented in the
Figure 8A,B. Furthermore, the TSP mode in the system is excited due to repulsion forces
acting on the free carriers in the center of symmetry of the quadrupole charge distribution.
Thus, a new mechanism of excitation of the longwave TSP at λ = 1780 nm by an external
electric field perpendicular to the direction of charge oscillations is presented. We note that
this mechanism strongly differs from that inducing classical transversal oscillations.

In order to observe the typical asymmetric Fano dip characteristic of atomic ionization
resonances, as well as in very small interacting nanoparticles, one needs narrow resonance
and a continuum, which leads to the strong asymmetry. Obviously, in identical and
very small interacting nanoparticles, when the damping of both rates is the same, a Fano
resonance does not arise. However, for identical and large enough nanoparticles a Fano dip
with a small asymmetry appears, when plasmonic modes (in our case QPS and induced
TSP) are excited. The small asymmetry in our results is due to the small difference between
the damping constants of two modes. Contrarily to atomic systems, in experiments and for
some configurations of interacting metallic nanoparticles it is possible to detect the Fano
dip with a small asymmetry, which was demonstrated theoretically is our study. In sensing
applications of MXenes it is interesting to analyze the quality factor of resonances. It can
be calculated using the method presented in [35].
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6. Conclusions

Incorporating the experimentally measured dielectric function of Ti3C2Tx MXene, we
performed simulations of optical absorption spectra of 2D nanosheets and showed that
the main peculiarities of recently reported electro-optical experiments in the vis-infrared
range can be reproduced. Moreover, some details of electron energy loss spectra in a
the range of low eV energy, particularly concerning the inter-band transition wavelength
range, were clarified. The resonance wavelengths of dipole longitudinal and transversal,
as well as quadrupole surface plasmon oscillations in MXene nanosheets of different
geometries, were identified. It was shown that the resonance wavelength of the dipole SP
mode for large nanoparticles can be tuned up to the 1700 nm range, and that of a rather
strong quadrupole mode can be as short as 980 nm. We demonstrated that the plasmonic
phenomena of the Ti3C2Tx MXene occurs at the quadrupole SP resonance wavelength, that
is, at a shorter wavelength than that of the transversal one. A new mechanism of excitation
of TSP oscillations by an orthogonal external electric field was presented. Owing to a strong
quadrupole-transversal SP interaction, the possibility of realization of Fano resonance in
coupled large spheroidal nanoparticles was demonstrated for the first time, indicating a
new direction for exploring additional optical resonance effects in MXenes.
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mentary information including figures is in a separate file.

Author Contributions: Conceptualization, M.G., A.M., and H.M.; methodology, A.M., H.M., T.S.,
P.P.; software, M.G., P.P., T.S.; writing—original draft preparation, A.M., H.M.; writing—review and
editing, M.G., A.M., H.M. and T.M.; visualization, P.P., T.S.; All authors have read and agreed to the
published version of the manuscript.

Funding: A.M., H.M. and T.S. acknowledge the Science Committee of the Ministry of Education,
Science, Culture and Sport of the Republic of Armenia (Grant 18T-1C222) for financial support
provided over the last two years (http://www.scs.am). This work did not receive any funding from
the Murata Manufacturing Co., Ltd.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors acknowledge N. Minasyan for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional
Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. [CrossRef] [PubMed]

2. Xie, Y.; Kent, P.R.C. Hybrid density functional study of structural and electronic properties of functionalized Tin+1Xn (X = C, N)
monolayers. Phys. Rev. B 2013, 87, 235441. [CrossRef]

3. Hantanasirisakul, K.; Gogotsi, Y. Electronic and Optical Properties of 2D Transition Metal Carbides and Nitrides (MXenes). Adv.
Mater. 2018, 30, 1804779. [CrossRef] [PubMed]

4. Dong, Y.; Chertopalov, S.; Maleski, K.; Anasori, B.; Hu, L.; Bhattacharya, S.; Rao, A.M.; Gogotsi, Y.; Mochalin, V.N.; Podila, R.
Saturable Absorption in 2D Ti3C2 MXene Thin Films for Passive Photonic Diodes. Adv. Mater. 2018, 30, 1705714. [CrossRef]

5. Shahzad, F.; Alhabeb, M.; Hatter, C.B.; Anasori, B.; Hong, S.M.; Koo, C.M.; Gogotsi, Y. Electromagnetic interference shielding
with 2D transition metal carbides (MXenes). Science 2016, 353, 1137–1140. [CrossRef] [PubMed]

6. Zhu, Z.; Zou, Y.; Hu, W.; Li, Y.; Gu, Y.; Cao, B.; Guo, N.; Wang, L.; Song, J.; Zhang, S.; Gu, H.; Zeng, H. Near-Infrared Plasmonic
2D Semimetals for Applications in Communication and Biology. Adv. Funct. Mater. 2016, 26, 1793–1802. [CrossRef]

7. Montazeri, K.; Currie, M.; Verger, L.; Dianat, P.; Barsoum, M.W.; Nabet, B. Beyond Gold: Spin-Coated Ti3C2-Based MXene
Photodetectors. Adv. Mater. 2019, 31, 1903271. [CrossRef]

8. Hantanasirisakul, K.; Zhao, M.Q.; Urbankowski, P.; Halim, J.; Anasori, B.; Kota, S.; Ren, C.E.; Barsoum, M.W.; Gogotsi, Y.
Fabrication of Ti3C2Tix MXene Transparent Thin Films with Tunable Optoelectronic Properties. Adv. Electron. Mater. 2016,
2, 1600050. [CrossRef]

9. Naguib, M.; Mochalin, V.N.; Barsoum, M.W.; Gogotsi, Y. 25th Anniversary Article: MXenes: A New Family of Two-Dimensional
Materials. Adv. Mater. 2013, 26, 992–1005. [CrossRef]

10. Jiang, X.; Kuklin, A.V.; Baev, A.; Ge, Y.; Ågren, H.; Zhang, H.; Prasad, P.N. Two-dimensional MXenes: From morphological to
optical, electric, and magnetic properties and applications. Phys. Rep. 2020, 848, 1–58. [CrossRef]

72



Photonics 2021, 8, 36

11. Ghidiu, M.; Lukatskaya, M.R.; Zhao, M.Q.; Gogotsi, Y.; Barsoum, M.W. Conductive two-dimensional titanium carbide ‘clay’ with
high volumetric capacitance. Nature 2014, 516, 78–81. [CrossRef] [PubMed]

12. Jhon, Y.I.; Koo, J.; Anasori, B.; Seo, M.; Lee, J.H.; Gogotsi, Y.; Jhon, Y.M. Metallic MXene Saturable Absorber for Femtosecond
Mode-Locked Lasers. Adv. Mater. 2017, 29, 1702496. [CrossRef] [PubMed]

13. Dillon, A.D.; Ghidiu, M.J.; Krick, A.L.; Griggs, J.; May, S.J.; Gogotsi, Y.; Barsoum, M.W.; Fafarman, A.T. Highly Conductive
Optical Quality Solution-Processed Films of 2D Titanium Carbide. Adv. Funct. Mater. 2016, 26, 4162–4168. [CrossRef]

14. Naguib, M.; Mashtalir, O.; Carle, J.; Presser, V.; Lu, J.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional Transition Metal
Carbides. ACS Nano 2012, 6, 1322–1331. [CrossRef] [PubMed]

15. Hantanasirisakul, K.; Alhabeb, M.; Lipatov, A.; Maleski, K.; Anasori, B.; Salles, P.; Ieosakulrat, C.; Pakawatpanurut, P.; Sinitskii,
A.; May, S.J.; et al. Effects of Synthesis and Processing on Optoelectronic Properties of Titanium Carbonitride MXene. Chem.
Mater. 2019, 31, 2941–2951. [CrossRef]

16. Mauchamp, V.; Bugnet, M.; Bellido, E.P.; Botton, G.A.; Moreau, P.; Magne, D.; Naguib, M.; Cabioc’h, T.; Barsoum, M.W. Enhanced
and tunable surface plasmons in two-dimensional Ti3C2 stacks: Electronic structure versus boundary effects. Phys. Rev. B 2014,
89, 235428. [CrossRef]

17. Magne, D.; Mauchamp, V.; Célérier, S.; Chartier, P.; Cabioc’h, T. Spectroscopic evidence in the visible-ultraviolet energy range of
surface functionalization sites in the multilayer Ti3C2 MXene. Phys. Rev. B 2015, 91, 201409. [CrossRef]

18. Satheeshkumar, E.; Makaryan, T.; Melikyan, A.; Minassian, H.; Gogotsi, Y.; Yoshimura, M. One-step Solution Processing of Ag,
Au and Pd@MXene Hybrids for SERS. Sci. Rep. 2016, 6, 32049. [CrossRef]

19. Sarycheva, A.; Makaryan, T.; Maleski, K.; Satheeshkumar, E.; Melikyan, A.; Minassian, H.; Yoshimura, M.; Gogotsi, Y. Two-
Dimensional Titanium Carbide (MXene) as Surface-Enhanced Raman Scattering Substrate. J. Phys. Chem. C 2017, 121, 19983–19988.
[CrossRef]

20. Spector, M.; Ang, A.S.; Minin, O.V.; Minin, I.V.; Karabchevsky, A. Photonic hook formation in near-infrared with MXene Ti3C2
nanoparticles. Nanoscale Adv. 2020, 2, 5312–5318. [CrossRef]

21. Song, Y.; Chen, Y.; Jiang, X.; Ge, Y.; Wang, Y.; You, K.; Wang, K.; Zheng, J.; Ji, J.; Zhang, Y.; et al. Nonlinear Few-Layer
MXene-Assisted All-Optical Wavelength Conversion at Telecommunication Band. Adv. Opt. Mater. 2019, 7, 1801777. [CrossRef]

22. Soundiraraju, B.; George, B.K. Two-Dimensional Titanium Nitride (Ti2N) MXene: Synthesis, Characterization, and Potential
Application as Surface-Enhanced Raman Scattering Substrate. ACS Nano 2017, 11, 8892–8900. [CrossRef] [PubMed]

23. Limbu, T.B.; Chitara, B.; Garcia Cervantes, M.Y.; Zhou, Y.; Huang, S.; Tang, Y.; Yan, F. Unravelling the Thickness Dependence and
Mechanism of Surface-Enhanced Raman Scattering on Ti3C2Tix MXene Nanosheets. J. Phys. Chem. C 2020, 124, 17772–17782.
[CrossRef]

24. Liu, R.; Jiang, L.; Lu, C.; Yu, Z.; Li, F.; Jing, X.; Xu, R.; Zhou, W.; Jin, S. Large-scale two-dimensional titanium carbide MXene as
SERS-active substrate for reliable and sensitive detection of organic pollutants. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2020, 236, 118336. [CrossRef]

25. El-Demellawi, J.K.; Lopatin, S.; Yin, J.; Mohammed, O.F.; Alshareef, H.N. Tunable Multipolar Surface Plasmons in 2D Ti3C2Tix
MXene Flakes. ACS Nano 2018, 12, 8485–8493. [CrossRef]

26. Chaudhuri, K.; Alhabeb, M.; Wang, Z.; Shalaev, V.M.; Gogotsi, Y.; Boltasseva, A. Highly Broadband Absorber Using Plasmonic
Titanium Carbide (MXene). ACS Photonics 2018, 5, 1115–1122. [CrossRef]

27. Lashgari, H.; Abolhassani, M.R.; Boochani, A.; Elahi, S.M.; Khodadadi, J. Electronic and optical properties of 2D graphene-like
compounds titanium carbides and nitrides: DFT calculations. Solid State Commun. 2014, 195, 61–69. [CrossRef]

28. Berdiyorov, G.R. Optical properties of functionalized Ti3C2Ti2 (T = F, O, OH) MXene: First-principles calculations. AIP Adv. 2016,
6, 055105. [CrossRef]

29. Bai, Y.; Zhou, K.; Srikanth, N.; Pang, J.H.L.; He, X.; Wang, R. Dependence of elastic and optical properties on surface terminated
groups in two-dimensional MXene monolayers: a first-principles study. RSC Adv. 2016, 6, 35731–35739. [CrossRef]

30. Bohren, C.F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles; Wiley: Weinheim, Germany, 1998. [CrossRef]
31. Xu, H.; Aizpurua, J.; Käll, M.; Apell, P. Electromagnetic contributions to single-molecule sensitivity in surface-enhanced Raman

scattering. Phys. Rev. E 2000, 62, 4318–4324. [CrossRef]
32. Jain, P.K.; El-Sayed, M.A. Surface Plasmon Coupling and Its Universal Size Scaling in Metal Nanostructures of Complex Geometry:

Elongated Particle Pairs and Nanosphere Trimers. J. Phys. Chem. C 2008, 112, 4954–4960. [CrossRef]
33. Luk’yanchuk, B.; Zheludev, N.I.; Maier, S.A.; Halas, N.J.; Nordlander, P.; Giessen, H.; Chong, C.T. The Fano resonance in

plasmonic nanostructures and metamaterials. Nat. Mater. 2010, 9, 707–715.
[CrossRef] [PubMed]

34. Gonçalves, M.R.; Melikyan, A.; Minassian, H.; Makaryan, T.; Marti, O. Strong dipole-quadrupole coupling and Fano resonance in
H-like metallic nanostructures. Opt. Express 2014, 22, 24516. [CrossRef] [PubMed]

35. Christopoulos, T.; Tsilipakos, O.; Sinatkas, G.; Kriezis, E.E. On the calculation of the quality factor in contemporary photonic
resonant structures. Opt. Express 2019, 27, 14505. [CrossRef] [PubMed]

73





photonics
hv

Article

Second-Order Dispersion Sensor Based on Multi-Plasmonic
Surface Resonances in D-Shaped Photonic Crystal Fibers

Markos P. Cardoso 1,*, Anderson O. Silva 2, Amanda F. Romeiro 1, M. Thereza R. Giraldi 3, João C. W. A. Costa 1,

José L. Santos 4,5, José M. Baptista 4,6 and Ariel Guerreiro 4,5

Citation: Cardoso, M.P.; Silva, A.O.;

Romeiro, A.F.; Giraldi, M.T.R.; Costa,

J.C.W.A.; Santos, J.L.; Baptista, J.M.;

Guerreiro, A. Second-Order

Dispersion Sensor Based on

Multi-Plasmonic Surface Resonances

in D-Shaped Photonic Crystal Fibers.

Photonics 2021, 8, 181. https://

doi.org/10.3390/photonics8060181

Received: 27 April 2021

Accepted: 21 May 2021

Published: 24 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Applied Electromagnetism Laboratory, Federal University of Pará, Belém 66075-110, Brazil;
amanda.romeiro@itec.ufpa.br (A.F.R.); jweyl@ufpa.br (J.C.W.A.C.)

2 Federal Center for Technological Education Celso Suckow da Fonseca, Rio de Janeiro 20271-110, Brazil;
anderson.silva@cefet-rj.br

3 Military Engineering Institute, Laboratory of Photonics, Rio de Janeiro 22290-270, Brazil; mtmrocco@ime.eb.br
4 INESC TEC, 4200-465 Porto, Portugal; josantos@fc.up.pt (J.L.S.); jmb@staff.uma.pt (J.M.B.);

ariel@fc.up.pt (A.G.)
5 Faculty of Sciences, University of Porto, 4169-007 Porto, Portugal
6 Faculty of Exact Sciences and Engineering, University of Madeira, 9020-105 Funchal, Portugal
* Correspondence: markosdenardi@gmail.com or markos.cardoso@itec.ufpa.br

Abstract: This paper proposes a scheme to determine the optical dispersion properties of a medium
using multiple localized surface plasmon resonances (SPR) in a D-shaped photonic crystal fiber
(PCF) whose flat surface is covered by three adjacent gold layers of different thicknesses. Using
computational simulations, we show how to customize plasmon resonances at different wavelengths,
thus allowing for obtaining the second-order dispersion. The central aspect of this sensing config-
uration is to balance miniaturization with low coupling between the different localized plasmon
modes in adjacent metallic nanostructures. The determination of the optical dispersion over a large
spectral range provides information on the concentration of different constituents of a medium,
which is of paramount importance when monitoring media with time-varying concentrations, such
as fluidic media.

Keywords: surface plasmon resonance; photonic crystal D-shaped fiber; refractive index sensor;
dispersion sensor; second-order dispersion sensor

1. Introduction

Surface plasmon polaritons are electromagnetic modes that arise from the coupling
between photons and free-electron oscillations at a conducting surface [1]. The practical
excitation of a surface plasmon resonance (SPR) promotes the confinement of optical power
at subwavelength dimensions and represents a milestone in the development of nano-
optical sensors. Since surface plasmon modes are quite dependent on the refractive index
of the surrounding medium, higher levels of sensitivity and resolution in a broad spectral
range can be reached, which is the central reason for the huge effort dispended in related
studies in the two last decades [2]. As a result, the losses variations and mode phase shifts
can be used to describe medium properties in terms of its refractive index [3].

A conventional SPR prism-based sensor, although rather efficient to excite surface
plasmon modes [4,5], suffers drawbacks due to its bulky size, which hampers remote
sensing applications, and high-cost fabrication process. As an alternative, a common
configuration consists of an optical fiber with partial cladding removed for the deposition
of a thin metallic layer. The plasmonic resonance is achieved when the fiber core guided
mode phase is equal to the surface plasmon mode phase at the conducting surface. Multiple
sensing devices are designed to reach this condition as tapered fibers, grating-based fiber
sensors and D-shaped fibers. In [6], a tapered optical fiber covered by gold nanoparticles is
applied for biomolecular sensing. By its turn, the deposition of gold nanoparticles over
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a grating fiber sensor provides a highly sensitive and selective platform, which is quite
useful for chemical applications [7,8]. In [9], a surface plasmon resonance sensor operating
at the near-infrared band is constructed by coating the flat face of a D-shaped optical fiber
with a graphene-based metal oxide layer.

Photonic crystal fibers (PCF) are highly suitable to excite and enhance surface plasmon
resonances due to their unique characteristics, such as fine control of the evanescent field
penetration into the conducting medium and high mode confinement with a large mode
area [10–12]. A PCF has an arrangement of air holes periodically distributed over its cross-
sectional area. The light waveguiding is favored by inserting a defect in the set of air holes.
The modal properties of the fiber are extremely influenced by the structural parameters,
such as the diameter of the air holes and the distance between them. Several designs of
SPR sensors based on D-shaped PCF with high levels of sensitivity and resolution have
been reported [12–15]. However, to the best of our knowledge, all these sensors are used
to interrogate the average refractive index or a specific wavelength of the surrounding
medium, with no further information regarding the wavelength dependence of the analyte.

We reported a D-shaped PCF with two gold slabs [16] whose response has a highly lin-
ear dependence on the plasmonic resonances with the first-order dispersion. The designed
dispersion sensor finds potential applications for the investigation of changes in fluidic
media over time, for instance. This is because small variations on the chemical composition
produce subtle changes in the dispersion relation of the medium [17,18], which cannot be
roughly monitored by conventional refractive-index-based sensors.

In this work, we investigate theoretically the viability of applying an SPR sensor based
on a D-shaped PCF to monitor the second-order dispersion of an optical medium. The
design is projected to provide three distinct and independent plasmonic resonances. This
is obtained by depositing three gold slabs with different thicknesses on the top of the
core region at the flat surface of the PCF. The sensing response is taken by the changes
in the amplitude of the resonance peaks and the distance between them for parabolic
dispersive profiles. Our final goal is to demonstrate a relationship between the sensor
response with the input second-order dispersive medium. In the following sections, we
detail the modeling of the SPR sensor based on a D-shaped PCF and discuss the results for
second-order dispersion sensing.

2. Designed Structure and Modeling

The cross-section of the proposed sensor is shown in Figure 1. It is composed of a
hexagonal arrangement of air holes in silica background. The fiber core (the central region
with an absence of air holes) has a diameter of 5 μm, the pitch (distance between two
adjacent air holes) is Λ = 2 μm and the diameter of each air hole is related to the pitch
by d/0.88 = Λ. This type of D-shaped structure can be obtained by the stack-and-draw
process [19] followed by a side-polishing or controlled etching technique [20]. Three gold
slabs of equal width w = 1.5 μm but with different thicknesses (t1 = 40 nm, t2 = 15 nm and
t3 = 30 nm) are deposited on the flat surface of the fiber, which can be performed in practice
by the CVD (Chemical Vapor Deposition) process [21].

The Finite-Element-Method-based software COMSOL Multiphysics [22] is applied
for the numerical modeling. The computational domain comprises the cross-section of
Figure 1a with diameter D = 24 μm, truncated by a 0.1D thick PML (Perfectly Matched
Layer). More specifically, the Wave Optics package in the frequency domain is applied
to carry out 2D computational simulations to obtain the eigenvalues of the Helmholtz
equation in the angular frequency ω:

∇2
⊥E(r⊥, ω) + k2

0

(
ε(ω)− n2

e f f

)
E(r⊥, ω) = 0 (1)

where k0 is the magnitude of the free-space wavenumber and ε is the complex frequency-
dependent relative permittivity. E(r⊥, ω) is the modal electric field distribution at the
position r⊥ perpendicular to the direction of light propagation. The expression for ε
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depends on the region at which (1) is solved. The complex effective index ne f f is the result
of the modal fields that arise from the coupling between the fundamental fiber mode and
the plasmonic excitations at the boundaries of the gold layers. While the real part of ne f f
refers to the mode phase, the imaginary part is related to the losses experienced by the
confined mode as the fields are tunneled through the gold slabs.

(a) (b) 

Figure 1. D-shaped photonic crystal fiber with three gold slabs. (a) Perspective view of the sensor
with diameter D = 24 μm, diameter of air holes d = 1.76 μm and Λ = 2 μm. The outermost layer that
encloses the entire domain corresponds to a 0.1D thick PML. (b) Highlight of the three gold slabs
deposited on the top of the flat face of the PCF. They present an equal 1.5 μm width but with different
thicknesses: t1 = 40 nm, t2 = 15 nm and t3 = 30 nm.

For accurate modeling, the dispersive character of all materials in the sensing struc-
ture has to be considered. The refractive index of silica is computed from the Sellmeier
equation [23] and the air region is modelled by a constant refractive index nair = 1. Drude–
Lorentz formalism [24], which is an improvement on the original Drude model, is used to
characterize the dispersive character of gold. This model provides a better approach to the
corresponding experimental data:

εAu(ω) = ε∞ − ω2
p

ω(ω + iγ)
− ΔεΩ2

L(
ω2 − Ω2

L

)
+ iωΓL

(2)

The parameters ωp = 2155.6 THz and γ = 15.92 THz are the plasma frequency and
damping factor, respectively, and ε∞ = 5.9673 stands for the residual polarization of gold at
high frequencies. The parameters in the correction factor are Δε = 1.09, ΩL = 650.07 THz
and ΓL= 104.86 THz [24].

The modeling approach allowed for solving (1) without the requirements of significa-
tive computational efforts and extensive time consumption.

3. Results

3.1. Sensitivity Performance Analysis

In the sensing platform schematically depicted in Figure 1, the resonance condition is
achieved when there is phase-matching between the fundamental fiber mode and surface
plasmon mode. Due to this phenomenon, the spectral confinement loss presents a peak,
which is related to the fact that the amount of modal energy penetrating into the gold layers
is maximal. When the refractive index of the analyte changes, the wavelength that satisfies
the resonance condition also changes. In Figure 2, the imaginary part, expressed in terms
of the spectral losses, and the real part of the effective indexes of the fundamental fiber
mode and plasmonic modes are shown for an analyte with dispersive parabolic refractive
index Rianalyte = 7.41 × 10−6λ2 − 0.0083λ + 3.65, with the wavelength λ measured in
nanometers. The effective indexes were computed from the numerical modeling described
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previously applied to the solution of (1) over the entire sensing structure. At the resonance
wavelengths, the effective indexes of the surface plasmon mode and fiber mode present
the same real part due to phase-matching and, as a consequence, the spectral losses of the
fiber mode reach a peak. These modes are uncoupled at non-resonance wavelengths, and
the corresponding effective indexes are completely distinct. By adding metallic layers of
different thicknesses, several resonant peaks are expected in the spectral losses. In Figure 2,
the real part of the effective index of the fundamental mode intercepts SPP modes at the
wavelengths 568, 586 and 632 nm, respectively. Even though the fundamental mode of the
PCF is degenerate for two orthogonal polarizations, only the polarization perpendicular to
the gold interfaces allows for the excitation of plasmonic modes.

Figure 2. Dispersion curve of the fundamental fiber mode and SPP modes for a variable refractive
index with parabolic profile analyte Rianalyte = 7.41 × 10−6λ2 − 0.0083λ + 3.65. Ypol is the perpen-
dicular polarization to the gold slabs. The insets show the intersections between the dispersion curve
of the fundamental Ypol fiber mode and the plasmonic mode at the gold interfaces.

In [16], we have explored the dependence of SPR spectra on the first-order dispersion
profile of the refractive index of the analyte. In the present work, we focus on the relation
of the second-order dispersion with the spectral response of the sensor. For that purpose,
we carried out computations of the SPR spectral losses for three dispersive characters:
constant refractive index, normal dispersion and anomalous dispersion. The spectral losses
of the SPR D-shaped PCF with three gold slabs and their dispersion regimes are shown in
Figure 3. For a constant refractive index equal to 1.36 (solid red line), three distinct regions
of maximum absorption appear (solid blue line) due to the nonuniformity in the thickness
of the three gold slabs at the flat face of the sensor.

Moreover, we consider two arbitrary media with parabolic dispersion profiles of
opposite concavities. In Figure 3, the dotted blue line represents the spectral losses due to
the anomalous dispersion curve (dotted red line), while the dashed blue line is related to
the normal dispersion curve (dashed red line). Just as in the case of the constant refractive
index, there are three distinct resonance wavelengths for a dispersive index. It is also
observed that the magnitude of the losses and the distance between resonance wavelengths
is influenced by the dispersion profile.

In a comparative analysis in the case of a constant refractive index, the distances
between the wavelengths of the three peaks decrease for the normal dispersion and the
amplitude losses increase at 582 and 593 nm. On the other hand, the anomalous dispersion
curve leads to a larger difference between resonance wavelengths but to smaller amplitude
losses at 568 and 586 nm. For the resonance peak at 632 nm, losses remain close for the
different dispersion profiles.
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Figure 3. Dispersion profiles and related spectral losses of the SPR D-shaped PCF with three
gold slabs. Solid lines represent the case of a constant refractive index of 1.36 and correspond-
ing spectral losses. The second-order anomalous and normal dispersion regimes are expressed by
Rianalyte = 7.41 × 10−6λ2 − 0.0083λ + 3.65 and Rianalyte = −7.41 × 10−6λ2 + 0.0083λ − 0.93, re-
spectively. Their related spectral losses are represented by dotted lines and dashed lines, respectively.

3.2. Sensing Response at Second-Order Dispersion

To access the ability of the sensor in retrieving the second-order dispersion of a
medium, we applied the multivariate polynomial regression model [25] to obtain the
coefficients a, b and c of the general quadratic expression Rianalyte = aλ2 + bλ + c from
nine parameters obtained from computed SPR spectra, namely: the amplitudes of the three
SPR peaks, the corresponding resonance wavelengths and the distances between these
wavelengths. The numerical computation of the SPR spectrum was carried out for 270
distinct parabolic dispersion curves in order to achieve a dataset able to ensure an accurate
fitting. The multivariate polynomial regression equation to achieve the coefficients βn can
be written in the form as [25]:

y = β0 + β1x1 + β2x2 + . . . + β54x54 + ε (3)

where y is the vector containing the parabolic profile parameters (specifically, the a’s, b’s
and c’s), βn are the multivariate polynomial regression coefficients, x′ns are the vectors
containing the simulated parameters, specifically, the resonance amplitude for the three
peaks, the wavelength peak for the three resonances and the product among themselves.
The independent term ε is related to the errors.

As an example, Figure 4 shows the points retrieved by applying the multivariate
polynomial regression to the SPR spectral parameters for both dispersion regimes.

To characterize quantitatively the performance of the fitting model, we computed
the error in estimating the parabolic coefficients a, b and c (Rianalyte = aλ2 + bλ + c) from
the multivariate linear regression model. The histograms depicted in Figure 5 show the
Gaussian distribution of the error, which is centered at 0 for the three coefficients. To
compare the quality of the regression model for future works, we also calculated the full-
width half-maximum for the histograms: 0.1503, 0.0894 and 0.1521 for the parameters a, b
and c, respectively. Moreover, the calculated determination coefficients R2 = 0.908129 for a,
R2 = 0.905276 for b and R2 = 0.901035 for c demonstrate a reasonable level of accuracy for
the estimative of the parabolic dispersion curve from the SPR spectral parameters for the
proposed sensing platform.
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Figure 4. Comparison between two examples of the parabolic curves for normal and anomalous dispersions (continuous
lines) and the data estimated using the coefficients calculated by the multivariate linear regression (dotted lines).

(a) 

 
(b) 

Figure 5. Cont.
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(c) 

Figure 5. Distribution of the error in estimating the parabolic coefficients of the refraction index expression Rianalyte = aλ2 +

bλ + c: (a) coefficient a, (b) coefficient b and (c) coefficient c.

4. Conclusions

The characterization of the optical dispersion of the refraction index over a large spec-
tral range can be useful in the determination of the concentration of different constituents
of a medium, which is particularly relevant when monitoring media in real time. By adding
three gold slabs of different thicknesses at the flat face of the D-shaped photonic crystal
fiber, we were able to characterize the second-order dispersion of a medium from the
excitation of multiple surface plasmon resonances. This new approach is able to determine
the non-local spectral character of the refraction index of realistic media, such as fluids
whose composition varies with time. Moreover, since the surface plasmon resonances
are excited at distinct spectral channels, the sensing structure can be used to determine
simultaneously more than one parameter.
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Abstract: There are extensive studies on the development of composite solutions involving various
types of materials. Therefore, this works aims to incorporate two polymers of nanocrystalline
cellulose (NCC) and poly(3,4-ethylenethiophene) (PEDOT) to develop a composite thin film via the
spin-coating method. Then, Fourier transform infrared (FTIR) spectroscopy is employed to confirm
the functional groups of the NCC/PEDOT thin film. The atomic force microscopy (AFM) results
revealed a relatively homogeneous surface with the roughness of the NCC/PEDOT thin film being
slightly higher compared with individual thin films. Meanwhile, the ultraviolet/visible (UV/vis)
spectrometer evaluated the optical properties of synthesized thin films, where the absorbance peaks
can be observed around a wavelength of 220 to 700 nm. An optical band gap of 4.082 eV was
obtained for the composite thin film, which is slightly lower as compared with a single material
thin film. The NCC/PEDOT thin film was also incorporated into a plasmonic sensor based on the
surface plasmon resonance principle to evaluate the potential for sensing mercury ions in an aqueous
medium. Resultantly, the NCC/PEDOT thin film shows a positive response in detecting the various
concentrations of mercury ions. In conclusion, this work has successfully developed a new sensing
layer in fabricating an effective and potential heavy metal ions sensor.

Keywords: nanocrystalline cellulose; poly(3,4-ethylenedioxythiophene); structural properties; optical
properties; surface plasmon resonance

1. Introduction

To achieve success in research or experiment, the selection of materials and methods
is very significant to ensure the project will be able to accomplish its objectives at the end
of the process. Therefore, until recently. researchers have always sought the novelty of
materials as a fundamental property to verify the quality of research. Hence, nanocrys-
talline cellulose (NCC) is one of the novel materials that has been intensively studied in
recent years. This biopolymer is a cellulose nanocrystal that has a diameter of 1–5 nm
and a length of 150–300 nm [1,2]. As the highlight, it can be synthesized from a variety of
natural resources via an acid hydrolysis process [3,4]. Owing to many beneficial properties
such as biodegradability, biocompatibility, and low toxicity [5–8], this material has great
potential to be applied in various fields including industrial sectors, drug delivery systems,
pharmaceutical industries, and sensors [9–16]. However, the potential of NCC can be
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seen to be further developed through incorporation with other materials to enhance the
effectiveness and usefulness in certain fields.

On the other hand, conducting polymers have gained tremendous attention from re-
searchers owing to their unique characteristics. Although there are several examples of con-
ducting polymers, for instance, polyaniline and polypyrrole, poly(3,4-ethylenedioxythiophene)
(PEDOT), which is selected for this work [17,18], has additional properties. Compared with
other conducting polymers, PEDOT possesses excellent properties thanks to its good con-
ductivity, excellent chemical and electrochemical properties, and high transparency [19–27].
Therefore, in light of these advantages, this polymer has been largely explored for a wide
range of applications including batteries, transistors, light-emitting diodes (LEDs), and
optical sensors [28–31]. Ravit et al. (2019) had successfully investigated the combination
of NCC and PEDOT film using the electrochemical polymerization method to develop a
supercapacitor [32]. However, as far as we are aware, there is no published work on this
synthesized thin film as a sensing layer for the plasmonic sensor for metal ions’ detection. In
addition, optical spectroscopy including photoluminescence, inductively coupled plasma
mass spectroscopy (ICP-MS), optical metasurfaces-based sensor, and surface-enhanced
Raman spectroscopy (SPR) is hampered by some drawbacks [33–36]. Surface plasmon
resonance (SPR) is a simple and sensitive plasmonic-based sensor, where it is considered
as one of the complementary sensors that offer excellent potential sensing. Furthermore,
it has advantageous characteristics such as inexpensive, rapid response time, label-free
technique, high sensitivity, and the ability to detect the analyte at very low concentra-
tions. In this plasmonic-based sensor, several configurations have been introduced include
grating coupler [37], optical fiber-based [38,39], optical waveguide system [40], and prism
coupler [41,42]. The Kretschmann configuration in a prism-based system is commonly
used because the metal thin film is attached directly to the prism without any gap. This
sensor has been applied in numerous studies for various kinds of detection such as dengue
viruses [43–45], glucose [46,47], heavy metal ions [48–54], and phenol [55,56].

Hence, as part of this research, the NCC/PEDOT thin film was prepared via the
spin-coating method, followed by its further characterization to analyze the structural
and optical properties using atomic force microscopy (AFM), Fourier transform infrared
(FTIR), and ultraviolet/visible (UV/vis) spectroscopy. Then, the composite material will be
incorporated into a plasmonic sensor based on SPR to determine its potential as a sensing
thin film. The potential sensing of the NCC/PEDOT thin film will be observed and proven
based on the graph of reflectance against the incidence angle when in contact with various
concentrations of the analyte.

2. Experimental Section

2.1. Materials and Reagents

Nanocrystalline cellulose (NCC) powder, mercury standard solution, and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT/PSS) were supplied by Sigma-
Aldrich (St. Louis, MO, USA). All the chemicals used in this experiment were of analytical
grade and were used without further purification. Then, a high refractive index prism of
1.77861 at 632.8 nm and glass coverslips (24 mm × 24 mm × 0.1 mm) were purchased from
Menzel-Glaser (Braunschweig, Germany) and used as received.

2.2. Preparation of Thin Film and Analyte

To prepare the thin film, initially, 5 g of NCC was dissolved in 100 mL of deionized
water and stirred for 24 h using a magnetic stirrer to ensure that the powered NCC was
fully dissolved. Later, the composite solution of NCC/PEDOT was synthesized by mixing
1 mL of the prepared NCC solution with 1 mL of the commercially purchased PEDOT/PSS
solution, and the resulting mixture was placed into a reagent bottle for storage purposes.
Before depositing the composite solution onto the glass slip, the glass coverslips must be
cleaned using acetone solution to eliminate any fingerprint marks or dirt. Then, the glass
slip was coated with a 50 nm gold layer using the sputter coater model K575X with 20 mA
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of current and 2.2 kV of voltage. Eventually, another coating process was performed on the
gold layer to accomplish the fabrication of the sensing thin film. Hence, the NCC/PEDOT
solution was placed on the gold thin film and then spun for 30 s using the Spin Coating
System, P-6708D, which operated at 3000 rpm, to ensure that a thin layer was coated and
covered evenly on a gold film.

Continuing with the analyte, various concentrations of mercury ion were employed
throughout the experiment. The deionized water and standard solution of mercury ion at
a concentration of 1000 ppm were involved in the preparation of various analyte concentra-
tions. To produce the concentrations of 0.01, 0.1, 1, and 10 ppm, the concentrated solution
of mercury (Hg2+) was diluted using the M1V1 = M2V2 formula.

2.3. Thin Film Characterization

The characterizations began with the structural properties by Fourier transform in-
frared (FTIR). The spectra measurements of the composite material were performed using
the FTIR spectrophotometer (Perkin-Elmer Spectrum 100, Waltham, MA, USA) within
a range from 400 to 4000 cm−1. Then, the AFM images of the prepared thin films were
examined by Bruker AFM (Multimode 8) in Scan Asyst mode, with scan sizes in a range of
1 μm × 1 μm. It will then proceed with the optical properties, where UV–vis spectroscopy
(Shimadzu UV-3600) was utilized to measure the sample absorption spectra ranging from
220 to 700 nm. The absorption peak obtained from the UV–vis spectrophotometer can also
be applied to evaluate the optical band gap energy. Meanwhile, for the potential plasmonic
sensing properties, SPR spectroscopy was set up as depicted in Figure 1. Using an index
matching liquid, the sensing layer was coated onto the gold layer, which was sandwiched
between the cell and the prism on the optical stage. Next, the varied concentrations of Hg2+

solutions were instilled into the cell one at a time by a microsyringe during the analysis,
and the O-ring was used for the sensing thin film to make contact with the targeted analyte.
The cell and prism were attached on a rotational stage (Newport MM3000) operated by
a stepper motor with a resolution of 0.001◦. An He-Ne laser, as a light source, passed
through the pin hole, filter, optical chopper, and polarizer, in order to allow p-polarized
monochromatic light with a specific wavelength to strike the prism [57–59]. The reflected
light is then recorded and captured by the sensitive photodiode connected by a lock-in
amplifier [60–62].

Figure 1. Experimental setup for exploring plasmonic sensing of the NCC/PEDOT thin film.
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3. Results

3.1. Structural Properties

Figure 2 shows the comparison of FTIR spectrum for NCC, PEDOT, and NCC/PEDOT
with NCC as a base material. The FTIR spectra are recorded within wavenumbers ranging
from 500 to 4000 cm−1. Based on the FTIR spectrum, the significant absorption peaks are
assigned to identify the characteristics of the functional groups of each composite thin film.

Figure 2. FTIR spectrum of NCC, PEDOT, and NCC/PEDOT thin film.

The FTIR spectrum of NCC thin film showed the characteristic peak of alcohol with
O–H stretching bonds representing 3366.29 cm−1. This characteristic peak is typically
found in another previous study of NCC spectra [63]. The other peak at 1635.24 cm−1

represents the O–H bending of absorbed water, while the peak at 1059.71 cm−1 corresponds
to C–O stretching bonds. Hence, this spectrum is in good agreement with previous studies
of NCC [64,65].

Next, in the spectra of PEDOT thin film, the broad absorption peak that appeared at
3257.87 cm−1 can be indicated to the O–H stretching bond, which represents an alcohol
group. Then, C=C stretching bond at 1634.70 cm−1 is attributed to the quinoidal structure
of PEDOT [66]. Meanwhile, two peaks at 1298.82 cm−1 and 1194.73 cm−1 have explained
the presence of ethylenedioxy and sulfonate groups in the PEDOT surface [67].

The spectrum of NCC/PEDOT and PEDOT thin film has displayed a few common
properties, which the absorption bands at 3266.85 cm−1 referred to as O–H stretching
vibration. Besides the absorption band displayed at 1634.91 cm−1 assigned to O–H bending
of absorbed water, there are also characteristic absorbance bands centered at 1312.94 cm−1

and 1200.77 cm−1, which correspond to sulfonate and ether groups, respectively. Lastly,
the C–O stretching bond is located at 1060.07 cm−1. The functional groups that exist match
the spectra of the NCC/PEDOT thin film in a previous study by Ravit et al. (2019) [68].

The comparison of FTIR spectra of the NCC, PEDOT, and NCC/PEDOT thin film
proved the combination band of NCC and PEDOT. In general, the peak around 3200 to 3400
cm−1 is assigned to the O–H group. Then, the O–H bending of absorbed water is located
at around 1630 cm−1. Meanwhile, ether and sulfonate groups only existed in PEDOT and
NCC/PEDOT spectra.
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3.2. Surface Morphology

The morphology features of the spin-coated NCC, PEDOT, and NCC/PEDOT thin
films were identified by atomic force microscope (AFM), and it was carried out in tapping
mode. In this study, a scan size was fixed (1 μm × 1 μm), for the imaging of the topograph-
ical difference in the thin films. From AFM images, the root mean square (RMS) roughness
was obtained, which indicates the relative roughness and the standard deviation of the
surface height. Figures 3a–c and 4a–c show the AFM images of the NCC, PEDOT, and
NCC/PEDOT thin film, respectively. Then, the AFM results of NCC/PEDOT thin film
after being in contact with the Hg2+ solution are depicted in Figures 3d and 4d.

Based on the two-dimensional (2D) and three-dimensional (3D) images of the NCC,
PEDOT, and NCC/PEDOT thin film, it can be observed that the composite materials
are well distributed on the whole scanned surface, the gold thin film. In Figure 3a, the
images of NCC thin films show a rod-like structure with an RMS value of 2.90 nm. This
morphology was related to another study done by Elazzouzi-Hafraoui et al. (2008) and the
rod structure could be attributed to the crystallinity properties of NCC [69]. On the other
hand, a sharp and relatively rough surface with RMS roughness of 2.79 nm for the PEDOT
thin film was obtained. Then, from Figure 3c, it can be observed that, with the presence of
NCC on the sensor surface, the rod-like shape reappeared in the NCC/PEDOT thin film,
which leads to agglomeration. The incorporation between NCC and PEDOT results in the
surface roughness increasing to 8.32 nm.

(c)

(a) (b)

(d)

Figure 3. AFM topographic images in 2D of (a) NCC, (b) PEDOT, (c) NCC/PEDOT (before), and
(d) NCC/PEDOT (after) thin films.

87



Photonics 2021, 8, 419

(a) (b)

(c) (d)

Figure 4. AFM topographic images in 3D of (a) NCC, (b) PEDOT, (c) NCC/PEDOT (before), and
(d) NCC/PEDOT (after) thin films.

3.3. Optical Properties

To identify the optical properties of composite materials, the absorption spectra of
the NCC, PEDOT, and NCC/PEDOT thin film were recorded at different wavelengths,
ranging from 220 nm to 700 nm. The UV/vis absorption spectrum of three composite thin
films is presented in Figure 5.

Figure 5. Absorbance spectrum of the NCC, PEDOT, and NCC/PEDOT thin film.
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As shown in the figure, there is a distinction in the absorbance value for the absorption
spectrum of each thin film. The spectra for NCC show the highest absorbance value of 3.90
at 268 nm and 280 nm, whereas the absorption band is around 260 nm to 280 nm. Then,
PEDOT also shows the same value of highest absorbance as NCC at 269 nm, which can be
assigned to the substituted phenyl groups of PEDOT [70]. Meanwhile, the NCC/PEDOT
thin film exhibits the highest absorbance value among the others, of approximately 4.19 at
the wavelength of 279 nm. Meanwhile, from the absorption spectra of UV/vis analysis, the
relationship between the absorption coefficient and the energy of a photon can be studied
via the Tauc equation, as expressed in the following equation [71]:

α =
k
(
hv − Eg

) 1
2

hv
(1)

Further, it can be rearranged into

(αhv)2 = k
(
hv − Eg

)
, (2)

where α is the absorption coefficient, hv is the energy of a photon, k is a proportionality
constant, and Eg is the optical band gap. Then, an intersection from extrapolation of the plot
of (αhv)2 against hv will determine the optical energy band gap of the NCC, PEDOT, and
NCC/PEDOT thin film, as illustrated in Figures 6–8, respectively [72]. Thus, the achieved
values of the optical band gap, Eg, were obtained from the extrapolation of the straight plot
on the x-axis from Tauc’s relation.

Figure 6. Energy band gap of the NCC thin film.
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Figure 7. Energy band gap of the PEDOT thin film.

Figure 8. Energy band gap of the NCC/PEDOT thin film.

From Figures 6–8, the energy band gaps were experimentally obtained and plot-
ted using linear fitting techniques. The plot of (αhv)2 versus hv for NCC, PEDOT, and
NCC/PEDOT displayed a slight difference in the value of the energy band gap, Eg, whereas
PEDOT exhibit the highest optical band gap among all three thin films at 4.122 eV. Next,
the energy band gap for the NCC thin film was found to be 4.101 eV, and the mixture of
NCC and PEDOT produced a slight decrease in the band gap to 4.082 eV.

3.4. Potential Plasmonic Sensing Properties

The plasmonic sensing of the NCC/PEDOT thin film was investigated and tested with
deionized water and various concentrations of analyte (0.001 ppm, 0.01 ppm, and 0.1 ppm
of Hg2+) via SPR. When the analyte was injected separately into the cell, the graph of
reflectance against the incidence angle for each concentration was recorded and compared
with deionized water (0 ppm) as the baseline. This SPR-based plasmonic sensor works by
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monitoring the shift in the resonance angle, which can be influenced by any changes in the
refractive index of the sensing layer attached to the gold thin film [73–75]. Figure 9 reveals
a clear trend of an increase in the resonance angle shift of the NCC/PEDOT thin film in
contact with 0 ppm to 0.1 ppm of mercury ion. This sensor is very sensitive to any changes
near the metal surface. The attachment of metal ions on the layer of the NCC/PEDOT
thin film appears to have contributed to the changes in the refractive index as well as
the resonance angle [76–79]. The SPR signals were shifted to a higher incidence angle
from 54.0099◦, 54.3782◦, and 54.4086◦ for 0.001 ppm, 0.01 ppm, and 0.1 ppm respectively.
Because there is an interaction between the NCC/PEDOT thin film and the analyte, the
existence of more active sites on the surface of the thin film may lead more mercury ions to
occupy and access these sites [80].

Figure 9. Reflectance as a function of the incidence angle for deionized water and various concentra-
tions of mercury ion solution.

4. Discussions

In the characterization process, the structural and optical properties were observed
based on three different thin films, NCC, PEDOT, and NCC/PEDOT. From the FTIR spectra,
it is noticed that the functional groups of the NCC/PEDOT thin film have resulted in the
incorporation between the biopolymer and conducting polymer solution. The presence
of a C–O stretching band of alcohol in the NCC thin film reoccurred in the spectra of
NCC/PEDOT. Moreover, the absorption peak of the S=O stretching band and C–O–C
bond, marked at 1312.94 and 1200.77 cm−1, clearly indicates the formation of two main
functional groups of conducting polymers in the composite solution [81,82]. Thus, overall
characteristic peaks exist in the NCC/PEDOT thin film, corresponding to the identical
functional groups in both spectra of NCC and PEDOT.

Meanwhile, the NCC/PEDOT thin film was observed before and after contact with
the analyte solution. The morphology surface of the NCC/PEDOT thin film prepared by
the spin-coating technique showed a significant change after being in contact with mercury
ions. This revealed a similar thin rod-like structure as the thin film before being exposed to
the analyte solution. Despite that, there are changes in surface roughness where the value
decreased from 8.32 nm to 6.88 nm. This indicated that the changes are probably affected by
the formation of a pair of shared electrons between the thin film and the mercury solution.
Anyway, the surface roughness of the thin film does not have any significant effect on
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the plasmonic performance, as the rough surfaces less than 20 nm do not influence the
excitation of propagating surface plasmon along the metal surface [83].

Based on the absorption spectrum of three thin films, the results pointed out that
the NCC/PEDOT thin film has the lowest optical band gap compared with the other two
films. The results showed that a slight decrement in the energy band gap may be caused
by the highest occupied molecular orbital (HOMO)–lowest unoccupied molecular orbital
(LUMO) gap interaction. There is an interaction between two opposite surface charges
carried by the NCC and PEDOT/PSS solution; therefore, this will influence the excitation
of the electrons to be promoted from the valence band to the conduction band [84]. Hence,
the incorporation process of the NCC and PEDOT solution reduces the band gap between
the HOMO and LUMO band. The changes in the energy band gap of the thin films can also
be attributed to the recrystallization of atoms in the crystal lattice when there is an addition
of NCC into the composite material [85]. Then, the conducting properties of PEDOT/PSS
are also believed effect to this outcome.

Importantly, the sensing potential of the NCC/PEDOT thin film toward mercury ions
was observed by the changes in the resonance angle. As the concentrations increased, the
reflectance curves were increased and shifted to the right. The deposited sensing layer
on the gold thin film plays an important role in detecting the analyte. When the mercury
ions are attached to the sensing layer, the analyte may interact with the NCC/PEDOT
thin film owing to the formation of a pair of shared electrons between the positive charge
from the mercury ion and the negative charge from the PEDOT. Thus, the NCC/PEDOT
thin film showed a response in detecting mercury ions using surface plasmon resonance
spectroscopy. Based on the response, the sensitivity of the sensors can also be evaluated by
plotting a graph of resonance angle shift against concentration, and the slope of the linear
regression plotting will define the sensitivity value [86–89]. In future work, it would be
interesting to identify the sensitivity of other heavy metal ions as compared with mercury
ions. The selectivity of the sensor towards mercury ion in the presence of various heavy
metal ions could also be an interesting future study.

5. Conclusions

In a nutshell, the structural and optical properties of the nanocrystalline cellulose/poly
(3,4-ethylenethiophene) (NCC/PEDOT) sensing thin film were synthesized and studied.
Furthermore, the thin film was developed as an SPR sensing layer for the detection of
mercury ions in an aqueous solution. Analysis from the characterization techniques of
the prepared thin films by FTIR, AFM, and UV/vis showed the presence of functional
groups in the composite materials, followed by the surface morphology and the rough
mean standard of the NCC/PEDOT thin film after being in contact with mercury ions,
which confirmed the interaction between the thin films and the analyte. The absorption
peaks of UV/vis spectra reveal that the NCC/PEDOT thin film exhibits the lowest energy
band gap and the PEDOT thin film has the highest value. As the main objective, the
detection of mercury ions using the NCC/PEDOT thin film indicated a positive response
according to the reflectance curves of the thin film in contact with various concentrations
of mercury ions. Besides, this paper is the first report on the incorporation between two
types of polymers, nanocrystalline cellulose and poly(3,4-ethylenethiophene), to detect
heavy metal ions using an optical sensor. This study has extended the opportunity of
developing biopolymers and conducting polymer-based materials as a sensing layer in
sensor applications.
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Abstract: Surface plasmon resonance sensors (SPR) using copper for sensitive parts are a competitive
alternative to gold and silver. Copper oxide is a semiconductor and has a non-toxic nature. The
unavoidable presence of copper oxide may be of interest as it is non-toxic, but it modifies the
condition of resonance and the performance of the sensor. Therefore, the characterization of the
optical properties of copper and copper oxide thin films is of interest. We propose a method to
recover both the thicknesses and optical properties of copper and copper oxide from absorbance
curves over the (0.9; 3.5) eV range, and we use these results to numerically investigate the surface
plasmon resonance of copper/copper oxide thin films. Samples of initial copper thicknesses 10, 30
and 50 nm, after nine successive oxidations, are systematically studied to simulate the signal of a
Surface Plasmon Resonance setup. The results obtained from the resolution of the inverse problem of
absorbance are used to discuss the performance of a copper-oxide sensor and, therefore, to evaluate
the optimal thicknesses.

Keywords: surface plasmon resonance; inverse problem; copper; copper oxide

1. Introduction

Surface plasmon resonance sensors are widely used for their high-sensitivity in real-
time detection. Many improvements of the basic SPR [1], using a single gold layer as the
active part of the sensor, have been proposed to improve the sensor performance [2]. For
example, adding a specific absentee layer of KCL or Si3N4 or an absentee porous silica film
can improve the performance of the SPR sensor by 5%, 11% and more than 300% [3,4]. The
performance of the SPR sensor can be evaluated by the depth of the resonance dip, the full
width at half maximum (FWHM) of the dip, the sensitivity to changes of the refractive index
of the medium of detection and the figure of merit (FOM). The figure of merit is the ratio of
the sensitivity to the FWHM. Indeed, a smaller FWHM gives a higher signal-to-noise ratio
and higher measurement accuracy [3].

Copper presents interesting properties for optics, nanotechnology [5–7] and, therefore,
for SPR sensors [8–10]. A recent paper demonstrated that the performance of a Cu-SPR sen-
sor is quite similar to Au-SPR ones [9]. Moreover, bovine serum albumin (BSA) and other
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proteins do not bind irreversibly onto thin Cu-films. Copper phthalocyanine Langmuir–
Blodgett films have been characterized using surface plasmon resonance (SPR) [11]. Expo-
sure to toluene resulted in a partially reversible shift in the resonance depth and position of
the SPR curves [12]. Moreover, the high cost of silver and gold materials—widely used in
nanotechnologies—makes copper an adequate alternative to them.

Copper layers are naturally oxidized and their oxidation can be controlled by anneal-
ing. Copper oxides have non-toxic nature. The performance of SPR sensors depends not
only on the metal layer used but also on dielectric layers above. Therefore, the study of Cu-
oxide-SPR sensor performance requires finding out the thickness and optical properties of
both materials, optical properties of copper and copper oxide thin films being different from
those of bulk materials [13]. Consequently, to investigate Cu-oxide-SPR sensors, we first de-
termine simultaneously the thicknesses and optical properties of 30 bilayers, from the fitting
of absorbance curves. We detail the characteristics of the samples (Appendices A and B),
the methods used for fitting (Appendix C), and the results (Appendix C.4) in the Appendix.
Then, we use the recovered data to analyze numerically and discuss the Cu-oxide-SPR
sensor performance. We propose the same electromagnetic approach to simulate the SPR
signal and the metric of SPR performance (Section 2.2). The calculated SPR signals and
performances are given in Section 3 and discussed in Section 4. Two cases are considered:
the dry case (the upper medium is air), in which the SPR is used to analyze molecules in air,
and the wet case (the medium of detection is water), in which the SPR characterize analytes
in solutions. The optimal thicknesses are deduced from the performance parameters.

2. Materials and Methods

First, we summarize the method used to simultaneously determine the thicknesses and
optical properties from experimental absorbance curves. This is an opportunity to detail
the electromagnetic model of the generalized Fresnel coefficients also used for modeling
the SPR sensor. We also give insights into the performance of SPR sensors.

2.1. Determination of Thicknesses and Optical Properties

The investigated samples are thin copper layers of target deposition thicknesses 10,
30 and 50 nm. They are successively annealed to control their oxidation under specific
temperatures and for a given time. Thirty samples are characterized through the mea-
surement of absorbance. Appendix A provides details on the sample preparation and
experimental characterization [14]. The methods we propose for absorbance fitting and
results are detailed in Appendices C.1–C.4 and summarized in the following.

In Reference [15], we targeted the best fitting of UV-visible-NIR absorbance curves
by a multilayer electromagnetic model using a function describing the optical properties
over the range of investigated photon energies ((0.9; 3.5) eV, i.e., (350; 138) nm). Our
methodology relied on using a single metaheuristic optimization method and the Drude–
Lorentz model for the optical properties of copper. Consequently, the inverse problem
was solved, revealing the best parameters of the electromagnetic and materials models.
In this paper, we improve the method proposed in [15] to recover the thicknesses and
optical properties of thin layers of copper/copper oxide from absorbance measurements
as follows.

1. In the model of optical properties, we replace the Drude–Lorentz two-terms model of
dispersion by a sum of NPF partial fraction functions for fitting copper and copper
oxide properties as a function of the photon energy h̄ω (NPF = 4 and NPF = 2,
respectively). NPF is the order of the partial fractions model, also called the complex-
conjugate pole-residue pair model [16]. NPF is actually the number of poles in the
function (see Equation (5)).

2. We replace the two-steps method using first the bulk properties by a single multi-
objective method, involving the error of fit and the relative difference between the
optical properties we found and the bulk material properties. The purpose is to
decrease the computational time.
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3. To achieve the fitting, we use three metaheuristic methods: Particle Swarm Method
(PSO), Genetic Algorithm (GA), and Artificial Bee Colony method (ABC), with Gradi-
ent (GR) or Nelder–Mead simplex (NM) hybridization. Actually, metaheuristics are
more or less efficient for achieving optimization, depending on the dimension of the
problem (the number of input parameters of the model that have to be found) and on
the topology of the objective function: the error of fit. Moreover, many realizations of
the metaheuristics must be analyzed carefully to numerically characterize the stability
of the solution and, hopefully, its uniqueness.

The calculation of the absorbance A is based on the electromagnetic model of the
normal transmission of light across two plane material layers (with refractive index and
thicknesses denoted nCu and hCu for copper, nox, hox for oxide). The copper layer is de-
posited on a dielectric glass substrate of refractive index ng (medium 1). The absorbance A
is deduced from the transmitted intensity across the successive material layers according to:

A = − log
(
|t14|2TAG

)
, (1)

where:

TAG =

∣∣∣∣ 2ng

ng + 1

∣∣∣∣2, (2)

and
t14 = (8nCunox) exp(ik0(hCu(nCu − ng) + hox(nox − ng)))/D0. (3)

i is the pure imaginary number, and k0 is the magnitude of the illumination wave vector.
The denominator D0 is:

D0 = (nCu + ng)(nox + nCu)(1 + nox)

+(nCu − ng)(nox − nCu)(1 + nox) exp(2ik0hCunCu)

+(nCu − ng)(nox + nCu)(1 − nox) exp(2ik0(hCunCu + hoxnox))

+(nCu + ng)(nox − nCu)(1 − nox) exp(2ik0hoxnox).

(4)

This electromagnetic model of generalized Fresnel coefficients includes the transmis-
sion of light across the Air-Quartz substrate TAG. The optical properties ng of the glass
substrate are measured before its coating with copper. The optical properties of copper and
copper oxide are modeled as follows.

We use the partial fraction model, also called the complex-conjugate pole-residue pair
model [16], to describe the dispersion of materials [17,18]. In a recent paper, the partial
fraction model of dispersion yielded more accurate results than a sum of Drude–Lorentz
functions to fit the bulk copper [18]. The relative permittivity is a complex number that is
the square of the refractive index n:

n2 = n2
∞ +

NPF

∑
m=1

cm

iω − pm
+

c∗m
iω − p∗m

, (5)

where X∗ denotes the complex conjugate of Xy, NPF is the model order (number of poles),
ω is angular frequency of the incoming light (the photon energy is E = h̄ω). n2

∞ is the value
of the limit of the permittivity when ω tends toward infinity and is actually the contribution
of interband transitions. Therefore, it is spectrally located beyond the investigated energy
range. pi are poles and ci are residues. The occurrence of poles in permittivity corresponds
to light–matter damped resonances in the complex plane [19,20]. They can also be related
to electronic transitions in materials. This partial fraction model is used for both copper and
copper oxide. In this study, we use model order NPF = 2 for copper oxide (semiconductor)
and NPF = 4 for copper (metal) to maintain sufficient accuracy on the optical properties.

Therefore, the number of unknowns of the problem is D = 28 by splitting complex
numbers into two real numbers: two thicknesses and 1 + 4NPF parameters for each PF
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dispersion model (NPF = 4 for copper and NPF = 2 for copper oxide). The model of
absorbance (Equation (1)), including the models of optical properties (Equation (5)), is used
within an evolutionary loop to find the best set of parameters for the model of absorbance.
For the fitting of experimental UV-visible-NIR absorbance curves, a multi-objective function
should be minimized to find the best input parameters of the fitting model.

The recovered parameters of the partial fraction model of dispersion (Equation (5))
are used to calculate the optical properties of copper and oxide at the wavelength of the
laser incident light source (632.8 nm) used by the SPR sensor.

2.2. The SPR Model

The SPR setup configuration (Figure 1) was modeled by the electromagnetic interaction
of light with a plane multilayer [21,22]. The same approach has been used to study the
influence of the functionalization layer [21] and adhesion layer for nanostructured Au-
EPR [23,24]. The light source is considered as a monochromatic plane wave of wavelength
λ0 = 632.8 nm (photon energy E = h̄ω = 1.959 eV). For simplicity, we choose the same
refractive index for the SPR prism as that used for the glass supporting the copper/copper
oxide sample.

Figure 1. Schematic of the prism-based SPR sensor with the Kretschmann configuration. The plane
material layers are deposited on the hemispherical lens.

The SPR detected signal R is a function of the incident angle of the plane wave from
normal to the multilayer surface:

R(θ) = |r14|2TAGTGA, (6)

where TAG and TGA are the transmitted intensities of the light incoming and outcoming
from the SPR setup (see Equation (2)). The reflected amplitude is r14:
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r14 = ((n2
Cuk⊥g − n2

gk⊥Cu)(n
2
oxk⊥Cu + n2

Cuk⊥ox)(n2
4k⊥ox + n2

oxk⊥A)+
(n2

oxk⊥Cu − n2
Cuk⊥ox)(n2

Cuk⊥g + n2
gk⊥Cu)(n

2
4k⊥ox + n2

oxk⊥A)
exp(2ihCuk⊥Cu)+

(n2
4k⊥ox − n2

oxk⊥A)(n
2
Cuk⊥g + n2

gk⊥Cu)(n
2
oxk⊥Cu + n2

Cuk⊥ox)

exp(2i(hoxk⊥ox + hCuk⊥Cu))+

(n2
Cuk⊥g − n2

gk⊥Cu)(n
2
oxk⊥Cu − n2

Cuk⊥ox)(n2
4k⊥ox − n2

oxk⊥A)

exp(2ihoxk⊥ox))/Dθ .

(7)

k⊥ being the normal to the surface of multilayer component of the wave vector. In medium
m, this component is k⊥i = k0(n2

m − n2
g sin2(θ))1/2, with k0 = ω

c , c being the speed of light
in vacuum. The refractive index of the detection medium of the SPR sensor is n4. The
denominator Dθ of the transmitted amplitude is:

Dθ = (n2
Cuk⊥g + n2

gk⊥Cu)(n
2
oxk⊥Cu + n2

Cuk⊥ox)(n2
4k⊥ox + n2

oxk⊥A)+
(n2

Cuk⊥g − n2
gk⊥Cu)(n

2
oxk⊥Cu − n2

Cuk⊥ox)(n2
4k⊥ox + n2

oxk⊥A)
exp(2ihCuk⊥Cu)+

(n2
Cuk⊥g − n2

gk⊥Cu)(n
2
4k⊥ox − n2

oxk⊥A)(n
2
oxk⊥Cu + n2

Cuk⊥ox)

exp(2i(hCuk⊥Cu + hoxk⊥ox))+

(n2
oxk⊥Cu − n2

Cuk⊥ox)(n2
4k⊥ox − n2

oxk⊥A)(n
2
Cuk⊥g + n2

gk⊥Cu)

exp(2ihoxk⊥ox).

(8)

We obtain Dθ = D0 (Equation (4)) by considering normal incidence of the light (θ = 0)
and n4 = 1. However, Equation (4) is used for the fitting of experimental UV-visible-NIR
absorbance, as it requires less computational time.

The basics of SPR are given in Reference [25]. In that reference, we gave the conditions
of SPR excitation on an interface between two mediums and the corresponding formula,
also used in [9]. Considering a plane interface between two media (one of them is a metal),
the SPR angle can be easily evaluated, n2

i and n2
j being the relative permittivities of materials

on both sides of the interface, and n2
g being that of the hemispherical glass substrate, and 


the real part:

θ(min(R)) = 

{

arcsin

(
ninj

(n2
i + n2

j )
1/2

1
ng

)}
(9)

We consider the angle interrogation mode of the SPR sensor [2,9,12]. At a given
wavelength, in the Angular Interrogation Mode (AIM), with a changing refractive index of
water (upper medium, analyte), the resonance angle shifts [4].

2.3. Performance of the SPR Sensor

The performance parameters of the SPR sensor are the sensitivity Sθ , the full width at
half maximum (FWHM) and the Figure of Merit (FOM) [4]. The resonance angle found at
the minimum of reflectance (θ(min(R)), and the depth of the resonance dip (min(R)) are
also of interest to characterize SPR sensors. The performance of SPR can help to determine
the optimal thicknesses of the bilayer.

2.3.1. Sensitivity

The sensitivity of the SPR sensor is the angular shift that is found at the minimum of
reflectance R(θ) by varying the refractive index of the medium of detection. The angular
sensitivity is, therefore:

Sθ =
θ(min(R(n′

4)))− θ(min(R(n4)))

RIU
, (10)
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where RIU is the relative index of refraction unit: 2(n′
4 − n4)/(n′

4 + n4). The greater the
sensitivity is, the better performance of SPR.

2.3.2. Full Width at Half Maximum

The full width at half maximum is:

FWHM = max
[

θ

(
max(R(θ)) + min(R(θ))

2

)]
− min

[
θ

(
max(R(θ)) + min(R(θ))

2

)]
. (11)

The thinner the resonance dip is, the higher is the signal to noise ratio of the SPR sensor [3].

2.3.3. Figure of Merit

Therefore, the figure of merit of the SPR sensor is deduced from both the sensitivity
and the full width at half maximum of the reflectance (FWHM) [4]:

FOM =
Sθ

FWHM
. (12)

The thinner the wells in the reflectance (small value of FWHM), the more enhanced
the FOM. The greater the sensitivity deduced from the shift of the minimum in reflectance
by a change of optical index of the upper medium, the greater the FOM. However, the FOM
does not take into account the value of the minimum in reflectance min(R). This minimum
should be as close as possible to zero to obtain high dynamic of detection.

2.4. Optimal Thicknesses

Interference conditions in the metal layer have been considered in Reference [26] to find
the optimal thickness of a classical SPR sensor. This condition relies on the calculation of
the copper thickness ho that verifies constructive interference at the copper–oxide interface,
after two reflections on the interfaces [27]:

2k⊥Cuho = 

(

m2π − arg

(
1

rg−CurCu−ox

))
, (13)

with m an integer number and rg−Cu and rCu−ox the Fresnel coefficients of reflection on
each interface. The real part of ho is actually an approximation of the optimal thickness,
by neglecting the finite thickness of oxide. However, this criterion can be extended by
calculating the argument of the sum of the illumination field and of the reflected one
arg(1 + r14) (Equation (7)) that should be as close as possible to 0. In this case, we obtain a
minimum of reflectance (destructive interference between the illumination and the reflected
wave). This minimum corresponds to a pole (complex number) of the generalized Fresnel
coefficient (Equation (7)) [19,28].

The maximum of the FOM (Equation (12)), the maximum of sensitivity (Equation (10)),
the minimum of FWHM (Equation (11)), or even the minimum of reflectance min(R) can
also reveal the best thicknesses of copper and copper-oxide. We discuss the results obtained
for all these criterion in Section 4.

2.5. Investigated Samples

The manufacturing and characterization of the investigated samples are detailed in
Appendices A and B. The fitting methods are described in Appendix C, and the full results
are given in Appendix C.4 (thicknesses of the copper and oxide layers, optical properties
@632.8 nm, 1.96 eV) for each of the thirty investigated samples. We summarize the main
results shown in Tables A3–A5:

• Copper and copper oxide thicknesses are globally in agreement with those obtained
from experimental measurements (see Appendix B).

• The real part of the relative permittivity of copper is smaller than the bulk one for
almost all samples. The imaginary part of the relative permittivity of copper is about
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twice the bulk one. The mean value of n2
Cu over the samples with hCu > 2 nm is

−13.3+ 3.3i (standard deviation 1.4+ 1.5i) compared to n2
Cu(bulk) = −11.6+ 1.6i [29].

• The real part and the imaginary parts of the relative permittivity of oxide are close to
that of the bulk, except for full oxidized samples for which both parts decrease. This
behavior is probably due to air inclusion in oxide (the grain size of oxide can reach
80 nm, see Appendix B). The mean value of n2

ox over the samples with hox > 2 nm
is 8.2 + 1.0i (standard deviation 0.4 + 0.3i) compared to n2

Cu2O(bulk) = 8.6 + 0.6i and
n2

CuO(bulk) = 7.1 + 2.3i [29]. If we suppose a chemical mix of both oxides, we deduce
that oxide may be made of 76% Cu2O and 24% CuO. This result was confirmed by
XPS measurements [14,30]. The decrease in the real part of the oxide permittivity may
also be due to air inclusion in oxide.

• For samples with roughness varying from 2 to 14 nm [14], the electromagnetic model
of generalized Fresnel coefficients could be accurate enough. The quality of absorbance
fitting shown in Figures A1–A11 confirms the validity of the model, which can there-
fore be used to model the SPR.

3. Results

In this section, we use the thicknesses and optical properties that are simultaneously
recovered from the fitting of absorbance curves (Tables A3–A5) to study the SPR sensor
setup, of which the sensitive part is a copper and copper oxide bilayer. From these results,
we calculate the signal of the SPR sensor working in angular interrogation mode for air
and water as the upper medium: in the dry and wet cases, respectively. We also evaluate
the performance of such set up. We use RIU = 0.01.

3.1. Dry Case

Figure 1 illustrates the SPR setup. The wavelength of laser illumination is λ0 = 632.8 nm.
The photon energy of the excitation light (E = 1.96 eV) is close to that of the transition from
d states (valence band) to th es-p conduction band [18] (2.1 eV, see the vertical black line in
Figures A1, A7 and A11). Therefore, we expect a good quality of the plasmon resonance for
adequate thickness of copper: a sharp dip and a small minimum.

Figures 2–4 show the simulation of the SPR setup signal from the model of reflectance
in Equation (6), considering air as the upper medium. The reflectance curves are plotted as
functions of the incident angle of illumination (at λ0 = 632.8 nm) for each investigated sample.

In Figure 2, for negligible thicknesses of copper (less than 2 nm), the reflectance is
characteristic of a dielectric material. In the other cases, the wells in reflectance on the
right correspond to the absorption of photon energy by the copper layer (resonance).
Nevertheless, the quality of the surface plasmon resonance is low: the wells are wide and
the depths of dip are greater than 0.26.

The surface plasmon dip for copper thicknesses close to 30 nm are thinner than in the
previous case (Figure 3 vs. Figure 2). The smallest values of R (depth of dip) are close to
each other for hCu nm near 30 nm. The SPR angles are close to 46◦. This SPR angle is close
to that of a copper–air interface. The influence of the thin layer of oxide on the SPR angle is
negligible for oxide thicknesses below 3.5 nm. However, the shape of the curve seems to be
clearly modified, even for small thicknesses of the oxide. Thus, we can anticipate that the
thickness of oxide will have an influence on the FWMH. For thicker oxide layers, the dip is
widened and the SPR resonance angle approaches 65◦, which is not so far from that of the
copper–oxide interface (72◦).

The SPR dips are thinner for the six samples for which hCu ≈ 50 nm and are smaller
than that for the previous samples (Figure 4 compared to Figures 2 and 3). By decreasing
eCu, the SPR dips are enlarged and shifted, as in the previous case. The performance
parameters introduced above can be evaluated for the investigated samples.
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Figure 2. Simulated SPR setup signal for the samples of initial target thickness 10 nm. The calculation
uses the parameters deduced from the fitting of UV-visible-NIR absorbance curves. The optical properties
of copper and copper oxide are calculated at wavelength λ0 = 632.8 nm. Upper medium is air.
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Figure 3. Simulated SPR setup signal for the samples of initial target thickness 30 nm. The calculation
uses the parameters deduced from the fitting of UV-visible-NIR absorbance curves, at wavelength
λ0 = 632.8 nm. Upper medium is air.

The best performances of the SPR using the investigated bilayers as sensitive parts
are shown in Table 1 [3,4]. We indicate both the retrieved thicknesses of copper and oxide
(hCu, hox) from absorbance curves, and the corresponding optical properties (n2

Cu, n2
ox)

632.8 nm (extracted from Table A5). We give the resonance angle θSPR = θ(min(R)), the
depth of dip min(R), the full width at half maximum of the SPR dip (FWHM, Equation (11)),
the sensitivity Sθ (Equation (10)), and the figure of merit (FOM, Equation (12)). The
uncertainty on FOM is indicated in between brackets. This is the standard deviation of FOR
for the recovered parameters of the multi-objective function F ∈ [min(F); 1.25 × min(F)]
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(see Appendix C). We also give the FOM calculated with the bulk optical properties for Cu
and Cu2O [29] and without the oxide layer for comparison.
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Figure 4. Simulated SPR setup signal for the samples of initial target thickness h0
Cu = 50 nm. The

calculation uses the parameters deduced from the fitting of UV-visible-NIR absorbance curves, at
wavelength λ0 = 632.8 nm. Upper medium is air.

Table 1. Calculated performance of the SPR setup given the retrieved thicknesses and optical
properties in the dry case: resonance angle, the depth of SPR dip, full width at half maximum,
sensitivity and figure of merit (only FOM > 20 RIU−1 are indicated) and its uncertainty, FOM for
optical properties of bulk materials, and for bare copper (without oxide).

hCu n2
Cu θSPR min(R) FW HM Sθ FOM FOM FOM

hox n2
ox Bulk ox.Free

(nm) (◦) ◦ (◦/RIU) (RIU−1) (RIU−1) (RIU−1)

49.1 −12.2 + 2.3i
1.8 8.3 + 0.7i 46.8 0.08 3.2 67.5 20.9 (0.0) 27.8 25.8
49.2 −12. + 2.3i
1.6 8.4 + 0.8i 46.7 0.08 2.8 67.0 23.5 (0.0) 28.6 28.5
49.8 −13.2 + 2.3i
0.6 8.8 + 0.5i 46.2 0.09 2.1 65.0 31.2 (5.5) 32.9 33.5
49.8 −14. + 2.2i
0.6 8.3 + 0.9i 46.0 0.10 1.5 63.9 41.4 (0.0) 33.1 44.2
49.8 −14.6 + 1.8i
0.1 8.2 + 0.8i 45.8 0.07 1.1 63.4 57.3 (0.5) 34.9 57.7
50.0 −15.4 + 2.0i
0.1 7.9 + 1.0i 45.6 0.11 1.1 62.7 58.5 (0.0) 35.1 59.3

The resonance angle θSPR is close to that of the interface between copper and the
medium of detection (Equation (9), 45.3◦). The minimum of reflectance is smaller than 0.1
and the sensitivity is about the same for all samples. The FWHM is smaller for copper
thicknesses close to 50 nm; therefore, the value of FOM is greater. The uncertainty on FOM
is small for almost all cases. The thickness of oxide being negligible, the FOM for copper
without oxide is about the same. The values of Sθ are greater than 62.7. On the contrary, the
FOM calculated from bulk optical properties of copper and copper oxide are different. This
is due to the value of the real part of the copper relative permittivity, which is smaller than
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that of bulk copper (n2
Cu(bulk) = −11.6+ 1.6i). This confirms the interest in simultaneously

measuring the optical properties of copper and oxide for thin films.
In the general case, for a given thickness of copper and increasing thickness of oxide,

the angle of resonance is shifted to the right, the FWHM increases as well as the depth of
the SPR dip, and the FOM decreases.

The results for the investigated samples show that plasmon resonance can be launched
for specific thicknesses. Therefore, the performance of the copper/copper oxide SPR
setup deserves to be specifically studied, assuming that the medium of detection is water
(wet case).

3.2. Wet Case

Table 2 restates the best thicknesses of copper and oxide, the retrieved relative permittivity
(n2

Cu and n2
ox) extracted from Tables A4 and A5 and the calculated performance of SPR for

samples with FOM > 20.

Table 2. Calculated performance of the SPR setup given the retrieved thicknesses and optical
properties in the wet case: resonance angle, the depth of SPR dip, full width at half maximum,
sensitivity and figure of merit (only FOM > 20 RIU−1 are indicated) and its uncertainty, FOM for
optical properties of bulk materials, and for bare copper (without oxide).

hCu n2
Cu θSPR min(R) FW HM Sθ FOM FOM FOM

hox n2
ox Bulk ox.Free

(nm) (◦) ◦ (◦/RIU) (RIU−1) (RIU−1) (RIU−1)

27.9 −13.5 + 2.9i
3.5 8.4 + 0.6i 81.4 0.04 11.1 258.0 23.3 (1.1) 9.5 19.1
28.2 −12.8 + 3.1i
3.1 8.3 + 0.5i 81.4 0.03 11.3 253.0 22.4 (1.0) 10.1 18.7
29.4 −13.0 + 2.0i
1.0 8.1 + 1.1i 78.6 0.11 10.0 231.4 23.1 (1.0) 5.8 22.1
29.5 −12.5 + 2.9i
1.0 8.2 + 1.0i 78.9 0.04 10.9 229.6 21.1 (0.0) 5.9 20.0
29.9 −13.3 + 2.8i
0.1 8.6 + 0.7i 77.3 0.06 10.3 214.5 20.8 (0.2) 10.1 20.8
30.0 −14.1 + 2.7i
0.0 8.3 + 1.2i 76.8 0.06 9.9 210.7 21.4 (0.0) 5.9 21.3
49.1 −12.2 + 2.3i
1.8 8.3 + 0.7i 83.3 0.26 8.7 200.2 22.9 (0.0) 11.9 34.4
49.2 −12.5 + 2.3i
1.6 8.4 + 0.8i 82.8 0.23 8.6 252.8 29.2 (0.0) 16.4 35.5
49.8 −13.2 + 2.3i
0.6 8.8 + 0.5i 80.3 0.15 8.3 305.7 36.8 (2.1) 38.7 36.5
49.8 −13.2 + 2.3i
0.6 8.8 + 0.5i 80.3 0.15 8.3 305.7 36.8 (2.1) 38.7 36.5
49.8 −14.2 + 2.2i
0.6 8.3 + 0.9i 78.9 0.13 7.3 292.6 40.0 (0.0) 39.4 40.2
49.8 −14.6 + 1.8i
0.1 8.2 + 0.8i 77.8 0.08 5.9 277.7 47.2 (0.6) 43.7 47.3
50.0 −15.4 + 2.0i
0.1 7.9+1.0i 77.0 0.11 5.7 262.2 45.7 (0.0) 43.7 45.8

The prism-SPR performance is evaluated as in the dry case. For water as upper medium,
the SPR angle is greater than for air. The SPR angle falls between the SPR of the copper–oxide
interface (72.4◦) and that of the glass–copper interface (86.7◦). On the contrary of the dry
case, the samples with copper thicknesses around 28 and 30 nm give a reflectance smaller
than 0.11 and FOM greater than 20. In this case, the values of both the sensitivity and the
figure of merit are about the same whatever the oxide thickness is. The maximum of FOM
is reached for thicker copper layers (near 50 nm), as in the dry case. The figure of merit
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is also calculated from the best values but by neglecting the oxide layer. In this case, we
suppose that the bare copper layer is directly in contact with the above medium. Let us
emphasize that the presence of oxide decreases the FOM (see FOM and FOM ox. free). This
result is in agreement with that obtained for gold-SPR coated with porous silica film [4].
The performance of SPR working in dry and wet cases depends strongly on the thickness
of both layers. The maximum sensitivity is obtained for the optimal thicknesses of 28 and
3 nm for copper and oxide, respectively, and for 49.8 and 0.6 nm.

4. Discussion

4.1. Cu-Oxide-SPR Performance

The performance of Cu-oxide-SPR in dry and wet cases are of the same order of
magnitude as that mentioned in Reference [4] for silver/porous silica (wet case). The slight
decrease in FOM by using a dielectric coating of metal can also be observed for our samples,
for which the thickness of oxide is lower than 3.5 nm. The best values of FOM are obtained
for oxide thicknesses lower than 3 nm. We observe that the FOM is highly sensitive to
changes in the refractive index of copper. The FOM value is slightly greater than that
obtained with Au, Au/Si3N4, Au/KCl materials [3]. The values of sensitivity and FWHM
are greater in the wet case than in the dry case, leading to a smaller figure of merit.

In addition to its non-toxic nature, the oxide layer can be used to tune the position
of the SPR resonance [9]. Indeed, the oxide layer could be used to adjust the resonance
near the copper transition 2.1 eV that is characteristic of the inter-band transition from d
states (valence band) to the ‘s-p’ conduction band [18] (Figures A1, A7 and A11 where the
vertical line shows the photon energy of illumination used in the SPR setup E = 1.96 eV).
Let us note that cuprous copper oxide (Cu2O) and cupric copper oxide (CuO) are p-type
semiconductors with a bandgap of approximately 2.2–2.9 and 1.2–2.1 eV, respectively.

The optimal copper thickness (around 50 nm) is coherent with that found in Refer-
ence [9] (45 ± 5 nm), even if the substrate (prism) and the wavelength were not the same.
However, these results show that more than one copper thickness may be used to design an
efficient SPR sensor. This is the consequence of the high dependence of the optical properties
on both the thickness and the sample elaboration mode (temperature and annealing time).

The SPR angle is around 46◦ in the dry case and 80◦ in the wet case. This last value
is close to those obtained with a Al2O3 coating [10], and with BK7 substrate [9], both in
the wet case. These SPR angles can also be compared to the SPR angles of single interfaces
(Equation (9)). In the dry case, the shift of SPR angle is about 1–2◦ for oxide thicknesses
below 2 nm. In the wet case, the shift is greater and falls between that of the glass/copper
and copper/water interfaces. Therefore, the coupling of both SPR differs for two different
mediums of detection.

Therefore, the performance parameters may reveal different properties of the SPR-
sensor. In the next section, we discuss the optimal thickness obtained from the best
performance parameters.

4.2. Optimal Thicknesses

The thicknesses of copper for the investigated samples are not sufficient to determine
the optimal thickness. Nevertheless, the small dispersion of retrieved optical properties of
copper and oxide leads us to use their mean value to determine the optimal thicknesses
of copper and oxide layers. Actually, the mean value is n2

Cu = −13.3 + 3.3i (standard
deviation 1.4 + 1.5i) and n2

ox = 8.2 + 1.0i (standard deviation 0.4 + 0.3i), see Section 2. They
differ from the bulk values [29]. Therefore, we can use the mean values of the optical
properties and a scan of copper thicknesses from 10 to 70 nm, and oxide thickness in
(1;60) nm, in steps of 0.5 nm, to evaluate the optimal thicknesses from the best performance
parameters and interference conditions, as explained in Section 2.4, in the dry and wet case.
Tables 3 and 4 give the mean value and the standard deviation of the top 1% results for
each performance parameter.
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The argument of 1 + r14 should be close to 0 for these optimal values. This means that
the conditions of destructive interference between incident and reflected waves are almost
fulfilled and the minimum of reflectance is reached. The optimal thickness can be found for
the maximum of FOM (Equation (12)) or sensitivity (Equation (10)), or for the minimum of
FWHM and reflectance min(R).

In the dry case, the best thicknesses of copper are close together for min(R) and
min(| arg(1 + r14)|), on the one hand, and for max(FWHM), max(FOM) and max(Sθ)
on the other hand. If the conditions of constructive interference in the copper layer are ful-
filled (Equation (13)), the optimal thicknesses of copper found are 29 nm for m = 5, 48 nm
for m = 8. Therefore, we can deduce that all the copper thicknesses in Table 3 correspond to
optimal ones, but for different optimal parameters. Moreover, these values are in agreement
with that obtained from investigated samples in Section 3. The optimal thickness of copper
for max(FOM) is between those for max(FWHM) and max(Sθ). Therefore, the optimal
thicknesses can be deduced from a selection of the solution with the minimum of min(R)
among the top 1% solutions for max(FOM): eCu = 44 nm, eox = 1 nm, min(R) = 0.09,
FOM = 12/, RIU−1, FWHM = 5◦ θSPR = 46.7◦.

Table 3. Mean optimal thicknesses for the top 1% performance parameters of the SPR set up in the dry
case according to the minimum of reflectance, sensitivity, full width at half maximum, figure of merit and
argument of the total field on the glass-copper interface. In brackets, standard deviation of the top 1%.

hCu hox min(R) Sθ FW HM FOM arg(1 + r14)
(nm) (nm) ◦/RIU−1 ◦ RIU−1 ◦

Top 1% min(R)
28.1 (5.6) 14.9 (9.5) 0.003 (0.003) 73.7 (26.2) 23.7 (6.3) 3.3 (1.5) 3.1 (1.8)

Top 1% min(|D|)
31.9 (11.6) 51.0 (5.9) 1 (0) 0.0 (0.0) 90.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Top 1% min(| arg(1 + r14)|)
31.9 (11.5) 50.3 (7.7) 1 (0.1) 1.4 (10.7) 88.9 (8.5) 0.1 (0.5) 0.0 (0.0)

Top 1% max(FWHM)
46.0 (3.9) 1.0 (0.0) 0.1 (0.05) 65.4 (0.6) 5.5 (0.3) 12.0 (0.5) 14.5 (3.2)

Top 1% max(FOM)
46.2 (1.7) 1.0 (0.0) 0.1 (0.02) 65.2 (0.6) 5.2 (0.1) 12.5 (0.0) 14.9 (1.4)

Top 1% max(Sθ)
54.1 (4.0) 16.9 (0.3) 0.3 (0.05) 125.0 (0.5) 30.1 (0.6) 4.2 (0.1) 30.9 (2.3)

Table 4. Optimal thicknesses for the top 1% performance parameters of the SPR set up in the wet case
according to the minimum of reflectance, sensitivity, full width at half maximum, figure of merit and
argument of the total field on the glass–copper interface. In brackets, standard deviation of the top 1%.

hCu hox min(R) Sθ FW HM FOM arg(1 + r14)
(nm) (nm) ◦/RIU−1 ◦ RIU−1 ◦

Top 1% min(R)
24.8 (7.2) 6.5 (4.9) 0.004 (0.003) 199.5 (62.8) 10.7 (1.4) 18.2 (4.0) 3.6 (2.0)

Top 1% min(| arg(1 + r14)|)
31.9 (11.5) 50.4 (7.4) 1 (0.06) 0.9 (14.8) 89.7 (4.7) 0.1 (1.3) 0.0 (0.0)

Top 1% min(|D|)
42.7 (17.0) 35.0 (15.3) 1 (0) 0.0 (0.0) 90.0 (0.0) 0.0 (0.0) 24.5 (18.2)

Top 1% max(FWHM)
10.9 (0.9) 17.9 (1.3) 0.03 (0.03) 49.3 (30.8) 7.4 (0.3) 6.7 (4.2) 9.8 (6.5)

Top 1% max(FOM)
43.5 (1.9) 1.0 (0.0) 0.1 (0.04) 265.5 (0.8) 11.0 (0.0) 24.1 (0.1) 27.3 (4.4)

Top 1% max(Sθ)
44.0 (2.2) 1.0 (0.0) 0.1 (0.05) 265.4 (0.8) 11.0 (0.0) 24.0 (0.1) 28.4 (5.0)

In the wet case, the best thicknesses of copper are close together for min(R) and
min(| arg(1+ r14)|), on the one hand, and for max(FOM) and max(Sθ) on the other hand.
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If the conditions of constructive interference in the copper layer are fulfilled (Equation (13)),
the optimal thicknesses of copper found are 29 nm for m = 5, 42 nm for m = 7. Again,
we can deduce that all the copper thicknesses in Table 3 correspond to optimal ones, but
for different optimal parameters. Furthermore, these results are also in agreement with
that obtained from investigated samples in Section 3. The optimal thickness of copper
for max(FOM) is close to that for the max(Sθ) performance parameter. As in the dry
case, the optimal thicknesses can be deduced from selection of the solution with the min-
imum of min(R) among the top 1% solutions for max(FOM): eCu = 41 nm, eox = 1 nm,
min(R) = 0.09, FOM = 24/, RIU−1, FWHM = 11◦ θSPR = 86.9◦.

5. Conclusions

The performance of Cu-oxide-SPR has been studied, including the influence of cop-
per oxide. To reach this goal, we have used the fitting of experimental UV-visible-NIR
absorbance curves to simultaneously obtain the thicknesses and optical properties of
copper/copper oxide samples. For this, more than one metaheuristic is of interest. We
found that the optical properties of copper and copper oxide vary as a function of the
thicknesses and differ from the bulk ones. The performance of Cu-oxide-SPR confirms
that copper/copper oxide could be a valuable alternative to gold for SPR sensors. The
performance parameters reveal different optimal thicknesses in the dry and wet cases. For
a systematic study of the optimal thickness, the combination of the maximum of FOM and
the minimum of reflectance could be an interesting alternative to find the optimal thickness.
The relevance of the result depends on the accurate determination of thicknesses and optical
properties of the bilayer. At λ = 632.8 nm, with n2

Cu = −13.3 + 3.3i, n2
ox = −8.2 + 1.0i, the

optimal thicknesses of copper and oxide layers are about 44 and 1 nm in the dry case, and
41 and 1 nm in the wet case. They are determined to maximize the FOM and to minimize
the dip magnitude. To optimize the SPR setup, we suggest the following process.

• Production series of samples with controlled annealing under low temperature;
• Characterization of samples (measurement of thickness and optical properties) from

absorbance curves, for example;
• Characterization of samples in angular interaction mode;
• Fit of the SPR signal to verify the optical properties;
• Selection of the best sample and verification at regular time intervals that the thick-

nesses and optical properties remain the same.

Actually, the method of fit proposed in this paper could be applied to an SPR signal.
In the future, we also intend to apply (and adapt if necessary) our method to characterize
SPR with a multilayer sensitive part.
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Abbreviations

The following abbreviations are used in this manuscript:

AIM Angular Interrogation Mode
ABC Artificial Bee Colony
EM Evolutionary Method
FOM Figure of Merit
FWHM full width at half maximum
GR method of gradient descent
NM Nelder–Mead Simplex Method
PSO Particle Swarm Optimization
SPR Surface Plasmon Resonance

Appendix A. The Samples Preparation

Deniz Cakir prepared and characterized the copper/copper oxide [14] at Laboratoire
Charles Coulomb, UMR CNRS 5221, Université de Montpellier, under the supervision of
Eric Anglaret and Nicole Fréty [15]. The copper nanolayers were deposited by thermal
evaporation on fused silica substrates (optical grade from Neyco). Before deposition, the
substrates were cleaned in an acetone bath with ultrasounds for 5 min, and then plasma-
treated in a 70% O2/30% N2 atmosphere for 6 min. The copper wire of purity of 99,999%,
bought from Alfa Aesar, was placed 18 cm below the target substrate. The sublimation
of the Cu wire was achieved under 120 A, at 10-5 mbar, using a tungsten crucible as
the counter-electrode. The target thicknesses (nominal thickness before oxidation) of the
copper layers are hCu = 10, 30, and 50 nm. Copper thin films were annealed under air at
atmospheric pressure. Low annealing temperatures were chosen to preferentially obtain
Cu2O [30–36]. Samples were annealed progressively for increasing times and temperatures
following the thermal treatment, as detailed in Table A1. For each annealing condition and
layer thickness, absorbance was measured with a UV-visible-NIR spectrometer (Cary 5000,
Agilent, Les Ulys, France) over the spectral range 350–1380 nm, using a beam diameter of 1
mm. for each annealing condition. Therefore, 30 absorption spectra are available for fitting
by the model described in this paper.

Table A1. Sample preparation. Three samples of copper initial target thicknesses XY = 10, 30 and
50 nm were successively annealed.

Annealing Time (Min) Temperature (◦ C) Reference Name of Data

0 20 A0XYnmCut0
22 120 A0XYnm22min120
72 120 A0XYnm72min120

102 120 A0XYnm102min120
160 120 A0XYnm160min120
10 120 A0XYnm190min120

240 130 A0XYnm240min130
600 130 A0XYnm600min130
900 170 A0XYnm900lin170
910 170 A0XYnm910min170

Appendix B. Measurement of Thicknesses

Cross-sections of the raw and fully oxidized samples were characterized using Scan-
ning Electron Microscopy (SEM, Helios NanoLab 660 FEI and High resolution Hitachi
S4800) and Atomic Force Microscopy (AFM, Dimension 3100 NanoScope IIIa, Bruker, Wis-
sembourg, France). The AFM equipment was used in tapping mode using silicon nitride
cantilevers with sharpened pyramidal tips. Multiple-Angle Incident (MAI) ellipsometry
(Multiskop, Optrel GbR, Kleinmachnow, Germany), with green laser light λ = 532 nm and
Spectroscopic Ellipsometry (SE, Nanofilm EP4, Accurion GmbH, Göttingen, Germany)
were also used in addition to spectroscopic ellipsometry monochromatized light at 560,
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660, 760, 860 and 960 nm. The results we obtain in this study are reported in Table A2
(UV-vis-NIR, NIR CARY 5000, Agilent, Les Ulys, France) extracted from Tables A3–A5 .

The transformation of a mole of metallic copper to oxide is leading to a volume increase
that is evaluated to rv = 1.68 for Cu2O and rv = 1.77 for CuO:

rv =
Vox

VCu
=

1
nCu

MoxρCu
ρox MCu

, (A1)

where nCu is the number of copper atoms in a molecule of oxide, Mox = 143.1 g mol−1,
MCu = 63.55 g mol−1 are the molar mass, and ρox = 6 g cm−3, ρCu = 8.96 g cm−3 are
the densities. In Table A2, this metric is evaluated considering uniaxial growth with a
fixed section:

rv =
eox(A0XYnm900min170)− eox(A0XYnmCut0)
eCu(A0XYnmCut0)− eCu(A0XYnm900min170)

(A2)

Cuprous oxide is expected to be highly dominant at low-temperatures of annealing [30].

Table A2. Measured thicknesses (nm) of raw and fully oxidized samples.

Sample SEM AFM MAI SE UV-Vis-NIR
hCu + hox hCu + hox hCu hCu hCu

hox hox hox

A010nmCut0 − 11 ± 3 7.2 ± 0.1 11.0 ± 0.2 9.8 ± 0.2
− 0.2 ± 0.1 3.4 ± 0.2 1.8 ± 1.1

A030nmCut0 − 31 ± 5 28.2 ± 0.1 38.7 ± 1.3 30.0 ± 0.1
− 2.9 ± 0.1 3.7 ± 0.2 0.0 ± 0.7

A050nmCut0 − 51 ± 8 − − 50.0 ± 0.1
− − 5 ± 0.9 0.1 ± 0.2

A010nm900min170 34 ± 7 26 ± 3 5.6 ± 0.1 0.9 ± 0.4 1.2 ± 0.5
19.6± 0.1 20.3 ± 3.1 19.7 ± 1.6

rv = 12.2 ± 1.1 rv = 1.7 ± 0.3 rv = 2.1 ± 0.3
A030nm900min170 104 ± 29 98 ± 23 4.9 ± 0.1 0.3 ± 1.4 0.6 ± 4.2

84.6 ± 0.1 63.1 ± 7.4 44.8 ± 6.6
rv = 3.51 ± 0.02 rv = 1.6 ± 0.2 rv = 1.5 ± 0.3

A050nm900min170 136 ± 15 142 ± 30 − 0 ± 7.9 0.0 ± 0.6
− 87.3 ± 3.7 89.6 ± 4.4
− − rv = 1.79 ± 0.09

AFM and SEM measurements are the real thicknesses of samples, whereas MAI, SE
spectroscopies and UV-vis-NIR give effective thicknesses. Copper films show a very fine
microstructure, with a grain size of a few nm, and a very low roughness with a Rms value
of about 1 nm. The grain size of oxide and perhaps the slice process explain the values from
AFM and SEM and the high magnitude of rv. This microstructure remains thin after full
oxidation with a grain size varying from a few to 80 nm according to the oxide thickness
and a roughness varying from 2 to 14 nm. Our results are in agreement with AFM and
SEM for sample A0XYnmCut0.

MAI fails to measure thicknesses of thick layers. MAI and SE use the optical prop-
erties of bulk materials to calculate effective thicknesses. MAI gives thicknesses smaller
than those of SE. Moreover, the MAI copper thicknesses appear to be greater than those
given by SE for fully oxidized samples. Our results are in agreement with SE except for
A030nm900min170. The values of rv for our results and by SE remain close to the theoretical
value for all samples.

The agreement of our results and experimental measurement of thicknesses of cop-
per and oxide for the sample before annealing (A0XYnmCut0) and after full oxidation
(A0XYnm900min170) is satisfactory.

Appendix C. Method of Fitting and Results

The method of fitting is detailed in the next subsections: Particle Swarm Optimization
(PSO), the Evolutionary Method (EM) and the Artificial Bee Colony (ABC), the domain of
search and the multi-objective function.
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Appendix C.1. Metaheuristics for UV-Visible-NIR Absorbance Fitting

The Particle Swarm Optimization (PSO), the Evolutionary Method (EM) and the
Artificial Bee Colony (ABC) belong to metaheuristics methods of optimization. Meta-
heuristic optimization is based on the initial random sampling of the model parameters
in the bounded domain of search. N = 40 parameter sets are generated within a bounded
domain of search.

Then the objective function is evaluated and the evolutionary loop starts. Within
this loop, the parameters are modified according to a transformation law, which can be
defined as an evolution operator. If the parameter sets leave the domain of search, they are
either randomly regenerated in the domain of search or stuck on the closest boundaries,
according to a random number. The evolutionary loop stops either if the maximum number
of iterations is reached (T = 100) or if the best value of the multi-objective function is lower
than 0.001.

We shortly describe the evolution operators of each optimization method in the following.

• PSO: the parameters are moved along a vector of translation, which is the sum of three
vectors [37–40]. More details are given in Reference [38]:

– A uniform random contribution of the difference between the N parameter sets
at the previous step of the evolutionary loop and the global best position of this
swarm (weight c1 = 2.1).

– A uniform random contribution of the difference between the N parameter sets
at the previous step of the evolutionary loop and their best positions obtained in
all the previous steps (weight c2 = 2.1).

– A linearly decreasing contribution of the previous translation vector, with weight
ranging from 0.99 at the beginning of the evolutionary loop to 0.43 at the maxi-
mum number of iterations.

If the value of the multi-objective function is better than that obtained at the previous
step of the evolutionary loop, then the best parameter set is updated for the next
step. Classical PSO without hybridization was used to analyze aluminum oxidation
from Turbadar experimental data [41] in the Kretschmann configuration. The strong
dependence of Aluminum optical properties as a function of its nanometric thickness
was demonstrated.

• GA: the input parameters are varied by using crossover, mutation and selection
operators [38,40,42].

– The crossover operator calculates the mean value of each parameter of two
randomly selected sets. The crossover operates on μ = N/4 parameter set.

– The mutation operator modifies each parameter by adding a normally distributed
random vector with zero expectation and self-adaption variance [43]. The muta-
tion operates on a λ = 3N/4 parameter set.

– The N parameter sets that result from the crossover, and mutation operators
are evaluated.

– The selection operator keeps the N best solutions among these parameter sets
and the best set, obtained at the previous step of the evolutionary loop according
to an elitist (λ + μ) strategy [43].

GA was fully characterized in Reference [44] for inverse problem resolution. Details
can be found in References [45,46]. The recovering of the unknown input parameters
of a model from the fitting of experimental data is actually the resolution of an inverse
problem [47].

• ABC: the parameter sets are divided into two families of size N/2. Specific operators
are applied to these two families. The parameter set is updated by adding a translation
vector [48]. More details on ABC can be found in [49].

– First family: the translation vector is a uniform random contribution of the
difference between the parameter set and another randomly picked one from
the same family. The multi-objective function is evaluated and the family is
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updated with a parameter set for improved values of the multi-objective function.
A probability of attraction of these parameter sets is calculated to promote the
best to guide the second family sets [48].

– Second family: the translation vector is the uniform random contribution of the
difference between the parameter set and a random pickup of the most attractive
parameter sets of the first family.

ABC presents few exogenous parameters, with settings discussed in many references,
e.g., [50]. Here, we used the standard parametrization [48].

Metaheuristics subtly balance between the exploration of the whole domain of search
and the exploitation of the best solutions. This balance must prevent rapid entrapment
in local optima. The random regeneration of parameter sets inside the search domain,
the mutation in GA, the third term of translation in PSO, and the first family in ABC,
contributes to exploration. The two first terms of translation in PSO, the crossover in GA,
and the second family in ABC, ensure the exploitation. In this study, we hybridize these
metaheuristics with two unconstrained local minimum descent methods: the gradient
and Nelder–Mead Simplex methods using the best solution as a starting point. This
hybridization helps to determine if the best solution obtained from metaheuristics is close
to a minimum. Moreover, it may improve the convergence speed. To test the reproducibility
of the algorithms, especially as a function of the initial random generation of parameter
sets, we run nreal = 1000 realizations of each algorithm. Typically, the maximum number
evaluations of the multi-objective function is nreal × T × N = 1000 × 100 × 30 = 3 ×
106, which means about 7 min of computational time, only for the evaluation of the
multi-objective function. The computational time of the whole algorithm of optimization
is around one hour (Xeon E-2176M CPU @2.7 GHz, GNU octave x64) for each fit of
experimental UV-visible-NIR absorbance data.

The best parameter sets of the model (thicknesses and parameters of the optical
properties of copper and copper oxide) are the input parameters for the SPR model.

Appendix C.2. The Domain of Search

For the first samples (before annealing), the nominal thicknesses of copper deposition
(or target) are h0

Cu = 10, 30 and 50 nm. The starting domains of search for thicknesses are
h0

Cu ± 5 nm for copper and [0, 5] nm for oxide.
For the oxidized samples, the boundaries of the domain of search for thicknesses are

set to search both increasing values of the copper oxide layer thickness and decreasing
values of that of copper, when the samples are successively annealed. The domain of search
of the partial fraction parameters is limited to 1% around those of the bulk materials [18,29].
The fitting basically requires the minimization of the error of fit. In our case, the goal is to
minimize a multi-objective function to accelerate the convergence of the fitting method.

Appendix C.3. The Multi-Objective Function

Fitting of the experimental UV-visible-NIR absorbance curves with the above-mentioned
model of absorbance consists of minimizing a multi-objective function. More specifically,
we define a weighted sum, which scalarizes three objective functions by adding them
pre-multiplied by a given weight [51]. The weights have been chosen after preliminary
tests of convergence of the method for all investigated samples. The idea is to find solutions
for optical properties that are close to the bulk values. The first term of the multi-objective
function is the ratio of the absolute error of the calculated absorbance to the reference
experimental UV-visible-NIR absorbance. The next two terms with weight Ki = 1/25 are
the relative difference of the calculated relative permittivities to the bulk ones. We set the
coefficients KCu = Kox = 1/25 after preliminary trials to balance between the quality of fit
and the closeness to bulk values and, therefore, to increase the speed of convergence of the
algorithms used for fitting. The multi-objective function F is written as:
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F =

√√√√√√
Nω

∑
j=1

[∣∣∣1 − A
Aexp

∣∣∣2 + KCu

∣∣∣∣1 − n2
Cu

nCu(Bulk)2

∣∣∣∣2 + Kox

∣∣∣∣1 − n2
ox

n2
Cu2O(Bulk)

∣∣∣∣2
]

2Nω − (D + 1)
. (A3)

The normalization of the objective function by 2Nω − (D + 1) involves the number of
photon energies considered in the UV-visible-NIR absorbance curves for fitting Nω = 32
and the dimension D of the problem. D is the number of input parameters of the model of
absorbance. This term is the degree of freedom and helps to compare results by varying
Nω (the number of values of the experimental UV-visible-NIR absorbance used for fitting).
Indeed, the computational time depends strongly on this exogenous parameter, more than
one million of evaluation of the objective function being necessary to characterize each of
the metaheuristic methods. Let us briefly outline the principles of the metaheuristics we
use for finding the D = 28 inputs of the model that minimize the multi-objective function.

Appendix C.4. Detailed Results of Fitting

Tables A3–A5 give the recovered thicknesses of copper and copper oxide from fitting
of the experimental UV-visible-NIR absorbance curves. We calculate the relative permit-
tivity at photon energy used for SPR (h̄ω = 1.96 eV, for wavelength λ0 = 632.8 nm), from
the Partial Fraction model (which is a function of the photon energy) with the recovered
parameters for both copper and oxide. Actually, the quality of fitting depends on the topo-
logical properties of the multi-objective function F and on the tuning of each metaheuristic.
Figures A1, A7 and A11 show the absorbance spectra: in color, the absorbance calculated
from the best parameters that are obtained from the fitting of the experimental ones (black).
The vertical black line displays the photon energy that will be used for the SPR calculations.
These Figures illustrate the goodness of fit, which is given in Tables A3–A5 (the value of
the multi-objective function F).

In Tables A3–A5, we indicate the most efficient metaheuristic: ABC is the Artificial
Bee Colony, PSO is the particle Swarm Optimization, and EM is the evolutionary method.
If the best solution of these methods is improved with Gradient (GR) or Nelder–Mead
Simplex methods (NM), the mention of this hybridization is indicated after the sign “+”.
We suppose that acceptable values of the multi-objective function are within the interval
F ∈ [min(F); 1.25 × min(F)]. Indeed, we select the 25% best values of the multi-objective
function across the 1000 realizations of each algorithm, and we calculate the standard devia-
tion of the corresponding family of model parameters. This helps to evaluate the sensitivity
of the fitness function to the variations of each input parameter of the model. These values
(between brackets) indicate the acceptable tolerance on these parameters (Tables A3–A5).

Figures A2, A3, A6, A8, A12 and A13 show the calculated permittivities from the
best parameters of the partial fraction model for copper. The curves are the real and
imaginary parts of the permittivity as a function of the photon energy. The corresponding
plots for copper oxide are given in Figures A4, A5, A9, A10, A14 and A15. We also plot the
bulk permittivity (solid black curve for copper and Cu2O, dashed black curve for CuO).
Consequently, from the results, we expect to deduce if CuO could be present.

Appendix C.4.1. Sample of Initial Copper Thickness h0
Cu = 10 nm

The EM+NM method seems to be more efficient than ABC+NM. The PSO fails to give
acceptable values of fit in most cases. Actually, the tuning of PSO with c1 = c2 = 2.1 favors
exploration of the domain of search, at the expense of exploration, but it does not verify the
stochastic condition of convergence of the algorithm [52,53]. The thickness of the raw sample
A010nmCut0 was measured with AFM (11 ± 3) nm [14]. We found (11.6 ± 1.1) nm. The
thickness of copper decreases suddenly after the annealing for 600 min. The results obtained
after 900 and 910 min are coherent: there is no more copper and the copper oxide is no more
modified. The thickness of the fully oxidized sample A010nm900min170 was measured
with AFM (26 ± 3) nm [14]. We found 19.7 ± 1.1 nm, which is at least 2.8 nm smaller.
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The real part of the permittivity of copper is negative at λ0 = 632.8 nm (h̄ω = 1.96 eV)
and smaller than that of bulk. On the contrary, its imaginary part is about seven times greater
than that of bulk. Figure A3 shows a global behavior of thin copper layers: for small photon
energies, the imaginary part of the permittivity is smaller than that of bulk, contrary to the
greater photon energies (toward 3.54 eV).

The real part of the permittivity of copper oxide is smaller than that of bulk Cu2O for
small oxide thicknesses and tends toward the bulk one (at λ0 = 632.8 nm (h̄ω = 1.96 eV)).
Figure A5 also shows a global behavior of thin copper oxide layers: the imaginary part of the
permittivity is greater than that of bulk on the whole domain of photon energies. The real
part is greater than that of bulk Cu2O at high photon energies and smaller at low energies.
The permittivity lays between those of CuO and Cu2O. Therefore, we deduce that Cu2O
dominates at low annealing temperatures but that CuO is also present.

The smallest quality of fit (the greatest value of F) is obtained for the sample oxidized for
160 min under 120◦. This is revealed in Figure A1 as well in Table A3. The small value of the
standard deviation of the best 25% solutions (6e-04) indicates that it does not result from the
failure of metaheuristics.

Table A3. The recovered thickness of copper and copper oxide, and the relative permittivity of copper
and copper oxide at λ0 = 632.8 nm, by fitting experimental UV-visible-NIR absorbance curves. The
value of the multi-objective function F (Equation (A3)) and the most efficient metaheuristics are also
indicated. Values between brackets are standard deviations for acceptable solutions, i.e., obtained
for F below a 25% threshold (for F ∈ [min(F); 1.25 × min(F)]. The corresponding success of each
metaheuristic is indicated in percents).

Sample hCu hox n2
Cu n2

ox F Method
(nm) (nm) at h̄ω = 1.96 eV at h̄ω = 1.96 eV

A010nmCut0 9.8 1.8 −12.5 + 3.6i 8.2 + 1.2i 7.9× 10−3 EM + NM
(0.2) (1.1) (0.5 + 0.5i) (0.4 + 0.5i) (5 × 10−4)

nABC = 37%, nEM = 63%, nPSO = 0%, nNM = 100%, nGR = 0
A010nm22min120 9.7 2.8 −11.9 + 3.3i 8.2 + 1.3i 5.1 × 10−3 ABC + NM

(0.2) (1.2) (0.5 + 0.5i) (0.4 + 0.5i) (1 × 10−3)
nABC = 100%, nEM = 0%, nPSO = 0%, nNM = 100%, nGR = 0

A010nm72min120 9.6 2.8 −12.5 + 3.6i 7.8 + 1.1i 7.1 × 10−3 ABC + NM
(0.3) (1.4) (0.7 + 0.5i) (0.5 + 0.4i) (8 × 10−4)

nABC = 43%, nEM = 57%, nPSO = 0%, nNM = 100%, nGR = 0
A010nm102min120 9.5 3.2 −14.1 + 3.2i 7.7 + 1.0i 8.0 × 10−3 ABC + NM

(0.3) (1.5) (0.8+0.5i) (0.5 + 0.4i) (7 × 10−4)
nABC = 100%, nEM = 0%, nPSO = 0%, nNM = 100%, nGR = 0

A010nm160min120 8.7 4.9 −15.4 + 4.8i 8.0 + 1.0i 1.1 × 10−2 EM + NM
(0.5) (1.0) (1.1 + 1.0i) (1.1 + 0.5i) (6 × 10−4)

nABC = 36%, nEM = 45%, nPSO = 19%, nNM = 100%, nGR = 0
A010nm190min120 8.5 6.9 −14.8 + 5.6i 7.5 + 1.2i 9.3 × 10−3 EM + NM

(0.5) (1.1) (1.2 + 1.0i) (1.1 + 0.5i) (6 × 10−4)
nABC = 60%, nEM = 40%, nPSO = 0%, nNM = 100%, nGR = 0

A010nm240min130 2.6 16.7 −11.1 + 3.4i 9.6 + 0.6i 6.2 × 10−3 EM + NM
(0.7) (1.1) (0.4 + 0.6i) (0.3 + 0.2i) (5 × 10−4)

nABC = 24%, nEM = 29%, nPSO = 47%, nNM = 92%, nGR = 8
A010nm600min130 1.9 17.9 −11.2 + 3.2i 8.6 + 0.1i 7.6 × 10−3 ABC + NM

(0.5) (0.9) (0.5 + 0.5i) (0.4 + 0.0i) (5 × 10−4)
nABC = 50%, nEM = 22%, nPSO = 28%, nNM = 100%, nGR = 0

A010nm900min170 1.2 18.5 −14.2 + 4.2i 8.5 + 0.0i 1.6 × 10−2 PSO + NM
(0.5) (1.5) (1.1 + 1.5i) (0.7 + 0.1i) (5 × 10−3)

nABC = 25%, nEM = 44%, nPSO = 31%, nNM = 100%, nGR = 0
A010nm910min170 0.7 18.7 −11.0+3.3i 8.3 + 0.0i 6.4 × 10−3 ABC + NM

(0.5) (1.0) (0.6 + 0.6i) (0.4 + 0.0i) (8 × 10−4)
nABC = 56%, nEM = 16%, nPSO = 28%, nNM = 100%, nGR = 0
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Figure A1. Absorbance as a function of the photon energy: experimental (black dashed) and best
calculated solution (color) for each oxidized sample (initial thickness h0

Cu = 10 nm).
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Figure A2. Real part of the relative permittivity of copper as a function of the photon energy: bulk
(black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 10 nm).
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Figure A3. Imaginary part of the relative permittivity of copper as a function of the photon energy:
bulk (black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 10 nm).
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Figure A4. Real part of the relative permittivity of oxide as a function of the photon energy: bulk
Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each oxidized
sample (initial thickness h0

Cu = 10 nm).
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Figure A5. Imaginary part of the relative permittivity of oxide as a function of the photon energy:
bulk Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each
oxidized sample (initial thickness h0

Cu = 10 nm).

Appendix C.4.2. Sample of Initial Copper Thickness h0
Cu = 30 nm

Table A4 shows that the least efficient fittings are obtained for the sample with an
annealing time greater than 240 min: it is about twice the best value considering all samples.
Therefore, the visual inspection of Figure A7 reveals a good quality of fit. Again, the
bad tuning of PSO could explain the superiority of ABC+NM and EM+NM. Let us note
that neither of the Gradient (+GR) hybridized methods succeeded in reaching the best
parameter set. The thickness of copper decreases gently up to the two last annealings. The
results obtained after 900 and 910 min are in agreement: only copper oxide remains.
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As for the previous sample (with an initial target thickness of 10 nm), the thick-
ness of the raw sample A030nmCut0 was measured with AFM (31 ± 5) nm [14]. We
found (30.0 ± 0.1) nm, which is in agreement. The thickness of the fully oxidized sample
A030nm900min170 was also measured by AFM : 98 ± 23 nm. Our result is about half of
this value. This is probably due to the grain material structure of oxide, which increases
the true thickness compared to the effective thickness we calculate. The negative real part
of the permittivity of copper is smaller than that of bulk at λ0 = 632.8 nm (h̄ω = 1.96 eV).
Its imaginary part is about seven times greater than that of bulk. Figure A8 shows a global
behavior similar to that of thinner copper layers: for small photon energies, the imaginary
part of the permittivity is smaller than that of bulk, contrary to the greater photon energies
(toward 3.54 eV). Let us note that in the case of total oxidation (900, 910 min), the results for
the optical properties of copper are not significant.

Figure A9 shows the same behavior as in Figure A4. The real part of the permittivity
of copper oxide is smaller than that of bulk Cu2O for small oxide thicknesses and tends
toward the bulk one for thick layers (at λ0 = 632.8 nm (h̄ω = 1.96 eV)). For thin copper
oxide layers, the imaginary part of the permittivity is greater than that of bulk on the whole
domain of photon energies. In the case of total oxidation (900–910 min), the real part is
much smaller than that of bulk, and the shape of the curve is modified. This behavior
is probably due to the inclusion of air in the thick oxide layers. Again, the permittivity
remains far from that of CuO.

Table A4. The recovered thickness of copper and Cooper oxide, the relative permittivity of copper
and copper oxide at λ0 = 632.8 nm, by fitting experimental UV-visible-NIR absorbance curves. The
recovered relative permittivities can be compared to those of bulk copper and copper oxide, resp.
−11.55 + 1.57i and 8.64 + 0.64i [29]. The value of the multi-objective function F (Equation (A3)) and
the most efficient metaheuristics are also indicated. Values between brackets are standard deviation
for acceptable solutions, i.e., obtained for F below the 25% threshold (for F ∈ [min(F); 1.25×min(F)].
The corresponding success of each metaheuristic is indicated in percentages).

Sample hCu hox n2
Cu n2

ox F Method
(nm) (nm) at h̄ω = 1.96 eV at h̄ω = 1.96 eV

A030nmCut0 30.0 0.0 −14.1 + 2.7i 8.3 + 1.2i 8.7 × 10−3 ABC + NM
(0.1) (0.7) (0.5 + 0.6i) (0.2 + 0.3i) (4 × 10−4)

nABC = 62%, nEM = 38%, nPSO = 0%, nNM = 100%, nGR = 0
A030nm22min120 29.9 0.1 −13.3 + 2.8i 8.6 + 0.7i 7.9 × 10−3 ABC + NM

(0.1) (0.5) (0.5 + 0.5i) (0.3 + 0.3i) (8 × 10−4)
nABC = 42%, nEM = 50%, nPSO = 8%, nNM = 100%, nGR = 0

A030nm72min120 29.5 1.0 −12.5 + 2.9i 8.2 + 1.0i 6.2 × 10−3 EM + NM
(0.3) (0.5) (0.4 + 0.4i) (0.3 + 0.3i) (4 × 10−4)

nABC = 44%, nEM = 56%, nPSO = 0%, nNM = 100%, nGR = 0
A030nm102min120 29.4 1.0 −13.0 + 2.0i 8.1 + 1.1i 5.2 × 10−3 EM + NM

(0.4) (0.7) (0.5 + 0.3i) (0.3 + 0.2i) (5 × 10−4)
nABC = 14%, nEM = 86%, nPSO = 0%, nNM = 100%, nGR = 0

A030nm160min120 28.2 3.1 −12.8 + 3.1i 8.3 + 0.5i 4.9 × 10−3 ABC + NM
(0.6) (1.0) (0.5 + 0.5i) (0.3 + 0.3i) (5 × 10−4)

nABC = 17%, nEM = 83%, nPSO = 0%, nNM = 100%, nGR = 0
A030nm190min120 27.9 3.5 −13.5 + 2.9i 8.4 + 0.6i 4.8 × 10−3 ABC + NM

(0.7) (1.2) (0.5 + 0.5i) (0.3 + 0.3i) (5 × 10−4)
nABC = 50%, nEM = 50%, nPSO = 0%, nNM = 100%, nGR = 0

A030nm240min130 21.2 14.5 −11.3 + 8.2i 7.7 + 1.3i 1.1 × 10−2 EM + NM
(1.5) (2.4) (1.1 + 1.5i) (0.9 + 1.1i) (5 × 10−4)

nABC = 9%, nEM = 70%, nPSO = 21%, nNM = 100%, nGR = 0
A030nm600min130 20.1 16.6 −15.9 + 6.8i 7.7 + 0.6i 1.2 × 10−2 EM + NM

(1.2) (2.2) (0.9 + 0.8i) (0.9 + 0.6i) (5 × 10−4)
nABC = 18%, nEM = 57%, nPSO = 25%, nNM = 100%, nGR = 0

A030nm900min170 0.6 44.8 −10.2 + 2.2i 7.0 + 0.0i 1.1 × 10−2 EM + NM
(4.2) (6.6) (0.9 + 1.0i) (1.1 + 0.8i) (5 × 10−4)

nABC = 4%, nEM = 96%, nPSO = 0%, nNM = 100%, nGR = 0
A030nm910min170 0.4 45.8 −11.5 + 3.1i 7.1 + 0.0i 1.1 × 10−2 EM + NM

(4.2) (6.6) (0.9 + 1.0i) (1.1 + 0.8i) (5 × 10−4)
nABC = 0%, nEM = 40%, nPSO = 60%, nNM = 100%, nGR = 0
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Figure A6. Real part of the relative permittivity of copper as a function of the photon energy: bulk
(black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 30 nm).
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Figure A7. Absorbance as a function of the photon energy: experimental (black dashed) and best
calculated solution (color) for each oxidized sample (initial thickness h0

Cu = 30 nm).
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Figure A8. Imaginary part of the relative permittivity of copper as a function of the photon energy:
bulk (black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 30 nm).
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Figure A9. Real part of the relative permittivity of oxide as a function of the photon energy: bulk
Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each oxidized
sample (initial thickness h0

Cu = 30 nm).
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Figure A10. Imaginary part of the relative permittivity of oxide as a function of the photon energy:
bulk Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each
oxidized sample (initial thickness h0

Cu = 30 nm).

Appendix C.4.3. Sample of Initial Copper Thickness h0
Cu = 50 nm

Table A5 gives values of the multi-objective function F that are close to those ob-
tained for the other samples. The stability of the methods also is of the same order of
magnitude (smaller than 1 × 10−3). The ABC + NM is the most efficient method even if
nEM > nABC. The PSO is more efficient for oxidized samples. The thickness of the raw
sample A050nmCut0 was measured with AFM (51 ± 8) nm [14]. We found (50.1 ± 0.2) nm,
which is in agreement. The thickness of the fully oxidized sample A050nm900min170 also
was measured by AFM: 142 ± 30 nm. We found 82.3 ± 4.4 nm. As for the A030nm sample,
we found a smaller value. The real part of the permittivity is about 50% smaller than that
of the bulk, even for quasi non-oxidized samples. The oxidation appears to be slow to
get going. This finding is coherent with that for the two previous samples. The relative
permittivity of oxide at h̄ω = 1.96 eV appears to get closer to that of bulk, except for the
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two last samples. In these cases, the air inclusions in oxide may explain the strong decay
seen in Figure A14. The increase in the imaginary part of the copper permittivity at small
photon energies is clear in Figure A13, but for small thicknesses. In the same region of
photon energies, the decrease in the real part is similar to that of the two previous samples.

Table A5. The recovered thickness of copper and copper oxide, and the relative permittivity of copper
and copper oxide at λ0 = 632.8 nm, by fitting experimental UV-visible-NIR absorbance curves. The
recovered relative permittivities can be compared to those of bulk copper and copper oxide, resp.
−11.55 + 1.57i and 8.64 + 0.64i [29]. The value of the multi-objective function F (Equation (A3)) and
the most efficient metaheuristics are also indicated. Values between brackets are standard deviation
for acceptable solutions, i.e., obtained for F below 25% threshold (for F ∈ [min(F); 1.25 × min(F)].
The corresponding success of each metaheuristic is indicated in percentages).

Sample hCu hox n2
Cu n2

ox F Method
(nm) (nm) at h̄ω = 1.96 eV at h̄ω = 1.96 eV

A050nmCut0 50.0 0.1 −15.4 + 2.0i 7.9 + 1.0i 1.0 × 10−2 EM + NM
(0.1) (0.2) (0.5 + 0.4i) (0.4 + 0.3i) (5 × 10−4)

nABC = 38%, nEM = 62%, nPSO = 0%, nNM = 100%, nGR = 0
A050nm22min120 49.8 0.1 −14.6 + 1.8i 8.2 + 0.8i 9.3 × 10−3 EM + NM

(0.1) (0.2) (0.4 + 0.4i) (0.3 + 0.3i) (9 × 10−4)
nABC = 26%, nEM = 48%, nPSO = 26%, nNM = 100%, nGR = 0

A050nm72min120 49.8 0.6 −14.2 + 2.2i 8.3 + 0.9 i 7.0 × 10−3 EM + NM
(0.3) (0.3) (0.4 + 0.4i) (0.3 + 0.3i) (4 × 10−4)

nABC = 33%, nEM = 51%, nPSO = 15%, nNM = 100%, nGR = 0
A050nm102min120 49.8 0.6 −13.2 + 2.3i 8.8 + 0.5i 5.7 × 10−3 EM + NM

(0.3) (0.3) (0.3 + 0.5i) (0.3 + 0.3i) (7 × 10−4)
nABC = 33%, nEM = 56%, nPSO = 11%, nNM = 100%, nGR = 0

A050nm160min120 49.2 1.6 −12.5 + 2.3i 8.4 + 0.8i 5.6 × 10−2 EM + NM
(0.5) (0.6) (0.4 + 0.4i) (0.3 + 0.2i) (4 × 10−4)

nABC = 38%, nEM = 59%, nPSO = 3%, nNM = 100%, nGR = 0
A050nm190min120 49.1 1.8 −12.2 + 2.3i 8.3 + 0.7i 5.5 × 10−3 EM + NM

(0.5) (0.6) (0.4 + 0.4i) (0.3 + 0.2i) (3 × 10−4)
nABC = 43%, nEM = 57%, nPSO = 0%, nNM = 100%, nGR = 0

A050nm240min130 42.1 14.1 −13.7 + 2.6i 7.4 + 1.3i 7.1 × 10−3 PSO + NM
(3.0) (5.5) (0.8 + 0.7i) (0.4 + 0.4i) (9 × 10−4)

nABC = 0%, nEM = 38%, nPSO = 62%, nNM = 100%, nGR = 0
A050nm600min130 39.0 19.0 −14.4 + 3.5i 8.1 + 1.4i 8.4 × 10−3 PSO + NM

(3.8) (6.7) (1.0 + 0.8i) (0.3 + 0.7i) (1 × 10−3)
nABC = 29%, nEM = 31%, nPSO = 40%, nNM = 97%, nGR = 3

A050nm900min170 0.4 81.9 −9.1 + 2.3i 6.1 + 0.1i 1.4 × 10−2 EM + NM
(0.6) (4.6) (0.9 + 1.1i) (0.5 + 0.1i) (1 × 10−3)

nABC = 7%, nEM = 83%, nPSO = 11%, nNM = 100%, nGR = 0
A050nm910min170 0.0 89.6 −11.5 + 2.8i 6.6 + 0.3i 1.4 × 10−2 ABC + NM

(0.6) (4.4) (0.8 + 1.1i) (0.5 + 0.1i) (8 × 10−4)
nABC = 97%, nEM = 0%, nPSO = 3%, nNM = 100%, nGR = 0
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Figure A11. Absorbance as a function of the photon energy: experimental (black dashed) and best
calculated solution (color) for each oxidized sample (initial thickness h0

Cu = 50 nm).
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Figure A12. Real part of the relative permittivity of copper as a function of the photon energy: bulk
(black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 50 nm).
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Figure A13. Imaginary part of the relative permittivity of copper as a function of the photon energy:
bulk (black) and best calculated (color) for each oxidized sample (initial thickness h0

Cu = 50 nm).
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Figure A14. Real part of the relative permittivity of oxide as a function of the photon energy: bulk
Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each oxidized
sample (initial thickness h0

Cu = 50 nm).
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Figure A15. Imaginary part of the relative permittivity of oxide as a function of the photon energy:
bulk Cu2O (black solid line), bulk CuO (black dashed line) and best calculated (color) for each
oxidized sample (initial thickness h0

Cu = 50 nm).

Appendix C.5. Discussion on the Resolution of the Inverse Problem: the Fitting of UV-Visible-NIR
Absorbance Curves

We used three metaheuristics to recover both thicknesses and optical properties of
copper and copper oxide. ABC is globally the most efficient for thin layers, EM takes the
second place, and PSO may succeed for oxidized samples. The hybridization with NM is
the most efficient in all cases. Let us note that the success of each metaheuristic depends
on the tuning of its exogenous parameters. In our case, the fitting requires D = 28 input
parameters for the model; therefore, the fitting may be considered a hard problem. In this
case, the “no free lunch theorem” can apply, the topology of the model being dependent on
the balance between copper and copper oxide thicknesses [54]. Indeed, two metaheuristics
are equivalent if their performances are comparable for all possible problems. Therefore,
the resolution of a difficult inverse problem would require more than one metaheuristic
to ensure the best result. The repeated realizations of the same algorithm and the use of a
tolerance threshold for the values multi-objective function (here 25%) help assess the stability
of the methods and the relevance of the outcome [55]. Using this careful approach leads to
better results than those found in Reference [15]. The values obtained independently, for all
samples, with the same tuning of optimization methods are physically sound.

The electromagnetic model of a plane multilayer combined with partial fraction models
for copper (order 4) and oxide (order 2) allow fast calculation and seems to be sufficient
to describe the oxidation of thin layers of copper. Actually, the roughness of the layers is
small enough [14], and the possible air inclusion in thick oxide layers is reflected in the
partial fraction model (Figures A9 and A14).

The model reproduces the dips in UV-visible-NIR absorbance curves. The main one
in absorbance curves is close to 2.1 eV and characteristic of the inter-band transition from
d states (valence band) to ‘s-p’ conduction bands [18] (Figures A1, A7 and A11). The
low boundary of photon energy is greater than the bandgap characteristic of the copper
structure [56]. Figures A3, A8 and A13 show a global offset of the relative permittivity
of copper relative to the bulk one, especially at low energies: the imaginary part is much
smaller. On the contrary, copper is a more absorbing material at higher photon energies.
The second dip near 1.25–1.4 eV in Figures A1 and A7 appears for thicknesses of copper
and oxide of the same order of magnitude. In this case, the dip reveals the indirect gap
of CuO. It disappears for complete oxidation, for which Cu2O dominates. The observed
bandgap near 2 and 2.2 eV are not those for CuO observed at a higher temperature of
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annealing (623 K) [57] but are closer to that of Cu2O (near 2.1 eV) [56]). The slope change
in absorbance of pure oxide samples appears near 2.2–2.4 eV and does not indicate a
weakened CuO bandgap [57] but the Cu2O bandgap near 2.5 eV [13,58]. This last reference
separates CuO and Cu2O bandgaps (respectively, 1.4–1.5 and 2.5 eV). Our results are
intermediate between those in Reference [56] (2.1 eV) and [13,58] (2.5 eV) and are coherent
with those in Reference [36]. This result is confirmed in Reference [59]: copper oxide phases
are mainly Cu2O at oxidation temperature below 400 ◦C for complete oxidation. CuO
remains in the first oxidation steps. This inter-band transition peak (Cu2O) appears and
increases with both temperature and oxidation time. However, this latter is attenuated for
increasing copper thicknesses. Indeed, for smaller thicknesses (<10 nm), the electric field is
stronger. Therefore, the movement of Cu+ ions through the oxide toward the reaction zone
is impeded. For hCu > 10 nm, the effect of the electric field decreases, and the diffusion of
the cations become limited. The optical property of copper oxide moves closer to the CuO
bulk at low photon energies. For high photon energies, the imaginary part of the relative
permittivity of oxide is greater than that of bulk Cu2O. This may be due to the outbreak of
nanoparticles (NPs) of Cu2O, which red-shifts the dips.
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Abstract: Nonlinear plasmonics requires the use of high-intensity laser sources in the visible and
near/mid-infrared spectral ranges to characterise the potential enhancement of the vibrational
fingerprint of chemically functionalised nanostructured interfaces aimed at improving the molecular
detection threshold in nanosensors. We used Two-Colour Sum-Frequency Generation (2C-SFG)
nonlinear optical spectroscopy coupled to the European CLIO Free Electron Laser in order to highlight
an energy transfer in organic and inorganic interfaces built on a silicon substrate. We evidence that a
molecular pollutant, such as thiophenol molecules adsorbed on small gold metal nanospheres grafted
on silicon, was detected at the monolayer scale in the 10 μm infrared spectral range, with increasing
SFG intensity of three specific phenyl ring vibration modes reaching two magnitude orders from blue
to green–yellow excitation wavelengths. This observation is related to a strong plasmonic coupling to
the thiophenol molecules vibrations. The high level of gold nanospheres aggregation on the substrate
allows us to dramatically increase the presence of hotspots, revealing collective plasmon modes based
on strong local electric fields between the gold nanoparticles packed in close contact on the substrate.
This configuration favors detection of Raman active vibration modes, for which 2C-SFG spectroscopy
is particularly efficient in this unusual infrared spectral range.

Keywords: gold; nanoparticles; thiophenol; silicon; nonlinear optics; sum-frequency generation;
plasmonics; UV-vis spectroscopy; atomic force microscopy; CLIO free electron laser

1. Introduction

Nonlinear optical Two-colour Sum-Frequency Generation (2C-SFG) spectroscopy of
metal [1–3] and semiconducting [4–6] nanoparticles constitutes a reliable probe of the
surface molecular chemistry of nanostructured samples in catalysis and (bio)chemical
sensing [7]. For instance, in such systems, the evolution of various physico-chemical prop-
erties impacted by surface plasmons and excitons can be analysed [8,9]. In a general way,
whatever the probed scale, 2C-SFG spectroscopy gives access to intramolecular vibronic
couplings [10–12], molecule/substrate interactions [13–16] and molecule/nanostructure
interactions [17–26]. Similar to most of the spectroscopy techniques from the nonlinear
optics family [27], 2C-SFG spectroscopy works only with high-intensity laser sources. Here
we need two high-intensity laser sources in the infrared (IR) and in the visible spectral
ranges. While it is now possible from almost 20 years [28,29] to take profit from a visible
wavelength tunable from violet to red in such spectroscopy, highlighting the effect of
electronic properties of any kind of interface, the major drawback was the access of the
infrared wavelength in optical parametric oscillators/amplifiers (OPO/OPA). Indeed, it
is quite difficult to extract enough power from nonlinear crystals (e.g., AgGaS2) beyond
8 μm without quick damage. As a consequence, the great majority of the SFG spectroscopy
literature lies in the 2.5–8 μm spectral range. Vibration modes from OH, NH, CH, CN,
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CO chemical bonds lie in this spectral range and were extensively scrutinised with SFG.
Nevertheless, probing C-C bonds around 10 μm, such as in phenyl rings (as in thiophenol
molecules, for instance, in the present work), is highly challenging, although they are
fundamental markers as evidenced in Raman spectroscopy [30] and for modelling by DFT
calculations [31]. This will be our topic here.

In order to address these issues, technical improvements have been carried out for
years in SFG spectroscopy by switching the pulse duration from the ps temporal regime to
the fs one, in order to broaden—as much as possible in one high-intensity laser pulse—the
infrared spectral range. While the fs scale allows us to reach the 10 μm range, the delivered
power remains limited for applications and, generally, to the detriment of the visible coun-
terpart, limited to a fixed visible wavelength in the ps scale. While this promising approach
is the most relevant for the next future of 2-Dimensional (2D) nonlinear spectroscopy for
any kind of application [32], giving access to dynamical processes of surface chemistry,
a successful alternative technical route for 2C-SFG spectroscopy was investigated from
the beginning: the use of a high-intensity tunable infrared beam provided by Free Elec-
tron Lasers (FEL) in catalysis and electrochemistry [33–35], leading more recently to an
experimental breakthrough by the SFG imaging of surface phonons [36].

In the present work, thanks to the use of the CLIO FEL [37], we successfully performed
2C-SFG spectroscopy in the 10 μm IR spectral range on small gold AuNPs functionalised by
thiophenol molecules, acting as a molecular surface probe, for different visible wavelengths
from blue to red. In this way, we highlighted and quantified an amplification of the SFG
signal of three specific thiophenol vibration modes due to an optical coupling to surface
plasmon resonance. This coupling effect is related to the presence of numerous hotspots
due to the strong aggregation of AuNPs. This close-packed AuNPs configuration on the
substrate induces the existence of strong local electric fields between them, leading to the
presence of collective plasmon modes in the yellow–orange spectral range, overwhelming
the LSPR (Localised Surface Plasmon Resonance) contribution of isolated AuNPs in the
green. This framework leads to the amplification of the thiophenol nonlinear vibrational
response by two orders of magnitude by switching from blue (480 nm) to yellow–orange
(560–600 nm). To the best of the authors’ knowledge, this is the first time that such strong
optical plasmonic coupling has been observed and calculated in this vibrational fingerprint
spectral range (~1000 cm−1) on nanostructured interface with 2C-SFG spectroscopy.

2. Materials and Methods

2.1. Sample Preparation

The sample preparation is based on the same reliable and easily reproducible protocol
described in our previous publications [38–40] as summarised hereafter and sketched
in Figure 1, the purpose being for this specific study to lead to a large number of close-
packed AuNPs. All chemicals were purchased from Sigma-Aldrich (France). AuNPs
were synthesised from 1.7 mg of gold salts (HAuCl4.3H2O, 99.999%) dissolved in 20 mL
Millipore water following Turkevich protocol. After the solution was heated up until
boiling point and stirred vigorously, 0.8 mL of 8.5 × 10−4 M trisodium citrate (Na3C6H5O7)
was added all at once while heating and stirring for 30 min. The solution then turned
successively from light yellow to deep gray, looking finally dark red after ~10 min. The
corresponding UV-visible absorbance spectrum of the resulting water solution of AuNPs
was therefore obtained to monitor the position of the absorption peak. In order to graft
AuNPs on the silicon Si(100) substrate, wafers of ultrasonically cleaned n-doped silicon (1
× 1 cm2, Siltronix) were silanised in an absolute methanol solution through 3-aminopropyl-
triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3, 10% vol.) over 90 min. Afterwards, they
were dipped in the AuNPs colloidal solution over 24 h in order to ensure a large surface
density of AuNPs Ns~8 × 1010/cm2, corresponding to a filling factor f ~15% as deduced
by AFM measurements [40]. After grafting, AuNPs were functionalised during 18 h with
a 10−3 M thiophenol (C6H5SH) solution dissolved in dichloromethane (CH2Cl2). We
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finally obtained a monolayer of AuNPs grafted to the APTES-Si surface and covered with
thiophenol.

 

Figure 1. Sketch of the sample preparation and of the 2C-SFG experimental configuration used in
counterpropagating geometry. See text for details.

2.2. AFM Microscopy

In order to analyse the surface density Ns of AuNPs grafted on the sample, an AFM
imaging (Digital Instrument, DI3100, USA) was used in tapping mode. The working
frequency of the silicon tip (curvature radius at the apex ~10 nm) was 130 KHz. This
allowed us to count the AuNPs and measure their diameter (17 ± 2 nm) equal to their
height with respect to the Si(100) surface, even if it did not have a good lateral resolution to
image isolated AuNPs.

2.3. UV-Vis Spectroscopy

Absorption (solution) and reflection (sample) spectroscopy measurements were per-
formed through a Cary 5 spectrophotometer (Varian). On the silicon substrate, the spectra
were recorded with an incidence angle of 10◦. In order to detangle the AuNPs signature
from the silicon contribution, the bare Si(100) reflectivity R0 was first measured, prior to
the sample reflectivity R in the same conditions. Within this differential measurement
procedure, it was therefore possible to access the sample reflectance −log(R/R0) with a
reproducibility ensured within 1 × 10−3 A.U. (Absorbance Units).

2.4. 2C-SFG Spectroscopy with the CLIO Free Electron Laser Facility

A Sum-Frequency Generation (SFG) tabletop setup based on a Nd:YLF laser source at
1047 nm wavelength (repetition rate for macropulses: 25 Hz; for micropulses: 62.5 MHz)
was coupled to the CLIO Free Electron Laser (FEL) Facility with the same temporal fea-
tures [37]. The CLIO FEL was used to take profit of its intense and pulsed IR laser beam
(~1 ps pulse duration, ~10 μJ energy per pulse from which ~2 μJ were used in order to
avoid sample damage, ~5 cm−1 spectral resolution) to probe the vibration fingerprint of
thiophenol molecules (ring deformations) in the ~10 μm spectral range (975–1100 cm−1).
The incident visible laser beam (~5 ps, 4 μJ per pulse, ~6 cm−1 spectral resolution) was
tuned from 480 nm to 600 nm by ~20 nm steps, resulting in 8 SFG spectra corresponding
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to 8 different incidence visible wavelengths. The tunable visible beam was obtained from
a visible Optical Parametric Oscillator (OPO) based on the pumping of a rotating BBO
(Barium Borate) nonlinear crystal inside an optical cavity by the 3rd harmonic (UV wave-
length = 349 nm) of the Nd:YLF laser source obtained after: first, the frequency-doubling
(2nd harmonic visible wavelength = 523.5 nm) through a BBO (Barium Borate) nonlinear
crystal: second, the mixing of the remaining IR part with the resulting 2nd harmonic in
a LBO (Lithium Borate) nonlinear crystal. The IR and visible incident laser beams were
mixed at the same point of the probed interface (~2 mm laser beam diameter) during the
experiment. It is worth noting that the SFG experiments were performed in a counter-
propagative geometry in order to well discriminate, spatially, the SFG beam from the
reflected visible beam (by the silicon surface sample) going through a monochromator
for spectral filtering. This original and unusual SFG spectroscopy configuration, aimed at
avoiding light saturation of the photomultiplier located at the monochromator output, was
derived from previous publications [29,33,41–44], allowing us to fix the detection direction
for collecting SFG photons, whatever the IR or visible wavelengths. We improved the
detection efficiency thanks to the use of rotating mirrors placed in the SFG path between
the sample and the monochromator. Indeed, by considering the energy (hωSFG = hωVis
+ hωIR) and momentum (kSFG = kVis + kIR: valid for the parallel component only, i.e., in
x-direction, see Figure 1) conservation rules in SFG spectroscopy at ~10 μm, whatever the
chosen visible beam color, it was possible to well separate spatially the SFG beam from
the latter. To meet these conditions, the IR and visible incidence angles of the laser beams
were 65◦ and −55◦ with respect to the sample surface normal (z-direction) as sketched in
Figure 1. All beams were p-polarised. SFG data were normalised by the IR and visible
powers in order to compensate for eventual laser fluctuations. All data are also corrected
by the optical responses of photomultiplier and monochromator gratings which evolved
from blue to orange–red.

3. Results

3.1. AFM Characterisation

Figure 2 displays the typical AFM image of our Si(100)/AuNPs/thiophenol surface. In
order to deduce the AuNPs surface density Ns~8 × 1010/cm2, several scans were performed
for different scales: 2 × 2 μm2 and 500 × 500 nm2, allowing us to identify and count each
individual nanoparticle (17 ± 2 nm diameter) by probing and averaging on at least five
areas of the sample surface. The results obtained for the sample structural characterisation
were consistent with the specific preparation (dipping of the grafted covered Si for 24 h in
the AuNPs solution [38–40]) chosen to lead to AuNPs that were aggregated in close contact.
This drastically modified the UV-Vis optical fingerprint of the sample with respect to the
optical response in solution as shown thereafter.

Figure 2. AFM image of the Silicon/APTES/AuNPs/Thiophenol interface. Left: 2 × 2 μm2 scale.
Right: 500 × 500 nm2 scale. Z-scale intensity: height.
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3.2. UV-Visible Measurements

Figure 3a displays the UV-Vis absorption spectrum of the AuNPs solution while
Figure 3b displays the UV-Vis reflectance spectrum of the Si(100)/AuNPs/thiophenol
sample. The AuNPs absorbance spectrum shows a peak at 520 nm, corresponding to
their Localised Surface Plasmon Resonance (LSPR). When AuNPs were grafted on the
Si(100) surface, the LSPR is dip-shaped and slightly red-shifted to 525 nm. A second
strong dip-shaped band appeared at 650 nm in the optical response. The latter one is
directly related to AuNPs aggregation occurring during the deposition process on the
surface (see Figure 2). This is a well-known phenomenon, demonstrated both theoretically
and experimentally for metal nanoparticles in colloidal solutions or deposited with high
density on substrates. In fact, this band results from coupling processes of surface plasmons
between nanoparticles in close contact (interparticles coupling) [45]. To observe this kind
of collective plasmon modes, the AuNPs were physically connected through aggregation,
leading to a dipolar coupling between neighboring plasmonic oscillators, which was the
case when the spacing between them was smaller than ca. 30 nm. [46]. For instance, this
kind of plasmonic collective coupling is used in biosensing to obtain a fine monitoring of
the plasmon resonance position by playing at will for instance with gold nanorods size
(aspect ratio) and spacing [47,48]. Besides, the two negative spectral shapes observed in
Figure 3b on the silicon surface are in relation with the reflectivity measurement mode,
because the reflectivity of the silicon was strongly modulated by the presence of a AuNPs
layer. Qualitatively, the more gold on the surface, the higher the reflectivity R, compared
to the reference R0. Therefore, the presence of AuNPs induced negative values for the
reflectance as observe in Figure 3b. This optical phenomenon is explained in previous
works [40,49] based on the calculation of the dielectric constant of the AuNPs layer in the
framework of the effective medium theory (Maxwell-Garnett and Bruggeman formalisms
of low and high density composite layer, respectively).

Figure 3. UV-Vis absorption (a) and reflectance (b) spectra of AuNPs colloidal solution (insert) and
Si(100)/AuNPs/thiophenol sample (insert), respectively. The peak or valley shape at 520 and 525 nm
wavelengths correspond to the LSPR of the AuNPs.

3.3. 2C-SFG Measurements

2C-SFG measurements of our sample made of 17 nm diameter AuNPs grafted on
silicon and functionalised by thiophenol are recorded in counter-propagating geometry
and depicted in Figure 4 for 8 different visible laser wavelengths from blue to orange–red
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as pointed out on the right of the panel. For each visible wavelength, three vibration modes
of thiophenol molecules were observed at 1000, 1023 and 1071 cm−1, respectively.

Figure 4. Experimental SFG spectra (open circles) obtained with the CLIO FEL for the
Si(100)/AuNPs/thiophenol sample at 8 different visible beam wavelengths of the incident laser
beam, ranging from blue to orange–red as noted on the right of the panel. On the left axis, the 0
of each curve is sketched by a short black line. While the SFG spectra are all shifted to ease view,
they are all drawn within the same intensity scale to have a direct qualitative comparison. The three
main vibration modes tagged at 1000 cm−1, 1023 cm−1 and 1071 cm−1 correspond to specific phenyl
ring deformations of the thiophenol molecules as established in the literature [31,39]. Colored lines
are fitted to the SFG experimental data, as detailed and explained in the text. The SFG spectrum at
480 nm visible wavelength will act as the reference to calculate the plasmonic coupling effect and the
amplification factor of the thiophenol vibrational fingerprint.

In 2C-SFG spectroscopy, a second order nonlinear optical process, it is counter intuitive
to observe a signal from functionalised spherical objects because they are centrosymmetric
media. In other words, there is a symmetry inversion center of the electronic properties
(charge distribution) for an observer placed at the center of the gold spheres. A quick
look on the sample structure given in Figure 1 shows us the reason for this apparent
contradiction. The grafting of the AuNPs induced a symmetry breaking of the electronic
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properties in the z-direction where the ppp polarisation scheme of the three beams (SFG,
Visible, IR) was the most efficient for 2C-SFG spectroscopy. Moreover, the AuNPs were
mostly functionalised by thiophenol molecules on their upper surface, while they were not
on their lower surface, grafted on silicon through APTES molecules. While AuNPs are not,
in principle, the most efficient objects for second order nonlinear optics, the current work
shows that it is again possible to detect such molecular species on small metal nanospheres
and, more interestingly, to evidence the positive role of the plasmonic coupling effect in
improving the detection efficiency of 2C-SFG spectroscopy. Besides, it has been shown
that the SFG vibration mode amplitude of thiophenol molecules increased linearly with
Ns (AuNPs surface density): the more the AuNPs were aggregated, the higher the SFG
process efficiency [40]. In fact, the first striking feature observed in Figure 4 is the effect of
the selected visible laser beam wavelengths on the SFG signal of the thiophenol vibrational
fingerprint. It is clear that the three vibration modes were difficult to observe in the blue
spectral range for a common intensity scale but they became more and more apparent with
the increasing visible wavelength to the orange–red. The second striking feature is the Fano-
like shape of these three vibration modes, i.e., different from valleys or peaks as observed
in IR and Raman spectroscopy. This is specific to 2C-SFG spectroscopy as a sensitive tool
of the interface constituting the sample. As a result, the two predominant contributions
originate from thiophenol molecules and the AuNPs surface where they were adsorbed.

In a general way, the SFG intensity writes: I(ωSFG) =
8π3ω2

SFG sec2 θSFG
c3n1(ωSFG)n1(ωIR)n1(ωvis)

∣∣∣χ(2)eff

∣∣∣2IIRIvis,
with IIR and IVis the intensities of the incident IR and visible laser beams, respectively.
ωIR, ωvis and ωSFG are the IR, visible and sum frequencies (energies) of the three beams
involved in the nonlinear second order process. The incoming angles of incidence of the
IR and visible beams are θIR and θvis while θSFG is the outgoing angle of incidence of the
SFG beam travelling to the monochromator as depicted in Figure 1. From the sample point
of view, n1(ω) is the refractive index of the upper medium (ambient air) at frequency ω

and χ
(2)
eff the effective nonlinear second order susceptibility of the probed interface. The

latter includes Fresnel factors (sample reflectivity) and microscopic local-field corrections
to the (thiophenol) molecular nonlinear 2nd order susceptibilities χ(2)ijk . In these conditions,

we model χ
(2)
eff =‖ CNR ‖ eiφNR + ∑n

‖an‖ eiϕn

(ωIR−ωn+iΓn)
leading to the colored lines in good

agreement with the experimental data points depicted in Figure 4. The first complex term
(amplitude CNR and phase shift ΦNR) of the above equality corresponds to the substrate
(AuNPs) contribution, which is non-resonant (NR) with IR energy. The second complex
term is the sum of the three Lorentzian oscillators of the thiophenol molecules (n = 3)
observed in the 975–1100 cm−1 spectral range, with an, ϕn, ωn and Γn the amplitude,
phase, frequency and damping constant of each vibration mode, respectively. It is worth
noting that the complex value an is a combination of the IR transition dipole moments
and Raman polarisability tensors of the molecule. The physical meaning and role of those
fundamental parameters are exhaustively detailed in recent publications covering both a
classical point of view [27] and advanced quantum formalism [50]. For the fitting of the
set of SFG data, we used, for all spectra fitting procedure, the known fixed fit parameters
for the SFG spectrum at 523.5 nm. Indeed, for similar samples, it has been established
previously [39] that the thiophenol frequencies are ωn (cm−1) = 1000, 1023, 1071, while the
damping constants are set to Γn (cm−1) = 3.5, 3.5, 5 and ϕn (◦) = 0 for n = 1,2,3, respectively.
The results of the fitting procedure are summarised in Table 1. The observed variation of
SFG data with visible wavelength is thus mainly related to a significant increase of the
amplitude absolute value an of the three thiophenol vibration modes when moving from
blue to orange–red. A similar behavior was observed for AuNPs amplitude CNR but on a
smaller relative scale. We define the intensity ratio Iratio

n =‖ an/CNR ‖ 2 as calculated in
Table 1 for the three thiophenol vibration modes and for each visible wavelength. Iratio

n
increased by a factor of ~100 from blue (480 nm) to green–yellow (540–560 nm), and
remained almost stable in the orange–red spectral range. In the current work, we have
chosen to consider that the reference SFG measurement was the one at 480 nm (blue) in

133



Photonics 2022, 9, 55

order to calculate the plasmonic coupling effect on the amplification factor of the SFG
vibrational molecular fingerprint. Indeed, no plasmonic effect and no significant s-d
interband electronic transition competed with the SFG process efficiency when looking
at the UV-Visible reflectance curve in the 480 nm spectral range depicted in Figure 3b.
Comparative reference SFG measurements between an identical sample with respect to a
flat gold surface covered by thiophenol performed in a previous work [38] demonstrated
that the amplification factor by the AuNPs was around ~21 (for thiophenol SFG intensity)
at a fixed 532 nm visible wavelength. A comparison with thiophenol adsorbed on silicon or
glass is not relevant from the chemical and optical point of view because: (i) thiophenol
does not adsorb on silicon or glass; (ii) only a comparison between a flat vs. a curved gold
surface takes account of the plasmonic coupling effect for similar chemical conditions of
molecular adsorption. In other words, we observed, in the best conditions of our SFG
measurements of Figure 4, an amplification factor of two orders of magnitude for the SFG
intensity of the thiophenol vibration modes as a function of the laser color impinging the
AuNPs with respect to the reference SFG spectrum with 480 nm visible wavelength. Besides,
a ~65◦ phase shift ΦNR parameter evolving from blue to orange–red in the fitting procedure
allowed us to adjust the interference pattern evolution of the thiophenol vibration modes
modulated by gold electronic properties, as explained hereafter.

Table 1. Fit parameters for the 2C-SFG spectra of thiophenol adsorbed on AuNPs as obtained from
Figure 4. For ϕn, ωn and Γn, we refer to fixed parameters for the three thiophenol vibration modes as
established in [39]. See text for details.

Visible Incidence Wavelength (nm)

480 500 523.5 540 550 560 580 600

AuNPs
CNR 1.4310 2.6538 2.3970 3.5530 4.8961 4.63128 4.0848 4.9943

ΦNR (◦) 69.8753 59.4616 28.0546 12.6793 11.6879 5.5153 7.5741 4.6585

Vibr 1

a1(a.u.) −0.2376 −1.8922 −3.6383 −9.5138 −10.931 −14.104 −9.3308 −12.517
ϕ1 (◦) 0
ω1

(cm−1) 1000

Γ1 (cm−1) 3.5
Iratio
1 0.02757 0.5084 2.3039 7.17 4.9845 9.2743 5.2179 6.2813

Vibr 2

a2 (a.u.) 0.5194 1.6344 5.2915 10.8236 16.4952 14.3315 10.3851 11.763
ϕ2 (◦) 0
ω2

(cm−1) 1023

Γ2 (cm−1) 3.5
Iratio
2 0.1317 0.3793 4.8733 9.2801 11.3505 9.5759 6.4637 5.5474

Vibr 3 (Mode 4
in [31,39])

a3 (a.u.) 0.2721 0.7215 2.6407 3 7.8051 5.2497 5 3
ϕ3 (◦) 0
ω3

(cm−1) 1071

Γ3 (cm−1) 5
Iratio
3 0.0361 0.0739 1.2137 0.7129 2.5413 1.2849 1.4983 0.3608

4. Discussion

4.1. Phase Shift Parameter: Gold s-d Interband Electronic Transitions

The evolving spectral shapes take their origin in the interference phenomenon between
the SFG signals of the molecular adsorbate (thiophenol) and the substrate (AuNPs). This is
well explained in the literature on gold surfaces and related to its s-d interband electronic
transitions [51]. On a flat gold surface covered by a monolayer of dodecanethiol (DDT), a
similar decreasing phase shift of ~65◦ ΦNR was observed between 480 and 600 nm, inducing
a shape reversal of the vibration modes when moving from a blue visible incidence beam
to a red one. This is related to the different electronic contributions of the gold surface and
bulk properties (free and bound electrons of the electronic density of states of gold, see
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Figure 5, right) as exhaustively developed elsewhere [52,53], giving access to the dispersion
of the absolute phase and the relative amplitude of its χ(2)eff in the visible spectral range. It
allows us to model quantitatively SFG spectra of molecules adsorbed on metal surfaces.
Our SFG measurements are performed and analysed in the same theoretical framework,
leading to consistent interpretations and conclusions.

Figure 5. Sketch of the physical processes competing positively (+) or negatively (−) in the amplifica-
tion of the thiophenol vibrational fingerprint for 2C-SFG spectroscopy coupled to plasmonics based
on small 17 nm diameter AuNPs grafted on a silicon substrate. The LSPR and collective plasmon
modes of AuNPs contributed favourably (left), especially as the number of hotspots increased on
the sample. The surface and bound electrons of the gold bulk of AuNPs contributed unfavourably
(right) due to the high electronic density of states in the probed visible (480–600 nm) spectral range.
The latter physical process also explains the interference pattern between the SFG signals of the
thiophenol molecules and the AuNPs constituting the interface. See text and references [51–53] for
details on the influence of gold bulk electronic properties.

4.2. Co- vs. Counter-Propagating Geometry: SFG Spectra Shape Reversal

A notable difference is observed for the SFG spectrum at 523.5 nm wavelength with
respect to reference [39], where a similar measurement was recorded, but in co-propagating
classical geometrical configuration for the three beams involved in the SFG process: the
shape of the three vibration modes displayed a different interference pattern. In practice,
ΦNR = ~140◦ in [39] while ΦNR = ~30◦ in our current work in counter-propagating geometry.
The only difference between these two works lies in the setup geometry; we can explain
the phase shift difference ≥π/2 by an inversion symmetry of the visible beam incidence
angle as depicted in Figure 1. The sign of the x-components of the probed χ

(2)
eff is inverted

with respect to this previous work in such a way that the SFG vibrational spectral shapes
are, therefore, reversed.

4.3. Amplification of Thiophenol Vibration Modes: Collective Plasmon Modes Coupling

In order to interpret the striking amplification factor, increasing as a function of laser
color, we have to consider the optical properties of our 17 nm diameter AuNPs where
thiophenol molecules are grafted, that are characterised by plasmon resonances (LSPR
for isolated particles and collective modes for aggregated particles) and s-d interband
electronic transitions (see Figure 5). In our case, due to the strong aggregation, the collective
plasmon modes already coupled very efficiently to the SFG process (thiophenol vibration
modes intensity) showing a continuous significant enhancement of the SFG intensity when
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the color was tuned from blue to orange–red. Nevertheless, its efficiency became slightly
damped/stabilised beyond 560 nm, as observed in Figure 4 and Table 1, because of the
more prominent role played by the surface and bound electrons of bulk gold in this spectral
range. These two competing physical processes are summarised in Figure 5. The plasmonic
coupling effect is similar to those observed and modeled in previous works on alkane thiol
chains [1,17,23,24] but with a greater efficiency in the present case because we were able
to probe selectively better conditions with the tunable visible beam, which was not the
case in the aforementioned works. Indeed, we observed here a vibrational SFG intensity
amplification of two orders of magnitude for thiophenol molecules, whereas it was only of
around one order of magnitude for alkanethiol chains (DDT). This result can be explained
by the combination of the following factors. Firstly, by considering our AFM images in
Figure 2 and UV-Visible spectrum in Figure 3b, we had the substrate surface completely
filled with AuNPs in tight contact, forming numerous aggregates. This constituted the
best conditions to obtain numerous hotspots between AuNPs (Figure 5), with strong local
electric fields where thiophenol molecules were bathing. These numerous hotspots added
to the LSPR enhancement process alone [1] due to the resulting existence of collective
plasmon modes as explained in Section 3.2. In our case, it was highlighted by the UV-Vis
intensity continuous increase observed in Figure 3b, beyond the local LSPR maximum
(525 nm) from blue to red colors in our SFG framework. Secondly, thiophenol molecules
are of shorter length than alkanethiol molecules. The three vibration modes observed
in Figure 4 underwent a stronger influence from the local electric field than the methyl
end-groups (CH3) of DDT. Thirdly, the thiophenol phenyl rings involved in the SFG process
have a rich π-electronic structure with respect to DDT. All these factors come into play to
explain our observations, as well as the fact that phenyl rings present well-known intense
Raman active modes in the ~1000 cm−1 spectral range [30,31]. Since vibro-electronic 2C-
SFG spectroscopy depends on IR transition dipole moments and Raman polarisability
of molecules, further investigation will necessitate different polarisation combinations of
the three beams involved in the nonlinear process in order to give access to the different
components of the molecular nonlinear second order susceptibilities χ(2)ijk .

To go further, considering the AuNPs’ size effect on these two physical values would
reveal the following. For the aggregation effects (650 nm), it would only shift the position
and broaden the maximum absorption in the optical range of Figure 3b. From the optical
point of view, it corresponds to tune the visible wavelength in the SFG process to find the
best amplification factor for the plasmonic coupling effect. It could be very interesting for
dedicated applications requiring a fine monitoring of the plasmon resonance position in the
visible range as encountered for gold nanorods where it is possible to play with their aspect
ratio and their spacing, such as in biosensing [47,48], as already mentioned in Section 3.2.
For the s–d interband electronic transition, it will increase the non-resonant contribution
from blue to red (CNR parameter in Table 1) of the gold SFG signal because it is a bulk
effect, with no change in the position of the s-d interband electronic transition as illustrated
in Figure 5. It is worth noting that an increasing value of CNR (with an increasing AuNPs
size) will compete negatively with the plasmonic amplification factor.

4.4. Technical Prospects for 2C-SFG Spectroscopy

In order to analyse more precisely the role of AuNPs LSPR and hotspots, it will be
necessary to gain a wider visible spectral range in direction of red colors. Besides, it should
be noted that recording data beyond 10 μm in 2C-SFG spectroscopy will require better
detection (spatial and spectral filtering) conditions, because the SFG beam is emitted in
a direction almost colinear to the reflected visible beam with separation angles <1◦ in
co-propagating geometry. It is consequently difficult to extract one SFG photon from the
surrounding visible noise 106 times more intense that the nonlinear processes. The counter-
propagating geometry proposed here gives an original alternative to sweep this problem in
the mid/far IR range but remains demanding from the experimental point of view. Besides,
it is worth noting that just increasing the visible laser beam power to compensate for weak
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IR power in the 10 μm spectral range is not adapted for such nanostructured samples,
explaining the lack of results published in the scientific literature. Indeed, increasing the
visible beam energy will quickly damage (heating and burning) the sample, the aromatic
rings of thiophenol molecules first, then the AuNPs and the silicon substrate next. This is
related to the fact that the required mean visible energy distributed for large laser beam
scale (2 mm diameter for IR and Visible beams in our case) on the sample to generate
a nonlinear process becomes very important. There is a power balance to find with the
required IR energy threshold which enhances specifically the vibration modes of thiophenol
molecules (and is Non-Resonant for gold), knowing that the two IR and visible beams
have the same spot size at the same point of the probed interface. In these conditions, the
local electric field between hotspots being amplified by a factor of 103–106 is commonly
observed in Raman spectroscopy at the molecular scale, so it is by far more interesting to
use plasmonic amplification coupled to enough IR power to favour and enhance the SFG
process to have a good spectral resolution. In other words, for nonlinear optics coupled
to plasmonics, in order to have enough visible energy is a necessary condition but not
sufficient for vibrational spectroscopy. A continuous effort in the development of table-top
IR fs laser sources remains mandatory and challenging.

5. Conclusions

The CLIO Free Electron Laser has been revealed as a powerful and pioneering tool
when coupled to SFG spectroscopy, giving a unique optical setup that led to numerous
experimental firsts during 25 years of operation, thanks to its unique delivered power in
the infrared spectral range, opening the door to nonlinear optical spectroscopy in the vibra-
tional fingerprint as illustrated in the present work. We highlighted a plasmon-molecular
coupling by 2C-SFG spectroscopy with an intensity amplification factor around two orders
of magnitude from blue to green–yellow due to the presence of numerous hotspots be-
tween aggregates of small gold nanospheres functionalised by molecular thiophenol probes.
Thanks to our work, if we combine the amplification factor obtained by comparing the SFG
signal of thiophenol adsorbed on a flat gold surface with respect to thiophenol adsorbed on
AuNPs (~20), with the one calculated here (~100), we tend to reach a global amplifcation
factor of the SFG intensity of 103. This must be put in perspective with the commonly and
easily reached better Raman amplification factors (103–106), knowing that: (i) our sample is
made of small spherical objects, far from being the best conditions for 2C-SFG spectroscopy
(centrosymmetry to be broken); (ii) conversely, the Raman spectroscopy efficiency become
limited with decreasing size of nano-objects. Indeed, for Raman, smaller means greater
light diffusion cross section, especially below 100 nm, damping drastically the molecular
sensitivity in an intrinsic Raman signal background from gold nanospheres. Our prominent
and promising results show that nonlinear plasmonics constitutes an efficient probe of
constantly increasing threshold sensitivity. The golden age of surface nonlinear optical
spectroscopy is only at its beginning.
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Abstract: Recent global warming has resulted in shifting of weather patterns and led to intensifica-
tion of natural disasters and upsurges in pests and diseases. As a result, global food systems are
under pressure and need adjustments to meet the change—often by pesticides. Unfortunately, such
agrochemicals are harmful for humans and the environment, and consequently need to be monitored.
Traditional detection methods currently used are time consuming in terms of sample preparation,
are high cost, and devices are typically not portable. Recently, Surface Enhanced Raman Scattering
(SERS) has emerged as an attractive candidate for rapid, high sensitivity and high selectivity detection
of contaminants relevant to the food industry and environmental monitoring. In this review, the
principles of SERS as well as recent SERS substrate fabrication methods are first discussed. Following
this, their development and applications for agrifood safety is reviewed, with focus on detection of
dye molecules, melamine in food products, and the detection of different classes of pesticides such as
organophosphate and neonicotinoids.

Keywords: Surface Enhanced Raman Scattering (SERS); fabrication; application; agriculture;
food safety

1. Introduction

Climate change is manifesting itself with increased temperatures more favorable to
spread of pests and diseases. This has resulted in more challenging food production as well
as higher numbers of foodborne disease outbreaks. To try to protect yield and ensure food
safety, farmers have little choice other than treating their crop with a range of pesticides [1].
Unfortunately, there is more and more evidence showing that these phytosanitary products
would do harm to humans, and also lead to the loss of biodiversity, leading to accumulation
in soil and deleterious effects on indigenous microbiome [2]. As a result, it is necessary
to monitor biological and chemical contamination in food systems throughout the whole
food chain.

Traditional detection methods in food and agriculture systems are based on chromatog-
raphy techniques coupled with mass spectrometry. These methods are time consuming,
high cost, and laboratory based. Therefore, implementation of new portable technologies
is needed to provide pesticide usage monitoring and regulation.

In this regard, Surface Enhanced Raman Spectroscopy (SERS) has recently attracted
a lot of attention as it addresses these requirements. The advantages of SERS include
ultrasensitive detection, fast turnover, in-situ sampling, on-site monitoring, low cost,
portability of sensors, and the suitability for large-scale screening. Sensors based on SERS
have been shown to provide real-time data on soil nutrients [3,4], monitor water run-off
and contaminants in water supplies [5], and also detect pesticide residues in food [6,7]. The
technique has also found applications in a wide range of sectors including the following:
industrial, material, forensic, biological, food safety and electrochemical fields [8–18], with
the most common chemical contaminants within environmental and food sectors being
pesticides, adulterants, antibiotics and illegal drugs and illegal food dyes.
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In this paper, we review the main SERS substrate fabrication methods and bring
a special focus on applications for the detection of hazardous chemicals in both food
and agriculture.

2. Raman Spectroscopy and Surface Enhanced Raman Scattering (SERS)

Raman spectroscopy was first discovered in 1928 by Sir Chandrasekhara Venkata
Raman. It was observed that when light excited a molecule, the majority of light was
elastically scattered—this is Rayleigh scattering where Eincident = Escattered, but also a small
fraction of photons was inelastically scattered—this corresponds to Raman scattering
where Eincident �= Escattered. When Escattered < Eincident, it is called a Stokes shift and when
Escattered > Eincident, it is an anti-Stoke shift. Figure 1 shows an energy diagram for the two
types of scattering [19,20]. Each peak on the Raman spectrum corresponds to a vibrational
mode of the bonds of the molecule under Investigation. Raman scattering can occur in
the near ultraviolet, visible, or near-infrared ranges [21,22]. However, Raman scattering
efficiency is very low, with typically only 1 in 108 incident photons being Raman scattered.
This results in a low signal/noise ratio and can make it impractical and vulnerable to
background interferences [23]. Fortunately, the efficiency of this scattering can be increased
by using nanostructured plasmonic metals in a technique known as Surface Enhanced
Raman Spectroscopy (SERS).

Figure 1. Schematics of energy levels of a molecule for Rayleigh and Raman Scattering [24].

SERS effects were first observed by Fleischman et al. in 1974, when acquiring Raman
spectra of pyridine on electrochemically roughened silver [25]. In SERS, lasers are used
to excite plasmons in nanostructured metallic surfaces (Au, Ag, Cu, etc.). The SERS en-
hancement is thought to be two-fold. The first enhancement is based on an electromagnetic
enhancement [26,27]. due to localised surface plasmons, while the second originates from
chemical resonant energy charge transfer [25,28–30]. The enhancement factor (EF) typically
reaches 106, which drastically improves the sensitivity of the plasmonic based device.

2.1. Localized Surface Plasmon Resonance (LSPR)—Electromagnetic Enhancement

When laser light excites a metallic nanostructure, the free electrons on its surface
oscillate. This collective oscillation is known as Localised Surface Plasmon Resonance
(LSPR) [31]. The excited LSPR makes a target molecule highly polarisable and forms a large
electric field on the surface. This electric field induces dipole moments in a molecule on the
surface of nanostructures, and sequentially produces Raman enhancement. These large,
localised electromagnetic fields present around the nanostructures or in nano-gaps between
closely-spaced nanostructures are known as “hot spots” [32], see Figure 2. The intensities
of the Raman scattered photons are susceptible to enhancement, if their wavelengths are in
resonance with the plasmon mode of the nanostructure. LSPR enhancement depends on
the size, shape, composition, orientation and local dielectric of the nanostructure. This will
be discussed in the next section.
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Figure 2. Plasmonic effects: Electric Field around two nanoparticles and the presence of a
SERS “hotspot”.

2.2. Chemical Enhancement

The origins of the chemical mechanism for SERS enhancement are still under discus-
sion [33]. One hypothesis is that it is based on the change in polarisability of molecule
adsorbed to a metal surface. Upon absorption of the incident laser light, charge transfer oc-
curs between the molecule and the metal [34,35]. It is generally estimated that the chemical
effect contributes to a factor of 102 of the total SERS enhancement [36].

2.3. Enhancement Factor (EF)

The enhancement factor (EF) depends on molecular adsorption on plasmonic surface,
as well as the morphology, roughness and homogeneity of this surface and the laser
wavelength, etc. The calculation of the enhancement factor is EF = ISERS/(μM μS AM)

IRS/(CRS Heff)
[37],

where ISERS is the intensity of Surface Enhanced Raman signal, IRS is the intensity of the
normal Raman signal, μM (m−2) is the surface density of NPs contributing to enhancement,
μS (m−2) is the surface density of molecules adsorbed to NP, AM (m2) is the surface area of
metallic NPs, CRS (M) is the concentration of the solution used for non-SERS measurements
and Heff (m) is the effective height of the scattering volume.

Experimental values of EFs are typically in the range of 104 to 106. However, elec-
tromagnetic “hotspots” are claimed to have provided massive enhancements of between
1011 to 1014 orders of magnitude of the SERS signal [38]. This theory is still being largely
researched, as it is key to single molecule detection, which may be achieved from selective
excitation of single molecules [32,39,40].

3. Fabrication of SERS-Active Substrates

SERS substrates need nanostructured metallic surfaces with well-defined distances in
the region of 10–100 nm between nano clusters [41]. By decreasing the distance between the
nanostructures, the electric field becomes more localized and concentrated, and the corre-
sponding SERS intensity signal increases accordingly. An example of this was discussed by
Lee et al. where the distance between metallic clusters was decreased from 30 nm to 10 nm,
and an intensity increase of over 200-fold was observed [42]. There are two fundamentally
different approaches to the development of SERS-active nanostructures with “hotspots”:
bottom-up assembly and top-down fabrication have been used [43].
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3.1. Bottom-Up Assembly

Bottom-up approaches refer to the fabrication of nanostructures by chemical syn-
thesis [44,45], colloid aggregation [41,46], electrochemical deposition [47–51], and self-
assembly [52–54]. These methods have been used to fabricate a variety of nanostructures
ranging from a few nanometers to a few hundred nanometers in size. Metal nanoparticles
can be synthesised chemically at low cost with tailored geometries such as nanoparti-
cles [55,56], nanowires [57,58], nanospheres [55,59,60], nanorods [61–64], nanotubes [65,66],
nanotriangles [67], nano flower [68], nano-urchins [69], and nanoshells [70,71], see Figure 3.
Besides pure metallic nanoparticles, composite materials such as bimetallic or hybrid
nanostructures [72], Graphene Oxide/Au nanostars, [73], SiO2@TiO2@Ag [74] etc. and
other composite material based on molecular imprint (MIP) have also attracted research
attention [68,74–77] and have been reviewed recently [78].

Figure 3. TEM/SEM images of (a) Ag/Au nanocubes [79], (b) GO/Au nanostars [73], (c) Ag
nanodendrides [48], (d) Au nanocages [80], (e) Au nanobowls with Au seed inside [81], (f) gold
nanotriangles [82], (g) Gold octahedrals [83], (h) Au nano ring [84], and (i) gold hollow stars [85].
Scale bar: 100 nm.

Metal NPs such as gold or silver possess great potential for numerous applications in
SERS [86,87]. The most common fabrication of SERS substrates are gold (Au) and silver
(Ag) colloids in diameters between 10 and 100 nm, as they yield the greatest enhancements
at their “hot spots”. These nanoparticles constitute the fundamental SERS “building blocks”
and can be assembled in different ways.

For example, they can be presented in a suspension or sol-gel in the presence of the
analyte of interest [88–90]. The nanostructures, together with the analyte suspension, can
then be drop-casted onto a substrate to create hot spots for Raman enhancement. The disad-
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vantage of this method is that the nanoparticle suspensions must be mixed with the analyte
solution for SERS applications [91,92]. However, this drawback was addressed by Yang
et al., who grew Ag nanoshells on thiol-modified silica NPs, and deposited them directly on
apple skin for analysis [93]. Although there is a greater enhancement observed with these
substrates, it is hard to obtain a homogeneous surface to get uniform enhancement. Addi-
tionally, they are not suitable for field analysis due to their complex sample preparation
steps. In contrast, solid based devices may be more suited for portable and remote sensing,
i.e., NPs that are immobilised on a solid substrate [94–97]. For example, Fan et al. fabri-
cated self-assembled Ag NPs onto glass slides by using 3-mercaptopropyltrimethoxysilane
(3-MPTMS) [97] This transformation stabilizes the Ag NPs, avoids the usual aggregation
process and produces self-sustaining and portable SERS active substrates. Yu et al. fab-
ricated silver colloidal nanoparticles for SERS analysis but alternatively injected them
through a filter membrane, thus entrapping them in the filter. The filter therefore was
used as the solid portable substrate. It demonstrated 1–2 orders of magnitude better SERS
enhancement than the typical approach [98] In addition, Shiohara et al. fabricated gold
nanostars and deposited them onto a polydimethylsiloxane (PDMS) platform for SERS
evaluation. They used back side illumination for the detection of selected pesticide on fruit
skin [99].

Other supports also add additional functionalities to SERS devices. Optical fiber-based
SERS sensors have in this regard generated steady interest as a versatile means of extending
SERS for portable field applications [63]. There is also a growing interest in the fabrication
of flexible SERS substrates. These substrates are ultra-low cost, disposable, easy to use
and highly suitable for on-site sensing applications. Polavarapu et al. fabricated SERS
substrates by directly writing on paper using a pen filled with plasmonic nanoparticle
inks to detect thiabendazole, which is a fungicide and parasiticide [100]. Lee et al. also
fabricated SERS paper substrates impregnated with gold nanorods by dip coating [101]
Chen et al. combined adhesive tape and SERS activity of Au nanoparticles to fabricate a
“SERS tape” substrate. The Au particles were deposited onto the sticky side of the tape that
was used to extract pesticides from different kinds of fruit and vegetable peels [102]. These
flexible sensors fabricated by different methods dramatically improve the portability and
feasibility of SERS detection for pollutants as a promising technique for both laboratory
and field-based detection [102].

Overall, bottom up assemblies have shown very high enhancement but they often give
inconsistent performance. This is mainly because of a lack of structural uniformity over the
entire area of the substrate which could result in poor reproducibility and inhomogeneity,
as different size, shape, composition, orientation and local dielectric of the plasmonic
structure have different enhancement factors as mentioned before. The arrangements of
the aggregates on the nanostructured surface are also hard to control.

3.2. Top-Down Synthesis

Top-down approaches for nanofabrication are scalable and highly reproducible. Top-
down approaches include lithography techniques (electron-beam (E-beam) [103–105] and
nanoimprint lithography [106,107]), laser etching together with film deposition (sputtering,
metal evaporation, atomic layer deposition) [108,109], templating (using anodic aluminium
oxide [65], porous polymer (Polyester(PS) [110], masks or molds [57]), inkjet printing [111].

E-beam and nanoimprint lithography are fabrication methods used to create patterns
with dimension down to 10 nm. In E-beam lithography, the photon resist is crosslinked
after being exposed to the electron beam. The exposed resist can then be washed away,
leaving only the unexposed resist on the substrate. Metal layer is then evaporated onto
the whole substrate and the unexposed polymer is then removed together with its metal
over-layer, leaving only the metal pattern on the substrate. SERS substrates with various
geometries such as nanoparticle dimers have been fabricated using E-beam lithography,
see Figure 4a–e.
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Figure 4. TEM and SEM images of top down approaches including E-beam fabricated (a) gold
nanodisks [104], (b) Au star-like arrays [112], (c) Au diamond shaped structures [112], (d) Au dimple
structures on PEN films treated by ion beam irradiation [113], (e) Au NPs distributed on the nanotips
of canonical nanopores rims [114]; AAO templated structures: (f) Au nanostructure arrays [115],
(g) Nano-flower like Ag/AAO [116], (h) Au nano-island @ Ag-frustum arrays [117], and (i) Au
nanobipyramids self-assembled onto the AAO substrate [118]. Scale bars are all 100 nm without
further indication in graphs.

Besides, Hu et al. fabricated polymer nanofinger structures on Si wafers using nanoim-
print lithography, and coated the nanofingers with 70 nm of gold by e-beam evaporation,
followed by exposure to solvent, inducing a leaning or self-closing of the nanowires, creat-
ing hot spots [119]. The fabricated arrays of electromagnetically coupled Ag nanoparticles
on Si, could increase Raman efficiency by controlling the interparticle separation between
Ag nanoparticles. These substrates showed high SERS enhancement with good control and
reproducibility. However, lithography based methods, although extremely tuneable and
scalable, suffer from high cost, slow throughput and are time consuming.

Laser-induced fabrication of SERS substrates has attracted research attention as it is
scalabe and cost-effective. The fabrication of laser-induced SERS substrates always involves
two steps. Firstly, fabrication of a nano/micro patterned substrate using ultra-fast laser
pulses followed by physical vapor deposition to deposite the metal layer on the nano/micro
patterned substrates in order to get plasmonic structures. Yang et al. used a nanosecond
pulsed laser (1064 nm, pulse duration (τ) (full width at half maximum, FWHM) 5 ns, pulse
repetition rate (PRR) 100 kHz, spot size~20 μm and laser ablation speed (ν) 100 mm/s)
ablation system to create micropatterns and generate different size nanoparticles [108].
The ablated Si surfaces were then deposited with Ag by electron beam evaporation. The
enhancement factor of the fabricated substrates was estimated to be ~5.5 × 106. Diebold
et al. fabricated Ag SERS substrate using a femtosecond laser (100-fs pulses at a repetition
rate of 1 kHz, 800-nm center wavelength) structuring process [120]. This pulse train was
frequency-doubled to a center wavelength of 400 nm through a thin BiBO3 crystal. They
used an n-type silicon wafer as the substrate. These laser pulses had an average fluence
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of 10 kJ/m2 at the surface of a silicon wafer. A thermal deposition at a rate of 0.15 nm/s
onto the structured silicon with different thicknesses of 10, 30, 60, 80, 100, and 200 nm was
undertaken to get the optimized Ag nanostructure sizes for enhanced SERS performance.
Similarly, Indrė Aleknavičienė et al. fabricated fast and scalable SERS substrates at low cost
using ultrashort-pulse laser-induced (280 fs, 100 kHz, 350–380 nJ) plasma-assisted ablation
(LIPAA) of soda-lime glass. The fabrication speed was as fast as 150 mm/s [121]. After the
amorphous nanostructure formation on the glass surface, deposition of a 170 nm silver
layer by vacuum deposition (around 100 nm in diameter, forming 1–3 μm size dendrimers)
was applied to the glass substrate. This SERS substrate achieved an average enhancement
factor (EF) of 3.0 × 105 evaluated using thiophenol.

Inkjet printing combined with electrochemical deposition is more convenient than
e-beam lithography in terms of time and cost, and allows larger area fabrication at the
same time. Inkjet printing method can be used both on solid substrate or on flexible
substrate [122–134]. However, the choices of ink for inkjet printing are currently limited.

SERS substrates fabricated by templating methods is another widely used approach and
has been demonstrated by a number of groups, see Figure 4f–i. Shanshan Shen et al. have
studied substrates based on CdTe quantum dots modified polystyrene (PS) spheres with Ag
nanoparticle caps. These substrates showed high enhancement factor (0.71 × 106) by using
4-ATP as the model molecule. [135]. Another very popular method is to use Anodised Alu-
minium Oxide (AAO) as a template to produce nanotubes [136]. Aluminium foil is anodised
in acid to create nanopores, which are then used as a template to fabricate SERS substrates.
Metals can be pulsed electrodeposited inside the template channels [137], or deposited via
electron beam evaporation [138]. Alternatively, polymers can be employed to template the
AAO. Lovera et al. fabricated super hydrophobic PS nanotubes by wetting commercial AAO
filters and depositing silver onto the resulting PS nanotube structures [65]. Similarly, Zhang
et al. patterned Polyethylene terephthalate (PET) on a nanostructured AAO template and
deposited Au onto the polymer to create Au ananosturcture arrays. [115]. Other templates
used for the fabrication of nanowires and nanotubes for SERS substrates include Polycar-
bonate membranes (PCM) [139–141], Polystyrene microspheres (PSM) [142–144] and nano-
channel glasses. Charconnet et al. fabricated superlattices by templated self-assembly of
gold nanoparticles on a flexible support, with tunable lattice-plasmon resonances through
macroscopic strain. They found that the highest SERS performance was achieved by match-
ing the lattice plasmon mode to the excitation wavelength, by post-assembly fine-tuning of
long-range structural parameters [145]. The above substrates fabricated with “top-down”
methods are manufactured reproducibly with high throughput, but often produced weaker
signals than ‘bottom-up’ method due to larger distance between the nano structures and
smaller surface density for nano particles that contribute to SERS signal. It involves also
the use of expensive equipment and/or complex procedures. Combination of bottom-up
and top-down fabricate method could increase the Raman intensity by creating a rougher
and more homogeneous plasmonic surface [146].

4. Chemical Functionalization of SERS Substrates

SERS substrates without functionalization have limitations when dealing with real
samples, e.g., strong background noise from the environment, or dealing with macro
molecular such as DNA/proteins, which would block the SERS signal. For this reason,
functionalization of SERS substrates is often undertaken to improve the selectivity or sensi-
tivity in identifying the specific target analyte, which could lower detection time and limit
of detection (LOD) [147]. The most widely used functionalization method is the attachment
of self-assembled monolayer (SAM) of thiols to the silver or gold metallic nano structures.
Functional groups along the thiol are used to phyisorb or chemically bind the analyte of
interest to the substrate, thereby pre-concentrating the analyte at the surface leading to a
subsequent increased in sensitivity. The thiol attaches to the metal nano structure surface
owing to the strong affinity of sulphur with metals. However, the mechanism for the thiol
group binding to the metal surface is not totally understood yet. One theory is that the
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thiol moieties chemisorb to planar gold surfaces, with the loss of hydrogen during the
formation of the bond [148]. In 2003, Meirav Cohen-Atiya et al. studied adsorption of
thiols on different metal surfaces by potentiometric measurements [149]. This adsorption
process involves several complex steps including negative charge transfer and discharge
through a reduction process. These steps related to the metal, the surface state of the metal,
and the end functional groups in thiols. In 2014, Xue et al. used AFM to study the force
between Au NPs and thiols under different experimental condition including oxidized
Au surface and reduced Au surface with different pH effects; they stated that the bond
between Au and thiol is a covalent bond [150]. In 2019, Inkpen and colleagues suggested
that in gold–thiol SAMs prepared from solution deposition of dithiols, the gold–sulfur
coupling had a physisorbed character, by both experiment and density functional theory
(DFT) caculation [151]. Henrik Grönbeck et al. suggested the role of the thiol chain length
must be considered when accessing the stability of monolayer systems on surfaces and
clusters [152]. The formation of the Metal-S bond was not always very strong and the
attachment of the thiol to the metal surface often happens in a few seconds. In order to gain
homogeneous thiol self-assembly layer, longer incubation times, typically 24 h, are required.
Thiol concentration affects binding result [153], and spacing between thiols can be adjusted
by adding different thiols. Some bio-sensors based on thiolated single stand-DNA [154] or
thiolated anti-body [155] have been used to detect DNA/RNA/antigen in environment,
while thiol-aptamers are also used for DNA detection, see Figure 5.

Figure 5. Different functionalisation thiols applied to metal nanoparticles: thiol-ss-DNA, thiol-
anti-body, thiol-ds-DNA, thiol-PEG.

The interaction between antibody-antigen is considered strong due to the presence of
electrostatic forces such as hydrophobic interactions, hydrogen bonds, van der Waals forces
or ionic bonds [156]. Functionalization of SERS substrates with antibodies has gained much
interest in recent years because of the significant level of sensitivity and selectivity that can
be achieved with them [157]. Aptamers are single-stranded DNA sequences that can be
designed to capture specific chemicals. Thiolated aptamers conjugated onto metal nano
structures can capture and combine with the targeted chemicals to get surface enhanced Ra-
man spectra. Sensors based on aptamers and SERS have been used for detecting pesticides,
DNAs, RNAs, uranyl, biotoxin, pathogen, hazard foodborne etc. [158–163]. Gold/silver
nanoparticles modified with polyethylene glycol (thiol-PEG) provide a capping system
that stabilizes the antibody and avoid the reticular endothelial system [129,164,165].

5. Application of SERS in Agri-Food

5.1. Detection of Pesticide Residues

According to The United Nations Population Division, it is estimated that in 2050, the
global population will reach ~9.7 billion, 30% more people than in 2017. A key challenge
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therefore, is that food production must keep pace with population growth. To this end,
a variety of interventions have been put in place over the years to reduce losses due to
disease and pests. Pesticide usage is essential in modern agricultural practices to protect
crops and increase yield. There are currently more than 1000 pesticides used commercially
around the world to ensure food is not damaged or destroyed by pests. Each pesticide
has different properties and toxicological effects. The main drawbacks of pesticides is
their potential toxicity to humans and other non-targeted organisms, which can result in
significantly reduced biodiversity, through environmental contaminations in soil, water,
and other vegetation [166,167]. The widespread use of pesticides therefore needs to be
monitored and controlled [168].

Pesticides are classified by (i) the mode of entry, (ii) their function and the pest
organism they kill, and (iii) their chemical composition. Based on chemical composition,
pesticides are classified into four main groups, namely, organochlorines, organophosphorus,
carbamates and pyrethrin/pyrethroids; see Table 1. Organochlorines pesticides (also
known as chlorinated hydrocarbons) are organic compounds attached with five or more
chlorine atoms. Organophosphates are derivatives of phosphoric acid, while carbamates
derived from carbamic acid. Synthetic pyrethroid pesticides are group of organic pesticide
that can be synthesized by duplicating the structure of natural pyrethrins.

Table 1. Four categories of pesticides classified by chemical composition.

Pesticides Category Examples Degradation in the Environment

Organo-chlorines
DDT, Chlorinated cyclodienes (aldrin, dieldrin, endrin,
heptachlor, chlordane and endosulfan), dicofol, mirex,

kepone, and pentachlorophenol

Long term residual effect in the
environment

Organo-phosphates

Parathion, malathion, methyl parathion
chlorpyrifos, diazinon, dichlorvos, phosmet,

fenitrothion, tetrachlorvinphos, azamethiphos,
azinphos-methyl, terbufos

Biodegradable

Carbamates Aldicarb, carbofuran, carbaryl, ethienocarb,
fenobucarb, oxamyl, and methomyl.

Easily degraded under natural
environment with minimum

environmental pollution

Pyrethroids delatmethrin, cyfluthrin, befenthrin,
lambda-cyhalothrin, permethrin.

Non-persistent, and break down easily on
exposure to light.

Current detection methods of pesticides include high pressure liquid chromatography
(HPLC), gas chromatography (GC), liquid chromatography (LG), mass chromatography
(MC), spectrofluorimetric techniques as well as electrochemical methods. Han et al., for
example, reported 302 targeted contaminants in catfish muscle by fast low-pressure GC–
MS/MS and UHPLC-MS/MS methods [169]; Velkoska-Markovska, L. et al. detected
malathion using liquid chromatography [170]; Wang et al. detected organic phosphates
(OPs) using fluorescent probe [118]. Geto et al. used screen-printed carbon electrodes
electrochemical sensors to detect bentazone in water source [171]. Santana et al. detected
Carbendazim using electrochemical detection [172].

There are growing demands for the development of novel analytical techniques for a
variety of pollutants affecting crops, for example, pesticides. In this respect, methods based
on SERS have attracted attention. The first SERS study of pesticides was the detection of
organophosphorus pesticides in 1987 by Alak et al. [173]. Since then, the potential toxicity
to humans, animals, and the environment has been reported, and tolerance levels were
introduced for a large number of harmful pesticides [174,175]. SERS detection methods
have developed considerably, resulting in a large number of the more recent reports em-
ploying in-situ SERS detection methods on the surface of different foods [93,176]. A search
on Web of Science with key words combining the topics of “surface enhanced Raman” and
“pesticides” revealed 432 publication results up to 12 November 2021. The majority of SERS
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and pesticide-related researches demonstrated detection of organophosphate (OP) insec-
ticides, for example, phosmet [176,177], parathion-methyl [178], malathion [170,179,180],
chlorpyrifos [181–183]; see Table 2. Other SERS pesticide studies included fungicides
(thiram [184], thiabendazol [185,186]), herbicides [179,180,187,188], and neonicotinoids
insecticides (imidacloprid [189], thiacloprid [190], acetamiprid [191,192]).

Amongst the pesticides, organophosphates (OP) represent the largest class, mak-
ing up to 50% of the neurotoxic agents in chemical pesticides [193]. Most OP usage is
agricultural, since the Environmental Protection Agency banned their residential use in
2001 [194]. However, their human and animal toxicity still make them a societal health and
environmental concern [195–197]. Moreover, pesticides at low concentration have been
detected in food and drinking water [182,198–201]. Liu et al. reported on the use of silver-
coated gold bimetallic nanoparticles; their Raman Enhancement depends on the silver
shell thickness, for in situ detection of a range of pesticides on fruit peels without further
sample preparation, with a limit of detection (LOD) below the required maximum residue
levels (MRL) [202]. However, as described above, colloidal based solutions are not ideal
for portable applications while solid SERS substrates that can be prepared in advance are
more suitable. For example, Chen et al. used “SERS tape” to extract OP pesticides (thiram,
chlorpyrifos, methyl parathion) from different kinds of fruit and vegetable peels [102]. The
tape is placed on to the surface of the produce and peeled off for SERS analysis. This is
non-invasive and requires no sample or substrate preparation. Additionally, Li et al. have
created a ‘smart dust’ that easily spreads over a probed surface for in-situ SERS measure-
ments [203]. This method requires no preparation or particle aggregation/concentration
on the substrate. Their shell-isolated nanoparticles are used to analyse residues of OP
pesticide parathion, on a fresh orange. They present comparable results between a normal
Raman and a portable Raman, demonstrating the substrates potential use in-field.

Table 2. Organophosphates (OP) detection by SERS in food industry and environment monitoring.

Organophosphates (Matrix) SERS Substrate LOD (Reported)
LOD

(Normalised)
Excitation

Wavelength

Phosmet

Ooling tea [204] Ag NPs 0.1 mg/kg 0.1 ppm 633 nm

fruit [205] multi-walled carbon
nanotubes 0.5 mg/kg 0.5 ppm 785 nm

paddy water [206] Au nanorods 0.25 mg/L 0.25 ppm
Portable Raman

spectrometer,
785 nm

fruit skin [207] polyurethane-Ag NPs 0.6 μg/mL 0.6 ppb 785 nm

Plant Surfaces [208] polyurethane
micelle/Ag NP 0.08 g/mL 80 ppm /

Parathion-methyl

fruit or vegetable
peels [209]

Snowflake-like Au
NPs 0.026 ng/cm / 638 nm

solvent [210] Ag NP decorated
ZnO-nanorods 10−8 M 2.63 ppb 532 nm

solvent [211] nanoporous structure 12 ppb 12 ppb 785 nm

Malathion solvent [212] nanostructured Ag 10 nM 3.30 ppb 632.8 nm

Chlorpyrifos

tomato surface [183] Ag colloid 10−9 mol/L 0.35 ppb 638 nm

soil [213] Au NP 10 ppm 10 ppm 785 nm

fruits [214] Ag NP 10 ng/mL 10 ppb 633 nm

Neonicotinoids are a more recent and relatively powerful class of insecticide, and
since the introduction of imidacloprid in 1991, they have been the fastest-growing class
of insecticides in modern crop protection [215], representing almost 17% of the global
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market [216]. Typical detection methods of neonicotinoids are based on enzyme linked
immuno-sorbent assays (ELISA) [217,218], HPLC- or GC- mass spectrometry [219,220],
surface plasmon resonance [221], and fluorescence spectroscopy [222], none of which are
suitable for field analysis. Neonicotinoids are extremely effective against herbivorous
insects [223], while having perceived low toxicity to mammals, birds and fish [224]. This
has led to their widespread uptake for use on a variety of crops. However, concerns have
been raised recently about environmental impact in affecting the homing capacity of honey
bees, resulting in global colony collapse of the pollinator population [2,225]. Consequently,
the European Union enforced a temporary ban (Dec 2013) [226] reducing the MRL of
neonicotinoids to between 0.01 to 3 mg/kg for many fruits and vegetables [227,228].

Studies of detection of neonicotinoids are shown in Table 3. For example, Cao et al. syn-
thesized three types of AuNP/MOF (metal–organic framework) composite to investigate
the interaction between acetamiprid and the bridging molecules of the MOFs. Acetamiprid
in this case was used to evaluate the characteristics of the SERS substrates. LODs of 0.02 μM,
0.009 μM, and 0.02 μM were achieved for the three composites, which could satisfy the
requirement of detection according to the MRLs of acetamiprid. [229] Yang et al. used
SERS to evaluate the penetration behaviors of four pesticides (acetamiprid, thiabendazole,
ferbam and phosmet) in a variety of fresh produce matrices. They used a pesticide/AgNP
complex deposited onto the external surfaces of different fresh produce and measured the
penetration depth of the complex using SERS [230]. Although the results are promising,
this method requires complex sample preparation with the pesticide and AgNP, including
washing steps, and is not ideal for farm-side analysis. On the other hand, Wijaya et al.
employed silver dendrites for SERS-based detection of acetamiprid in apple juice and from
swabs of the apple surface [231]. The TQ Analyst Software (Thermo Fisher Scientific) was
used for SERS spectral data analysis, with second-derivative transformation employed
to remove baseline and separate overlapped peaks. Outlier peaks were also removed
to gain a more accurate quantification results. Acetamiprid detection was determined
using principal component analysis (PCA) and retains the principal components (PCs) that
capture the variation between sample treatments. This method does not need pre-treatment
for the apple juice samples and the use of the swab is non-invasive to the fruit. This method
therefore has the potential to be used for on-site pesticide detection.

Table 3. Neonicotinoids detection by SERS in food industry and environment monitoring.

Neonicotinoids SERS Substrate LOD (Reported)
LOD

(Normalised)
Excitation

Wavelength

Acetamiprid

Solvent [229]
AuNP/MOF

(metal–organic
framework) composite

0.009 μM 2 ppb 780 nm

apple juice [232]

Gold nanoparticles
(AuNPs) bonded with

polyadenine
(polyA)-mediated aptamer

and Raman tag
(MMBN-AuNPs-aptamer)

6.8 nM 1.514 ppb 532 nm

solvent [233] co-doped N/Ag carbon
dot 0.006 μg/L 6 ppt 633 nm

green tea [234] Au NPs 1.76 × 10−8 M 3.91 ppb
micro-Raman
spectroscopy,

785 nm
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Table 3. Cont.

Neonicotinoids SERS Substrate LOD (Reported)
LOD

(Normalised)
Excitation

Wavelength

Imidacloprid

solvent [235] 3-D Ag dendrites on Paper
substrate 0.02811 ng/mL 0.02811 ppb 633 nm

extract solution
from apple [214] Ag NP coated glass 50 ng/mL 50 ppb 633 nm

green tea [236] flower shaped Ag
nanostructure 10−4 μg/mL 10−4 ppm 785 nm

waste water
treatment [237]

r-GO supporting Ag
meso-flowers and

phenyl-modified graphitic
carbon nitride

10 mg/mL 104 ppm 632.8 nm

Solvent [238] Ag nanostructures on
PVDF 1 ng/mL 1 ppb 514 nm

fresh tea leaves;
apple peels [239] Au NPs 0.5 mg/kg;

0.02 mg/kg
0.5 ppm;
0.02 ppm 780 nm

Thiamethoxam
solvent [240] Au NPs 0.1 ng/mL 0.1 ppb 785 nm

solvent [241] Ag nano structure g/mL order 106 ppm order 532 nm

Thiacloprid fruit [242] Au@Ag NPs 0.1 mg/kg 0.1 ppm 633 n

5.2. Detection of Chemical Additives
5.2.1. Dye Molecules

Dye molecules are used in industries to colour different materials such as silk, wool,
cotton and paper. Unfortunately, the wasted water from these industries cause pollution in
aquaculture and also cause serious toxic, carcinogenic and mutagenic effects in mammalian
cells [243]. Besides, Malachite green and Crystal violet have been used for the treatment of
fungal, parasitic and protozoan diseases in fish, and it is found to absorb and metabolise
in tissues of fish [244]. The detection of dye molecules such as rhodamine 6G (R6G),
malachite green, crystal violet (CV) and 4-aminobenzenthiol are the most reported chemical
contaminants due to their ease of detection. These dye molecules are highly Raman
active and used indiscriminately as antimicrobials in aquaculture. Moreover, the most
significant and influential papers in this field have employed these dye molecules to study
single molecular SERS detection [245], enhancement factors [37], and the mechanisms of
SERS [246].

5.2.2. Melamine

In 2008, a sanitary scandal involved the intentional contamination of milk powder
with melamine to give a false appearance of high protein levels [247]. Monitoring the level
of residual melamine has since become important for the dairy industry. Regarding SERS,
melamine is probably the most widely documented food adulterant, with Web of Science
literature search revealing 309 articles up to 12 November 2021. The majority of melamine
detection researches that employ SERS substrates are based on Au and Ag nanoparticle
fabrication. Gold substrates include: Au colloids [248], Au NP agglomerates [249–251],
4-mercaptopyridine-modified Au NPs [252], and magnetic Au NPs [253], to name a few.
Similarly the silver SERS substrates include: Ag Colloids [254], Ag NP agglomerates [255],
Ag NP coated Ag/C nanospheres [256], Ag NP coated polystyrene nanospheres [144,257],
cyclodextrin-coated Ag NPs [258], functional graphene/Ag nanocomposite [259].

Peng et al. used self-assembled vertical arrays of nanorods to detect melamine
in methanol [260] and similarly, Hu et al. coated Ag nanoparticles on the surfaces of
Fe3O4@SiO2 composite microspheres to detect a melamine methanol solution [261]. Nei-
ther of these articles demonstrated melamine detection in real samples. Zhang et al.
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demonstrated melamine detection in milk using silver colloid solution. They reported on
an easy pre-treatment for the milk, which, however, still required large instrumentation
and, additionally, the colloid NPs required mixing with the diluted and filtered milk [246].
Alternatively, Guo et al. developed self-assembled hollow gold nanospheres to detect
melamine in milk on a solid chip platform, which is ideal for remote sensing. However,
they employed centrifugation as their only method of sample pre-treatment, which is
complex and not suitable for transporting [262].

Another novel method by Betz et al. used a copper tape and a penny coin to fabricate
Ag micro- and nanostructures. It was used to analyse infant formula adulterated with
melamine [255]. The fact that these substrates form in five minutes on-site without the need
for complex equipment, sample pre-treatment, or harsh chemicals enabled the possibility
of remote point-of-sampling. However, their LOD (5 ppm) is not sufficient for remote
melamine detection.

Finally, Chen et al. reported on the detection of melamine in egg white using fabricated
ZnO/Au composite nanoneedle arrays, see Figure 6. The results showed some background
interferences from the egg proteins but the characteristic peak for melamine at ~682 cm−1

remained detectable and was well resolved [263]. The only sample preparation is a filtering
of the egg solution through four layers of gauge, which can easily be employed on-site
as it requires no complex instrumentation. Similarly, Kim et al. applied their previously
reported gold nanofingers to melamine detection in milk [264]. Although they also require
sample pre-treatment, the authors avoid using centrifugation, as it is neither portable nor
low cost. Instead, they employ a mini dialysis kit and detect characteristic melamine peaks
from the dialysis filtered solutions at 1 ppm. They also demonstrate melamine detection at
100 ppb in infant formula using a solution gel filtration chromatography treatment. These
are a few articles that report SERS substrates and methods of sample pre-treatment, that
both are fully compatible for field applications in a limited-resource environment.

Figure 6. (a) SEM image of ZnO/Au composite nanoneedle arrays; (b) SERS spectra of egg white solution (6 g/L) (a) and
the melamine-tainted egg white solution (b) on ZnO/Au nanoneedles. The concentration of melamine and egg white in the
mixture is 1.0 × 10−5 M and about 6 g/L, by Chen et al. [263].

6. Conclusions and Perspective

In this review paper, SERS as a useful technology for Agri-Food and environmen-
tal sensing has been investigated. Compared to other detecting technologies such as
chromatography or electrochemical based methods, SERS has the potential to deliver
rapid, ultra-sensitive and highly specific detections of a wide range of chemicals and
biomolecules. SERS substrates fabrication methods include bottom-up and top-down.
Bottom-up approaches refer to the fabrication of nanostructures by chemical synthesis,
colloid aggregation, electrochemical deposition and self-assembly; top-down methods
include lithography techniques (electron-beam (E-beam) and nanoimprint lithography,
laser etching together with metal film deposition (sputtering, metal evaporation, atomic
layer deposition), templating (e.g., anodic aluminium oxide), inkjet printing, etc. The
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combination of top-down and bottom-up methods could improve SERS intensity. The
common plasmonic materials are Ag, Cu, Au or their composite material. A wide choice of
the support substrate is variable Si, Cu, tissue, paper, leaves and aluminium cans, etc. SERS
related devices could widely be used in agri-food and environment monitoring, following
the SERS device fabrication method section; this review paper presents SERS applications
in detection of pesticides such as organophosphate (OP) insecticides and neonicotinoids
insecticides as well as illegal food additive such as dyes and melamine.

However, despite the advancement and strategies presented above, some challenges
still need to be overcome for SERS to be widely used in agri-food and environment ana-
lytical applications. These include (i) repeatability of SERS substrates and SERS signals
for each Raman measurements; (ii) weak interaction—or even repulsion because of the
surface energy—between some analytes and SERS surface; (iii) stability of SERS substrate
and functional layers that can in some instance react with the targeted analytes or degrade
over time (e.g., oxidation) or under continuous laser excitation; (iv) general non suitability
for direct detection of heavy metal or macromolecular such as protein; (v) current lack
of standardised optical setup or methodologies to compare results obtained by different
research groups and (vi) in real sample verification, SERS devices performance could be
affected by contamination or interferences from the environment.

Regarding sample reproducibility, SERS substrates could benefit from constant ad-
vances in nanofabrication processes and instrumentation as well as in surface chemistry.
Regarding quantification, techniques such as isotope labelling [265] or standard addition
method have proven promising. Also, new emerging techniques such as electrochemical
SERS (EC-SERS), shifted excitation Raman difference spectroscopy (SERDS) or surface
enhanced spatially offset resonance Raman spectroscopy (SESORRS) such could help
overcome the limitations mentioned above.

All in all, SERS devices benefit from a wide range of choice of plasmonic structures
such as Ag/Au NPs, nano rods, nano flowers, nano cubes, and their composite materials
etc; supporting substrate, fabrication method and functionalization method. Besides, they
also have a numerous of advantages such as rapid response time, high sensitivity and
selectivity and possibility to use handheld devices for onsite measurements. However,
several challenges still exist in terms of reliability and durability for SERS sensing platform.
Ongoing advances in nanofabrication and chemistry have the potential to overcome the
current limitations of SERS sensing. As a result, we believe that SERS will soon be a
widespread analytical technique for sensitive detection of contaminants in agri-food and
environmental applications.
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Abstract: The surface-enhanced Raman scattering (SERS) is mainly used as an analysis or detection
tool of biological and chemical molecules. Since the last decade, an alternative branch of the SERS
effect has been explored, and named shell-isolated nanoparticle Raman spectroscopy (SHINERS)
which was discovered in 2010. In SHINERS, plasmonic cores are used for enhancing the Raman
signal of molecules, and a very thin shell of silica is generally employed for improving the thermal
and chemical stability of plasmonic cores that is of great interest in the specific case of catalytic
reactions under difficult conditions. Moreover, thanks to its great surface sensitivity, SHINERS can
enable the investigation at liquid–solid interfaces. In last two years (2019–2020), recent insights in
this alternative SERS field were reported. Thus, this mini-review is centered on the applications of
shell-isolated nanoparticle Raman spectroscopy to the reactions with CO molecules, other surface
catalytic reactions, and the detection of molecules and ions.

Keywords: SHINERS; SERS; core–shell nanoparticles; catalysis; electrochemistry; plasmonics

1. Introduction

Over the past ten years, the realization of plasmonic structures with a very high
sensitivity of detection has significantly increased for application to surface-enhanced spec-
troscopies [1–10]. Among these enhanced spectroscopies, we find the surface-enhanced
Raman scattering (SERS), which uses the plasmonic nanostructures or nanoparticles for
amplifying the Raman signal of various molecules. For this amplification, a huge number
of geometries has been examined as plasmonic nanodimers [11–15], nanorods [16–20],
nanotriangles [21–25] and nanostars [26–30]. Furthermore, plasmonic nanopores have been
explored in order to improve the SERS enhancement [31–34]. In addition, another type of
SERS substrates has been investigated consisting of a metallic mirror on which plasmonic
nanoparticles or nanostructures were deposited or fabricated allowing an enhancement of
1 or 2 magnitude orders due to hybridized modes or a coupling between nanoparticles or
nanostructures via surface plasmon polaritons on the metallic mirror (film) [35–39]. An-
other way to improve the Raman signal was the use of hybrid nanomaterials based on zinc
oxide or silicon coupled to a plasmonic layer or plasmonic nanoparticles [40–49], and also
based on bimetallic nanoparticles [50–55] or other materials as metal oxides [56–61]. An-
other branches of the SERS field have been also explored, such as the photo-induced
enhanced Raman spectroscopy [62–64], the SERS effect generated by high pressure [65,66],
and the shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) [67–69].
Concerning SHINERS, this technique has been discovered in 2010 in order to overcome
the limitations of SERS regarding the accurate characterization of different surface mor-
phologies, materials, and biological samples [67]. The base concept of SHINERS consists of
plasmonic cores that are employed for enhancing the Raman signal of molecules, and a
very thin shell of silica improving the thermal and chemical stability of the plasmonic
cores, being of significant interest in the specific case of catalytic reactions under difficult
conditions [70,71]. By using SHINERS, several groups have already studied catalytic re-
actions [72–74], applications in electrochemistry [75], and also reported the detection of
different chemical molecules [76–81].
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The goal of this mini-review is to present the recent advances on the most used
applications of SHINERS, such as the catalytic reaction-monitoring processes and the
detection of molecules, over the period 2019–2020. Firstly, we will explore the SHINERS
applications to the reactions with CO molecules, which are well-known model reactions,
then other surface catalytic reactions, and finally the detection of molecules and ions in
order to examine the potential of this SHINERS technique. In the final section, we will
discuss points to be improved and advantages of the SHINERS technique, and we will
address the future directions of this latter.

2. What Is Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy?

The shell-isolated nanoparticle-enhanced Raman spectroscopy belongs to the SERS
field, and is based on the enhancement of the Raman signal obtained with strong electric
fields coming from plasmonic core–shell nanoparticles. In SHINERS, each core-shell
nanoparticle plays the role of a metallic tip as for the tip-enhanced Raman spectroscopy
(TERS), and this technique allows to obtain a couple of thousand of “TERS tips” on the
substrate surface to be analyzed. Thus, the enhanced Raman signal can be jointly obtained
from all these plasmonic core-shell nanoparticles (“TERS tips”), allowing a gain of two to
three magnitude orders compared to a single TERS tip. Furthermore, the use of the metallic
nanoparticles coated with a chemically inert shell can enable the protection of the plasmonic
core (SERS-active part) from the substrate surface to be analyzed and the environment.
This inert shell can conform to different morphologies of substrates, and also prevent the
agglomeration of these core-shell nanoparticles and the oxidation of their plasmonic core.
The principal merits of such a technique are a more significant detection sensitivity and
a great number of practical applications in life and materials sciences, as well as in food
science and environmental pollution.

3. Applications of Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy

3.1. SHINERS Application to the Reactions with CO Molecules

In this section, we present a couple of investigations on the reactions with CO
molecules (see Table 1) [82–86]. These reactions with CO molecules are well-known
model reactions.

Table 1. Shell-isolated nanoparticle Raman spectroscopy (SHINERS) application to the reactions with
CO molecules (NPs = nanoparticles; G = Graphene).

Samples Core/Shell Size (nm) Reaction Refs

PtFe/Au@SiO2 NPs 120/2 CO oxidation [82]
Pt/Au@SiO2 NPs 55/2 CO electrooxidation [83]
Pt/Au@SiO2 NPs 101/2 CO adsorption [84]
Ni/Au@SiO2 NPs 90/2 CO adsorption [85]

Au@SiO2 NPs, Au@TiO2 NPs 90/3–105/2 Hydrogenation/dissociation of CO [86]
Pt/Au@G NPs 500/5 layers of G CO adsorption [87]

Au@SiO2 NPs on Cu foil 50/2 CO adsorption [88,89]

Wang et al., have reported on the CO oxidation probed SHINERS technique based
on the use of Au@SiO2 nanoparticles, on which are deposited Pt or PtFe nanocatalysts
(see Figure 1a) [82]. The authors demonstrated that PtFe catalysts were more active and
stable than Pt ones in the CO oxidation. In the CO oxidation, two Raman peaks have been
observed at 397 and 485 cm−1 for Pt catalysts and at 389 and 480 cm−1 for PtFe catalysts,
both corresponding to the adsorption of Pt-CO (see Figure 1b). The redshift of these two
Raman peaks recorded for the case with PtFe catalysts has indicated that the CO adsorption
was lower on PtFe than on Pt (see the inset of Figure 1b). Moreover, three Raman peaks
of oxygen species were detected with PtFe nanocatalysts, indicating that the Pt-C binding
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was weakened by the presence of the ferrous center thus producing oxygen species (see
Figure 1b) [82].

Figure 1. (a) Principle scheme of a SHINERS catalyst (PtFe/Au@SiO2) for CO oxidation. (b) SHINERS
spectra for CO oxidation on Pt (blue line) and PtFe (red line) catalysts. The inset displays a zoom of
the two SHINERS spectra (blue and red lines) in the range 350–550 cm−1 in order to better observe
the redshift of Raman peaks. All the figures are reprinted (adapted) with permission from [82],
Copyright 2019 American Chemical Society.

Su et al., have reported on the detection of OH and COOH species during the CO
electrooxidation process on three Pt surfaces (Pt(100), Pt(110) and Pt(111)) with the SHIN-
ERS technique by using Au@SiO2 nanoparticles [83]. The authors have observed that
the activity of CO electrooxidation was higher for Pt(111)/Pt(100) surfaces than Pt (110)
surface. This increased activity of CO electrooxidation for Pt(111)/Pt(100) surfaces was
due to the presence of OH and COOH species. For Pt(110) surface, this activity was
weaker due to its high adsorption and coverage of CO on this surface [83]. Furthermore,
Wondergem et al. have demonstrated the CO adsorption on Pt nanoparticles which are
themselves deposited on Au@SiO2 nanoparticles (see Figure 2a,b) [84]. This investigation
was realized by employing the SHINERS technique. From the SHINERS spectra, two
characteristic Raman peaks of CO adsorption were recorded in the two ranges of wavenum-
bers: 350–600 cm−1 and 1900–2150 cm−1. The first Raman peak corresponds to the CO
adsorbed on Pt in a bridge configuration located at 430 and 2010 cm−1 in these two ranges
of wavenumbers (see Figure 2c,d), then the second one corresponds to the CO adsorbed on
Pt in a linear configuration located at 505 and 2070 cm−1 in these two wavenumber ranges
(see Figure 2c,d) [84]. Next, the same group has studied the effect of the fabrication method
of nickel (Ni) catalysts on Au@SiO2 nanoparticles for SHINERS investigations [85]. Three
methods have been tested: spark ablation (SA), colloidal deposition (Col) and precusor (Pr)
method. The authors have studied the CO adsorption on these three types of Ni catalysts,
and concluded that Pr and Col methods were not suitable for the SHINERS technique due
to the use of a high-temperature treatment of reduction. Finally, the SA technique is the
most efficient for direct deposition of the nickel catalyst on Au@SiO2 nanoparticles [85].
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Figure 2. (a) Fabrication process of a SHINERS catalyst (Pt/Au@SiO2). (b) TEM picture of a
SHINERS catalyst (Pt/Au@SiO2). SHINERS spectra for CO adsorption on Pt for (c) the low range of
wavenumbers and (d) the high range of wavenumbers. The grey zones correspond to the Raman
peaks of Pt-CO bridge at 430 and 2010 cm−1, and Pt-CO linear at 505 and 2070 cm−1. All the figures are
reprinted (adapted) with permission from [84] (https://pubs.acs.org/doi/10.1021/acscatal.9b03010
(accessed on 1 January 2021)), Copyright 2019 American Chemical Society (for all further reuses
related to the excerpted material, further permissions should be directed to the American Chemical
Society).

Hartman et al. have investigated the support effect on the interaction of rhodium (Rh)
with CO molecules probed by SHINERS technique [86]. Two types of extrudate support
have been tested by introducing alternatively CO and H2: the first one was Rh/SiO2
on which were deposited Au@SiO2 nanoparticles and the second one was Rh/TiO2 on
which were also deposited Au@TiO2 nanoparticles. Under the same conditions of CO
then H2, the shifts of a Raman peak (named “unknown” by the authors) for the CO
hydrogenation were of 70 cm−1 and 25 cm−1 for Rh/TiO2 and Rh/SiO2 extrudate supports,
respectively. From these Raman shifts for the CO hydrogenation, the authors have deduced
that the Rh/TiO2 extrudate support had the strongest interaction with CO molecules during
the catalytic process compared to the Rh/SiO2 extrudate support. Thus, this powerful
interaction has resulted in a catalyst with higher efficiency for the CO dissociation [86].
Zhang et al., have reported on the adsorption of CO molecules on Pt nanocatalysts, which
were deposited on novel core-shell nanoparticles composed of a gold core covered by
graphene layers (Au@G nanoparticles). The authors have demonstrated via SHINERS
measurements that the adsorption of CO molecules on these Pt/Au@G nanoparticles has
occurred in a linear configuration [87]. To finish this section, two groups have reported on
the CO reduction catalysis on Cu foil by using the SHINERS technique [88,89]. The authors
have employed Au@SiO2 nanoparticles, and allowed them to deduce that the CuOx/(OH)y
species were detected on the Cu foil during the CO reduction. Thus, the authors have
concluded that the oxygenated species of Cu were unlikely to be the active sites easing the
formation of C2+ oxygenates during the process of CO reduction [88,89].
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3.2. SHINERS Application to Other Surface Catalytic Reactions

Here, we address a couple of studies on other surface catalytic reactions (see
Table 2) [90–100].

Table 2. SHINERS application to other surface catalytic reactions (NPs = nanoparticles; IrOx =
Iridium oxide; MBT = 2-mercaptobenzothiazole; SnO2 = Tin oxide; pNTP = para-nitrothiophenol;
RhB = Rhodamine B; CNNDs = g-C3N4 nanodots; EGLs = Electrochemical exfoliated graphene layers;
ITO = Indium tin oxide).

Samples Core/Shell Size (nm) Reaction Refs

Au@SiO2 NPs/Pt 90/2 Adsorption of Propargyl Alcohol [90]
Au@SiO2 NPs/IrOx surface 55/2 Water oxidation [91]

Au@SiO2 NPs/Au(111) 55/2 Configuration of interfacial water [92]
Au@SiO2 NPs/pyrite 55/2 Adsorption of MBT [93]

Au@SiO2 NPs/Cu surface 55/2 Oxidation of Cu surfaces [94]
Au@SiO2 NPs/Pt(hkl) 55/2–3 Oxygen reduction reaction [95]
Au@SiO2 NPs/Pt(hkl) 55/2 Oxygen reduction reaction [96]
Au@SiO2 NPs/Pt(hkl) 55/2 Oxygen reduction reaction [97]

Au@SnO2 NPs/steel surface 35/4 Steel surface corrosion [98]
Pt/Au@SiO2 NPs 120/2 Hydrogenation of pNTP [99]

Ag@SiO2/RhB/CNND/EGL/ITO 75/3 Photodegradation of RhB [100]

Guan et al. have demonstrated that the adsorption of propargyl alcohol (PA) on Pt(hkl)
surfaces by using the SHINERS technique [90]. The authors have employed Au@SiO2
nanoparticles for SHINERS experiments, and they obtained adsorption of PA-privileged
on Pt(100) and Pt(110) surfaces than on Pt(111) surface. The better surface reactivity for
Pt(100) compared to two other Pt surfaces (Pt(100) > Pt(110) > Pt(111)) was due to the more
important presence of the primary alcohol group [90]. In the next two examples, the studies
of the water oxidation and the configuration of the interfacial water are addressed. Firstly,
Saeed et al., have reported on the employment of the SHINERS technique to analyze in real-
time the mechanisms of water oxidation with iridium oxides (IrOx) as electrocatalyst [91].
To do that, Au@SiO2 nanoparticles were used and deposited on IrOx surface for the Raman
characterization (SHINERS). Thus, the authors demonstrated that SHINERS allowed to
observe in real-time the chemical changes on the IrOx surface during the oxidation of
water [91]. Secondly, Li et al., have reported on the configuration of the interfacial water
at Au(111) surface, probed by the SHINERS technique using Au@SiO2 nanoparticles for
this study [92]. The authors have observed redshifts of the Raman peak corresponding to
the O − H stretching mode of the interfacial water when the potential went towards more
negative values, indicating a configuration variation of interfacial water. Thus, the authors
have shown three configurations of the interfacial water named parallel, one-H-down
and two-H-down, respectively, when the potential shifted to more negative values [92].
In addition, Guo et al., have studied the adsorption of 2-mercaptobenzothiazole (MBT) on
pyrite by SHINERS [93]. Au@SiO2 nanoparticles were employed and deposited on pyrite
for SHINERS experiments. From the SHINERS spectra recorded with an MBT concentration
of 0.01 mM, a Raman peak at 1406 cm−1 was observed and corresponded to NCS ring
stretch mode (see Figure 3a). This Raman peak suggested that double “minerophilic”
groups of MBT were bound to pyrite surfaces in the configuration displayed in Figure 3b
on the left. From the SHINERS spectra recorded with an MBT concentration of 0.1 mM,
two Raman peaks at 1389 and 1409 cm−1 were observed and also corresponded to NCS
ring stretch mode (see Figure 3c). The Raman peak at 1409 cm−1 has indicated that double
“minerophilic” groups of MBT were bound to pyrite surface. The Raman peak at 1389 cm−1

(starting to appear at −200 mV, see Figure 3c) has also indicated that the MBT molecule was
bound to pyrite with the exocyclic sulfur atom without the presence of any nitrogen–metal
bond in the configuration displayed in Figure 3b on the right. In summary, the authors
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have concluded that the configuration of MBT molecules was preferentially the one in
Figure 3b on the left for weaker concentrations of MBT and negative potentials and the one
in Figure 3b on the right for higher concentrations of MBT and positive potentials [93].

Figure 3. (a) SHINERS spectra of a MBT solution (0.01 mM) recorded at pH 9.3 for different potentials.
The black dotted line indicates the Raman peak at 1406 cm−1. (b) Potential configurations of the
MBT adsorption on pyrite. (c) SHINERS spectra of a MBT solution (0.1 mM) recorded at pH 4.6 for
different potentials. The black dotted lines indicate the Raman peaks at 1389 and 1409 cm−1. All the
figures are reprinted from [93], Copyright 2020, with permission from Elsevier.

Bodappa et al., have investigated the electrochemical oxidation of Cu(111) and poly-
crystalline Cu (Cu(poly)) surfaces by using the SHINERS technique [94]. Au@SiO2 nanopar-
ticles were employed for studying the oxidation mechanism of Cu(111) and Cu(poly)
surfaces (see Figure 4a). From the SHINERS spectra for Cu(111) oxidation, intermediate
species Cu-OH, Cu-Oad, and (Cu2O)sur f were observed during the oxidation process (i.e.,
when the potential increased, see Figure 4b). For Cu(poly) oxidation, only Cu-OH and
(Cu2O)sur f were spotted during the oxidation on the SHINERS spectra (see Figure 4c).
Thus, the authors have remarked a difference in the presence of the intermediate species
during the oxidation process [94].

Figure 4. (a) SEM picture of Au@SiO2 nanoparticles on Cu surface (scale bar = 1 μm). The in-
set displays a TEM picture of a Au@SiO2 nanoparticle. (b) SHINERS spectra for Cu(111) oxida-
tion in a 0.01 M KOH solution. (c) SHINERS spectra for Cu(poly) oxidation in a 0.01 M KOH
solution. All the figures are reprinted (adapted) with permission from [94], Copyright 2019
American Chemical Society.

The next three works have addressed the topic of oxygen reduction reaction (ORR)
on Pt(hkl) surfaces by employing SHINERS spectroscopy. At first, Galloway et al., have
demonstrated the surface specificity of the ORR on Pt(hkl) surfaces by SHINERS in sodium–
oxygen electrochemistry [95]. The reduction of NaO2 to Na2O2 was favored on Pt(111)
and Pt(110) surfaces in 0.1 M NaClO4 dissolved in dimethyl sulfoxide (DMSO), whereas
this reduction was not detected on Pt(100) and Pt(poly) surfaces (no characteristic Raman
peak of Na2O2 recorded) due to the restricted interactions with adsorbed oxygens [95].
Next, the second work realized by Dong et al. dealt with the observation of intermediate
species for ORR on different Pt(hkl) surfaces examined by SHINERS. The authors have
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spectroscopically evidenced the fact that ORRs on Pt(111) surface was obtained by the
generation of OOH species, while for Pt(110) and Pt(100) surfaces by the formation of OH
species [96]. Finally, the same group has demonstrated the presence of intermediate species
during ORR on high-index Pt(hkl) surfaces by SHINERS spectroscopy [97]. Au@SiO2
nanoparticles were used for the study of the ORR activity of these Pt surfaces (see Figure 5a).
The authors have observed intermediate species for the two Pt surfaces (Pt(311) and Pt(211))
studied for ORR. From SHINERS spectra recorded for different values of potential, two
characteristic Raman peaks at ∼765 and ∼1041 cm−1 were observed and corresponded to
OOH and OH species, respectively (see Figure 5b,c). Moreover, they concluded that the
Pt(211) surface had a better reactivity than the Pt(311) surface due to the greater adsorption
energy for OOH species with the Pt(311) surface [97].

Figure 5. (a) Principle scheme of a SHINERS (Au@SiO2) measurement for oxygen reduction reaction
on Pt(hkl) surfaces. For different values of potential, SHINERS spectra recorded in HClO4 solution
(0.1 M) saturated in O2 are shown for the surfaces of (b) Pt(311) and (c) Pt(211). All the figures are
reprinted (adapted) with permission from [97], Copyright 2020 American Chemical Society.

Barlow et al. have investigated the corrosion of 304 stainless steel by using the
SHINERS technique. Au@SnO2 nanoparticles were employed for examining this possible
corrosion [98]. For the 304 stainless steel, the authors have evidenced a characteristic Raman
(SHINERS) peak corresponding to amorphous Fe(OH)2, and also another Raman peak
attributed to Cr(VI)–O bindings from a blended oxide based on Cr(VI). When KCl is present
in the electrolyte, a Raman peak attributed to γ-FeOOH was observed. Finally, the authors
have evidenced no green rust, i.e., no intermediate species during the conversion from
Fe(OH)2 to γ-FeOOH [98]. Besides, Wang et al., have reported on the effects of the size
and the nature of nanocatalysts on the hydrogenation of para-nitrothiophenol (pNTP)
by employing the SHINERS spectroscopy [99]. Au@SiO2 nanoparticles were used for
SHINERS experiments on which Pt, PtCu, PtNi nanocatalysts have been assembled via
electrostatic interactions. At first, the authors have studied the size effect of Pt nanocatalysts
on the pNTP hydrogenation, and have reported on an optimal size of 6.8 nm for Pt
nanoparticles. Then, the authors have studied the kinetics of reaction for Pt, PtCu and PtNi
nanocatalysts. They observed that PtCu and PtNi nanocatalysts have shown a quicker
and quasi-complete conversion of pNTP than for Pt ones [99]. To finish this section on
SHINERS applications to other surface catalytic reactions, Qiu et al. have investigated
the effect of the presence of g-C3N4 nanodots (CNNDs) and electrochemical exfoliated
graphene layers (EGLs) on the photodegradation of Rhodamine B (RhB) molecules probed
by SHINERS technique [100]. For SHINERS experiments, Ag@SiO2 nanoparticles and an
illumination wavelength of 632.8 nm were employed for examining this photocatalytic
process of degradation of RhB molecules (see Figure 6a). In the absence of CNNDs and
EGLs on the ITO substrate, the authors have noted no significant degradation of the
intensity of the Raman peaks of RhB molecules. In contrast, the authors have observed a
complete degradation of the intensity of these Raman peaks for an illumination time of
20 min with the presence of CNNDs and EGLs (see Figure 6b) [100].
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Figure 6. (a) Principle scheme for the photocatalytic process of degradation of RhB molecules (RhB =
red shapes) probed by SHINERS (Ag@SiO2 NPs = blue spheres with a grey shell). The yellow shapes
correspond to the g-C3N4 nanodots (CNNDs), and the EGLs/ITO substrate is represented by the
white rectangle on which the hexagonal lattice of graphene (EGLs) is depicted. (b) SHINERS spectra
of RhB molecules recorded for various illumination times in the range 0–22 min. All the figures are
reprinted from [100], Copyright 2019, with permission from Elsevier.

3.3. SHINERS Application for the Detection of Molecules and Ions

In this final section for the SHINERS applications, we report on a couple of works on
the detection of molecules and ions (see Table 3) [101–107].

Table 3. SHINERS application for the detection of molecules and ions (NPs = nanoparticles; cc-Au =
concave cubic gold; PPy = Polypyrrole).

Samples Core/Shell Size (nm) Detection Refs

(Au/SiO2)@SiO2 NPs on Si (61/900)/1–2 Rhodamine 6G [101]
Au@SiO2 NPs on TiO2(hkl) 55/2 Photoinduced behavior of dyes [102]

Ag@SiO2 NPs on filter paper 45/3 Thiram [103]
Ag@TiO2 NPs 10-30/2–10 Copper ions [104]
Ag@TiO2 NPs 20/2–10 Copper oxidation states [105]

cc-Au@Ag@SiO2 NPs 50/4/2–5 4-mercaptobenzoic acid [106]
Au@PPy bipyramids 100 (length)/1 γ-aminobutyric acid [108]

Au@SiO2 NPs 40/5 Metschnikowia pulcherrima yeast cells [109]
Au@SiO2 NPs 55/2 Atypical hyperplasia [110]
Ag@SiO2 NPs 53/2–5 Tumor cells in blood [107]

Wondergem et al. have reported the detection of Rhodamine 6G (R6G) molecules by
SHINERS spectroscopy [101]. For SHINERS experiments, (Au/SiO2)@SiO2 nanoparticles
were used in order to avoid contact between gold nanoparticles and the liquid medium.
The authors have obtained a detection limit of 10−12 M for R6G molecules with these
(Au/SiO2)@SiO2 plasmonic superstructures. Moreover, these plasmonic superstructures
can enable the study of catalytic reactions in liquids by using SHINERS [101]. In addition,
Zhang et al. have investigated the photoinduced behavior of dyes (N719) molecules on
three rutile TiO2(hkl) surfaces [102]. Au@SiO2 nanoparticles were employed for SHINERS
experiments. The authors have remarked that the SCN group of N719 molecules was the
group that primarily adsorbed on these three rutile TiO2(hkl) surfaces. The authors have
evidenced a shift of the Raman peak corresponding to the SCN group after an illumination
time of 36 min on TiO2(110) and TiO2(001) surfaces, whereas no shift of this Raman
peak was observed for the TiO2(111) surface. They concluded that the N719 molecules
adsorbed on TiO2(111) surface were very stable in the time, whereas the N719 molecules
had desorbed on TiO2(110) and TiO2(001) surfaces caused by the cleavage of the S = C
binding [102]. Furthermore, Sun et al., have reported a detection limit of 10−9 M for thiram
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molecules (pesticides) probed by the SHINERS spectroscopy [103]. Ag@SiO2 nanoparticles
on filter paper were employed as well as a miniaturized portable Raman analyzer based on
smart-phone for SHINERS experiments. The authors have recorded SHINERS spectra for
each concentration of thiram molecules (concentration range = 10−9–10−3 M), where four
characteristic Raman peaks of thiram molecules located at 440, 559, 1145 and 1379 cm−1

are displayed (see Figure 7). By using the Raman peak at 1379 cm−1, the authors have
deduced the detection limit (see Figure 7).

Figure 7. SHINERS spectra of thiram recorded for various concentrations in the range 10−9–10−3 M,
where are indicated the four characteristic Raman peaks as well as the two peaks associated to the
filter paper. The figure is reprinted from [103], Copyright 2019, with permission from Elsevier.

In the next two works realized by the same group [104,105], the detection of copper
ions and their oxidation states by SHINERS is addressed. Firstly, Forato et al., have investi-
gated the detection of Cu(II) ions by SHINERS spectroscopy. Ag@TiO2 nanoparticles and
three excitation wavelengths (514, 633, and 785 nm) were used for SHINERS experiments.
The authors have demonstrated an optimal efficiency for the detection of the Raman peak
of the Cu–N binding at an excitation wavelength of 633 nm [104]. Then, Quéffelec et al.,
have reported on the distinctness of Cu(I) and Cu(II) ions by SHINERS measurements [105].
The authors have used the same Ag@TiO2 nanoparticles functionalized with 2,2′-bipyridine
phosphonate (bpy-PA) and an excitation wavelength of 633 nm where the efficiency was
optimal [104]. From the SHINERS spectra recorded for Ag@TiO2@bpy-PA, Ag@TiO2@bpy-
PA-Cu(I) and Ag@TiO2@bpy-PA-Cu(II), the authors have detected the characteristic Raman
peaks of N–Cu(II) and N-Cu(I) vibrational modes at 230 and 290 cm−1, respectively (see
Figure 8).
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Figure 8. SHINERS spectra for Ag@TiO2@bpy-PA (in black), Ag@TiO2@bpy-PA-Cu(I) (in red) and
Ag@TiO2@bpy-PA-Cu(II) (in blue), where the Raman peaks of N-Cu(II) and N-Cu(I) vibrational
modes are depicted. The figure is reproduced from [105] with permission from the Royal Society of
Chemistry, Copyright 2020.

Krajczewski et al., have reported the detection of four-mercaptobenzoic acid (p-MBA)
by SHINERS measurements [106]. Au@Ag concave cubic nanoparticles (noted: cc-Au@Ag
NPs) were employed for the p-MBA detection probed by SHINERS measurements. The au-
thors have demonstrated that these cc-Au@Ag NPs have improved by 35% the enhance-
ment factor of the Raman signal of p-MBA molecules compared to the cc-Au NPs without
the thin Ag shell. Moreover, the authors have added a thin layer of SiO2 (<5 nm) on
cc-Au@Ag NPs, and they recorded a reduction by 50% of the Raman signal of p-MBA
molecules [106]. El-Said et al., have demonstrated the detection of neurotransmitters,
such as γ-aminobutyric acid (GABA), by using the SHINERS technique [108]. Au@PPy
nanobipyramids were used for this investigation, and allowed the detection of GABA with
high sensitivity (detection limit of 116 nM). Moreover, these Au@PPy nanobipyramids
have also enabled the detection of GABA in the presence of human serum, representing
a real sample [108]. Zdaniauskienė et al., have used the SHINERS technique in order to
study Metschnikowia pulcherrima yeast cells [109]. Au@SiO2 nanoparticles were employed
for this investigation, and allowed to obtain SHINERS spectra more enhanced than SERS
spectra. Moreover, the Au@SiO2 nanoparticles also allowed to suppress the appearance
of supplementary bands due to potential interactions with the gold nanoparticles, and to
identify the wall of yeast cells and their functional elements [109]. To conclude this section
and also this review, two works related to cancer research, focusing on the identification of
the atypical hyperplasia (AH) of the breast and the detection of tumor cells, are addressed.
Zheng et al., have explored the identification of the breast AH by employing the SHINERS
technique, which can provide a non-invasive diagnosis and study the cancer mechanisms
at a molecular level [110]. The authors have remarked via changes in the Raman band inten-
sities from SHINERS spectra that DNA strands have begun to snap in breast AH, and the
presence of amino acid residues was more important than in normal breast tissues [110].
Nicinski et al., have reported on the improvement of the detection sensitivity of tumor cells
such as renal cell carcinoma, and blood cells. This improvement was achieved by using
Ag@SiO2 nanoparticles via SHINERS measurements. The authors have observed variations
in the intensities of Raman bands between cancer and healthy cells due to changes in the
structure and quantity of molecules present during the formation of cancer cells [107].

4. Discussions and Future Directions

The shell-isolated nanoparticle-enhanced Raman spectroscopy has been generally
employed with core-shell nanoparticles composed of gold cores (or silver) and silica
shells, because the gold or silver cores presented a strong SERS activity. It would be
interesting to use other well-known plasmonic materials, such as aluminum, copper, pal-
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ladium, and other alternative plasmonic materials (e.g., transparent conductive oxides
and transition-metal nitrides) in order to study the influence of the nature of plasmonic
material on the efficiency of the SHINERS technique to be analyzed different surface re-
actions at normal and high temperatures. Other materials for the shell fabrication, such
as polymers, can be used to investigate the effect of shell material on this same efficiency
cited previously. Through the three sections presented above, we have observed that the
shell-isolated nanoparticle-enhanced Raman spectroscopy was non-invasive thanks to the
catalytically inactive dielectric shell, and also had other advantages, such as the study
of different surface catalytic reactions or adsorption of reactants on several surfaces of
different natures and morphologies, and the detection of different molecules. Both these
studies [84] were realized under normal conditions of temperature (T = 20–150 ◦C) and
pressure. However, a great number of catalytic reactions are produced at high temper-
atures (T = 300–1000 ◦C) typically in industry. Thus, the thermal stability of SHINERS
substrates should be improved for industrial applications. Moreover, the influence of
high pressures on the stability of SHINERS substrates is still a research issue to be solved.
Another challenging improvement to be addressed is to reduce the shell thickness (<1 nm;
without pinhole in shell) in order to achieve a better Raman enhancement. Besides, another
advantage would be to use the shell-isolated nanoparticle-enhanced Raman spectroscopy
in catalysis as local nanosensors of molecules during the catalytic reactions in order to
have a deep understanding of these catalytic reactions at the subnanometer scale [111].
Furthermore, the shell-isolated nanoparticle-enhanced Raman spectroscopy can be ex-
tended to other enhanced spectroscopies as tip-enhanced Raman spectroscopy (named
shell-isolated TERS) [112] and sum-frequency generation spectroscopy (named SHINE-
SFG) [113]. The shell-isolated TERS can allow the exclusion of interferences which are due
to the presence of contaminants, and also the investigation of catalytic reactions at the level
of a solid–liquid interface [112]. To finish, the SHINE-SFG spectroscopy can enable a novel
type of enhancement coming from the non-linear coupling of SHINE-SFG with difference
frequency generation. Thus, alternative substrates based on this type of coupling can be
designed in order to enhance different signals [113].

5. Conclusions

In this mini-review, we addressed the applications of the shell-isolated nanoparticle-
enhanced Raman spectroscopy. We started with the SHINERS application to the reactions
with CO molecules. The reactions of oxidation, hydrogenation, and adsorption of CO
molecules with various catalysts have been presented. Next, we explored SHINERS studies
on other surface catalytic reactions. Among these reactions, we presented a couple of
works on oxygen reduction reactions realized on Pt(hkl) surfaces. Then, oxidation reactions
of water and Cu surfaces have been exposed. Hydrogenation and photodegradation
reactions, molecule adsorption, and corrosion have been also addressed. Finally, we
reported on the detection of molecules and ions by SHINERS spectroscopy. The SHINERS
experiments have enabled to improve the detection sensitivity of pesticides (thiram), tumor
cells, and to distinguish the copper oxidation states. In conclusion, the shell-isolated
nanoparticle-enhanced Raman spectroscopy can be very useful for obtaining various
information on surface catalytic reactions, such as their mechanism and the intermediate
species present during these reactions. Moreover, the SHINERS substrates based on core–
shell nanoparticles can be employed as very sensitive nanosensors of molecules and ions.
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Abstract: An explosion in the interest for nanoplasmonics has occurred in order to realize optical
devices, biosensors, and photovoltaic devices. The plasmonic nanostructures are used for enhancing
and confining the electric field. In the specific case of biosensing, this electric field confinement
can induce the enhancement of the Raman signal of different molecules, or the localized surface
plasmon resonance shift after the detection of analytes on plasmonic nanostructures. A major part
of studies concerning to plasmonic modes and their application to sensing of analytes is realized
in ambient environment. However, over the past decade, an emerging subject of nanoplasmonics
has appeared, which is nanoplasmonics in high pressure environment. In last five years (2015–2020),
the latest advances in this emerging field and its application to sensing were carried out. This short
review is focused on the pressure effect on localized surface plasmon resonance of gold nanosystems,
the supercrystal formation of plasmonic nanoparticles stimulated by high pressure, and the detection
of molecules and phase transitions with plasmonic nanostructures in high pressure environment.

Keywords: plasmonics; localized surface plasmon resonance; high pressure; sensing; SERS

1. Introduction

During the past decade, nanoplasmonics was employed for the production of photovoltaic
devices [1–6], optical devices [7–15], and biosensors [16–20]. Additionally, nanoplasmonics enabled
the enhancement of photocatalysis [21–23], the luminescence upconversion enhancement [24,25],
and the optical tuning of luminescence and upconversion luminescence [26,27]. In addition,
nanoplasmonics can also enhance the sum-frequency generation signal [28–32] and the Förster
resonance energy transfer (FRET) [33–37]. Gold and silver were largely used for the production
of plasmonic nanostructures, and other alternative plasmonic materials were also employed, such as
aluminum [38,39], copper [40,41], palladium [42,43], transition-metal nitrides [44,45], and transparent
conductive oxides [46,47]. The plasmonic nanostructures allowed confining the electromagnetic (EM)
field into subwavelength-size zones. Concerning to the application to plasmonic biosensing, this EM
field confinement allowed inducing an enhancement of Raman signal of analytes named surface
enhanced Raman scattering (SERS) [48–53] or the localized surface plasmon resonance (LSPR) shift
after detection of analytes on plasmonic nanostructures [54–58]. The confinement of the EM field can be
controlled by adjusting the geometry and spatial organization of plasmonic nanosystems, for instance,
which can be realized with various techniques of lithography [45,59–66]. In addition, various plasmonic
modes can be used for biosensing based on SERS effect or LSPR shifting as dipolar and multipolar
resonances [67,68], surface lattice resonances [69,70], and hybridized resonances [71,72]. In the majority
of studies cited previously concerning the plasmonic sensing of analytes, the LSPR shifting and
SERS measurements were realized in ambient environment (e.g., pressure). However, a relevant
subject of nanoplasmonics has emerged over the past decade. This latter concerns nanoplasmonics in
high pressure environment [73,74], and its potential application to sensing of molecules. In the
nanoplasmonics in high pressure environment, the mechanisms for the LSPR shifts of metallic
nanoparticles induced by high pressure are generally based on variations of the refractive index
or the phase transitions of the surrounding medium, or deformation of metallic nanoparticles [73,74].
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For instance, a study reporting on the effect of high pressure on the LSPR shift of colloidal gold
nanoparticles demonstrated that the LSPR redshift of Au nanoparticles in water was due to the linear
increasing of the refractive index of the water with pressure [73].

The aim of this short review is to discuss the latest advances on nanoplasmonics in high pressure
environment over the period 2015–2020. Firstly, we will present the pressure effect on localized surface
plasmon resonance of gold nanosystems, then the use of high pressures for the supercrystal formation
of gold nanoparticles, and finish the detection of molecules and phase transitions with plasmonic
nanostructures in high pressure environment.

2. Nanoplasmonics in High Pressure Environment

2.1. Effect of High Pressure on Localized Surface Plasmon Resonance of Metallic Nanoparticles

In this first section, we discuss the effect of high pressure on LSPR modes of gold nanoparticles
with different shapes (see Table 1).

Table 1. Effect of high pressure on localized surface plasmon resonance (LSPR) of metallic nanoparticles.

Samples Study References

Au spheroidal nanoparticles LSPR shifts [75]
Au nanocrystals LSPR shifts [76]

Au nanospheres and Au nanorods LSPR shifts for both modes [77]

Bao et al. reported the effects of high pressure and the thickness of the gasket in a diamond
anvil cell (DAC) on the localized surface plasmon resonance of a colloidal solution of Au spheroidal
nanoparticles (AuSNPs). Authors have measured the LSPR of AuSNPs (size = 80 nm) by varying the
pressure from 2 to 12 GPa for two gaskets pre-indented to 140 μm (called GPI140) and 317 μm (called
GPI317). For the GPI140, the authors have recorded the absorption spectra of AuSNPs for pressures
from 2.24 GPa to 11.8 GPa (see Figure 1a).

Figure 1. At top, principle scheme of a DAC with a TEM picture of sample (AuSNP size = 80 nm;
scale bar = 100 nm). The ruby sphere is employed in order to measure the pressure in chamber by
fluorescence. At bottom, absorption spectra of AuSNPs are displayed as function of the wavelength
and the pressure with a gasket pre-indented to (a) 140 μm and (b) 317 μm. Black circles correspond
to experimental measurements of the absorption maximum. Red arrows represent the starting of the
broadening of absorption peak. Black arrows represent the brutal change in the LSPR shift magnitude
for AuSNPs. All of the figures are reprinted from [75], with the permission of AIP Publishing.

A broadening of the absorption peak of AuSNPs has occurred from the pressure of 4.13 GPa
(indicated by the red arrow in Figure 1a). Subsequently, a sudden variation in the magnitude of LSPR
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shift for AuSNPs has occurred at 8.24 GPa (indicated by the black arrow in Figure 1a). This sudden
variation is attributed to the deformation of the AuSNP shape. For the second gasket GPI317, they have
recorded the absorption spectra of AuSNPs for pressures from 2.75 GPa to 10.47 GPa (see Figure 1b).
The broadening of the absorption spectrum and the sudden variation in the LSPR shift magnitude
for AuSNPs have occurred at the same pressure of 5.5 GPa (indicated by the red and black arrow,
respectively, in Figure 1b). Furthermore, the authors remarked that the sudden variation in the LSPR
shift magnitude for AuSNPs was achieved at a higher pressure for the thinnest gasket (GPI140).
This was due to a better support of the part of the thinnest gasket located outside the culets in order to
do a sharp expansion or contraction of the chamber where the sample is located, emerging at a higher
pressure [75]. Gu et al. investigated the effect of quasihydrostatic and non-hydrostatic high pressures
on the LSPR of gold nanocrystals (size = 3.9 nm) in a DAC [76]. The used quasihydrostatic and
non-hydrostatic pressure media were ethylcyclohexane [78] and toluene [79], respectively. The authors
have recorded no variation in the LSPR wavelength of Au nanocrystals for quasihydrostatic high
pressures. On contrary, for non-hydrostatic high pressures, they observed a redshift of the LSPR of
Au nanocrystals achieving 68 nm, and this latter was reversible when the pressure was decreased.
This redshift was due to the deformation of Au nanocrystals (deformed shape with an aspect ratio of
∼2). When the non-hydrostatic pressure was decreased down to ambient pressure, the shape of Au
nanocrystal came back its original shape [76]. Martin-Sanchez et al. demonstrated the effects of the
hydrostatic pressure on LSPR of gold nanospheres and nanorods [77]. Firstly, the authors reported on
the changes in the absorbance spectra of gold nanospheres (AuNS; diameter = 20 nm) in parrafin with
pressure. Paraffin was used as solvent due to its easibility of stabilizing gold nanospheres in non-polar
media. Authors observed a redshift of the localized surface plasmon resonance of AuNS when the
pressure was increased from 0 to 17 GPa, and the redshift magnitude was around 3% of the LSPR
wavelength for AuNS (see Figure 2a).

Figure 2. (a) Absorbance (optical density) spectra of Au nanospheres in paraffin at different pressures.
(b) Localized surface plasmon resonance wavelength versus pressure. The experimental data are
displayed as green points. All of the lines correspond to a fit with the Mie–Gans model where the
parameters vary according the considered case. The red dashed line corresponds to the case of an
imcompressible particle. The dark and light gray lines correspond to the case where medium and
particle are compressible with K0 = 190 GPa (called Nano) and K0 = 167 GPa (called Bulk), respectively.
The brown lines correspond to the case of an incompressible medium for a gold nanoparticle (called
Nano; in dark brown) and for bulk gold material (called Bulk; in light brown). All of the figures are
reprinted (adapted) with permission from [77], Copyright 2019 American Chemical Society.

These weaker LSPR variations with pressure were caused by the higher shape factor (L = 1/3),
which decreased the solvent impact. Furthermore, the authors have determined from the experimental
measurements the bulk modulus (K0) of the gold nanoparticles (called Nano) by using the Mie–Gans
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model [77]. They found a value of K0 equal to 190 GPa, which is bigger as compared to this obtained
in the work of Heinz et al. [80] which is equal to 167 GPa for bulk gold (called bulk, see Figure 2b).
The Mie–Gans model enables to express the wavelength of the localized surface plasmon resonance at
a given pressure (P) as follows (for more details, see reference [77]):

λLSPR(P) = λp(0)

√
V(P)

V0

√
ε(0) +

1 − L
L

εm(P) (1)

where λp(0) corresponds to the bulk plasma wavelength at the ambient pressure (corresponding to
the pressure P = 0), V(P) and V0 are the particle volume at the pressure P and at the ambient pressure,
respectively. The ratio V(P)/V0 depends on the bulk modulus of gold (K0) and the first derivative K′

0.
This ratio and K′

0 express, as follows:

V(P)
V0

=

(
PK′

0
K0

+ 1
)−1/K′

0

, K′
0 =

(
∂K
∂P

)
P=0
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where K = K0 + K′
0P is the bulk modulus of a material (here gold) at a given pressure P. K0 is the bulk

modulus of a material (here gold) at the ambient pressure. The value of K′
0 is fixed at 6 [80,81] for all of

the studies presented here. εm(P) and ε(0) are the solvent dielectric function at the pressure P and the
dielectric constant of gold in the short wavelength limit λ → 0 (or ω → ∞, which is commonly noted
ε∞), respectively. εm(P) depends on the ratio V0/V(P). L is the shape factor of the nanoparticle.

Secondly, the authors investigated the pressure effect on the LSPR of gold nanorods in hydrostatic
regime and beyond this latter for two mixtures of a methanol–ethanol solution. For the first
methanol–ethanol (1:4) solution with gold nanorods whose the aspect ratio (AR) is 3.7 (dimensions:
21.7 nm × 5.6 nm, see Figure 3a), they have experimentally observed a redshift of longitudinal
plasmonic mode in hydrostatic (P = 1–4 GPa) and non-hydrostatic (P > 4 GPa) regimes (see Figure 3b).
However, in the non-hydrostatic regime (after solution solidification), the optical density decreased
abruptly (see Figure 3b).

Figure 3. (a) TEM picture of the Au nanorods with AR = 3.7 (dimensions: 21.7 nm × 5.6 nm).
(b) Absorbance (optical density) spectra of Au nanorods (AR = 3.7) in methanol–ethanol (1:4) solution
at different pressures. All of the figures are reprinted (adapted) with permission from [77], Copyright
2019 American Chemical Society.

Finally, the authors studied gold nanorods (AR = 3.7, see Figure 3a) in a methanol–ethanol (4:1)
solution. They have experimentally observed a redshift of longitudinal plasmonic mode in hydrostatic
(1–10 GPa) regime, i.e., up to solution solidification (see Figure 4a). Then, a blueshift in the LSPR
wavelength of the longitudinal mode was observed after switching from hydrostatic to non-hydrostatic
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regime (see Figure 4). In this non-hydrostatic (P > 10 GPa) regime, the LSPR wavelength of the
longitudinal mode was again redshifted when the pressure was increased (see Figure 4). However,
the optical density decreased more abruptly than in the case of the methanol–ethanol (1:4) solution
(see Figure 4a). Besides, weaker LSPR blueshifts for the transversal mode were also observed
(see Figure 4b). These blueshifts of the transversal mode were due to the compression of Au nanorods
and a higher electron density [77]. The Mie–Gans theory was in agreement with the experimental
results for the measurement of the position of the plasmon peak in the hydrostatic regime for both
longitudinal and transversal modes. For the non-hydrostatic regime, a difference between experiments
and the Mie–Gans theory was observed.

Figure 4. (a) Absorbance (optical density) spectra of Au nanorods (AR = 3.7) in methanol–ethanol
(4:1) solution recorded at different pressures. (b) LSPR wavelength versus hydrostatic pressure for
the longitudinal and transversal modes of Au nanorods (AR = 3.7) in methanol–ethanol (4:1) solution.
Orange points correspond to experimental data. All of the lines correspond to a fit with the Mie–Gans
model where the parameters vary according the considered case. For both plasmonic modes, the green
line corresponds to the case of an incompressible particle. The gray lines correspond to the case where
particle and solvent are compressible (in dark gray = the bulk modulus of gold called Nano; in light gray
= the bulk modulus of gold called Bulk). The brown lines correspond to the case of an incompressible
medium (in dark brown = the bulk modulus of gold called Nano; in light brown = the bulk modulus of
gold called Bulk). The vertical dashed line corresponds to the solution solidification. All of the figures are
reprinted (adapted) with permission from [77], Copyright 2019 American Chemical Society.

To conclude this section, a dramatic decrease of the optical density at the LSPR peak was recorded
after the solution solidification for both methanol–ethanol solutions with gold nanorods (AR = 3.7).
When the pressure of the solution solidification was higher, the optical density decay was more
significant (see Figures 3b and 4a, and reference [77]).

2.2. Use of High Pressures for the Supercrystal Formation of Gold Nanoparticles

In this section, we present studies regarding the pressure effect on the supercrystal formation
with gold nanoparticles (see Table 2).
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Table 2. Studies for the supercrystal formation of metallic nanoparticles stimulated by high pressure.

Samples Study References

Au spherical nanoparticles Supercrystal formation [82]
Au spherical nanoparticles Kinetics of nanocrystal superlattice formation [83]

Au nanorods Supercrystal formation [84]

Schroer et al. investigated the pressure effect on reversibility of the supercrystal formation with a
gold nanoparticle suspension. The authors have used Au nanoparticles (AuNPs) functionalized with a
shell of poly(ethyleneglycol) (PEG). The radius of AuNPs is around 6 nm, and two lengths of PEG
were used (2 and 5 kDa), and these Au nanoparticles coated with PEG were called AuNP@PEG2k and
AuNP@PEG5k, respectively. First, the authors have recorded patterns of small-angle X-ray scattering
(SAXS) for Au@PEG5k in a CsCl solution of 2 M for two pressures: 1 bar and 4000 bar. For the SAXS
pattern obtained for the pressure of 1 bar, they observed a strong forward scattering corresponding
to a liquid state of the AuNP@PEG5k solution (see at left in Figure 5a,b). Then, for SAXS pattern
recorded for the pressure of 4000 bar, Debye–Scherrer rings were observed, indicating the formation of
supercrystals under the form of a face-centered cubic ( f cc) superlattice (see at middle in Figure 5a,b).
Finally, they observed a reversibility of the state of the AuNP@PEG5k solution after the pressure
reduction down to 1 bar (see at right in Figure 5a,b) [82].

Figure 5. (a) Small-angle X-ray scattering (SAXS) patterns of the AuNP@PEG5k in a CsCl solution of 2 M
recorded for a pressure of 1 bar (at left), 4000 bar (at middle), again 1 bar (at right). (b) Corresponding
scheme of the structural assembly of AuNP@PEG5k: at left, liquid state; at middle, face-centered cubic
crystallites; at right, return to liquid state. All of the figures are reprinted (adapted) with permission
from [82], Copyright 2018 American Chemical Society.

Subsequently, the authors studied the pressure effect on the supercrystal formation with the
two types of AuNPs (AuNP@PEG2k and AuNP@PEG5k) in four chloride salts (CsCl, KCl, NaCl,
RbCl) at a concentration of 2 M. They remarked that the constant a of the f cc superlattice of the
AuNP@PEG2k and AuNP@PEG5k had decreased when the pressure had increased (see Figure 6a,b).
This decreasing was dependent on the cation of the chloride salt solution. Moreover, this pressure
effect on the constant a of the f cc lattice enabled the authors to calculate the effective compressibility
κe f f of the superlattice at the pressure of 4000 bar and at the fixed concentration of 2 M for each
chloride salt solution. They observed higher values of κe f f for the KCl solution for two types of AuNPs:
17.4 × 10−5 bar−1 for AuNP@PEG2k and 39.5 × 10−5 bar−1 for AuNP@PEG5k. They concluded that
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the decreasing of the lattice constant is primarily due to the compression of the PEG layer, because the
Au core shape was not modified [82].

Figure 6. Pressure effect on the lattice constant a for (a) AuNP@PEG5k and (b) AuNP@PEG2k in
each chloride salt solution of 2 M (blue crosses for NaCl, red squares for KCl, orange disks for RbCl,
and purple triangles for CsCl). All of the figures are reprinted (adapted) with permission from [82],
Copyright 2018 American Chemical Society.

In the same research group, Lehmkühler et al. studied the kinetics of the supercrystal
formation induced by pressure [83]. The authors have taken the same radius of 6 nm than
previously for the gold spherical nanoparticles (AuNPs) functionalized with α-methoxypoly(ethylene
glycol)-ω-(11-mercaptoundecanoate) ligands (PEGMUA). The molecular weight of PEGMUA is
5000 g.mol−1. These PEGMUA-coated AuNPs were disseminated in an 2 M chloride salt solution
(RbCl). Authors observed that the time of the supercrystal formation has decreased when the jump
from initial pressure (below the crystallisation pressure) to final pressure (beyond the crystallisation
pressure) was more important. The time scale of this supercrystal formation has varied from 25 s to
0.3 s with the increasing of the pressure jump. This effect is linked to an improvement of the crystal
quality caused by a larger speed of supercrystal formation [83].

Finally, Schroer et al. (same research group) also reported on the supercrystal formation of
Au nanorods (AuNRs) stimulated by high pressure. The Au nanorods were functionalized with
α-methoxypoly(ethylene glycol)-ω-(11-mercaptoundecanoate) ligands (PEGMUA2k). The dimensions
of AuNRs (see Figure 7a) were 75 nm for the length and 22 nm for the width, and PEGMUA2k had a
molecular weight of 2000 g·mol−1. First, authors have recorded SAXS patterns for AuNR@PEGMUA2k
in a RbCl solution of 2 M for two pressures: 1 bar and 4000 bar. For SAXS pattern that was obtained for
the pressure of 1 bar, they observed a same behavior than in the case of Au spherical nanoparticles seen
previously, i.e., the AuNR@PEGMUA2k solution was in a liquid state (see Figure 7b). For the second SAXS
pattern at the pressure of 4000 bar, Debye–Scherrer rings were distinguished showing the formation of
supercrystals under the form of a 2D hexagonal superlattice (see Figure 7b). They also observed that the
formation was very fast (a few seconds) and also reversible [84]. The authors also calculated the effective
compressibilities κe f f from the dependence of the interparticle distance to the pressure (see Figure 7c).
They found κe f f ,liquid = 10.6 × 10−5 bar−1 and κe f f ,supercrystal = 6.8 × 10−5 bar−1.
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Figure 7. (a) TEM picture of an AuNR@PEGMUA2k assembly. (b) SAXS patterns of the
AuNR@PEGMUA2k in a RbCl solution of 2 M recorded for a pressure of 1 bar (at top), 4000 bar
(at bottom) with the corresponding scheme of the structural assembly (liquid state and supercrystal
with a two-dimensional (2D) hexagonal superlattice, respectively). (c) Interparticle distance for
AuNR@PEGMUA2k versus pressure. The red and blue data correspond to the liquid state and
supercrystal formation, respectively. The black data correspond to the switching from liquid state
to supercrystals. All the figures are reprinted (adapted) with permission from [84], Copyright 2019
American Chemical Society.

To finish this section, the same authors demonstrated that, by changing the shape of gold
nanoparticles, they obtained supercrystals under the form of a different superlattice as a face-centered
cubic lattice with the spherical Au nanoparticles [82], and a 2D hexagonal lattice with the Au
nanorods [84].

2.3. Detection of Molecules and Phase Transitions in High Pressure Environment

In this section, we present studies regarding the detection of molecules and phase transitions in
high pressure environment (see Table 3).

Table 3. Detection of molecules and phase transitions in high pressure environment (RI = Refractive
Index, AuNPs = Gold nanoparticles; MoS2 NFs = Molybdenum disulphide nanoflowers).

Samples Detection References

Au spherical nanoparticles RI of Methanol-ethanol mixture [85]
Au nanorods Phases of water [86]
Au nanorods Phases of water and urea [87]

AuNPs/MoS2 NFs Rhodamine 6G [88]

Martin-Sanchez et al. demonstrated the detection of the refractive index of a methanol-ethanol
(4:1) mixture in high pressure environment with gold spherical nanoparticles (AuNPs) of 20-nm
diameter by following their LSPR shift [85]. First, the authors observed the LSPR shift of AuNPs in the
methanol-ethanol (4:1) solution as a function of pressure (see Figure 8a–c). In the hydrostatic regime
(from 0 to 10 GPa), they recorded a redshift of the AuNP LSPR due to a larger compressibility of
solvent when compared to this of gold. In the non-hydrostatic regime (from 10 to 60 GPa), a blueshift
of the AuNP LSPR was observed caused by the plasmon compression, which is more important than
this of solvent in this case.
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Figure 8. (a) Extinction spectra of AuNPs in the methanol-ethanol (4:1) solution at different pressures.
(b) LSPR wavelength versus pressure. The dashed line represents the limit between the hydrostatic
and non-hydrostatic regimes. (c) TEM picture of Au spherical nanoparticles with a diameter of 20 nm.
(d) Refractive index of the methanol-ethanol (4:1) solution versus pressure. All of the colored points
correspond to data found in the literature. The gray line corresponds to experimental RI measurements
obtained with the expression (3). All the figures are reprinted (adapted) with permission from [85],
Copyright 2020 American Chemical Society.

Subsequently, they studied the variations of the refractive index (RI) of the methanol-ethanol
(4:1) solution with pressure. The authors described these RI variations with pressure by using the
expression of Murnaghan type:

n = n0

(
Pα

β
+ 1
)1/α

(3)

where n0 corresponds to the RI of the methanol-ethanol (4:1) solution taken at ambient pressure (P = 0).
α and β correspond to parameters of fit. These parameters were obtained by fitting the expression (1)
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of the LSPR wavelength at the pressure P by employing the expressions (2) and (3) in order to depict
the variations of electron density of gold and dielectric function of solvent, respectively. They obtained
α = 19.3 and β = 4.3 in the whole range of pressure (0–60 GPa) by taking K0 = 190 GPa and K′

0 = 6
(see Section 2.1 and references [85,86]). Afterwards, the authors compared their RI values as function of
pressure to the literature [89–93], and these latter were generally in good agreement with this literature
(see Figure 8d). Furthermore, the authors of this same research group investigated the detection of
the refractive index of water in its liquid, ice VI, and ice VII phases by measuring the LSPR shift of
aqueous solutions of Au nanorods at different high pressures [86] (see Figure 9). The dimensions of
Au nanorods were 45.7 nm for the length and 13.4 nm for the width. By using the expressions (1)–(3),
the RI values for each water state were calculated from the LSPR wavelength of Au nanorods. For the
liquid phase (P = 0–1.8 GPa), the authors have taken n0 = 1.33, α = 26, and β = 6. For the ice VI phase
(P = 1.5–2.2 GPa), the values of n0, α, and β were equal to 1.40, 34, and 14, respectively. For the ice
VII phase (P = 2.2–9 GPa), these values of n0, α, and β were equal to 1.43, 13.7, and 30, respectively.
For all of the water states, α and β were obtained with the same method as described previously
(with K0 = 190 GPa and K′

0 = 6), and n0 corresponds to the RI of each water state at ambient pressure.
Subsequently, these RI values of each water state were compared to the literature [92,94–96], and a
good agreement between them was obtained [86].

Figure 9. (a) TEM picture of Au nanorods employed for experiments (scale bar = 200 nm). (b) LSPR
wavelength versus pressure. The red, pink and green points correspond to experimental values for
the liquid state, ice VI phase, and ice VII phase, respectively. The gray line represents the values
determined with the Mie–Gans model. (c) Refractive index of the water versus pressure. All of the
colored points correspond to data referenced in the literature. The gray line corresponds to experimental
RI measurements obtained with the expression (3), and the dashed gray line corresponds to the values
extrapolated with this model. All of the figures are reprinted (adapted) with permission from [86],
Copyright 2019 American Chemical Society.

In addition, Runowski et al. demonstrated the detection of phase transitions of different media
by measuring the LSPR shift of gold nanorods with pressure [87]. The dimensions of Au nanorods
were 100 nm for the length and 40 nm for the width. Authors have found the phase transition from
liquid water to ice VI for a pressure of 1 GPa due to an abrupt redshift of the LSPR of both longitudinal
and transversal modes of Au nanorods caused by a large jump of the refractive index of water (from
liquid state to ice VI). Subsequently, they observed the transition from ice VI to ice VII at a pressure of
2.2 GPa due to a short blueshift for both plasmonic modes caused by the presence of both ice VI and
ice VII. Then, authors investigated the detection phase transitions of urea [87]. A transition pressure
was observed at 0.5 GPa for the phase from urea I to urea III measured by an abrupt redshift in the
LSPR of Au nanorods due to the crystal lattice change from the tetragonal structure (phase I) to the
orthorhombic one (phase III) corresponding to a significant deformation between these phases [97].
A second transition pressure was observed at 2.8 GPa for the transition from urea III to urea IV
characterized by a smaller redshift of the Au nanorod LSPR due to the crystal lattice change from the
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orthorhombic phase III to the orthorhombic phase IV corresponding to a weaker deformation between
these phases [97].

In the work of Sun et al., the authors reported on the surface enhanced Raman scattering (SERS)
enhancement induced by high pressure with semiconducting nanoflowers (MoS2 NFs) decorated with
gold nanoparticles (AuNPs) [88]. The diameters of the MoS2 NFs and AuNPs were 700 nm and 10 nm,
respectively (see Figure 10a). They used the rhodamine 6G (R6G) molecules as SERS probe in the
experimental measurements. The authors recorded the SERS spectra of R6G molecules on AuNPs/Mo2

NFs at the excitation wavelength of 532 nm for pressures varying from 0 to 8.38 GPa. The highest
enhancement of the SERS signal was recorded for the pressure of 2.39 GPa (see Figure 10b). At this
pressure, the SERS enhancement was due to a better alignment of the energy levels between MoS2 NFs,
Au, and R6G molecules. This better alignment was obtained by the reduction of the energy of the band
gap of MoS2 NFs, and gap of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels for R6G molecules, when the applied pressure increased. The Fermi
energy level of gold was kept almost constant when the pressure increased [88]. Thus, at this pressure
of 2.39 GPa, two charge transfers (CTs) have occurred for enhancing the SERS signal (see Figure 10c).

Figure 10. (a) SEM picture of AuNPs/MoS2 NFs (scale bar = 500 nm). (b) SERS spectra of
MoS2/Au/R6G system at different pressures. (c) Charge transfer mechanism for the SERS enhancement
induced pressure. All of the figures are reproduced from [88] with permission from the Royal Society
of Chemistry.

The first CT mechanism was an electron transfer from the HOMO level of R6G to the conduction
band minimum (CBM) of MoS2 NFs. Subsequently, the second one was a two-step mechanism:
(i) electron transfer from the HOMO level of R6G to the Fermi energy level of Au and (ii) electron
transfer from the Fermi energy level of Au to CBM of MoS2 NFs. In this study, the band gap energy of
MoS2 NFs was determined by using the following expression [98]:

Eg = 1.68 − 0.07P + 0.00113P2 (4)
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where Eg is the band gap energy of MoS2 NFs (in eV), and P is the pressure (in GPa). Thus, the Eg

value for MoS2 NFs was calculated at the pressure of 2.39 GPa, and this latter was equal to 1.51 eV,
which was weaker than its value at ambient pressure (1.68 eV) proposing that CBM and valence
band maximum (VBM) levels of MoS2 NFs became smaller. Furthermore, the SERS mechanism at
ambient pressure was a two-step mechanism: (i) electron transfer from the HOMO level of R6G to
the Fermi energy level of gold enabled by the excitation laser wavelength (532 nm) and (ii) transfer of
hot electrons produced by the plasmon resonance of AuNPs to the CBM of MoS2 NFs (see Figure 10c).
Finally, for the pressures superior to 2.39 GPa, the SERS intensity decreased due to the fact that the
HOMO level of R6G molecules has exceeded the Fermi energy level of gold [88].

3. Future Directions

The nanoplasmonics in high pressure environment has generally been studied for gold. It would
be interesting to apply this type of studies to other plasmonic materials that are well-known, such as
silver, copper, palladium, and aluminum [39,40,43] in order to have the influence of the nature of the
plasmonic material on the LSPR shift in high pressure environment. We can extend this investigation
type to other alternative plasmonic materials, such as transition-metal nitride nanoparticles [44],
transparent conductive oxides [46], and iron carbide nanoparticles encapsulated by graphene [99],
which are materials at lower costs having a better temperature stability. Moreover, the domain of the
nanoplasmonics in high pressure environment can be applied to sensing of analytes, pollutants in high
pressure media as the marine medium, for instance. Another future direction of this domain is the
SERS effect induced by high pressure, which represents a novel frontier in the SERS field.

4. Conclusions

In this review, we discussed the emerging topic of the nanoplasmonics in high pressure
environment. First, we spoke about the effect of high pressure on the localized surface plasmon
resonance and the optical density of gold nanoparticles with different shapes and sizes. LSPR shifts
were observed for gold nanoparticles and were dependent on the shape, size, pressure regime
(hydrostatic and non-hydrostatic), and surrounding medium. Subsequently, we presented studies on
the supercrystal formation in a high pressure environment. The supercrystal formation was dependent
on the shape of gold nanoparticles influencing the form of the crystal superlattice. The phenomenon
of the supercrystal formation was reversible and very fast (a few seconds). To finish, we reported on
the detection of phase transitions and refractive index variations for different liquids as water and
urea, by measuring the LSPR shift of gold nanoparticles in these liquids. Moreover, we also reported
on the detection of chemical molecules by using the SERS effect that was induced by high pressure.
In summary, the nanoplasmonics in high pressure environment can be very useful for obtaining
structural information on solvents or studying optical, thermodynamic properties of several liquids
(organic and inorganic) or solids.
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