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Abstract: Self-assembled gold and silver nanoparticles were fabricated in medium vacuum conditions
on Corning glass substrates by means of DC magnetron sputtering. The samples were deposited
either at 420 °C or 440 °C, or they were initially deposited at room temperature followed by post
annealing. Subsequently, they were covered with three different polymers, namely Polystyrene-
block-polybutadiene-blockpolystyrene (PS-b-PBD-b-PS), Polystyrene-co-methyl methacrylate (PS-co-
PMMA) and Polystyreneblock-polyisoprene-block-polystyrene (PS-b-PI-b-PS), using spin coating.
Localized surface plasmon resonances were recorded in the temperature range of —25 °C-100 °C. We
show that the resonance position changes systematically as a function of temperature. Theoretical
calculations carried out via the Rigorous Coupled Wave Analysis support the experimental results.
Based on these findings, the investigated materials demonstrate potential as components for the
development of temperature sensors.

Keywords: self-assembly; noble metal nanoparticles; plasmonics; temperature-dependent LSPRs;
copolymers; hybrid nanostructured films; RCWA

1. Introduction

Localized surface plasmon resonance (LSPR) is a well-studied and highly intriguing
phenomenon; it was observed in metal nanostructures, particularly nanoparticles (NPs).
LSPRs manifest as collective oscillations of charge density on the surfaces of metallic
nanoparticles upon irradiation via electromagnetic fields. When the frequency of incident
light aligns with the plasma frequency of the free electrons within the nanoparticles,
resonance occurs, resulting in the confinement of light and significant enhancement of the
local electric field [1]. The plasmon resonance frequency and extinction intensity depend
on the size, shape, size distribution, and composition of the nanostructures, as well as the
refractive index of their surrounding dielectric environment [1-3].

The exploitation of LSPRs exhibited by plasmonic NPs has led to their widespread use
across diverse fields including optoelectronics [4-6], solar cells [7,8], catalysis [9-11], biologi-
cal and chemical sensing [12,13], bioimaging, photothermal therapy, drug delivery [8,14-16]
and more [17]. Consequently, understanding the underlying mechanisms and phenomena
governing the properties of these materials is of utmost importance.
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Given the significance of the temperature dependence of LSPRs for a variety of ap-
plications, it is essential to comprehend how temperature changes can affect the optical
properties and local dielectric environment around metallic nanoparticles, thereby influ-
encing their LSPR characteristics. This effect can be harnessed in sensing applications,
leveraging temperature-sensitive LSPRs for precise temperature monitoring [18-25]. In this
context, various sensor configurations have been studied, among which the prism-based
Kretschmann configuration has shown high sensitivity [19,23]. Furthermore, understand-
ing LSPR temperature dependence is essential for ensuring the stability and reliability
of plasmonic devices and optimizing the thermoplasmonic processes, which have impli-
cations in applications such as thermally assisted magnetic recording [26], catalysis [27],
solar cells [28], photothermal therapy and other biological applications [29,30] among
others [29,31]. Overall, studying the temperature effects on LSPRs can provide insights into
the underlying physics, contributing to advancements in the development of functional
devices and plasmonics research overall.

Several studies have delved into exploring the impact of temperature on the optical
properties of various metallic materials, either in bulk [32,33], nanoparticle [3,34-39] or thin
film form [40-46]. Moreover, research has been extended to other nanostructures [47,48]
and alternative plasmonic materials like TiN [49]. These investigations have employed
theoretical, experimental or combined approaches.

Focusing on the plasmon resonance in nanoparticles, previous studies have examined
the temperature influence on the plasmon resonance absorption band in metal nanopar-
ticles [50-53], as well as the origin of temperature effects on the surface plasmon reso-
nance [54]. Furthermore, the size and temperature dependence of the surface plasmon
resonance of colloidal gold NPs has been studied [34] at temperatures up to 72 °C. However,
only a minor temperature effect was detected. It is worth noting that these studies were car-
ried out a considerable time ago. The size and temperature effects on the surface plasmon
resonance have also been investigated in spherical silver NPs embedded in a silica host
matrix in the temperature range of 20-377 °C (293-650 K) [37]. Similarly, the temperature
dependences of the surface plasmon resonance energy and width were studied for gold
NPs in a silica host matrix in the temperature range 17-915 °C [3]. The same investiga-
tion has been also carried out for copper (Cu) NPs in the temperature range of 20-187 °C
(293460 K) [38]. The increase in temperature in the latter three studies led to appreciable
red shift and broadening of the surface plasmon resonance in Au, Ag and Cu nanoparticles.

Another paper examined the temperature dependence of the surface plasmon reso-
nance of Au NP dimers. A red shift and a band broadening of SPR were reported with
an increase in temperature for all NP sizes. Additionally, a size-independent parameter
was extracted, potentially useful in temperature sensing [35]. Moreover, an evaluation
of the effects of temperature on the optical properties of phosphate glass containing Cu
nanoparticles (NPs) and Cu* ions was carried out by means of optical absorption and pho-
toluminescence (PL) spectroscopy measurements performed jointly in situ in the 25-300 °C
(298 to 573 K) range. The surface plasmon resonance of Cu NPs showed a strong dampening
effect with temperature [39]. Recently, the temperature dependence of Au/SiO, core—shell
nanoparticles in water was investigated between room temperature and 80 °C. A decrease
in absorption with temperature over the entire spectral range was observed, which was
more pronounced at the LSPR position [36].

Based on the above, it is evident that despite the significant importance of the effect of
temperature on the plasmon resonance for various applications and research areas, this
topic has not received considerable attention until recently. Additionally, most of the cited
studies have investigated optical properties such as the dielectric permittivity of the metals
and other components involved in the proposed sensor configurations.

In contrast, this study focuses on the investigation of the temperature-dependent LSPR
properties of a distinct type of hybrid nanocomposite films, consisting of self-assembled
noble metal NPs covered with copolymers, through both experimental and theoretical
approaches. These material systems possess unique properties that render them suitable for
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diverse plasmonic applications [55]. Notably, the polymeric coatings provide structural in-
tegrity and protection from oxidation or other environmental factors, which is important for
practical applications. Additionally, they can modify the dielectric environment of the NPs
and consequently alter their LSPR response. The LSPR behavior of such systems has been
previously examined at room temperature, showing remarkable tuning potential [55,56].
This study aims to further expand the understanding of the LSPR behavior of these distinct
systems regarding their potential exploitation in temperature sensing applications. More-
over, it is important to note that the examined structures were fabricated via simple and
cost-effective methods, highlighting their practicality and ease of implementation. LSPRs
were recorded within the temperature range of —25-100 °C. This range was selected since it
corresponds to typical environmental conditions and real-world scenarios where plasmonic
systems are utilized.

More specifically, we studied the LSPR properties of self-assembled silver (Ag) and
gold (Au) NPs located on glass substrates, both before and after coating with several
copolymers across the temperature range of —25 to 100 °C. Expanding on the methods,
Ag and Au self-assembled NPs were grown via magnetron sputtering either on heated
Corning glass substrates or through post deposition annealing of Ag and Au thin films
in air. Subsequently, three different copolymers were coated on top of the NPs by means
of spin coating. The resonance position exhibited a systematic shift as a function of
temperature, and the main contributions behind this effect are discussed. Furthermore,
theoretical calculations carried out via the Rigorous Coupled Wave Analysis complement
and support the experimental results. Finally, based on these results, we suggest that
the investigated structures could be useful in the implementation of LSPR temperature
sensor configurations.

2. Materials and Methods
2.1. Experimental Details

Self-assembled Ag and Au NPs were grown via direct-current (DC) magnetron sputter-
ing on Corning glass substrates, either directly at 420 °C or 440 °C, or after post annealing
of continuous thin films at 430 °C in air. A sputter-coater device (modified Balzers Union
model SCD040, Oerlikon Balzers, Balzers, Liechtenstein) with a heated substrate holder
was employed for the DC magnetron sputtering. During deposition at elevated temper-
atures, the substrate temperature was maintained constant via a temperature controller.
By utilizing a dual-stage rotary pump, the base pressure of the chamber was maintained
at 1.5 x 102 mbar. During deposition, argon was introduced into the chamber, increasing
the total pressure to 5 x 1072 mbar.

The term “films” is consistently used throughout the article to refer to each sample,
along with their respective nominal thickness for identification purposes. Specifically, the
term “films” refers to the nanostructured films which have been self-assembled into NPs,
either directly or after post annealing. When we mention the nominal thickness of a nanos-
tructured film deposited at 420 °C or 440 °C (directly self-assembled), we are referring to
the thickness of a continuous film that would form under the same deposition time at room
temperature. The direct formation of self-assembled nanoparticles on heated substrates
occurs because gold and silver do not wet glass easily due to the large difference in their
surface energies: 1.5 J/ m? for Au, 1.25 J/m? for Ag[57] and only 0.3 ]/ m? for glass [58].
By elevating the temperature of the system, we drive it closer to the thermodynamic
equilibrium state, which is island growth [59].

Following self-assembly, various copolymers were spin coated on the nanostructured
films (noble metallic NPs). For the fabrication of the polymeric coatings (matrices), solid
solutions of three different copolymers were used: polystyrene-block-polybutadiene-block-
polystyrene (PS-b-PBD-b-PS), poly(styrene-co-methyl methacrylate) (PS-co-PMMA) and
polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS), respectively. Each of the
copolymers was dissolved in toluene to create a 1.5% w/w solution. Specifically, 0.092 g
of PS-b-PBD-b-PS, 0.096 g of PS-co-PMMA and 0.065 g of PS-b-PI-b-PS were dissolved
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in 6.143, 6.432 and 4.371 g of toluene solution, respectively. The copolymers were deposited
on the films (NPs) using a Chemat Technology KW-4A spin-coating device (Chemat Tech-
nology, Northridge, CA, USA).

The surface morphology of the uncoated films was studied via atomic force microscopy
(AFM). Film and polymer thickness determination was performed using AFM images
showing the profile of a narrow scratch intentionally made on the film surface [56,60].
The thickness of polymer films deposited on a Corning glass substrate was measured
at 54, 35 and 300 nm for PS-b-PBD-b-PS, PS-co-PMMA and PS-b-PI-b-PS, respectively. The
employed AFM device was a Multimode Microscope with a Nanoscope Illa controller and a
120 x 120 pm? magnet-free scanner (Model AS-130VMF) developed by Digital Instruments
(Chapel Hill, NC, USA) operating in the non-contact (tapping) mode [61].

The optical properties of both polymer-coated and uncoated films were studied at
room temperature via ultraviolet—visible (UV-Vis) spectroscopy using a Shimadzu UV-Vis
spectrophotometer, Model: UV 1800 (Shimadzu, Kyoto, Japan) operating in the wavelength
range of 200-1100 nm.

Temperature-Dependent UV-Vis Spectra

Regarding the temperature-dependent UV-Vis spectra, data were recorded using a Hi-
tachi XX UV-Vis spectrophotometer (Hitachi, Tokyo, Japan) equipped with the temperature-
control system, Unisoku cryostat (Unisoku, Osaka, Japan). The system allows tempera-
ture control within the range of ambient temperature up to 1000 °C using an N»-heating
stream [62]. The measured nanostructured films were placed into a quartz cuvette
(3 x 1 x 1 cm), which was filled with an inert solvent to allow heat equilibrium between the
nanoparticles—copolymer system and the liquid phase.

Two series of temperature-dependent measurements were carried out. The first series
involved measurements of one Au film with a nominal thickness of 10 nm and two Ag
films with nominal thicknesses of 6 and 10 nm, before and after coating. UV-Vis spectra
were recorded in the —25 °C to 50 °C range with a step of 25 °C. In this series, ethanol was
selected as an inert solvent and the polymeric coating used was PS-co-PMMA.

The second series involved measurements of three Au and three Ag polymer-coated
nanostructured films. The nominal thickness of the Au specimens was 5 nm, while the
Ag ones had nominal thicknesses of 5 and 10 nm as presented in Table 1. Measurements
were carried out in the temperature range of 25-100 °C with a step of 25 °C. Xylene was
used as a solvent; the measurements were very fast in order not to affect the polymers. In
this case, three different polymeric coatings were used, PS-b-PBD-b-PS, PS-co-PMMA and
PS-b-PI-b-PS. The films’ stability was confirmed by remeasuring them after 3 days.

Table 1 summarizes the films deposited, their associated thermal processing and NP
growth method, as well as their polymeric coatings to enhance the comprehension of the
experimental procedure.

Table 1. List of all studied nanostructured films accompanied by their respective thermal
processing-NP growth method and their polymeric coating.

Nanostructured Film Thermal Processing- Polvmeric Coatin
(Nominal Thickness) NP Growth Method y &
First series
Aul (10 nm) Post deposition annealing PS-co-PMMA
at 430 °C for 20’
Post deposition annealing
Agl (6 nm) at 430 °C for 8/ PS-co-PMMA
Post deposition annealing
Ag?2 (10 nm) at 430 °C for 20/ PS-co-PMMA
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Table 1. Cont.

Nanostructured Film Thermal Processing-

(Nominal Thickness) NP Growth Method Polymeric Coating

Second series
Direct self-assembly

Au2 (5 nm) (deposition at 440 °C) [56] PS-b-PBD-b-PS
Au3 (5 nm) (deposion at 40-C) (5] PS-co-PMMA
vt 5o gttty rsemors
Ag3 (6m) (depostion at £20-C) (5 PSb-PBD-b-PS
Agd (5 nm) (deposionat £20-0) (5 PS-co-PMMA
Ag5 (10 nm) Direct self-assembly PS-b-PL-b-PS

(deposition at 420 °C) [55]

2.2. Theoretical Model

The system under examination is depicted in Figure 1. NPs are represented as cubes
and cylinders as they facilitate accelerated computational processing when implementing
the RCWA method [56,60,63]. The NPs were situated on a SiO, substrate, surrounded by
a polymeric matrix. For net Ag or Au NPs, the polymeric matrix was replaced with air.
Furthermore, when simulating the temperature-dependent measurements, an inert solvent
was located on top of the polymeric matrix.

Inert solvent i 2
Inert solvent / Copolymer
Copolymer t

1 Ag/Au
Ag/ '/Au  Copolymer Ag/ Au ts f i
i i
SiO, i i

d

Figure 1. The examined system of Ag or Au NPs on glass substrate surrounded by copolymers.
For temperature-dependent simulations, an inert solvent was applied onto the copolymer. Side
view (left) and top view (right). “a” is the lattice constant, “d” the diameter of the NPs, “t3” their
height, while “t;“ and “t,“denote the thickness of the inert solvent and copolymer, respectively.

Previous articles [63,64] have demonstrated that despite the non-periodical behavior
of materials fabricated through experimental methods, there is an alignment between the
theoretical and experimental results. Calculating the experimentally fabricated disordered
structure is very challenging, if not impossible, as it requires computations within an
extensive supercell, demanding significant time and memory resources. On the other hand,
relying solely on the calculation of individual metal nanoparticles proves unreliable, as the
experimental findings indicate that nanoparticles are typically positioned near one another.
Hence, a periodic array between nanoparticles was employed. The Rigorous Coupled-Wave
Analysis (RCWA) method stands out as a crucial tool characterized by the accuracy of its
results when analyzing propagating electromagnetic waves within periodic matrices [65].
Additionally, RCWA offers computational efficiency by dividing the analyzed area into
layers with consistent refractive index values. More details on the theoretical model used
can be found in previous studies [55,56,60,63,64].
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3. Results

The Section 3 is divided into two subsections. The first subsection includes AFM
images depicting the surface morphology of the self-assembled NPs grown after post
deposition annealing, along with their respective NP size distributions. Furthermore,
UV-Vis spectra of the post annealed films, both uncoated and coated with PS-co-PMMA,
are also presented. In the second subsection, the temperature-dependent LSPRs of self-
assembled NPs grown on heated substrates are presented. These samples were coated
with various copolymers. Their LSPRs and microstructure have been discussed in detail in
references [55,56].

3.1. Microstructure and LSPRs at Room Temperature

Figure 2a,c show the surface morphology of two Ag nanostructured films with nom-
inal thicknesses of 6 and 10 nm, respectively (Agl and Ag?2), while Figure 3a shows the
surface morphology of a 10 nm Au film (Aul). Figure 2b,d and Figure 3b illustrate the
corresponding NP size distributions. All the films were self-assembled into NPs after post
deposition annealing at 430 °C.

90 T T T T

Frequency
80 —— Cumulative Gaussian Fit Peak —

70 -

60 -
50

40}

Frequency

30
20
10

0 L A
0 20 40 60 80 100

NP diameter (nm)

(b)

35 T T T T T T T

Frequency 4
Cumulative Gaussian Fit Peak

30 B

Frequency

1 1 4
0 20 40 60 80 100 120 140 160
NP diameter (nm)

(d)

Figure 2. (a,c) AFM images of the nanostructured Ag films deposited at 420 °C along with their respec-
tive nanoparticle diameter distributions (b,d). (a,b) correspond to Agl (6 nm), and (c,d) correspond
to Ag2 (10 nm).

Dense NP distributions with several agglomerates could be observed for all cases. For
the Ag nanostructured films, bimodal distributions of NPs were observed in both cases,
with the initially thicker film (Ag2—10 nm) showing larger NPs on average, as revealed by
their NP size distributions (Figure 2b,d). The fitting was performed using the Gaussian
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distribution function. The detailed average NP diameter values are presented in Table 2.
On the other hand, for the Au nanostructured film, a single broad NP distribution was
observed, with some agglomerates also present.

14 T T T T

Frequency
—— Gaussian Fit

Frequency

0 1 1
0 50 100 150 200

NP diameter (nm)

(b)

Figure 3. (a) AFM image of the nanostructured Aul film (10 nm) deposited at 440 °C along with its
respective nanoparticle diameter distribution (b).

Table 2. Mean NP diameter values for NP distributions shown in Figure 2b,d and Figure 3b.

Nanostructured Film Mean NP Diameter
Agl (6 nm) 25 nm 46 nm
Ag2 (10 nm) 29 nm 66 nm
Aul (10 nm) 72 nm

Figure 4a,b show the UV-Vis spectra recorded at room temperature for the aforemen-
tioned nanostructured films before and after covering them with PS-co-PMMA. Figure 4a
corresponds to the Ag specimens, depicting absorbance curves with a main resonance
peak around 450 nm and a secondary one around 355 nm. This observation can be at-
tributed to the bimodal growth of the NPs. Furthermore, the LSPR amplitude of the initially
thicker (10 nm) film was greater than the thinner one. This was expected, due to the larger
size of the NPs observed in the former case. Regarding the nanoparticles with diameters
beyond 10 nm, larger NPs were expected to exhibit LSPRs at longer wavelengths (red-
shift) [59,66-68]. However, this was not observed in our Ag samples due to their bimodal
size distributions and non-perfectly spherical shapes. After coating with PS-co-PMMA, a
red shift was observed for both cases, along with an increase in the LSPR amplitude. These
phenomena were more pronounced for the thinner film. Furthermore, the width of the
resonance slightly increased in both cases after coating with the copolymer. These observa-
tions could be attributed to the higher dielectric constant of the polymeric coatings (~1.5)
compared to that of air. The same trend was also observed when examining the influence
of the same polymeric coatings on the plasmonic behavior of Au and Ag NPs [55,56].
Additionally, a consistent red shift was also observed in the Au and Ag NPs in NiO [63,69]
and ZnO [60] dielectric environments, due to their relatively large dielectric constants.

Figure 4b corresponds to the Au specimen, displaying a single-peak broad resonance,
consistent with the observed broad single distribution of Figure 3b. For the uncoated
specimen, the LSPR is located at 582 nm. After covering with PS-co-PMMA, a red shift
was observed once again, accompanied by an increase in the LSPR amplitude and a slight
broadening of the resonance. This phenomenon could be attributed to the larger dielectric
constant of the polymeric coating compared to that of air [55,56].
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Figure 4. (a) UV-Vis spectra for the two nanostructured Ag films (Agl and Ag2) with nominal
thicknesses of 6 and 10 nm, respectively. (b) UV-Vis spectra for the nanostructured Au film (Aul)
with a nominal thickness of 10 nm. Solid lines show absorbance curves before coating and dashed
lines depict those following the coating with PS-co-PMMA.

3.2. Temperature-Dependent LSPRs

In Figure 5, we present the temperature-dependent absorbance for polymer-coated Ag
and Au NPs on Corning glass, as indicated. Due to the setup specifications, the samples
had to be embedded in cubes filled with an inert solvent in order to ensure homogeneous
heating. However, this resulted in increased noise. In order to minimize the error in the
determination of the LSPR position we performed the work as follows: For Ag spectra,
where no background appears, before determination of the LSPR position we performed
either some soft smooth (adjusting average), like in Figure 5a,b, or we fitted the resonance
with a Gaussian. The difference between the two methods is very small. It has to be noted
that the measurements had an error margin of £0.5 nm regarding the wavelength of the
LSPR position. Figure 5a,b show an unambiguous blue shift of the LSPR position with
increasing temperature. For the Au spectra, which show some slope, see Figure 5c; we
followed the process presented in Ref. [70], i.e., correction for the background and Gaussian
fitting; see Figure 5d. Even for this sample in which the blue shift is among the smallest
observed, the shift is unambiguous.

In Figure 6, we present the change AA in the position of the LSPR with increasing
temperature for the polymer-covered Ag and Au NPs on Corning glass. We define AA
as the difference between the wavelength of the LSPR position of a sample at a specific
temperature minus the one at the lowest temperature for each set of measurements. The
negative slope reveals that by increasing the temperature, the LSPR position moves to a
smaller wavelength, i.e., a “blue shift” is always observed. We will next discuss these data
with respect to theoretical calculation via the RCWA method and the existing literature in
the Section 4.

0.7 T

03 o
B ' (a) T ooe
+ 50°C L Ag3 (5 nm) 06f * 50°C
= PS-b-PBD-b-PS + 75°C
05k v 100°C

(b)
Ag5 (10 nm)
PS-b-PI-b-PS

-—

0.2 blue shift

Absorbance (arb.units)
Absorbance (arb. units)
o
w

blue shift 01

00 - : 0.0 . ! s
400 450 500 550 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 5. Cont.
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Figure 5. Temperature-dependent LSPRs in polymer-coated Ag and Au NPs. The dashed lines are
fitted curves. We zoomed the spectra so that the blue shift is clearly visible. (a) corresponds to Ag3
(5 nm) covered with PS-b-PBD-b-PS, (b) corresponds to Ag5 (10 nm) covered with PS-b-PI-b-PS, and
(c) corresponds to Au4 (5 nm) covered with PS-b-PI-b-PS. (d) shows the absorbance curves of Au4
(5 nm) after correcting the background and performing Gaussian fitting.
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Figure 6. Change in the LSPR position as a function of temperature for polymer-covered Ag and Au
NPs on Corning glass. (a) shows the temperature-dependent LSPR position change of Ag specimens:
Ag3 (5 nm), Ag4 (5 nm) and Ag5 (10 nm) covered with PS-b-PBD-b-PS, PS-co-PMMA and PS-b-PI-
b-PS respectively. (b) shows the same as (a) but for Au specimens: Au2 (5 nm), Au3 (5 nm), Au4
(5 nm) also covered with PS-b-PBD-b-PS, PS-co-PMMA and PS-b-PI-b-PS respectively. (c) shows
the temperature-dependent LSPR position change of Agl (6 nm) and Ag?2 (10 nm) before and after
covering with PS-co-PMMA. (d) shows the same as (c), but for the Aul (10 nm) specimen.

4. Discussion

In this section, the theoretical calculations conducted via the RCWA method are
presented to complement the experimental results.

In Refs [3,37,38], Yeschenko et al. studied the temperature dependence of LSPRs of
gold, silver and copper NPs embedded in glass. They found a red shift of the LSPRs
with increasing temperature. This means that the resonance position decreases in terms of
energy in eV (or, equivalently, increases in terms of wavelength in nm) as the temperature
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increases. Three main factors govern the appearance of the red shift. One very small
contribution is due to the increase of the refractive index of glass in the temperature interval
of the studies. As this change is tiny (in the fourth decimal place) this contribution is almost
negligible. A slightly bigger change is due to the fundamental temperature dependence
of the electron—phonon scattering. A third, major contribution comes from the free three-
dimensional expansion of the metallic nanoparticles with increasing temperature. For
example, for copper, for a temperature increase of between 27 and 177 °C (300-450 K) the
total red shift was about 9 meV (less than 3 nm in wavelength) [38]. For the Ag NPs, the
effect seemed to be about three times larger [37].

On the contrary, in our samples, the LSPRs showed a clear blue shift with increasing
temperature. Employing our ability to perform rigorous calculations with the help of the
RCWA method, we provide below three quite important sources of blue shift for the LSPRs of
our NPs coated with polymers. As a case study, we selected Ag NPs with a mean diameter d
of 30 nm, such as some of our experimental ones; see Table 2. We selected a =3/2 x d and
tz3 =d/3 as in [55]. We selected PS-co-PMMA as a cover with a thickness t; = 35 nm.

First, we discuss the effect of a decrease in the refractive index of the polymer coating
with increasing temperature. We followed this approach as the PS-co-PMMA refractive
index indeed decreased linearly with temperature in the temperature interval of our mea-
surements [71]. The rate of decrease was about a 0.01 per 100 °C increase in temperature [71].
Although it is not very large, it is one order of magnitude larger than the increase in the
glass refractive index in the same temperature interval [72]. Therefore, we ignored the
influence of the increase in the refractive index of our glass substrate, which would have
given a very small red shift contribution as in Refs. [3,37,38].

In Figure 7, one can see the calculated absorbance spectra of our system when keeping
all the parameters constant and decreasing the polymer refractive index by an initial value
1 =1.49 and a step of about 2%. A clear blue shift of the LSPRs is demonstrated. In the inset,
we present the quantity AA (blue shift) as a function of minus n. We selected minus # as
the X-axis for the inset to look like the experimental data of Figure 6. As the experimental
increase in temperature by 75 °C corresponded to a decrease in 1 of PS-co-PMMA by only
0.0075 [71], from the inset of Figure 7, we estimated that this effect resulted in a decrease in
the wavelength of the LSPR position by AA~—1.5 nm.

Second, we discuss the effect of a decrease in the refractive index # of the liquid sur-
rounding our samples, during the temperature-dependent measurements, with increasing
temperature. In Figure 8, we present the absorbance spectra of our system when keeping
all the parameters constant and this time, decreased the ethanol refractive index by an
initial value n = 1.36 and a step of about 2%. We took an indicative ethanol layer thickness
of 500 nm, i.e., much larger than the thickness of PS-co-PMMA, to represent the case of
infinite as the ethanol layer around the sample was found at the macroscopic scale. Here,
we just aim to demonstrate the effects without increasing enormously the computational
time. A clear blue shift of the LSPRs is demonstrated in Figure 8. In the inset, we present
the quantity AA as a function of the decrease in —#n of ethanol. The slope of this line is
about 20% smaller than the one in the inset of Figure 7. This seems to be reasonable as
PS-co-PMMA directly covered the NPs while ethanol did not. However, ethanol exhibits a
much stronger temperature decrease in its refractive index with increasing temperature
as compared to PS-co-PMMA [73]. For example, the rate of linear decrease in the n of
ethanol was 0.04 per 100 °C as the temperature increased between 0 and 25 °C [73]. Then,
the value of the blue shift which corresponded to a decrease in n by 0.03 (i.e., the one
corresponding to the experimental increase in temperature by 75 °C; see Figure 6) was
AA~—4.2 nm. Since the refractive index of xylene has a slightly stronger temperature
dependence than that of ethanol [74], the effect of xylene on the AX of the LSPRs of our NPs
was expected also to be slightly larger than that of ethanol. Finally, with this analysis in
mind, we can also understand why the NPs covered with the very thick polymeric layers
(case of PS-b-PI-b-PS) showed less strong temperature-dependent LSPRs compared to the
other ones (PS-co-PMMA, PS-b-PBD-b-PS)(see Figure 6a,b): the very thick PS-b-PI-b-PS
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polymer layers shield the strong effects of the surrounding liquid upon the change in the
LSPRs position.
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Figure 7. Change in the LSPR position as a function of the refractive index of PS-co-PMMA. A clear
blue shift is observed. In the inset, we plot the blue shift as a function of —n. The dashed line is the
result of linear fitting.
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Figure 8. Change in the LSPR position as a function of the refractive index of ethanol. A clear blue
shift is observed. In the inset, we plot the blue shift as a function of —n. The dashed line is the result
of linear fitting.

The aforementioned decrease in the n of the polymer or the liquid around the samples
during the measurements had a quite significant contribution to the blue shift of the LSPRs.
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Here, we will discuss a third, relatively small contribution originating from the selective
expansion of our NPs. In [3,37,38], the NPs were placed inside self-assembled cavities in the
glass matrix, and they were free to fully expand in all directions during heating. In our case,
the NPs were bounded on glass. The linear expansion coefficient « of silver, for example,
is orders of magnitude larger than that of glass and reaches a value of about 0.002 per
temperature increase of 100 °C. As silver NPs cannot expand on the film plane due to their
attachment to the glass, they can expand only along the normal in the glass plane direction.
Then, there are two options. Either the NPs” height increases by only 0.2% along the normal
to the substrate plane, or, if the total volume has to remain constant to minimize the elastic
energy of the system, the NPs should by elongated in the Z direction (normal of the film
plane) by about 0.6% to accommodate the actual contraction along the X and Y axes on
the film plane, similar to the strained epitaxy of metallic thin films; see, e.g., [75]. In the
latter case, we plot in Figure 9 the absorbance spectra of our system whilst keeping all the
parameters constant as in Figure 7 for n = 1.49 and increasing t3 (NPs height) by an initial
value t3 = 10 nm and a step of 2%. The blue shift corresponding to an increase of 75 °C is
only AA = —0.7 nm.
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——1t3=10 nm T . ,
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—~~ —13=10.4 nm
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Figure 9. Change in the LSPR position as a function of the height t3 of the NPs. A clear blue shift
is observed. In the inset, we plot the blue shift as a function of t3. The dashed line is the result of
linear fitting.

Adding all three contributions, one may expect a total blue shift of about AA = —6.5 nm
for a temperature increase of 75 °C. This is in fair agreement with the experimental data
of Figure 6. We have to notice that our calculations have shown that another blue shift
contribution may arise when the medium is elastic and allows for the distance between
the particles to increase with the temperature. Although this contribution is important,
it is not encountered in the experimental NPs of this work, and it can be discussed in a
forthcoming publication.

Finally, although the change of the LSPRs’ position with increasing temperature was
not as large as that of SPRs in other works of literature Ref. [24], the linear dependence of
all the contributions that we studied via experiment and theory make the systems under
investigation appealing for potential use in the fabrication of temperature sensors.
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5. Conclusions

In summary, the main target of this work was to study the temperature dependence of
the position of the maximum intensity, i.e., the LSPR position of the absorbance of the silver
and gold NPs self-assembled on Corning glass and then covered with polymeric coatings.
We found a linear decrease in the LSPR position in wavelength units as the temperature
increases. With the help of rigorous calculations via the RCWA method, we disentangled
this “blue shift” of the LSPRs into three contributions: the temperature-dependent decrease
in the refractive index of the polymeric coating and of the liquid necessary to embed the
films for homogeneous and fast heating and the increase in the NPs’ height. The linear
dependence of these contributions on temperature may guarantee the fabrication of a
temperature sensor.
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