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Abstract

In this work, the performance of gold nanoislands was investigated for Localized Surface Plasmon
Resonance (LSPR) and Surface Enhanced Raman Spectroscopy (SERS) applications. Nanoislands were generated
by thermally annealing thin layers of gold (having thickness in the 6-12 nm range), which was previously deposited
by vacuum thermal evaporation onto glass substrates. Gold nanoparticles (AuNP) were evaluated based on their
plasmonic and SERS performance and morphological properties. Scanning Electron Microscopy (SEM) was used
to measure the average particle size and average interparticle distance in order to correlate them with the obtained
plasmonic/Raman capabilities. The technological parameters of nanoisland fabrication for optimal performances
were also determined.

Keywords: nanocomposites, gold nanoparticles, localized surface plasmon resonance, surface enhanced Raman
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1. Introduction

Metals are well-known basic materials for the fabrication of nanosized devices and the development of
novel technologies. Nanosized metallic structures have unique properties in comparison to macroscopic ones. One
of these is the possibility of the excitation of plasmon polaritons by light on their surface, which results in surface
plasmon resonance (SPR) at certain excitation wavelengths. Surface plasmon polaritons are electromagnetic
excitations propagating at the interface between a dielectric and a conductor, evanescently confined in the
perpendicular direction [1]. In order to excite a surface plasmon the photons must have appropriate (the same)
frequency and momentum. Importantly, for a given frequency a free-space photon has less momentum than that
of the surface plasmon. The coupling of photons into surface plasmons could be achieved using a prism or a grating
to match the photon and surface plasmon polariton wave vectors [2]. In SPR the maximum excitation of surface
plasmons is detected by monitoring the reflected power from a prism coupler as a function of incident angle or
wavelength [3]. This technique can be used to observe nanometer scale changes in thickness, to detect the alteration
of the refractive index, to investigate different surface reactions or absorption of biomolecules on the surface of a
metallic layer [4]. The advantages of sensors based on SPR are the high sensitivity and possibility of parallel
measurements. If the surface is patterned with different chemicals or biomolecules, the use of adequate optics and
imaging sensors allows developing a surface plasmon resonance imaging technique, which has a contrast
increasing based on a number of absorbed molecules [5-7].

SPR could also be excited without prism or grating, using nanostructures. In this case, light excites localized
surface plasmon resonance (LSPR), which represents collective electron oscillations in metallic nanoparticles [8].
So in contrast to continuous metal surfaces, LSPR can be realized more easily in nanosized metallic nanoparticles.
A possible great advantage of LSPR compared to SPR is that the sensor elements are used in a transmission optical
setup instead of a reflective one, which enables easy integration of this technique into small handheld monitoring
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devices [9,10]. Nanostructures based on gold, silver and copper exhibit strong absorption in the ultraviolet-visible-
near infrared light region. The wavelength or energy of this absorption can be altered by the shape and the size of
the nanoparticles, as well as by the selection of the most appropriate host material. In addition, it shifts due to the
change of the refractive index of the surrounding medium, so it can be used for sensors, too [11,12]. The
phenomenon of LSPR on nanostructures can be effectively utilized for a large variety of sensing purposes
(chemical sensors, gas sensors, biosensors, etc.) by measuring changes in the refractive index of the surrounding
media with high sensitivity. Such optical sensor elements can be sensitive enough to be used in biosensors for
monitoring/recognition of molecular scale interactions. [13,14]. The sensitivity of LSPR based devices strongly
depends on the used material and also on the size and geometry of the metallic nanoparticles [15]. By controlling
these parameters the plasmon absorption band can be tuned and the sensitivity can be optimized even in a way,
that (considering molecular or biosensing applications) can reach the sensitivity of classic Kretschmann-
configuration based SPR devices available on the market [16, 17]. Besides of that, these nanostructures can be
synthesized in several ways, perhaps one of the simplest methods is the thermal annealing of pre-deposited thin
films on glass or silicon surfaces. With this method, the parameters of the annealing process (time, temperature)
and the pre-deposited thin film thickness influence and define the resulting size and distribution of the
nanoparticles (or nanoislands) on the surface [18]. The reproduction and simple control of the size and shape of
nanoparticles plays an important role in the selection of the fabrication technology.

Photonic devices based on LSPR have been used to enhance the efficiency of fluorescence, Raman scattering,
infrared absorption and even second harmonic generation. So the surrounding, matrix materials are important in
such structures. Localized surface plasmons can be used to increase the effectivity of Raman scattering: surface
enhanced Raman spectroscopy (SERS) is an analytical method which can significantly increase the yield of Raman
scattering of target molecules adsorbed on the surface of metallic nanoparticles [11]. Depending on the
nanoparticles and some other conditions the enhancement factor can reach the order of 10'°-10, which would
enable even the detection of a single molecules on the surface. During SERS the gain of the scattered light is
achieved by the interaction of the electromagnetic field of the incident and/or scattered photons with the localized
surface plasmons of the metallic nanoparticles [19-21]. Being a highly sensitive technique, SERS has great
potential and already realized applications in many fields of detection and sensing. Obviously, specific plasmonic
nanoparticles are required to obtain effective SERS enhancement. The used excitation energy, samples to be
detected and environmental conditions all put their constrain on the SERS measurement and should be taken into
account when selecting the most appropriate SERS-active plasmonic nanostructure. Wide usage of SERS requires
nanoparticles with custom, tailored plasmonic properties and reproducible preparation technique [22,23].

The main challenge for both LSPR and SERS is to develop efficient, sensitive, yet cost-effective plasmonic
structures for various applications. The ease of the preparation, customization, and reproducibility are important
criteria for both LSPR and SERS substrates. However, by developing plasmonic structures suitable for both LSPR
and SERS combined devices can be fabricated that can provide better sensitivity and a broader range of
applications. The aim of the current work is the investigation and optimization of the technological parameters of
thermally generated pure gold nanoislands in order to fabricate cheap but sensitive photonic elements for both
techniques.

2. Experimental

For nanoparticle fabrication previously cleaned glass slides were coated with gold thin films in various
thicknesses (6, 9, 10 and 12 nm) with a vacuum thermal evaporation system. The thickness of the created layers
was measured with an Ambios XP-1 profilometer. The thickness was controlled by the amount of evaporated gold
wire. The prepared thin films were thermally annealed for given time periods (15, 30, 60 and 120 minutes) at
certain temperatures (400, 450, 500 and 550 °C) in a ceramic oven in Ar:H atmosphere. Figure 1 gives an overview
of the whole technological and investigation sequence of our experiments.

The surface of the obtained AuNP samples was investigated in different places with a Scanning Electron
Microscopy (SEM) (Hitachi S-4300) with certain magnification. The SEM images were analyzed by National
Instruments Vision Assistant software and the average size of the created AuNPs was calculated based on the
obtained data. The average interparticle distance was calculated by a Matlab code using the images created by the
Vision Assistant. Only average particle distances less than 100 nm were taken into consideration by the custom
image processing software, since our previous modeling and simulation on interparticle plasmon coupling showed,
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that this phenomenon becomes most significant below this threshold [24]. Optical transmittance of the created
AuUNPs was measured using a Shimadzu UV-3600 spectrophotometer.

The LSPR measurements were performed with an Ocean Optics Red Tide USB650 fiber optical
spectrophotometer and halogen light source between 400 and 800 nm.

SEM measurements and image
processing

Preparation of Au nanoislands Light source  LSPR transmittance
spectra
fluidic cell kL |
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Initial glass yer Annealing - o
substrate deposition .'i' =N :
» Spectrometer RS T

Figure 1 Comprehensive illustration of the nanoparticle preparation technology (layer deposition with thermal
evaporation and thermal annealing) and the characterization methods (SEM, transmittance-mode
spectrophotometry and SERS) used in this study.

SERS measurements were carried out with a Renishaw 1000 micro-Raman spectrometer. The 514 nm line of
an Ar ion laser was used for the excitation, and the excitation spot was focused into a spot having a diameter of 1
micron. The spectra were recorded with 10 s integration time. The SERS enhancement was tested using
benzophenone-isopropyl alcohol solution, by dripping the same volume onto the substrate so that the same drop
covered partially both the nanoparticle coated region and the clean glass substrate. The latter was used for the
reference measurements.

3. Results and Discussion
3.1. Investigation of the prepared gold nanoislands

The freshly prepared AuNPs were investigated by SEM and with an optical spectrophotometer. The SEM
images were analyzed and the average island size (equivalent circle diameter) and average separation between the
particles — as the two most important parameters of the samples — were obtained. Figure 2a, b, ¢ and d show the
influence of different parameters of fabrication technology on the size and separation between the nanoparticles,
and on their transmittance spectra as well. The following samples are shown on this figure: 1 — initial thickness
9 nm,thermally annealed at 550 °C for 30 minutes, 2 — initial thickness 10 nm, thermally annealed at 550 °C for
30 minutes, 3 — initial thickness 12 nm, thermally annealed at 550 °C for 30 minutes, It was established that by
increasing the initial layer thickness, the size and separation between the particles increase, and their plasmon peak
shifts toward longer wavelengths.

3.2. LSPR investigation

The plasmonic performance of the prepared samples was measured by optical spectrophotometry, by changing
the medium above the nanoparticles between air (n = 1) and water (n = 1.33) respectively. The measured red shift
of the absorbance peak divided by the changes in the refractive index is defined as the bulk refractive index
sensitivity (S, [nm/RIU]).
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Figure 3a shows typical transmittance spectra illustrating the red shift of the absorbance peak due to the changes
in the refractive index of the medium for the AuNPs sample, which SEM images were presented in Figure 2. The
main goal of our investigation was to determine the relationship between the average particle size, average
interparticle distance and the obtained bulk refractive index sensitivity of the samples. As can be seen in Figure
4a, by increasing the size of the islands the sensitivity also increases. However, the higher particle size shifts the
absorbance peak of the spectrum into the red or even near-infrared region (this is especially true for islands with
diameter above 150 nm, as can be seen in Figure 4b), which is not desirable for our applications (biosensors). A
possible solution would be to keep the particle size at a reasonably large diameter and decrease the average
separation between the particles. It is known that decreasing the distance between two nanoparticles leads to a
significantly increased near field intensity between the particles due to interparticle plasmon coupling effects [26].
It was also shown previously both experimentally and by modeling, that by tuning these two parameters (particle
size and shape) the plasmonic sensitivity of multi-particle systems can be influenced and ideally, optimized [27-
29]. As it can be seen in Figure 4b, the sensitivity depends on the ratio between the particle separation/particle size
(marked as r/D) in an exponential way. This exponential dependence can be related to photon tunneling between
the coupled nanoparticles and is in good agreement with previous experimental [26, 29] and theoretical reports
[24-26] on the subject.
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Figure 2. Investigation of the prepared gold nanoislands: a), b), and c) original SEM image of the samplesl, 2 and
3, d) The corresponding optical transmittance spectra of the samples.

Based on the results, the main strategies to optimize the plasmonic sensitivity of thermally generated
nanoislands could be the following: 1) increase the size of the nanoparticles, keeping in mind also the red shift of
the initial absorbance peak, and 2) decrease the interparticle separation between the particles. Based on Figures 3
and 4, an optimal solution can be reached with particle diameters around 150 nm. Here, the initial absorbance peak
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of the sensor in the air is still below 600 nm (Figure 3b), with a sensitivity of around 100 nm/RIU and a
corresponding r/D of 0.5. Higher sensitivities (and lower r/D ratios) were only reached with larger particles,
however, the initial absorbance peak of these particles was above 700 nm in air.

Three main technological parameters that influence the size and distance between the created AuNPs are the
initial thickness of the gold layer, annealing temperature and time. Higher initial thickness with the same annealing
parameters results in larger nanoparticles and higher sensitivity as it could be seen in Figure 5a. To determine the
dependence of the sensitivity on the annealing temperature and time, samples with 9 nm initial layer thickness
were annealed at 4 different temperatures for 4 different time periods. Figure 5b shows that higher annealing
temperatures and longer annealing times lead to more defined particles (due to Ostwald-ripening) which result in
increased gap sizes and thus smaller refractive index sensitivities. So it can be concluded that different time periods
should be chosen at different temperatures in order to gain higher sensitivity: at a lower temperature - longer
annealing times, at higher temperature shorter annealing times.
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Figure 3. a) LSPR transmittance shift of the AUNP sample measured in air (n=1) and water (n=1.33), respectively,
A2=28nm, AA//An=84.08nm/RIU. b) The position of the absorbance peak in function of the average particle size of
the created AuNPs.
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Figure 4. LSPR transmittance shift dependence on the a) average size of the AuUNPs (D) and b) the ratio of average
particle distance to average particle size (r/D) of the AuNPs.
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Figure 5. LSPR transmittance shift dependence on the a) initial layer thickness of the sample heat treated at 550
°C for different annealing time periods and on the b) annealing temperature for the layer with 9 nm initial layer
thickness heat treated at different annealing temperatures for different annealing time periods.

Two important conclusions, which transpire from the results are the following: 1) by increasing the deposited
thin film layer thickness and thus the resulting nanoisland size the refractive index sensitivity increases; 2) by
increasing the annealing time the sensitivity for a given initial layer thickness decreases due to longer particle
separation distances. Considering high plasmonic sensitivity and short initial absorbance peak position as our main
requirements, the LSPR sensor performance was obtained by annealing a 9 nm thick gold layer for 15 min at
550 °C.

3.3 SERS measurement

Figure 6 compares the normal Raman and the typical SERS spectrum of the same analyte obtained on the
AuUNPs sample, which SEM images were presented in Figure 2. The highest observable increase in the intensity
due to SERS is around 6x of the normal Raman signal on the figure, however, this comparison with the reference
spectrum does not reflect the exact SERS enhancement values. While the enhancement occurs only in a close
vicinity of the nanoislands, there is a significant non-SERS contribution from other regions of the sample in the
SERS spectrum too, influencing the intensity ratios and their comparison. Therefore, the analysis was focused on
the relative SERS enhancement factors of the different samples.
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Figure 6. Comparison of the 514 nm excited SERS and normal Raman spectra of the test analyte (benzophenone-
isopropyl alcohol) in the air.
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The main goal of our investigation was to determine the relationship between the average particle size, average
particle distance and the obtained SERS efficiency of the samples. It was also shown previously by modeling, that
tuning these two parameters (particle size and shape) the Raman intensity can be influenced and ideally, optimized
[30,31]. Figure 7 shows the dependence of the relative SERS enhancement factor on the two substrate parameters.
As it can be seen in Figure 7a, with increasing nanoparticle size the Raman enhancement increases, too. However,
for particle size above 150 nm, no remarkable SERS enhancement was observed, which is due to the plasmon
resonance maximum frequency of these samples, being well above 700 nm. In addition, Figure 7b indicates that
the Raman enhancement depends on the ratio of particle separation/particle size (marked as r/D) as well, and the
lower the average interparticle distance, the higher the SERS efficiency.
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Figure 7. Dependence of the relative SERS enhancement, determined for the 1605 cm-1 peak on the a) average
size of the AuNPs (D) and on the b) average particle distance to average particle size ratio (r/D) of the AuNPs.

The above observations can be related to plasmonic properties of the AUNP samples. As it was seen in Fig. 3b,
the plasmon resonance wavelength increases with particle size, but for nanoparticle sizes, up to 150 nm, it remains
between 500-580 nm. In our measurements, the Raman scattering was excited with 514 nm and the absolute
wavelength of the Raman peak used for the SERS enhancement factor determination (at 1605 cm™) is 560 nm.
Both values are in the range of the absorption maxima of AuNPs and, depending on their relationship, plasmonic
enhancement of the excitation or scattered light, or both can occur. The role of interparticle distance can be related
to the significantly increased near field intensity between close plasmonic particles due to interparticle plasmon
coupling effects [26]. On the other hand, in addition to plasmonic properties, larger and more densely packed
nanoparticles have higher specific surface coverage and so higher number of hotspots involved in the SERS
enhancement.
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Figure 8. Dependence of SERS enhancement ratio of the 1605 and 1664 cm™* peaks (I1s05/11664) ON the wavelength
of absorbance peak maximum for the different AuNPs substrates.

Obviously, the obtained SERS enhancement on a particular substrate strongly depends on the relation of the
excitation laser, Raman peak, and plasmon resonance wavelengths. While one would expect the maximum SERS
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enhancement for zero wavelength difference, with the excitation source, the highest experimental enhancement
ratios were obtained when the plasmon resonance was red shifted compared to the excitation wavelength [32]. The
reason for this is that in the latter case both the excitation and the Raman scattering could be enhanced by the
localized surface plasmons. When measuring Raman spectrum over a broad wavelength range, the width of the
plasmon resonance peak becomes an important factor, too, since it will determine the enhancement level of the
Raman peaks at different wavenumbers. In order to study these effects, the SERS enhancement factors were
determined for two different wavenumbers, at 1605 and 1664 cm™, corresponding to 560 and 562 nanometers.
Figure 8 shows the dependence of the SERS enhancement ratios of the two peaks on the wavelength of the plasmon
resonance peak maximum. It can be seen that with increasing absorption maximum position the relative intensity
of the two peaks, located only 2 nm from each other, slowly increases. Up to peak positions of 560 nm, this is
obvious, since in this case, the 1605 cm™ peak is closer to the maximum of plasmon resonance than the 1664 cm-
L one, and so it should have better enhancement. However, the tendency continues even above 560 nm. According
to Fig. 3a the absorbance peak of these substrates is relatively broad, a particular sample with plasmon resonance
maximum around 550 nm still can enhance the field of the excitation laser at 514 nm to some extent, and this
contribution can affect the relative enhancement ratios.

The analysis of the SERS enhancement of AuUNP samples of different morphology shows that both nanoisland
size and interparticle distance affect the efficiency of the substrates. Larger and more densely packed gold
nanoparticles will result in better SERS performance, which is in good correlation with the findings of the LSPR
measurements. It was found also, that in addition to the excitation wavelength, the Raman wavenumber region to
be detected should also be taken into account when fabricating and selecting the AuNP substrate for SERS. On the
other hand, finding more appropriate excitation energy for a particular AuNP substrate, based on its plasmonic
properties, is another option that can be considered for efficient SERS measurements.

By comparing the results obtained by LSPR and SERS tests we can say that effectivity of the two methods in
function of the particle parameters are strongly connected. Larger particle sizes also lead to higher LSPR sensitivity
and SERS enhancement, while decreasing the gap between the particles are likewise beneficial for both methods.
AUNP substrates showing good performance in both LSPR spectroscopy and SERS could serve a good basis for
the fabrication of combined LSPR-SERS sensor devices.

Conclusions

The performance of thermally generated pure gold nanoparticles for LSPR and SERS sensing applications was
investigated. The generated nanoisland arrangements were studied with SEM, the parameters of AuNPs were
calculated and were compared to their sensing properties. We found that higher deposited layer thicknesses and
shorter annealing times lead to higher LSPR bulk refractive index sensitivities which are strongly connected to the
increased island sizes and smaller gap distances. SERS measurements performed on the AuNPs gave similar
results. Based on the findings, the main strategies of the optimization of the plasmonic sensitivity and surface
enhancement of thermally generated gold nanoparticles can be the following: 1) increase the size of the
nanoparticles with thicker initial layers (with respect to the significant red shift of the absorbance peak above
150 nm diameter, which should be considered for plasmonic applications), and 2) decrease the interparticle
separation between the particles with shorter annealing times.
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