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Abstract This study reports a large reinforcement of the plasmon–phonon coupling in alpha quartz achieved through the controlled
deposition of gold nanoparticles into nanotemplates produced through chemical etching of ion tracks. Preferential agglomeration of
nanoparticles within the etched ion tracks (nanowells) was observed in Scanning Electron Microscopy and Atomic Force Microscopy
images. Raman characterization of quartz substrates with different nanoparticle concentrations revealed a relationship between the
plasmon–phonon coupling intensity and nanoparticle concentration. Reinforcement of the plasmon–phonon coupling was observed
as an increase in the Raman intensity with increasing concentration of deposited nanoparticles. The intensity initially increased
linearly with nanoparticle concentration up to about 4 × 106 nps/µL where a saturation regime was identified. In the saturation
regime, a roughly 200-fold increase in the scattering intensity was measured in the first micron of the specimen. At higher nanoparticle
concentrations, the Raman intensity decreased exponentially following the Beer–Lambert Law. The reduction in the Raman intensity
is attributed to increased laser absorption with increasing nanoparticle layer thickness. Comparatively weak reinforcement of Raman
scattering was observed when nanoparticles were deposited on unirradiated and unetched samples, suggesting that the reinforcement
of plasmon–phonon coupling may be favored by the anisotropic geometry of the nanowells. In particular, the etched tracks promote
nanoparticles agglomeration likely promoting the formation of plasmon hotspots.

1 Introduction

The incorporation of nanostructures in transparent materials presents a promising route for modifying optical properties. One of the
goals of nanophotonics, for example, is to exploit photon-matter interactions at the nanometer scale in order to manipulate light at
spatial scales below the diffraction limit. In nanostructured metamaterials, the effective linear and non-linear properties of an optical
medium are tailored through modifications to the dielectric permittivity and through quantum confinement effects. The properties
of such nanostructured optical materials can differ significantly from their bulk counterparts [1, 2].

Metallic nanostructures alter light-matter interaction through their ability to support collective electronic excitations (plasmons)
[3–5]. Conduction electrons at a metal surface can be driven to oscillate by the oscillating electric field of incident electromagnetic
radiation. Due to the nanometric size of such particles and the electromagnetic boundary conditions imposed by their surface,
discrete surface modes called localized surface plasmons can be excited by incident light. Localized surface plasmons have been
shown to enhance the optical response of materials by several orders of magnitude [6–8].

Plasmonic nanoparticles modify the phase of the electric and magnetic fields in their vicinity due to their capacity to strongly
couple local electron density fluctuations with an electromagnetic field of wavelength larger than the nanoparticle itself [9]. When
metallic nanoparticles are separated within a distance comparable to their diameter, additional electromagnetic effects appear [10,
11]. Plasmon coupling occurs when two or more plasmonic nanoparticles form clusters, causing their near-field surface plasmons
to hybridize and further enhance the localized electric field within the clusters (hotspots). Such clusters also enable the exchange
of hot electrons between adjacent nanoparticles. Previous studies have reported an enhancement of the interparticle electric field
by several orders of magnitude, far exceeding the field enhancement created by a single plasmonic nanoparticle [6–8, 10, 11]. In
addition to the field enhancement, hybridization shifts the surface plasmon resonance to longer wavelengths. For example, using
Raman spectroscopy, it was observed that the plasmon resonance for spherical AuNPs shifted from 520 to ~ 660 nm as the particles
aggregate [12]. Surface plasmons can couple incident electromagnetic radiation (e.g. visible light) to the atomic vibrational modes
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Fig. 1 SEM images of irradiated
and etched Y-cut alpha quartz
samples. The nanowell surface
dimensions (left) and depth (right)
are indicated

of molecules and solids. This coupling is exploited in Surface-enhanced Raman Spectroscopy (SERS) which is used to detect and
characterize substances at ultra-low concentrations [13].

Recently, nanoplasmonic devices have received great interest in physics and engineering disciplines. Nanoplasmonics are expected
to become a key technology that will merge electronics and conventional photonic components on the same device [4, 14, 15].
Nanoplasmonics have been used in nanoantennas [16, 17], efficient solar cells [18, 19], nanoplasmonic biosensors [20, 21], SERS
[22, 23], localized heat generation [24, 25], smart coatings [26, 27], plasmonic nanofilters [28, 29], and other technologies.

Quartz is widely used in optoelectronics and photonic devices. Its optical and electrical properties, thermostability, high resistance
to chemical attack, insulating and piezoelectric properties, abundance, and affordability make quartz an important technological
material in applications including integrated optics, microelectronics, and spectroscopy. Developing techniques to modify the optical
properties of quartz helps broaden its technological utility. Previous efforts have been made to fabricate quartz nanotemplates that can
be functionalized to construct nanodevices with unique optical, thermal, and electronic properties [30]. The study included samples
of Y-cut alpha quartz that were irradiated with highly energetic ions and subsequently vapor-etched with hydrofluoric acid solutions
to produce and tailor anisotropic nanowell structures. In addition, the modification of the optical response of the ion-irradiated and
etched nanotemplates was analyzed [31].

The main objective of the present work is to incorporate gold nanoparticles (AuNPs) into quartz nanotemplates in order to modify
its optical response by reinforcing the plasmon–phonon coupling via localized surface plasmons in intimate contact with the quartz
crystal structure. Gold nanoparticles with a mean diameter of 7 nm were deposited into the etched nanowells by dropping a colloidal
suspension on the sample surfaces and allowing them to dry. The characterization of the resulting plasmonic material is based on
scanning electron microscopy (SEM), atomic force microscopy (AFM), and Raman spectroscopy.

2 Methods

Single-side polished Y-cut alpha quartz substrates from MTI, Inc. were used. The samples were irradiated a few degrees off normal
incidence with 40 MeV I7+ (0.31 MeV/amu) swift heavy ions to a fluence of 1×109 cm−2, in the isolated track regime [30],
in the standard beamline chamber of the Centre of Micro-Analysis of Materials (CMAM-UAM) at the University Autonoma de
Madrid (UAM) [32]. When the electronic energy loss deposited by the projectile ions into the crystal overcomes the amorphization
threshold (Se,th ~ 2–4 keV/nm) [33], the passage of the ions forms ion tracks, highly disordered or amorphous columnar structures
with nanometer diameters that extend several microns into the substrate. After irradiation, the samples were vapor-etched with an
aqueous solution of 20%w HF for 1 h at room temperature. The resulting nanostructures had anisotropic nanochannel or nanowell
shapes with superficial dimensions of ~ 600 nm in length and ~ 200 nm in width, and depths up to ~ 1 µm [30]. Various well/channel
shapes and aspect ratios are possible through the crystallographic-direction-dependent etching rate, choice of crystal cut, and etchant
conditions. Figure 1 shows SEM images of the nanowell templates used in this study. The micrograph on the left shows the superficial
nanowell openings on the sample surface; the micrograph on the right shows an edge-on cross-section of a cleaved sample where
the nanowell depth can be observed. SEM micrographs were obtained at a high voltage of 15 kV, with a current of 86 pA, a
working distance of 4.1 mm, and magnifications ranging between 20,000×and 50,000× . The samples were coated with a 3 nm
layer of Au/Pd to inhibit charging, reduce thermal damage, and improve the secondary electron signal required for the topographic
examination.

Citrate-coated AuNPs with spherical shape and 7 nm diameter were used in the deposition. The AuNPs were purchased from Luna
Nanotech as a liquid suspension in water (1.55×10–6 M). The citrate coating acts as a stabilizing surfactant to avoid agglomeration
(size dispersity: ~ 1.2 nm). The AuNPs deposition on the sample surfaces was conducted by dripping 20 µL drops of a dilute
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suspension (2.3×10–8 M in deionized water) onto the samples and letting them dry in air. Samples with different areal concentrations
of deposited AuNPs were prepared by varying the number of drops. Before depositing a new drop, the sample surface was cleaned
by rinsing with deionized water to remove the nanoparticles that were not trapped inside the nanowells. This procedure was used to
produce specimens where most of AuNPs reside inside the nanowells.

Raman spectra were acquired with a Horiba Xplora Plus Confocal Raman Microscope at room temperature with a 785 nm
semiconductor laser. Spectra were collected using a 10×objective lens with an air numerical aperture of 0.25, 1800 lines mm−1

grating, and a 100 µm diameter pinhole. Based on these parameters, the index of refraction of quartz and the formulae in ref. [34],
an optical sectioning resolution (FWHM) of about 98.4 µm is assumed. All measurements were acquired in the backscattering
geometry without polarization optics.

SEM images were taken to characterize the distribution of AuNPs after deposition. Micrographs were acquired at high voltage
(10 kV), with a current of 43 pA, a working distance of 5.3 mm, and magnifications ranging between 20,000×and 50,000×. To
inhibit charging and improve the secondary electron signal, the samples were coated with a 15 nm layer of carbon. Carbon was used
instead of Au/Pd coating to avoid interference between the AuNPs and the conductive coating layer.

3 Results and discussion

Figure 2 (left) shows an SEM micrograph of a sample with AuNPs deposited at a low concentration (4×106 nps/µL). Agglomeration
of AuNPs was observed in the SEM image. This is expected as capillary forces draw NPs together as solvent evaporization takes
place. Most of the agglomerated AuNPs were found inside the nanowells. At low concentrations, AuNPs were not homogeneously
distributed within the nanowells. Some wells/channels had a high-density AuNPs while others were empty or nearly so. Also, some
of the nanowells were not completely filled to the surface. This provides some evidence that through some combination of the
anisotropic nanowells geometry and direction of capillary forces, most of the AuNPs tend to agglomerate at the bottom of the wells.
Figure 2 (right) shows AFM surface profiles of a nanowell filled with a low concentration of AuNPs. A comparison of line scans A,
B and C shows the presence of a large agglomerate in the center of a wide (~ 200 nm) channel. It is important to note that despite the
apparent morphological differences between the SEM images in Figs. 1 and 2, both substrates were irradiated and etched under the
same conditions. The morphological differences are attributed, in part, to the different coatings used to obtain each image (AuPd for
Fig. 1 and carbon for Fig. 2). It also seems that there was some heterogeneity in the etching rate across the surface of each specimen.
The heterogeneity did not affect the Raman measurements which were averaged over a macroscopic area.

Despite the non-uniform distribution of AuNPs, a clear modification in the Raman response of quartz by the presence of hotspots in
agglomerated AuNPs was observed. The reinforcement of the electromagnetic field due to plasmon oscillations can occur between
as few as two coupled nanoparticles [4–9, 35, 36]. Figure 3 shows the Raman spectra of samples with different nanoparticle
concentrations. The spectrum of a sample with no AuNPs was included for comparison purposes. A detailed description of the
Raman spectrum of quartz can be found in Refs. [37–39].

A significant change in the Raman scattering intensities was observed in samples with deposited AuNPs. Samples with a low
concentration (up to 4×106 nps/µL) of AuNPs exhibited a linear increase in the Raman scattered intensity with concentration.
However, at higher concentrations, the Raman intensity decreased with increasing concentration. These observations suggest that as
AuNP coverage increases, AuNPs cluster within the nanowells forming a large number of hotspots in close proximity to the quartz
structure, thereby enhancing the Raman response. With continued deposition, however, AuNPs begin to cover the sample surface,
blocking underlying hotspots formed near the quartz with an absorbing layer of gold. This results in a saturation of the SERS signal
and, with continued deposition of AuNPs, light absorption. In other words, the large number of nanoparticles at the surface increases
the mass thickness of gold between the incident laser and the quartz substrate to the point where significant attenuation prevents
incident light from reaching the substrate.

Figure 4 shows the relationship between the enhancement in the total Raman intensity (integrated Stokes spectrum) with AuNP
concentration. The enhancement factor was evaluated by comparing the measured intensity of the coated samples with the intensity
obtained from the samples without AuNPs, calculated as shown in Eq. (1):

EF � I

I0
(1)

where I is the Raman intensity obtained after depositing AuNPs and I0 is the Raman intensity obtained without AuNPs. It is
important to note that the Raman microscope conditions were kept unmodified for all measurements. At lower concentrations, a
linear relationship between the EF with the AuNPs concentration was clearly observed suggesting that the enhancement scales with
the number of nanoparticles in the nanowells (see Fig. 4 inset). A maximum EF � 3.41 was observed at 4×106 nps/µL. It should be
noted, however, that the depth of the wells represents only 1% of the optical sectioning resolution used in the Raman measurements.
Assuming that the Raman susceptibility of the quartz below the template layer is unaffected, there is an approximately 240× increase
in the Raman scattering intensity in the upper 1 µm of the specimens at the optimum AuNP concentration.
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Fig. 2 (Left) SEM micrograph a sample with deposited AuNPs. (Right) AFM line scan depth profiles of a nanowell with deposited AuNPs

Fig. 3 Raman spectra of samples with different AuNP concentrations

In the regime of light attenuation, after the maximum enhancement factor is reached, the scattering intensity can be compared to
the Beer–Lambert Law, shown in Eq. (2):

I

I0
� e−µx (2)
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Fig. 4 Raman enhancement factor
vs. AuNPs concentration. Circles
and squares represent the
experimental data. The inset
shows the lower NPs
concentration regime

µ is the molar extinction coefficient (1.1×107 M−1 cm−1) of the AuNPs, provided by Luna Nanotech, and x , the molar areal
concentration, was assumed to be proportional to the nanoparticle concentration.

The Beer-Lambert Law from Eq. 2 is overlayed on the data in Fig. 4 with an additive background constant to account for areas
of the quartz between the channels/wells. The Beer-Lambert law shows good agreement with experimental data suggesting that the
attenuation of the Raman signal at the higher concentrations is indeed the result of laser light absorption.

Figure 4 also shows the effect of depositing AuNPs on unirradiated, unetched (untreated) quartz substrates. Only a small
enhancement effect was observed from the particle lying on the surface of the substrate. However, the effect was only seen in
a narrow range of low concentrations before absorption effects diminish the signal. Evidently, the wells/channels greatly enhance
the SERS response.

It should be noted that the Raman measurements were performed off-resonance. The surface plasmon resonance of AuNPs
occurs around 520 nm for sub-50 nm particles [40]. For isolated (non-hybridized) AuNPs, a standard 532 nm laser found on many
Raman systems is well suited for characterization. As hotspots form and plasmons hybridize, however, the resonance shifts to
longer wavelengths and Raman measurements taken using a pump wavelength significantly longer than 520 nm (i.e. within the
low energy tail of the resonance) can be expected to exhibit an enhancement due solely to the redshift. Thus, the observed Raman
enhancement seen in these data could have its origins in the local field enhancement around hotspots, the redshift from hybridization,
or a combination of both.

Tian et al. [12] compared the SERS signals of unaggregated and aggregated spherical AuNPs using an organic dye as a probe
at both 532 nm and 785 nm laser wavelengths. They did not observe a significant SERS signal from the unaggregated particles
when measured with the 532 nm laser (near-resonance). As the particles aggregated, however, a notable enhancement in the 785 nm
Raman spectrum was observed. The enhancement could be attributed, in part to the redshift from 520 to 660 nm that brought the
resonance closer to the 785 nm wavelength of the laser, and in part to the local field enhancement from the hotspots. However, given
that the authors reported a significantly stronger enhancement of the SERS signal in the aggregated (hybridized) NPs off-resonance,
one can conclude that the local field enhancement effect is likely dominant. Given the similarity of the phenomena examined in Tian
et al. and those presented in this work, it is hypothesized that the main contribution to the observed enhanced Raman signal in the
nanowells is the local field enhancement from hotspots. Further insight into the relative contributions of the redshift and local field
enhancement effects might be obtained by repeating these Raman measurements at 532 nm and at an intermediate wavelength (e.g.
638 nm). Indeed, such measurements, if performed in-situ might provide additional valuable information on the clustering process
within the wells as it occurs.

4 Conclusions

A plasmonic material was fabricated using ion irradiation, wet etching and nanoparticle deposition that exhibited plasmon–phonon
coupling behaviour. Raman microscopy revealed two regimes in the optical response. In the first, a linear enhancement of the Raman
scattering intensity was observed with increasing AuNP concentrations, up to 4 × 106 nps/µL. A maximum enhancement factor of
3.4 was observed corresponding to a roughly 200-fold enhancement of the optical response within the nanowells. In the regime of
higher nanoparticle concentrations, an exponential reduction in the Raman intensity from light absorption in the AuNPs followed
the Beer-Lambert Law. Similar enhancement behaviour was not seen in the spectra from unirradiated and unetched quartz when
nanoparticles were deposited. These anisotropic nanostructures may be used to efficiently couple light to optical phonons near the
surface of quartz via localized surface plasmons. Ion beam irradiation, chemical etching, and nanoparticle deposition have many
tunable parameters, making these techniques flexible tools for tailoring the properties of novel photonic devices.
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