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HD DVD substrates for surface enhanced Raman
spectroscopy analysis: fabrication, theoretical
predictions and practical performancef

A. 1. Radu,}® Ye. Ye. Ussembayev, % M. Jahn,?® U. S. Schubert,“® K. Weber,?°
D. Cialla-May,*®° S. Hoeppener,**® A. Heisterkamp® and J. Popp?®

Commercial HD DVDs provide a characteristic structure of encoding pits which were utilized to fabricate
cost efficiently large area SERS substrates for chemical analysis. The study targets the simulation of the
plasmonic structure of the substrates and presents an easily accessible fabrication process to obtain
highly sensitive SERS active substrates. The theoretical simulation predicted the formation of
supermodes under optimized illumination conditions, which were verified experimentally. First tests of
the developed SERS substrates demonstrated their excellent potential for detecting vitamin A and pro-
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Introduction

The detection of trace contaminations and low concentrations
of molecules represents an important area of research con-
cerning sensing and diagnostic applications. Sensitive detec-
tion down to the molecular level is one of the key issues, e.g., for
the identification of different bacteria and the treatment of
diseases which are induced by them,* as well as of low-molar
mass substances in food-relevant matrices.>* Surface
enhanced Raman Spectroscopy (SERS)**” has been developed
into a very powerful tool to address these issues. SERS is a fast
and easy to perform technique proving molecular fingerprint
information of the sample. This is based on the utilization of
light interactions with metallic nanoparticles or nano-
structures, which result in a strong electromagnetic field on the
metal surface. As a consequence, close to the nanostructured
metal surface, Raman signals of molecules can be enhanced by
several orders of magnitude compared to a conventional Raman
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vitamin A at low concentration levels.

measurement. One issue for the establishment of SERS tools is
the availability of suitable substrates, which should provide
nanostructured metallic surface features, that are, at the same
time cost-efficient and preferably available in large quantities
with a constant quality on a large scale. Additionally, the Raman
signal enhancement behavior should be sufficient for the
desired application.

Top-down fabrication techniques, including e.g., optical and
electron-beam lithography®® can provide SERS-active substrates
with a high structural homogeneity and SERS signal reproduc-
ibility. In general, the applicability of these substrates is limited
by high production costs due to demanding technological
requirements. Alternatively, bottom-up fabrication methods
provide cost-efficient and easily accessible nanostructures but
have a limited control over their chemical purity, size and
geometry. Therefore, these fabrication methods need still to be
improved before a high efficiency for SERS measurements can
be achieved on a reproducible base.

In the present study we suggest the utilization of a mass-
produced commercial product as SERS-active substrates,
which is well established in optical data storage technology;
namely HD-DVDs. These optical storage disks are on one hand
very low priced (production costs vary between $0.90 to $1.50
per HD DVD), since large scale production for the mass-market
made them a widespread technological product, and are, on the
other hand, high quality products regarding their encoded
structure.®*' In particular for the change from common CD to
the DVD and later on to the HD DVD standard, the primary
priority was the improvement of the molding processes to
obtain nanometer precision as well as to establish the required
quality controls. As a result, the modern CD/DVD industry
reached excellent product quality not only for the conventional
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(CD and DVD) but also for the next-generation (HD DVD and
Blue-Ray) disks.'"*?

We report here the fabrication of SERS substrates based on
commercial HD DVDs, a theoretical discussion of the surface
plasmon characteristics of the HD DVD structure based on
finite element modelling (FEM) and finally demonstrate their
capabilities for SERS application by the detection of vitamin A
(retinol) and pro-vitamin A (B-carotene) as model substances. As
a result, it could be demonstrated that HD DVD disks are
attractive nanostructured materials for plasmonic applications
due to the structural arrangement and dimensions of their
encoding pits.

Results and discussion

Commercially available double-sided HD DVD disks present
a sandwich-like structure consisting of different layers (Fig. 1a).
Two 0.6 mm thick polycarbonate (PC) layers act as a support for
two reflective, mirror-like metal films with a thickness of 0.1
mm. These metal layers are separated by an additional thin
polymer-based protective layer."*** The encoding pits are
located within the PC disks and present nanostructures with
a typical width of 250 nm that are spatially distributed in
concentric rings with a periodicity of 400 nm." The length of
the encoding pits, however, varies between 200 and 1000 nm.
The typical structure of the encoding pits is schematically
depicted in Fig. 1a (top). These encoding pits are used here as
templates for forming SERS active substrates. In order to get
access to the encoding pit layer a simple procedure was applied
to separate the layers of a commercial HD DVD. The two sides of
the disk can be carefully separated with a sharp knife (Fig. 1b)
and the residual reflective metal film attached on the PC surface
is subsequently cleaved off with scotch tape (Fig. 1c). Then
a gold layer was sputter-coated on the previously cleaned PC
substrates (Fig. 1d). The prepared metal coated samples were
additionally cleaned by oxygen plasma treatment for five
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Fig. 1 Architecture of HD DVD disks (a) and preparation steps to
obtain the SERS substrates (b—e). The illustration is not drawn to scale.
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minutes to remove organic contaminations from the Au layer.
Finally, the disks were cut into small pieces with a size of 5 mm
X 5 mm.

This procedure results in a gold coated substrate containing
the inscribed encoding pits of the HD DVD. Fig. 2 depicts the
corresponding SEM (Fig. 2a) and topographic AFM images
(Fig. 2b) of the obtained gold coated HD DVD substrates. AFM
measurements (Fig. 2b) revealed that the depth of the pits varies
in the range between 35 and 80 nm due to tip convolution
effects in particular for the short pits, but also due to possible
shadowing effects during the sputter coating process of the Au
layer. However, most of the pits are 60 nm in depth, which was
assumed to be the average depth of the encoding pits (Fig. SI17).

In order to understand the plasmonic properties of the
individual encoding pits finite element modelling (FEM, details
of the method are summarized in the Experimental details) was
carried out. Since the only non-constant structural feature is the
lengths of the encoding pits different values were tested for the
length of the pits. Fig. 3 represents the results obtained for a pit
length [ = 900 nm. In this model, the E-field component of the
incident electromagnetic field was considered to be perpen-
dicular to the pit length (TM- or p-polarization). These
assumptions significantly reduced the computation time and
allowed the study of several interesting plasmonic effects on the
structures. In particular, a strong angular intensity modulation,
which involves light diffraction, absorption in the metal layer
and surface plasmon polariton (SPP) near-field enhancement of
electromagnetic fields were found. Distinct features of the light
intensity modulation at the as-prepared nanostructure can be
related to the excitation of localized surface plasmon reso-
nances (LSPR) concentrated on the rims of the encoding pit
(Fig. 3a). This type of plasmons is generally observed for metal
nanoparticles with a finite volume (spheres®”'*'»!* rods,">**
bow-tie’* and rhomb-shaped® nanoantennas) and also at the
sharp voids and edges of different geometries (tips,'*'” nano-
holes,'® rectangular nanowires'® and gratings®’). In the case of
the HD DVD-based nanostructures, LSPR modes can be induced
within a wide range of wavelengths (Ae. = 500 to 900 nm)
regardless of the angle of incidence. However, the magnitude of
the resulting near-field enhancement strongly depends on the
frequency of the excitation source and its overlapping with the
spectral position of the LSP resonances.

The wavelength of LSP resonances can be controlled in
general by the size and shape of nanostructures, the optical

=1 90.5nm

Fig. 2 SEM (a) and AFM (b) topography images of the HD DVD
encoding pit structure.
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Fig. 3 Localized surface plasmons excited at the edges of a HD DVD
encoding pit for different E-field directions ((a) TM- (Aexc = 745 nm)
and (b) TE-polarizations (A = 648 nm)) and (c) their coupling with
propagating surface plasmon polaritons within the inner volume of the
structure (A = 625 nm). The structure is shown as top view
representation.

properties of the applied materials (metal and surrounding
dielectric medium) as well as by the polarization of the incident
light>* In the case of incident p-polarized light (TM-
polarization), which is depicted in Fig. 3a, a LSP resonance at
a wavelength of A, = 745 nm is excited on the HD DVD
structures. In this case, the highest near-field enhancements
can be found along the longer sides of the encoding pit. In
contrast to this, surface plasmons localized at the opposite ends
of the structure are induced by E-field components parallel to
the x-axis (TE- or s-polarization), which is shown in Fig. 3b.
These resonances are blue shifted, with a maximum at a wave-
length of A = 648 nm and provide a higher field enhancement
compared to the p-polarization. However, the resulting Raman
signal of molecules is expected to be small in this configuration
because of the smaller surface area coverage of the locally
enhanced fields in the case of the s-polarized light. Therefore,
for the subsequent studies p-polarized light was utilized for the
excitation in order to maximize the area of structures, which
exhibit strong plasmon near field enhancement. By this means,
a larger number of absorbed molecules on the surface can
contribute to the measured SERS signal. Additionally, the
p-polarization plays a key role for exciting propagating surface
plasmon polaritons (SPP; Fig. 3c), which contribute consider-
ably to the studied light intensity modulation observed at the
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nanostructures under discussion. The induced SPPs traveling
along the surface of the nanostructure lead to an enhancement
of the electromagnetic field (Fig. 3c) and, consequently, an
increase of the intensity of the collected Raman scattering
signals is expected. For the excitation of the SPP modes the
following parameters play a crucial role: (i) the excitation
wavelength Ae. = 27/ky (Where k, = w/c is a light wavevector in
free space), (ii) the grating periodicity p, (iii) the optical prop-
erties of applied dielectric material 74 and (iv) the angle of
incidence 6. In Fig. 3¢, an example of an optimal combination of
these parameters is shown. Here, the coupling of the LSP and
the SPP within the inner volume of the encoding pit of the HD
DVD gold substrate, induced in air at normal incident light with
a wavelength of A = 625 nm, is observed. Due to the typical
the structural features of HD DVD disk (p = 400 nm), the Raman
instrumentation wavelength utilized (Aexe = 785 nm), and the
used dielectrics (1q = n,; = 1), some restrictions are imposed
on the experimental parameters. Therefore, only the incident
angle # and the thickness of the applied Au layer can be
adjusted to fulfil the phase-matching condition required for the
SPP excitation. Since HD DVD disks can behave additionally as
a diffraction grating due to the fixed periodicity of the encoding
pits, the coupling of the incident light to the SPP wavevector via
diffraction effects was taken into account in this work.

In order to investigate the influence of the metal coating
thickness, the absorption, reflection and transmission angular
dependence were taken into consideration. As observed in
Fig. 4, the reflection spectrum features two resonance minima.
These correspond to the excitation of two different propagating
plasmon modes: the short-range SPP (SR-SPP or a,-mode - the
first minimum at smaller angle) and the long-range SPP (LR-SPP
or sp,-mode - the second one at larger angle) modes,>* resulting
in a SPP mode splitting. The described plasmon behavior is only
typical for a thin metal layer and changes substantially for
increasing layer thicknesses (Fig. 4a). In particular, when the
thickness of the metal is sufficiently large (s, > 60 nm in
Fig. 4a), an asymmetrically bound mode disappears. Consid-
ering these observations, a gold layer with a thickness of 30 nm
was chosen as the optimum conditions for the following
experiments (Fig. 4b).

—— Reflection, K
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Fig. 4 The angular dependence of reflection R (a), absorption A,
transmission T and normalized near-field enhancement |E|/|Emay| for
a gold layer of 30 nm thickness deposited on a HD DVD substrate (b).
The observed reflectance minima splitting is caused by the thickness
of the metal film. Particularly, thinner layers cause sharper dips in the
reflectance spectra where bulk metal films (ha, > 60 nm) show a single
LR-SPP minimum in the reflection spectrum.
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Additionally, numerical simulations were conducted to
investigate the influence of the oblique incident angle on the
substrate's performance. The structure of the induced propa-
gating plasmon modes are depicted in Fig. 5. These modes have
different dispersion characteristics depending on the field-
distribution of the SPPs excited at the two conductor-isolator
interfaces (air-gold and gold-polycarbonate). In particular,
when the metal thickness is sufficiently thin (in our case 30 nm)
and the difference of the dielectric refractive indices is relatively
small (np = npc — Najr = 0.57), the plasmons excited above (in
the air) and below (in the PC) the metal film will couple,
resulting in two bound supermodes: the asymmetric bound a;-
and symmetric bound s,-modes. They are classified with respect
to their magnetic field component H, across the structure,
which has an asymmetric (“+/—” or “—/+” in Fig. 5¢) or
symmetric (“+/+” or “—/—" in Fig. 5d) spatial surface charge
distribution on top and bottom of the gold film. The symmetric
sp-bound mode shows small confinement of excited free elec-
trons (Fig. 5d) and, as a result, a larger propagation length being
commonly referred to as long-range SPP. In contrast to LR-SPP,
the asymmetric ay-plasmon mode propagates only short
distances (short-range SPP) due to a stronger confinement of
coherently oscillating electrons on the metal surface (Fig. 5¢).
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Fig. 5 Electric field distribution of surface plasmon modes excited at
the HD DVD plasmonic nanostructure with a wavelength of 785 nm and
the critical angles of 7° (a) and 69° (b) which correspond to short-range
(SR) and long-range (LR) SPPs, respectively. These two plasmon types
are differentiated with respect to their magnetic field component H, ((c)
and (d)) where SR-SPP and LR-SPP show an asymmetric (“+/—"or "—/+"

in (c)) and a symmetric (+/+ or "—/—" in (d)) distribution of surface
charges, respectively. The structure is shown from the side view.
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The predicted angular dependence of the SERS signals under
optimized illumination conditions on the HD DVD substrates
was experimentally investigated by utilizing retinol (also known
as vitamin A (Fig. SI27)) as analyte (Fig. 6). In order to demon-
strate the effect, the angle of incidence, measured between the
excitation beam and the substrate was gradually increased from
0 to 20° in steps of 2°. The obtained Raman fingerprint infor-
mation is depicted in Fig. 6a. For a better visualization, Fig. 6¢
depicts the peak area of the retinol marker mode at 1565 cm™*
(assigned to the C=C stretching vibration of the polyene chain
of the molecule®), estimated by the Simpson's rule as function
of the angle of incidence. These results fit to the numerical
calculations for small incident angles and support the forma-
tion of the predicted supermodes. Deviations of the theoretical
and experimental data can be expected. For larger incident
angles the model fails since scattering occurs that is not suffi-
ciently corrected by the applied model. Moreover, since for the
calculation an idealized encoding pit geometry was chosen,
additional deviations arise. In reality the encoding pit lengths
vary between 200 and 1000 nm and there is also a slightly non-
uniform depth of the features observed. Furthermore, the grain
size might vary across the surface of the obtained substrates
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Fig. 6 SERS spectra of retinol (a) and B-carotene (b) as function of the
angle of incidence. Integrated peak area of the 1569 cm™! band
(retinol) and the 1533 cm™ band (B-carotene) as function of the angle
between the incident beam and the substrate (c). Please note that the
presented measured data include the standard error of the mean of
the obtained experimental values.
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(e.g., the walls and the inner volume of the pits) due to the
sputtering process and could influence the SERS signal
enhancement. These parameters are not considered in the
theoretical models. Thus, only a qualitative verification of the
plasmon coupling can be performed. Based on the angle
dependent SERS measurements, an optimized incident angle of
4° was applied for all further SERS investigations.

To confirm these optimized conditions, additionally experi-
ments employing the pro-vitamin A (B-carotene) (Fig. SI2T) were
conducted (Fig. 6b).>* B-Carotene plays an important role in the
metabolism both as an antioxidant, leading to a reduced risk of
cancer or bone calcification, and as a vitamin A precursor.

Reference Raman spectra of both analytes were recorded at
an excitation wavelength of 785 nm and are presented in Fig. 7.
The extinction spectra of the two analytes (Fig. SI2T) exclude
that resonance Raman effects are contributing to the obtained
spectra. The observed Raman bands at 1521 cm ' for the
B-carotene spectra® and at 1584 cm™ " for the retinol spectra®
can be assigned to the C=C stretching vibrations of the polyene
chain. The observed shift in the peak positions can be explained
by the difference in the length of the conjugated m-electron
system of the two molecules.*® A complete band assignment of
the two molecules can be found elsewhere.?**

SERS spectra of different concentrations of retinol and
B-carotene were recorded on gold-coated HD DVD substrates
and compared with the obtained Raman reference spectra
(Fig. 7).

By comparison of the reference Raman spectra with the SERS
fingerprint a shift of the C=C stretching vibrations for both
analytes (12 cm™" to higher wavenumber for B-carotene and
19 cm ™' to lower wavenumbers for retinol) was reproducibly
observed for the SERS measurements as compared to the
Raman ones. The shift of the peak position of the C=C vibra-
tional mode might be a consequence of the charge transfer
between the analyte molecule and the metallic surface.
However, these would lead to a reduction of the electron density
of the molecule, which would cause a down-shift of the peak
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Fig. 7 Raman spectra measurement on powder and concentration
dependence of the SERS signal of the solutions with different
concentrations of retinol (a) and B-carotene (b).
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position. This would explain the down-shifting observed in the
case of retinol. However, the up-shifting of the peak position in
the case of B-carotene cannot be fully explained by the electron
withdrawing character of the CoH;s; group, as the electron
displacement within the molecule is also present under normal
conditions, ie., for the Raman measurements. A detailed
investigation of the shift in peak positions is beyond this study
and will be addressed in further research.

Additionally, it was found that the detected quantities of
both analytes are related to the relevant range to be detected in
food industry. According to the European Union (EU) regula-
tions®” both analytes are admitted in food as quantum satis.
Nevertheless, in the case of B-carotene a maximum permitted
content in sausages of 37 uM kg™' (EU no 1129/2011) is
permitted, which is in the range of the tested values. Consid-
ering this, it is expected that the detection of the two analytes in
food matrixes is possible by combining a food extraction
protocol with the presented SERS measurement procedure and
a solid analytical tool for reliable, rapid data analysis. Moreover,
by mathematically designing the pit structure embedded on the
HD DVD structure, the performance of the introduced SERS-
active substrate would further increase.

Experimental
FEM simulations of surface plasmons

In order to define the optimal resonance conditions for the
surface plasmon excitation of the nanostructure finite-element
modelling (FEM) method was employed. The commercially
available FEM modelling package COMSOL Multiphysics 4.3a
with radio frequency (RF) module was used. The calculations
were performed within a single 3D unit cell, which encloses the
reconstructed geometry of the encoding pit with dimensions as
determined by SEM/AFM measurements (w = 250 nm, v =
60 nm, / = 900 nm). The applied refractive indices of air and PC
were N, = 1 and npc = 1.57,”® respectively. The complex,
frequency-dependent, relative permittivity of gold (sputtered
metal film) ¢,, was interpolated from the reference literature.*
For the oblique incident angles Floquet periodic boundary
conditions (PBC) were applied in x- and y-directions to repro-
duce the infinite array of the encoding pits with a HD DVD
periodicity of p = 400 nm (track pitch length). Perfectly matched
layers (PML) were set in +z direction (the direction of light
propagation under normal incidence) to absorb the electro-
magnetic field components reflected or scattered from the
boundaries. Reflection (R) and transmission (7) were defined by
integrating the reflected and transmitted power over the planes
above and below the nanostructure, respectively. Light absorp-
tion (A) in gold was calculated by integrating the total power
dissipation (Q) within the volume of the metal film. All the
coefficients (4, R, T) were normalized to the incident power (P,).
Surface plasmon enhancement factors were calculated by
taking the ratio |E|/|E,| for the electric field (E-field) and |E|*/
|Eo|* for the intensity (I), where E is a computed electric field
and E, is the initial field. The obtained SPP enhancement was
normalized to the maximum values.

RSC Adv., 2016, 6, 44163-44169 | 44167
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Chemicals and reagents

All reagents were of analytical or HPLC reagent grade. Retinol
(>95% pure) and B-carotene (>95% pure) were purchased from
Sigma Aldrich (Steinheim, Germany). n-Hexane (>99% pure)
and ethanol was purchased from Carl Roth (Karlsruhe,
Germany). Stock solutions of 1 mM concentration of both
retinol and B-carotene were prepared by dissolving the appro-
priate powder quantities in n-hexane. They were further diluted
to 100 uM, 10 uM and 1 pM.

HD DVD disk (Hitachi video) was ordered from https://
www.Amazon.co.uk. The structural characterization of the
fabricated nanostructures was performed by scanning electron
microscopy (SEM, Gemini 1530 LEO field emission microscope)
and an atomic force microscopy (AFM, NTegra Aura (NT-MDT)).

Spectroscopic measurements

The extinction spectra of the analytes were recorded with a Jasco
V650 diode-array spectrophotometer.

The Raman measurements were performed using
a commercially available WITec confocal Raman system (WITec
GmbH, Ulm, Germany) equipped with a 785 nm laser. The
reference Raman spectra were recorded employing solid
substances. For the reference Raman spectra of retinol and -
carotene the excitation wavelength was 785 nm, the laser power
at the surface of the sample was 80 mW and the spectra are
recorded within 1 s with 10 accumulations.

For the angle-dependent SERS measurements, the substrates
were incubated in 1 mM aqueous solutions of retinol and
B-carotene for 30 min and finally dried in an Ar stream. After-
wards the substrate was fixed on a 25 x 25 metric goniometer
with a traveling distance of 40 degrees (LASER 2000, Wessling,
Germany). The angle between the incident beam and the
substrate was varied from 0 to 20 degrees and SERS measure-
ments were performed every two degrees. The excitation wave-
length was 785 nm. The light was focused via a 10x objective
(NA 0.2) onto the sample and the Raman scattered light was
collected with the same microscope objective. Line scans with
100 point measurements were recorded with an integration
time of 0.5 s per point. The power at the surface of the sample
was adjusted to 1 mW.

Finally, SERS spectra were recorded by applying nano-
structured arrays incubated in 100 pM, 10 uM, 1 mM and
10 mM aqueous solutions of these analytes. The angle of inci-
dence was adjusted to 4 degrees. Line scans were recorded with
100 point measurements and an integration time of 0.5 s per
point. The measurements were performed utilizing a 100x
objective (NA 0.75).

All presented spectra have been background corrected. For
the data analysis RStudio 2.1 and Origin 8.5 were used.

Conclusions

We demonstrated the fabrication of highly sensitive SERS
substrates based on commercially available HD DVDs. These
provide highly interesting structures which show beneficial and
promising plasmonic effects. As such, the formation of
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supermodes under optimized illumination conditions were
predicted and experimentally verified. The HD DVD based SERS
substrates have been utilized in a first application to trace
vitamin A and B-carotene.

The main advantage of the utilized approach to fabricate
SERS substrates based on this mass-market product is certainly
the low price and the excellent quality of the encoding pit
structures that is molded into the PC support of commercial HD
DVDs. Nevertheless, further studies should address the most
suitable encoding pit structures to achieve the highest
enhancement factors possible (in particular, optimization of
the pit length). In the present study no control over this
parameter was possible and an averaging over hundreds of
different pit geometries took place. Therefore, based on simu-
lations the optimum pit geometry should be predicted and
engraved into an HD DVD support.
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