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ABSTRACT: In this paper, we report on an improved enhancement of the SERS effect. Such
improvement is obtained by using a continuous gold film (underlayer), which is added below an
array of gold nanostructures. Two types of nanostructures were studied to validate our results:
regular disk arrays with two diameters (110 and 210 nm) and lines with a width of 110 nm, all on
a gold film of 30 nm thick. A supplementary gain of one order of magnitude on the SERS
Enhancement Factor (EF) was experimentally demonstrated for several excitation wavelengths:
633, 660 and 785 nm. With such SERS substrates, EFs of 107 are observed for thiophenol detection.

This opens the way towards routine and reliable detection of molecules at low concentration.

KEYWORDS: Plasmonics, SERS, Biosensors, Nanostructuration, Localized Surface Plasmon

Resonance.

1. INTRODUCTION

Although the Raman Effect has been known since 1928[1], the weak intensity of the Raman
signal was a disadvantage and has restricted its utilization to solid materials or to highly
concentrated solutions. This disadvantage has been overcome by the discovery of Surface-
Enhanced Raman Scattering (SERS) spectroscopy by Fleischmann[2] in 1974, with the first
observations of the Raman spectra of pyridine on roughened silver. This technique allows a

significant enhancement of the Raman signal due to the exploitation of the plasmonic properties of



metallic nanostructures. Since the SERS has paved the way to the single molecule sensitivity[3],
the interest for SERS has grown exponentially[4].

Nowadays, SERS is a well-known versatile technique used to detect and identify chemical and
biological species [5,6]. The surface roughness[7] of films or nanoparticles[8,9]/nanostructures| 10]
is a key point to enhance the electromagnetic field[11] for SERS measurements. High confinement
of electromagnetic fields can be associated with the optical properties of metallic nanostructures as
the localized surface plasmon resonances[11]. However, surface roughness is hard to control and
it is most desirable for SERS applications to have reproducible and robust signals. Therefore,
nanoscience and nanotechnology have been extensively used in recent years for SERS
applications[11-13], especially nanofabrication[14] using techniques such as Electron Beam
Lithography[11,12,15-17], Focused Ion Beam[11,18], Nanoimprint Lithography (soft[11,19-21]
and hard[15]), Nanosphere Lithography[11,20,22]. With these nanostructured samples, SERS now
cover fields like biosensing[4], electrochemical and environmental analysis[14] and new multi-
techniques[13] such as Femtosecond Stimulated Raman spectroscopy (FSRS)[23] or Tip-enhanced
Raman spectroscopy (TERS)[24].

The influence of the nanostructure geometry and as a consequence of their optical properties on
the SERS signal was intensively studied for nanostructure on Si[4,14,17] but less on glass[25]
substrate or metallic layer. Some comparisons between flat gold and nanostructures on a gold layer
on Si[26] are reported. In other field of studies, some comparisons between properties of square
nanoparticles on a glass substrate[27] and on a gold film layer[28] were done with an investigation

of field-enhancement effects in regular arrays by using two photon luminescence microscopy[29].



Due to its strong resonance peak in the visible range, its chemical stability in air, and its
biocompatibility, the gold is used for our experiments.

Here, we report on a systematic way to improve sensitivity of SERS based on an array of gold
nanostructures. By the addition of a gold thin layer (30 nm) under the array, we show a significant
enhancement factor of the SERS signal of thiophenol deposited on the sample. The gold underlayer
adds no complex step on the manufacturing process and even eases the realization of samples as
well as their robustness. Measurements are done for three excitation wavelengths (633 nm, 660 nm
and 785 nm), two geometries of nanostructures (disks and lines), two types of samples (on gold

and on glass) and several periods and diameters.

EXPERIMENTAL SECTION
1.1. Fabrication of gold nanostructures on gold underlayer and on glass substrate.

First, the D263 Thin Borosilicate Glass substrate is cleaned with the following protocol: ethanol,
acetone and Piranha solution (3:1 concentrated sulfuric acid to 30% hydrogen peroxide solution).
Next, a thin gold layer of 30 nm (h1) is deposited by e-beam evaporation on the substrate. A 2 nm
thick Titanium layer is used as adhesion layer between gold and glass. A 80 nm layer of
polymethylmethacrylate A2 (PMMA A2) was spin-coated on the substrate, and then exposed to
the electron beam. Several 400 x 400 pm? areas with gold nanodisks or line arrays were fabricated
by Electron Beam Lithography (NanoBeam). A step of development in 1:3 methylisobutylketone
/ 1sopropanol (MIBK/IPA) solution is used to reveal nanostructures. Next, a 30 nm gold film is
evaporated on the sample. Finally, nanostructures were obtained after a lift-off process in acetone.

The samples obtained are called Gold Nanostructures (GN) (disks or lines) on a Gold Underlayer



(GU) so GNGU (Figures 1(a), 1(c) and 1(e)). For the fabrication of gold nanostructures on glass
substrate, the same process is used without the evaporation of the gold underlayer, and the samples
are simply called Gold Nanostructures (GN) (Figure 1(b), 1(d) and 1(f)). Due to the absence of a
conductive layer under the resist and the insulating nature of the glass substrate, we added a thin
layer of conductive polymer (Espacer 300Z, thickness around 20 nm) on the top of the resist
deposited by spin-coating before the e-beam lithography step in order to avoid charge
effects[30,31]. Then, before the development step, this conductive thin layer is removed by
deionized water during 1 min. Other techniques to avoid charges effects are to monitor
experimental parameters (current and electron energy) or to use a sacrificial layer[32].
Geometrical parameters of nanostructures are a height of 30 nm (hy), diameters (D) of 110 nm for
disks with periods (P) of 200, 250, 300 nm and 210 nm for 300, 350 and 400 nm. Lines with a

width of 110 nm are also studied for two periods (400 and 500 nm).
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Figure 1. (Top) Schematic representations of the samples used for SERS detection. Samples are
made of an array of gold nanodisks (a) or lines (c) on a gold underlayer (GNGU) or gold nanodisks
(b) or lines (d) on a glass substrate (GN). (Bottom) Schematic cross section views for GNGU (e)

and GN (f).

Nanostructure dimensions were measured by Scanning Electron Microscopy (SEM, SEMFEG
Philips) (Figure 2) and confirmed by Atomic Force Microscopy (AFM). Thicknesses of the
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different layers, were obtained by ellipsometry (Ellipsometry-spectroscopy WOOLLAM) and X-

ray (Xpert MRD Philips).
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Figure 2. SEM pictures of gold disks (a) and lines (c) for GNGU, and disks (b) and lines (d) for

GN.



1.2. Deposition of the thiophenol.

Samples are immersed in a 0.1 mM solution of Thiophenol (C¢HsS) for 2.5h to have a saturation
of the gold surface, then rinsed with ethanol for five minutes and dried up with Nitrogen.
Thiophenol is frequently used as a probe molecule for SERS studies as it grafts on metal surface
like other alkanethiols leading to a self-assembled monolayer. In addition, the thiophenol

concentration used for the Raman experiment in solution is 1M.

1.3. Optical characterization.

SERS measurements were performed using a Xplora spectrophotometer from Horiba Scientific
with a microscope objective (x100, N.A. = 0.9). Measurements were carried out in air using 633,
660 and 785 nm incident laser wavelengths. Characteristic Raman modes of thiophenol are
observable at: 419 cm™ / 1000 cm™ (out of plane C-C-C stretch), 1025 cm™ (out of plane C-H
stretching), 1075 cm™ (C-C-C stretch in plane and C-S stretching) and 1575 cm™ (C-C stretching).
The same acquisition protocol was used for GNGU and GN samples. In our experiments, SERS
signals were obtained and averaged on several zones of the sample. In addition, for classical Raman
measurements in solution, a macro-objective with a focal length of 40 mm (N.A. = 0.18) and the
three excitation wavelengths previously cited were used. All data have been normalized by the

laser power and the acquisition time to be able to compare them.



2. RESULTS AND DISCUSSION
2.1. Influence of the gold film on the SERS signal.

We demonstrate the influence of the continuous gold underlayer by reporting the SERS intensity
of a periodic array of gold nanodisks (Figure 3) and nanolines (Figure 4) for an excitation
wavelength of 660 nm for both type of substrates. For reference, no characteristic Raman peak is
detected on a flat gold or a flat glass substrate (Figures 3 and 4).

It is clear from these results that the average SERS intensity of the GNGU samples is significantly
higher than for GN samples, for the same acquisition time and the same laser power. Quantitatively,
we defined the following ratio: I;ygy/Ign Where Iy is the peak intensity for GNGU sample and
I;n for the GN sample. The characteristic peaks of Raman signal on the nanodisks are increased
by a factor between 5 to 13 for GNGU sample compared to GN sample (Figure 3) and by a factor
2 to 6 for lines (Figure 4) depending on the Raman modes (See Table 1 for the 1575 cm™! peak for
all geometries). These results demonstrate the interest of using a continuous gold layer under a
nanostructured sample to enhance the SERS signals, with a relatively low impact on the fabrication
process. In addition, this gain between GNGU and GN cannot be explained by the increasing of
overall gold surfaces, which would be linked to the number of excited molecules. Indeed, on flat
gold, we have no signal of thiophenol and only those bonded to the nanostructures contribute to

the detection (Figures 3 and 4).
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Figure 3. SERS intensity of thiophenol for an array of nanodisks with a diameter of 210 nm and a
period of 400 nm on gold (GNGU) (a) and on glass (GN) (b), for a flat surfaces of gold (c) and

glass (d).
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Figure 4. SERS intensity as function of Raman shift for a periodic array of lines with a width of
110 nm, and a period of 400 nm on gold (GNGU) (a), on glass (GN) (b), and for a flat surfaces of

gold (c) and glass (d).

We find similar behaviors (see Table 1 and supplementary data: Figures S1, S2, S3) for nanodisks
with diameters of 110 nm and three different periods (300/250/200 nm) and also for lines with a
width of 110 nm and a period of 500 nm. Note that, the reflectivity of the substrate has a role in

SERS measurements. From the paper of Zhao et al. [33], the SERS intensity increases linearly with
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the metallic underlayer reflectivity. Our SERS intensities and the reflectivity of gold and glass
substrates used in our experiments are in good agreement with their studies.

Table 1: Integrated peak (1575 cm™) ratio versus disk or line dimensions for three excitation

wavelengths.
Disk dimensions Integrated peak ratio Disk dimensions Integrated peak ratio
(at 1575 cm™) (at 1575 cm™)
(diameter-period) lonaullan (diameter-period) lonaullan
2.9 at 633 nm 5.9 at 633 nm
110-200 nm 6.2 at 660 nm 210-300 nm 10 at 660 nm
24.3 at 785 nm 23.8 at 785 nm
2.6 at 633 nm 6.9 at 633 nm
110-250 nm 5.3 at 660 nm 210-350 nm 13.5 at 660 nm
16.2 at 785 nm 19.2 at 785 nm
2.8 at 633 nm 12.4 at 633nm
110-300 nm 5.9 at 660 nm 210-400 nm 9.9 at 660 nm
15.9 at 785 nm 10.2 at 785 nm

Integrated peak ratio

Line dimensions (at 1575 cm™)
. . lencu/len
(width-period)
3.3 at 633 nm
110-400 nm
2.7 at 660 nm
3.5at 633 nm
110-500 nm
1.2 at 660 nm

For excitation wavelengths at 633 nm and 785 nm, a similar behavior is found between the

different samples. For an excitation of 633 nm, ratios were measured between 7 and 13.1 for the
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four characteristics peaks of thiophenol (419 cm™, 1000 cm™, 1075 cm™ and 1575 cm™). For 785
nm, values are between 8.4 and 15. If we consider only the 1575 cm™ Raman peak, for all excitation

wavelengths (633 nm, 660 nm and 785 nm), a gain of one order of magnitude on the ratio is

observed with the disks GNGU samples.

2.2. Quantification of Enhancement Factor and discussion.

The Enhancement Factor (EF) is defined by:

— ISERSNRaman
EF = /IRamanNSERS

)
where Isgrs and Ipgman are, respectively, the Raman intensities for thiophenol adsorbed on the
nanostructured surface and for thiophenol in solution. Nggrs and Npgman are the numbers of
thiophenol molecules on the sample surface and in the bulk illuminated by the laser, respectively.
Typically, EF can be as much as 10* — 10°. For the number of thiophenol molecules on the sample

surface, we define Ngggs as:

_ Sstructures
NSERS - NA X Scollected X p2 X O-Surf (2)

N, is the Avogadro’s number (mol™l), Sconecteqis the surface illumated by the laser and
Scoliectea = 144 pm? in our configuration. Sqyycrures i the sum of the lateral and top surfaces of
the nanodisk. P is the period of the nanodisks, and gy, represents the surface coverage density of
thiophenol, which is around[26] 0.54 nmol/cm?. In the Raman experiment (solution), the number
of excited molecules Ngrgman is 4.22 X 101°. This number is calculated from the following
equation[34]: Nrgman = NaCV, where C is the used concentration of thiophenol (IM) and V is the

scattering volume ¥ = 7 nL. An EF of 3.9 X 10° for a nanodisk array on a glass substrate with
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similar disk size and periodicity (D = 180 nm and P = 450 nm) was obtained in literature[35]. In
our case, the presence of the gold thin film significantly increases the EF. For disks with 210 nm
of diameter and 400 nm of period, we measured an EF around 2.4 x 10° for 633 nm, 9.7 X 10°
for 660 nm and 3.8 x 107 for 785 nm. EFs obtained without the gold underlayer are in good
agreement with literatures and are comprised between 1.1 X 10° and 3.7 X 10° depending on the
excitation wavelength and parameters of the nanostructures.

To get a better understanding of these results and to estimate the behavior of the Raman gain, it
is useful to look at the link between the excitation wavelength, the Raman shift and the plasmonic
resonance of this type of structure (Figure S3 : extinction profile)[36,37]. Figure 5 displays the
relative SERS intensity of the characteristic peaks of thiophenol as function of the Raman shift for
different excitation wavelengths. We compare these intensities to the experimental plasmonic
resonance obtained through the extinction profile, for an array of nanodisks with a gold underlayer
(GNGU sample). For the three excitation wavelengths, the relative SERS intensities of each peak
(symbols) follow the same trend as the extinction profiles (lines a, b, c¢). This is in agreement with
several publications [38-40], which have reported the key role of the plasmonic resonance on the
SERS intensity.

Furthermore, for 210 nm disks with a period of 400 nm for the two types of sample (GNGU and
GN), we find Agp ongy = 664 nm and Agp oy = 769 nm (Figure S3), where Agp is the plasmonic
resonance wavelength of each sample. We can see that Agp sygy 1S closer to the excitation
wavelength of 660 nm than Agp ¢, and this can explain part of the experimental SERS gain between

GNGU and GN.
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Figure 5. Comparison between the relative SERS intensities of four characteristic peaks of
thiophenol (419 cm™, 1000 cm™, 1075 cm™ and 1575 cm™) and the extinction profiles, for different
excitation wavelengths (633 nm (square, a), 660 nm (triangle, b) and 785 nm (diamond, c)). These

measurements were made on nanodisks on a gold underlayer with D = 210 nm and P = 400 nm.

In addition, coupling between surface plasmon polariton and localized surface plasmon could
also provide further SERS enhancement[41]. This coupling has been already shown experimentally
and demonstrated for samples with a glass substrate with a SiO> spacer between gold nanodisks
and gold film[35,42]. The possibility to have the excitation of localized and propagating surface

plasmon modes can be also obtained with microhole arrays in thin Au films[43]. Finally, in
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contrary of classical structures with a metallic array on glass or Si substrates, where only the
localized plasmon resonance (LSPR) can be excited and is primary contributor to SERS signal,
here a uniform layer let to support the propagating surface plasmon (PSP) resonance. Due to the
large numerical aperture of our setup (0.9), such coupling between the different modes is possible
and could provide a better SERS intensity.

Finally, some of the EFs obtained with GNGU and GN samples for arrays of nanodisks and lines
are shown in Figure 6. We observe that the overall enhancement factor of nanodisks is higher than
for lines, showing the difference between a 1D and a 2D lattice and in agreement with the higher
confinement of electromagnetic field in nanodisks. Note that, EF are normalized by the

nanostructure surface.
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Figure 6. Evolution of the SERS Enhancement Factor, at 1575 cm’!, for three excitation
wavelengths. (a), (b), (c) and (d) are, respectively, EF for gold nanodisks (D = 210 nm, P = 400

nm) of GNGU, GN, gold lines (W = 110 nm, P = 400 nm) of GNGU and GN.

EFs increase from 633 nm to 785 nm by a factor around 10, which is in good agreement with
previous results showing the importance of the excitation wavelength as function of the diameter
(4] for disks. A further optimization of the optical response could be done by replacing the titanium
adhesive layer by 3-mercaptopropyl-trimethoxysilane (MPTMS) in order to reduce the optical

damping!**! where a gain around 10 is obtain in replacement of the chrome (also used as adhesive
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layer for gold on glass) by MPTMS, by increase the thickness of gold layer or by reducing the gap

between nanostructures to obtain zones of stronger EM fields[46].

3. CONCLUSION

In summary, in the context of plasmonic substrates, placing gold underlayer film under regular
disk or line arrays has allowed demonstrating a significant improvement of the SERS effect, which
can be controlled by varying the diameter/width or the periodicity of nanostructures. Furthermore
the reproducibility as well as the homogeneity of the nanostructure realization is improved by
adding such gold underlayer, which is also of great interest for industrial applications.
Enhancement factors, EFs, close to 6 X 107 were measured with thiophenol. Independently of the
geometrical parameters (110 and 210 nm disks with periodicities from 200 nm to 400 nm and lines
of 110 nm of width and periods of 400 and 500 nm) and the excitation wavelength (633, 660 or
785 nm), a gain of one order of magnitude is observed for Gold Nanostructures on Gold Underlayer
substrates in comparison to classical Gold Nanostructures substrates. This approach could be
generalized to other nanostructures (pyramids, nanorings) to improve the performance of
biosensors based on the exploitation of the optical properties of the nanostructures such as SPR

sensors or other plasmonic enhanced spectroscopies.
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Figure S1. SERS intensity versus Raman shift for an array of nanodisks with a diameter of 110 nm
and a period of 250 nm on glass (GN) (a) and on gold (GNGU) (c), with a period of 300 nm on

glass (GN) (b) and on gold (GNGU) (d). The excitation wavelength is 660 nm.

23



Pen 00 0
a@ﬂe@&@ D © 00

Acc.Y putMa}) DEIQ 0 ﬂﬂ’ Acc\ SpotMagn _Det WD |——==—— 200.nm
)

4.000kV 1.0 100000x TLD 8.5

WU@UJOO
0000000 POOG
Q000000 35
0000000
0000000 r=r———

}—{ 214 nm

Figure S2. SEM pictures of gold disks (a, ¢) for GNGU and (b, d) for GN.
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Figure S3. Extinction spectra of nanodisks (D = 210 nm, P = 400 nm) for: (a) GNGU sample and

(b) for GN sample.
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