N

N

Density effect of gold nanodisks on the SERS intensity
for a highly sensitive detection of chemical molecules
Jean-Francois Bryche, Raymond Gillibert, Grégory Barbillon, Mitradeep

Sarkar, Anne-Lise Coutrot, Frédéric Hamouda, Abdelhanin Aassime, Julien

Moreau, Marc Lamy de La Chapelle, Bernard Bartenlian, et al.

» To cite this version:

Jean-Francgois Bryche, Raymond Gillibert, Grégory Barbillon, Mitradeep Sarkar, Anne-Lise Coutrot,
et al.. Density effect of gold nanodisks on the SERS intensity for a highly sensitive detection of chemical
molecules. Journal of Materials Science, 2015, 50 (20), pp.6601-6607. 10.1007/s10853-015-9203-x .
hal-01230274

HAL Id: hal-01230274
https://hal-iogs.archives-ouvertes.fr/hal-01230274
Submitted on 5 Oct 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal-iogs.archives-ouvertes.fr/hal-01230274
https://hal.archives-ouvertes.fr

J Mater Sci manuscript No.
(will be inserted by the editor)

Density effect of gold nanodisks on the SERS intensity for a
highly sensitive detection of chemical molecules

Jean-Francgois Bryche : Raymond Gillibert -
Mitradeep Sarkar - Anne-Lise Coutrot -

Grégory Barbillon -
Frédéric Hamouda -

Abdelhanin Aassime - Julien Moreau - Marc Lamy de la Chapelle -

Bernard Bartenlian - Michael Canva

Received: date / Accepted: date

Abstract Surface Enhanced Raman Scattering is a sen-
sitive and widely used as spectroscopic technique for
chemical and biological structure analysis. One of the
keys to increase the sensitivity of SERS sensors is to
use nanoparticles/nanostructures. Here, we report on
the density effect of gold nanodisks on SERS intensity
for a highly sensitive detection of chemical molecules.
Various densities of gold nanodisks with a height of 30
nm on gold/glass substrate were fabricated by electron
beam lithography in order to have a good uniformity
and reproducibility. The evolution of the Enhancement
Factor with nanodisk density was quantified and com-
pared to numerical calculations. An enhancement factor
as high as 2.6 x 107 was measured for the nanodisk with
a diameter of 110 nm and a periodicity of 150 nm which
corresponds to the biggest density (42.2%).

Keywords Surface Plasmons - E-beam Lithography -
Biosensors - SERS - Plasmonics
1 Introduction

Surface Enhanced Raman spectroscopy (SERS) is a pow-
erful technique of molecular detection. The SERS effect
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is strongly dependent on the electromagnetic (EM) field
intensity. In order to compensate for the very low Ra-
man scattering cross-sections of the target molecules,
EM enhancement is necessary and can be obtained with
plasmonic nanostructures. As SERS signals strongly de-
pend on the size, the shape and the organization of the
nanostructures, the uniformity, reproducibility and sta-
bility of SERS substrates with high enhancement factor
are extremely important [1,2]. These are critical bot-
tlenecks in the realization of industrial SERS applica-
tions. Several lithographic techniques, such as Nanoim-
print Lithography (NIL) [3-5], NanoSphere Lithogra-
phy (NSL) [6-8], Electron Beam Lithography (EBL)[9-
13], X-ray Interference Lithography [14] are used to
fabricate SERS substrates. Recently, we also demon-
strated the presence of a hybrid plasmonic mode when
a gold film under the nanocylinders is added [15]. This
plasmonic mode allows a strong enhancement of the
electromagnetic field intensity, and consequently a po-
tential improvement of the SERS signal. Following this
study, we report in this paper on the density effect of
gold nanodisks on the SERS intensity. Experimental
results are shown for nanodisk arrays of different peri-
ods and compared to numerical calculations. To ensure
a good uniformity and reproducibility, electron beam
lithography was used to fabricate the samples.

2 Experimental details
2.1 Au nanodisk fabrication

The fabrication process is summarized in figure 1. Main
steps are (i) cleaning of the glass substrate, (ii) evapora-
tion of titanium/gold layers under vacuum and PMMA
spin-coating, (iii) E-Beam Lithography, (iv) develop-
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ment (v) second gold deposition by evaporation under
vacuum, (vi) lift-off process.

Substrates are 900 pm thick D263 borosilicate glasses
from Schott with a refractive index of 1.53 at A = 546
nm and a transmission around 90% in IR-Visible do-
mains. The borosilicate glass is first carefully cleaned
following a classical protocol, which includes solvents
and H250,/ H305 (3:1) solution (Piranha solution).
After drying, the sample is covered with 2 nm Ti / 30
nm Au layers obtained by electron beam evapora-tion.
Titanium is used here as adhesion layer.

To prepare the e-beam lithography step, PMMA A2
(polymethylmethacrylate) is spin-coated and baked on
the substrate (80 nm thick). Several 100 x 100 um? and
200 x 200 pum? gold nanodisk arrays with periodicities A
ranging from 80 to 300 nm and diameters D of 50 and
110 nm are fabricated. E-Beam parameters have been
carefully optimized to take in account the over-exposure
resulting from the proximity effects. As the pattern den-
sity chosen is rather important, obtaining a good defi-
nition of the nanodisks (i.e. shape, dimensions and pe-
riodicity), leads to set the writing current between 2 and
2.2 nA with a dose between 6 and 7.5 nC/em?. All
samples were realized with a NanoBeam (nB4) sys-tem
with an accelerating voltage of 80 kV. Samples are
developed in a (1:3) methylisobutylketone/isopropanol
(MIBK/IPA) solution during about 2 min, and finally
rinsed with isopropanol. A 30 nm gold layer is then
evaporated on the sample, and the nanodisks are fi-nally
obtained by lift-off process in acetone. Eventually, to be
sure that resist residues are completely avoided, the
sample is totally cleaned by oxygen plasma during 5
man at 200 W power.

On figure 2, we show SEM pictures for two couples
of parameters (D = 110 nm, A = 150 nm and D = 50
nm, A = 80 nm). The nanodisks obtained on the fig-
ure 2 show good definition with an average diameter of
113 nm and 52 nm compared to the defined values, re-
spectively. In the same way, the average gap of 37 nm,
and 29 nm are obtained for these two types of patterns,
respectively. No significant dispersion of these param-
eters was observed across the whole pattern area. We
obtain for these couples of parameters, two fill-factors
(or surface densities) defined by the ratio between the
disk area (top) and the square of the periodicity: p =
(7D?)/(4A2). Thus, we have around 42.2% for the first
couple (110-150 nm) and 30.7% for the second (50-80
nm) compared to the maximum density of 78.5% (for
disks in contact).

Cleaned D263 Borosilicate Substrate
Deposition of Ti/Au evaporated layer
+ PMMA spin-coating

Pattern Design with electron beam

e e €

e’ e

Development in solution MIBK/ISO

Evaporation of gold layer (30 nm)

S
'

v

Gold disks after lift-off process in acetone

Fig. 1 Principle scheme of the fabrication of gold nanostruc-
tures used for chemical sensors, h; and hs represent the gold
film thickness (hy = 30 nm), and the nanostructure height
(h2 = 30 nm), respectively.

2.2 Thiophenol functionalization

For the sample functionalization, thiophenol (CgHgS)
molecule is used in order to test the sensitivity of these
samples as SERS substrates. The functionalization is
decomposed in four steps: (i) preparation of a 0.1 mM
solution of thiophenol in ethanol, (ii) dipping the sam-
ple in the solution during 2 h, (iii) washing thoroughly
with pure ethanol, (iv) drying with nitrogen. In addi-
tion, the thiophenol concentration used for the Raman
experiment is 1 M.
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Fig. 2 SEM pictures of gold nanodisks on gold surface (scale
bar = 200 nm) with the following sizes : (a) D = 110 nm, A
= 150 nm, and (b) D = 50 nm, A = 80 nm.

2.3 Optical characterization

Raman spectra were recorded using a Xplora spectropho-
tometer from Horiba Scientific. The acquisition time

was fixed to 10 s. A 660 nm laser was used for all ex-

periments with a power of 288 uW. The laser excita-

tion was focused on the substrate using a microscope

objective (x100, N.A. = 0.9). The same objective was

used to collect the Raman signal from the SERS sub-

strates in a backscattering configuration. SERS spectra

were recorded with a spectral resolution under 4 em =1
The illuminated area is around 144 um?. In addition, for
classical Raman measurements in solution, a macro-
objective with a focal length of 40 mm (N.A. = 0.18)
and a 660 nm laser were used. All obtained spectra have
been normalized by the acquisition time. We also take
into account the N.A. and the laser power in order to
determine the E.F.

3 Results and discussion

Functionalized nanodisks with the thiophenol molecules
following the protocol described in the paragraph 2.2

were characterized by SERS measurements. Figure 3(1)
represents the extinction spectra of nanodisks for two
different couples of dimensions: (a) D = 50 nm, A = 80
nm, and (b) D = 110 nm, A = 200 nm. The plas-
monic resonances associated to these two couples of
dimensions are Apigsmon = 920 nMm, Aplasmon = D32
nm, respectively. Figures 3(2) and 3(3) represent the
SERS spectra of thiophenol molecules obtained with
these two samples. Characteristic Raman shifts of thio-
phenol molecules [16] are observed in the figures 3(2)
and 3(3). No significant SERS signal is observed for the
gold film (see figure 3(4e)). The highest values of SERS
intensities were found for the size D = 110 nm and A
= 150 nm (see figure 3(3)).

On figure 3(4), we studied the effect of the grat-
ing’s periodicity on the SERS intensity by keeping con-
stant the diameter of disks (D = 110 nm). A reduction
of the SERS intensity is observed for all characteristic
peaks, when the periodicity of nanodisks increases (see
Table 1, for the values of the peak intensity at 1575
em~1). This is explained by the reduction of the cou-
pling between nanodisks and the consequent reduction
of the electric field intensity around them. Proximity
between nanodisks plays a key role for SERS signal, as
well as the nanodisk size. Similar studies based on nan-
odisks fabricated on Si substrates have been reported
before. Such reports have demonstrated SERS enhance-
ment either by structures fabricated by X-ray interfer-
ence lithography [14] with small gap or by simulation
[18]. However in such structures with a metallic array on
glass or Si substrates, only the localized plasmon
resonance (LSPR) can be exctited. Thus, the reported
enhancement results from the confinement of the elec-
tromagnetic field by such LSPR modes. The structure
and the physical phenomenon studied in this article is
however different from the above mentioned citation, in
the fact that the structure studied here consists of an
underlying uniform metallic layer along with the metal-
lic array. This uniform layer can support the propagat-
ing surface plasmon (PSP) resonance. The PSP owing to
the periodicity of the structure can couple to give rise to
hybrid modes [15,17]. Such hybrid modes of-fer a greater
enhancement of the electromagnetic field around the
metallic cylinders. Thus, the SERS inten-sity obtained
by using an array of metallic cylinders with an
underlying uniform metallic film is higher than using the
array on Si [14,19] or only on glass [20] sub-strates.
Moreover, to compare efficiency of our substrates, we
evaluate the Enhancement Factor (EF), which is de-
fined as follows:

I Naman
EF — 1sBrs IR (1)

Nsgrs

IRaman
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Fig. 3 (1) Extinction spectra of nanodisks for: (a) D = 50
nm, A = 80 nm, Apigsmon = 520 nm, and (b) D = 110
nm, A = 200 nm, Apigsmon = 532 nm. SERS results for
nanodisks with the following sizes: (2) D = 50 nm and A
= 80 nm, (3) D = 110 nm and A = 150 nm. Characteristic
Raman shifts are at 419 / 1000 / 1025 / 1075 and 1575 cm ™ 1.
(4) SERS spectra for nanodisks with a diameter of 110 nm
and four periods: (a) 150 nm, (b) 200 nm, (c) 250 nm, and (d)
300 nm, (e) no SERS signal is observed from the smooth gold
film.

where Isgrs, Iraman are the SERS and Raman in-
tensities, respectively. Nsgrs, Nraman are the number
of excited molecules in SERS and Raman experiments,
respectively. Nsgrs depends on the numerical aperture
and the laser spot size. It also depends on the period-
icity and the size of the nanoparticles. Nggrs is calcu-
lated from the following equation:

NSERS = NA X SCollected X OSurf X % (2)

where N4 is the Avogadro’s number (mol~1), then
Scottected = 144 pm? (see Section 2.3), Ssiructures 1S the
sum of the lateral and top surfaces of the nanocylinder.
osurf is the surface coverage of thiophenol, which is
approximately 0.544 nmol/em? [21]. In the Raman ex-
periment, the number of excited molecules Ngryman 18
4.22 x 10*®. This number is obtained by [22]: Ngaman
= Ny x C x V, where C is the used concentration of
Thiophenol (1M), and V is the scattering volume and
equal to 7 nL. A maximum experimental EF value of
2.6 x 107 is found (see Table 1) for our system with
the highest density (diameter of 110 nm, and period-
icity of 150 nm). When the periodicity increases from
200 nm to 300 nm, the EF value decreases from 2 x
107 to 1.5 x 107. Also, the standard deviation (DS) on
a same substrate by taking into account the dose used
for the lithography, is given in the table 1. The sample-
to-sample variation has the same order of magnitude.
We can directly link EF decreasing with the reduction
of the nanodisk density.

D (nm) | A (nm) | p (%) EF DS (%)
110 150 422 | 2.6 x 107 11.7
110 200 23.8 | 2 x 107 9.1
110 250 15.2 | 1.6 x 107 13.5
110 300 10.6 | 1.5 x 107 15.4
50 80 30.7 | 1.9 x 10 14.2

Table 1 For the peak at 1575 cm ™!, Enhancement Factor
(EF) for different fill-factors p.

In addition, for small size of nanodisks (diameter
of 50 nm and periodicity of 80 nm), an EF of 1.9 x
10° is found. We suppose that this weaker value can
be explained by the position of the experimental sur-
face plasmon resonance (Apjqsmon = 520 nm, see figure
3(1a)) that is far from the excitation wavelength (Aegc
= 660 nm) with such small nanoparticles, and also by
the smaller density of this structure compared to the
sample with 110 nm nanodisks (30.7 vs 42.2%).

As shown elsewhere in the literature [23,24], the
SERS intensity follows the structure local field enhance-
ment at the excitation frequency and the Stokes shifted
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emission frequencies. This is the origin of the common
|E4| approximation [25] for SERS enhancement factor.
To estimate the SERS EF we therefore need to evalu-
ate the near field intensity at the excitation and emis-
sion frequencies, respectively. Rigorous numerical cal-
culations were carried out for this purpose to verify
the trends observed in the experimental SERS EF. The
numerical model [15,26] that hybridizes two popular
numerical methods namely the finite element method
(FEM) and the Fourier modal method (FMM), was
used for the calculation of near field intensities in the
structures. Using these results, the SERS intensity dis-
tribution over the surface of the structure can be esti-
mated as follows:

Isgrs = B % I\ (2,9, 2) X Ing (2,9, 2) 3)

where (8 is a space independent constant and de-
pends on the Raman tensor and thus on the chemical
properties of the molecules used. I(A\g) and I(Ag) are
the near field intensities (Ei—l—E;—i—Eg) at the excita-
tion wavelength A\g and A, respectively. In figure 4, we
show the SERS intensity distribution of the structures
for periods of 150 nm and 300 nm, considering plane
wave incidence normal to the structures. The SERS in-
tensity was normalized to the incident intensity (Ip)
for both the calculated intensities at the incident and
emission wavelengths. We see that the SERS intensity
decreases as the period of the structures increases as
observed by the experimental study. To find the SERS
Enhancement Factor of the structure, the previous lo-
cal SERS intenisty must be integrated around the whole
cylinder. The calculated SERS enhancement factor can
be written as:

1
EFEM ~ § X //ISERS ds (4)
S

Fig. 4 The calculated SERS intensity distribution in log
scale for two periods (a) 150 nm and (b) 300 nm

The integral is normalized by the surface area over
which the integration was carried out. The SERS inten-

sity for two periods with the 110 nm diameter is dis-

played on figure 4. To compare these results, we define

simulated ratios RF'Leld = EFEMnofx /EFEMuofsoo and

experimental ratio Rpp = EF110—x /EF110—300 reported
in Table 2 with the periodicity of 300 nm as reference

and X the studied period from 150 nm to 300 nm.

D (nm) | A (nm) | Rricia | REF
110 150 1.7 1.7
110 200 1.1 1.3
110 250 1.03 1.06
110 300 1 1

Table 2 For the peak at 1575 cm ™!, comparison of the trend
of calculated SERS electromagnetic field intensity and exper-
imental SERS EF.

A good agreement between simulation and experi-
ment is obtained on density effect of nanodisks.

4 Conclusion

In this paper, we demonstrated the density effect of
gold nanodisks on the SERS intensity with different
densities varying from 10.6% to 42.2% on a gold film.
As expected, the highest density of nanodisks (42.2%)
gave the greatest value of EF (EF = 2.6 x 107) due to a
better coupling between nanodisks and the consequent
increasing of the electric field intensity around them.
These experimental results are confirmed by numeri-
cal calculations of the electromagnetic field intensity.
In addition, the size, and shape of nanostructures are
homogenous and reproducible on large pattern areas,
which are important points for industrial applications.
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