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Abstract: The fabrication, characterization and functionalization of
periodically patterned nanoporous gold layers is presented. The material
shows plasmonic properties in the near infrared range, with excitation and
propagation of surface plasmon polaritons. Functionalization shows a
marked enhancement in the optical response in comparison with evaporated
gold gratings, due to a great increase of the active surface. Due to its
superior response, nanoporous gold patterns appear promising for the
realization of compact plasmonic platforms for sensing purposes.
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1. Introduction

In the recent decades Plasmonics has known an increasing employment in the research and
realization of sensing devices for gas detection and liquid analysis [1,2]. Surface plasmon
polaritons (SPPs) are evanescent electromagnetic waves bound to metal-dielectric interfaces
that arise from the coupling of EM-fields with conduction electron oscillations inside the
metal [1]. The high localization makes SPPs extremely sensitive to local refractive index
changes on the surface and therefore SPPs represent a powerful instrument for label-free
sensing purposes [2]. Research is driven by the desire to create materials with designed
photonic properties taking advantage of electromagnetic resonances and concomitant
enhancement of the electromagnetic near-field owing to surface plasmons. In the continuous
search for new materials capable of better performances Nanoporous Gold (NPG) offers an
extensive surface where the analytes can bind and thereby an increased sensitivity and
efficiency [3].

NPG may be formed by a spontaneous pattern-forming instability during the chemical
etching of silver from gold-silver alloys [4]. The leaching of the less noble metal gives rise to
a bicontinuous sponge-like structure of nanopores and gold ligaments [5] whose geometric
features depend on the alloy composition and on the experimental conditions of the dealloying
process [4-8]. The nanoporous structure affects also the optical properties: the plasma
frequency o, exhibits red-shift due to the lower density in comparison with bulk gold and the
material shows metallic behaviour for wavelengths above the near-IR range [9].

Application of NPG in Kretschmann's configuration has been previously reported by Yu et
al. [10]. They demonstrated excitation of propagating surface plasmon resonances on
nanoporous gold membranes in a multilayer system under condition of total internal reflection
of the probe light source. The aim of this work is to design and fabricate a SPP-supporting
substrate that exploits NPG properties and that avoids the cumbersome prism presence and the
related alignment problems. For the first time so far as we know, NPG surface has been
periodically patterned in order to exploit grating coupling so to excite propagating surface
plasmons. Because of red-shift of plasmonic properties, grating period and amplitude have to
be properly designed to give rise to SPP resonances in the near-IR region. The alignment of
the plasmonic grating has been performed in conical configuration exploiting the degree of
freedom of azimuthal rotation and polarization in order to optimize the sensitivity [11-13].
The result is a conductive metallic material with a greatly enhanced surface to volume ratio
which is particularly suitable for the realization of plasmonic supports for sensing purposes.

2. Experimental

A 240 nm thick Ag;sAuys alloy layer was deposited over a 100 nm layer of pure gold which
was in turn deposited over a 5 nm intra-layer of Cr that improves the adhesion to the glass
substrate [14]. The alloy deposition experiments were performed by means of a DC turbo
sputter coater (Emitech K575X, Emitech Ltd., Ashford, Kent, UK). The silver/gold alloy was
sputtered at room temperature from a (Ags.3/Ausy 7 Wt%, GoodFellow) sputtering target in an
Ar gas atmosphere at a pressure of 7 - 10~° mbar. The dealloying process has been performed
electrochemically, by anodic treatment in 0.1 M HCIO, at 65°C, for 30 min, at the constant
applied potential E = 0.98 V vs SCE (saturated calomel electrode), in analogy to a procedure
already discussed in previous papers [15,16]. To ensure elimination of possible salt residues
the samples were then washed in two steps, first in a fresh 0.1 M HCIO4 solution (1 h), then
in distilled water (2 times, 1 h each), gently dried in a nitrogen stream and stored. The anodic
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treatment causes Ag leaching and leaves a porous Au layer (with some residual Ag). The
roughness factor f, = SA/A, defined as the ratio between a measured effective surface area SA
and the corresponding geometric area A, has been estimated by electrochemical impedance
spectroscopy (EIS) [15,16], which allows measurement of the interface capacity - a quantity
proportional to the effective surface area - on porous and smooth flat electrodes. Experimental
f, values were typically in the range 12-14 for the 240 nm thick NPG layer.

Fig. 1. SEM micrographs of the FIB pattern on the nanoporous gold surface (a) and cross-
section (b).

Nanoporous gold optical response was measured with a J. A. Woollam Co. VASE
ellipsometer with angular and wavelength spectroscopic resolution of 0.005° and 0.3 nm
respectively. Spectroscopic Ellipsometry with rotating polarizer analysis was recorded in the
wavelength range between 300 and 2400 nm (10 nm step) at three different angles of
incidence (50°, 60°, 70°) on the no-patterned area of NPG sample. Focused lon Beam (FIB)
lithography was performed by means of the ion source of the dual beam system using 30 kV
of accelerating voltage and a beam probe current of 280 pA. Taking into account the lower
plasma frequency of NPG and the resulting shift of metallic behavior in the IR range (see
section 3 “Results and Discussion”), a grating about 50 nm thick with a period of 1000 nm
(duty cycle 0.5) has been patterned (Fig. 1(a)) over an area 640 um x 640 pm. A cross section
of the grating pattern shows that the typical amplitude of the grating is confined within the
first 70 nm of the surface NPG (Fig. 1(b)). For comparison with the gold NPG case, a grating
with period of about 400 nm was patterned on a typical gold bulk film of 80 nm thickness
evaporated over a silicon substrate.

A self-assembled monolayer (SAM) of benzenethiol (Thiophenol, C¢HsSH) was deposited
on the gold coated grating surfaces at room temperature. The substrates were submerged in a
3-mM solution of benzenethiol in methanol for about 48 hrs, then rinsed thoroughly with
ethanol for at least 5 minutes and dried in a nitrogen stream [17]. Measurements on gold
gratings were performed in air environment in a /26 symmetric reflectivity configuration,
with 0 scanned with step size of 0.2°, using ellipsometer 75 W Xe lamp, monochromatized at
A = 1400 nm for NPG grating and at A = 600 nm for the evaporated gold (EVG) grating.

3. Results and discussion

In Fig. 2 experimental optical constants of NPG are compared with those of bulk gold [18]. It
appears a weaker metallic behaviour in the optical regime with &; nearly close to zero. Above
the 900 nm, &, of NPG is smaller than for the bulk case and ¢ starts to be sufficiently negative
to show a metallic behaviour.
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Fig. 2. Dielectric permittivity of nanoporous gold. Comparison with tabulated buk gold values.

The behavior of the dielectric constants must be considered when a grating is designed in
order to support propagating plasmonic modes. The geometry of the grating (duty cycle,
period and thickness of the walls) was fixed in order to obtain a plasmonic resonance in the
spectral range in which the material exhibits a metallic behavior. To understand the optical
response, we examine the effective frequency-dependent dielectric function &(w) and describe
it with a Lorentz-Drude model in the UV-VIS-nearIR range:

s(w)=¢, + &, (0)+ep(0) + e (w)

Aw o, Ag @

—ET N , ot -l +i
O — W T1OO, g

o 2 2 . 2 -
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where ¢,, takes into account the constant contribution to polarization due to d band electrons
close to the Fermi surface. gyy(®) is a Lorentz oscillator that describes the 3d energy band-to-
Fermi Level interband transition centered at a frequency wyy in the UV range with a band-
width ®,yy. The term ep(m) represents the Drude contribution due to free s-electrons. The
Lorentz contribution gr(®) considered in order to model the behavior of the dielectric
response in the near IR range, enables excellent fits to dielectric constant of nanoporous films
[9] and it is probably associated to the excitation of Localized Surface Plasmons.

Permittivity values calculated from ellipsometric analysis have been fitted with the
oscillator model both for NPG and EVG in order to get an estimation of the fitting parameters
(Table 1). In NPG the intraband absorption amplitude Ayy is lower than in EVG. This is
explained by the fact that inside gold ligaments each Au atom interacts with much fewer
atoms than in bulk metal and results in a discretization of dipole transition between sp electron
eigenstates and in the weakening or disappearance of the transition of d electrons to
conduction band [19]. The reorganization of gold atoms also affects the relaxation time ¢ of
free carriers in the Drude term which is shorter for NPG (zypg = 3.5 fs) than for EVG (zgyg =
10.1 fs), since it is related to the scattering processes in the material. The plasma frequency
wpnpe = 3.4 - 10° THz (2.26 eV) is lower than for bulk gold (wpeve = 12.7 - 10° THz, 8.36 V)
and metallic behaviour is shifted towards greater wavelengths in the near-IR region. This
optical property, originated from the nanoscale morphology, is the main responsible of the
copper-bronze colour, much darker than the typical yellowish bright colour of compact gold.
The density N of free carrier can be estimated from plasma frequency «, [20]:
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where e and m are electron charge and mass and ¢ is the void permittivity. As expected, free-
electron density in nanoporous gold Nypg = 3.70 - 10?* cm™ is much lower than in bulk gold
Neve = 5.08 - 10% cm™.

Table 1. Parameters of Eq. (1) from the Fit of Permittivity Experimental Data for
Nanoporous Gold (NPG) and Evaporated Gold (EVG)

Ex (&) @ Auv Wuyv Wy Ar WIR W IR

(9\;) QY] Q%) (eV) QY] C%) (eV) (eV)

NPG 1.63 2.26 1.20 28.5 5.11 3.82 6.73 1.55 2.06
EVG 5.92 8.36 0.41 86.6 4.71 3.15 - - -

Reflectivity analysis after FIB lithography shows the appearance of resonance dips in the
near-IR in correspondence of the excitation of propagating surface plasmons on the porous
gold surface (Fig. 3). The excitation of SPPs on a grating is achieved when the on-plane

component of the incident light wave-vector and the diffracted SPP wave-vector ksee match
the momentum conservation condition:

Ksep = Rinu +nG 3)
where Rinu =27ﬂ(sin 6.,,0) and 6, is the angle of incidence. The crystal momentum of the

grating of 4 pitch is G =277[(cos¢,sin #) whose rotation is measured by ¢ (see inset picture in

Fig. 4). Only the first diffraction order (n = 1) is effective because in our case, G is always
greater than ki, . Dip features such as width, depth and position strictly depend on the
properties of the supporting material, i.e. optical constants of the nanoporous gold layer.

Reflectivity data for increasing azimuth angles have been collected before and after
functionalization of gold surfaces with benezenethiol. In a previous work we demonstrated
how the azimuthal rotation of the grating can enhance sensing capability up to at least one
order of magnitude [12]. Furthermore, after grating azimuthal rotation, p-Polarization is no
longer the most effective for SPP excitation and incident polarization must be tuned to the
optimal value in order to enforce coupling strength and optimize resonance depth [13]. Data
points in Fig. 4 show the increase of resonance angle shift with azimuth rotation for the
optimized polarization a of light (a = 0° for p-polarization, i.e. the electric field lies on the
scattering plane). At the limit azimuth value of 45° and polarization o = 140°, a shift
Abnps(45°) = 4.05° is measured, which is almost 65 times grater than the shift for null
azimuth and p-polarization ABnpg(0°) = 0.06° (a0 = 0°). Resonance dips become broader for
increasing azimuth value, however the resonance angle shift A scales with a factor greater
than the enlargement of the dip full width half maximum ABgynyv. Thus the angular figure of
merit FOMy = AB/ABrwhm increases and the detection improvement by azimuthal rotation is
preserved [12]. In our case FOMg(¢ = 45°) = 0.277 that is 18.5 times greater than FOMy(0°) =
0.015.
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Fig. 3. Reflectivity measurements for NPG grating before (solid line) and after (dashed line)
functionalization at null azimuth (black line) and p-polarization (a = 0°), and at azimuth 40°
(red line), polarization oo = 140°. Green solid line: reflectivity data for no-patterned NPG
surface.

In order to compare the sensitivity of the plasmonic gratings, reflectivity data have been
also compared with the optical response of an evaporated gold (EVG) grating after the same
functionalization process. EVG surface has been patterned with a period A = 400 nm in order
to excite SPPs in the visible range, where the angular response for EVG is greater since the
sensitivity to a thin coating layer decreases with wavelength [2]. For incident L = 600 nm and
azimuth ¢ = 45° (a.= 135°) we measure a shift ABgyg(45°) = 0.82°.

The choice of evaluating the EVG and NPG gratings at different wavelength has been
motivated to compare them at the respective maximum of sensibility. The greater dip shift in
the case of patterned NPG is explained by the enhanced binding surface per unit area of the
nanopores. Analyte molecules in fact, not merely bind in the form of a thin coating layer on
the outer surface, but, in the case of NPG, penetrate into the pores and bind to the inner
surface, inducing a greater change of the effective index of the plasmonic support.
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Fig. 4. Resonance angle shift A0 as a function of azimuth rotation after functionalization with a
benzenethiol self-assembled monolayer. Experimental data of functionalized nanoporous gold
(NPG) grating (period A = 1000 nm, incident wavelength L = 1400 nm — red points) are
compared with experimental shifts for an evaporated-gold (EVG) grating (A =400 nm, X = 600
nm — black points). Inset picture: scheme of the incidence mounting.

4. Conclusions

In summary, we presented our work of fabrication, characterization and design of periodically
patterned nanoporous gold surfaces that support excitation of propagating surface plasmons.
Thanks to a greatly enhanced surface-to-volume ratio, nanoporous gold reveals benefits for
better reaction efficiency and detection sensitivity. Functionalization shows an enhancement
in the optical response in comparison with evaporated gold gratings. Thus nanoporous gold
represents a useful and promising material for the realization of compact sensitive devices
based on SPP plasmonic substrate for sensing purposes in a large variety of fields:
environmental protection, biotechnology, medical diagnostics, drug screening, food safety and
security.

Acknowledgments

This work has been supported by a grant from “Fondazione Cariparo” — Surface PLasmonics
for Enhanced Nano Detectors and Innovative Devices (SPLENDID) — Progetto Eccellenza
2008 and from University of Padova — Progetto di Eccellenza “Platform”.

#146763 - $15.00 USD Received 29 Apr 2011; revised 1 Jun 2011; accepted 1 Jun 2011; published 22 Jun 2011
(C)2011 OSA 4 July 2011/ Vol. 19, No. 14/ OPTICS EXPRESS 13170





