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ABSTRACT 
Multifunctional flexible Au electrodes based on one-dimensional (1D) arrays of plasmonic gratings are nanofabricated over large 
areas with an engineered variant of laser interference lithography optimized for low-cost transparent templates. Au nanostripe (NS) 
arrays achieve sheet resistance in the order of 20 Ohm/square on large areas (~ cm2) and are characterized by a strong and dichroic 
plasmonic response which can be easily tuned across the visible (VIS) to near-infrared (NIR) spectral range by tailoring their 
cross-sectional morphology. Stacking vertically a second nanostripe, separated by a nanometer scale dielectric gap, we form near-field 
coupled Au/SiO2/Au dimers which feature hybridization of their localized plasmon resonances, strong local field-enhancements 
and a redshift of the resonance towards the NIR range. The possibility to combine excellent transport properties and optical transparency 
on the same plasmonic metasurface template is appealing in applications where low-energy photon management is mandatory like 
e.g., in plasmon enhanced spectroscopies or in photon harvesting for ultrathin photovoltaic devices. The remarkable lateral order of 
the plasmonic NS gratings provides an additional degree of freedom for tailoring the optical response of the multifunctional electrodes 
via the excitation of surface lattice resonances, a Fano-like coupling between the broad localised plasmonic resonances and the 
collective sharp Rayleigh modes. 
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1 Introduction 
Plasmonics has gained considerable momentum due to the ever 
increasing ease in the methods of fabrication and characterization 
of optical nanoantennas and also thanks to their multidisciplinary 
applications [1–5]. Indeed, localized surface plasmon (LSP) 
resonance, the collective oscillation of conduction electrons  
in noble metal nanoparticles resonantly driven by external 
electromagnetic fields, represents one of the most powerful 
ways to manipulate light at the nanoscale. Functional devices 
incorporating plasmonic nanoparticles on rigid dielectric or 
semiconducting templates have been employed in proof of 
concept seminal experiments [6–10]. More recently, the research 
interest is turning towards the development of advanced 
multifunctional plasmonic architectures, supported onto flexible, 
nonplanar and transparent polymer substrates [11–14] with 
tailored LSP resonances for their promising potential in 
biosensing [15, 16], refractive-index sensing [17], wire-grid 
polarizer [18–20] and opto-electronics [21, 22], etc. A crucial 
advancement is represented by the possibility to exploit, at the 
same time, the plasmonic properties of noble metal nanowire 
arrays together with their excellent electrical transport pro-
perties to be employed e.g., as multifunctional transparent 
conductive electrodes (TCE) for flexible devices with added 
functionality of plasmon-enhanced photon harvesting [23–27].  

Conventional transparent conductive electrodes based on oxides 
such as indium tin oxide (ITO) suffer from serious delamination 
issues when applied to flexible devices such as electronic displays 
[28], touch screens, smart windows, flexible electronics [29] or 
transparent heaters [30] and a growing demand of alternative 
transparent electrodes based on metal nanowire networks is 
observed.  

The possibility to shift the LSP resonance of the metal 
nanostructure from the visible towards the near-infrared (NIR) 
spectral range represents an important issue for increasing 
energy harvesting efficiency in photodetection and photovoltaic 
applications. Also, in plasmon-enhanced nanospectroscopy 
applications, like e.g., surface-enhanced Raman spectroscopy 
(SERS), a shift of the resonant LSP and pump laser frequency 
towards the NIR is mandatory for avoiding light induced 
photochemical degeneration and for achieving efficient detection 
of the weak Raman signal of biological molecules due to the 
reduction of the fluorescence background [31, 32]. In a more 
conventional way, the LSP resonance can be tuned towards the 
NIR by modifying the geometrical parameters of the individual 
metal nanostructures (shape, size, and surrounding medium) 
[33–36]. Alternatively, more complex architectures allow to 
redshift the LSP resonance exploiting plasmon hybridization 
in ensembles of closely coupled dimeric or multimeric nano-
structures [37–39]. Indeed, similarly to what happens with  
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atomic orbitals in a molecule, when two resonating plasmonic 
particles are placed in close proximity, their local EM near 
fields interact and give rise to two hybrid resonances, one with a 
bonding and another with an anti-bonding character, located at 
different energies [40]. These are interpreted as magnetic dipole 
(MD) and electric dipole (ED) resonances which respectively 
correspond to the out-of-phase and in-phase oscillation of 
dipoles. Particular attention is devoted to the MD mode, also 
known as gap-plasmon resonance, due to the possibility to 
redshift the dipolar resonant frequency towards the NIR 
range. A recent work from some of the authors [36] has 
demonstrated that large-area one-dimensional (1D) arrays  
of Au/SiO2/Au stacked nanostripe dimers, featuring LSP 
hybridization, can be synthesized by grazing incidence deposition 
on self-organized (SO) rippled glass templates. In that case 
however, due to the intrinsic size dispersion of the SO pattern, 
a spectrally broad MD resonance was observed. The lack in 
spectral selectivity of the MD resonance is detrimental when  
it is mandatory to match the narrow spectral lines (e.g., of a 
molecular transition or of a laser pump) for maximizing the 
efficacy of plasmonic near-field nanospectroscopy applications. 
All above cited examples, in which plasmon hybridization takes 
place by near-field coupling of isolated and electrically non- 
conductive nanoclusters, highlight the need of a compromise 
between large area and high resolution nanofabrication in order 
to achieve multifunctional templates endowed with optical 
transparency, electrical conductivity and tunable plasmon 
hybridization via near-field coupling. 

In this paper we address these issues using a novel variant 
of laser interference lithography (LIL) which enables the 
production of plasmonic structures periodically arranged over 
large area (cm2 scale), on low cost, transparent and flexible 
substrates (e.g., soda-lime glasses or polymer films like AryliteTM). 
Among all possible geometries we explored the 1D case since 
the nanostripes (NSs) can sustain LSP resonances when light 
is polarized transversely and meanwhile can also work as 
anisotropic transparent electrodes when the contacts are placed 
in the longitudinal direction. In particular, we have grown Au 
NSs directly on glass or polymer substrates, typical transparent 
window layers employed in photovoltaic or bio-sensing 
applications. Due to the high quality of the LIL nanofabrication 
process, the Au NSs array show low sheet resistances in the 
10–20 Ohm/sq range; this feature, conjugated with high optical 
dichroism and high transmittance in the Vis–NIR, makes them 
competitive with ITO-based transparent conductive oxides 
commonly used in optoelectronics [41].  

We also demonstrate that the LIL nanofabrication process 
can be extended in the third dimension to produce dimeric 
plasmonic structures consisting of vertically stacked (Au/SiO2/Au) 
nanostripes separated by nm-scale dielectric gap. Near-field 
hybridization of the LSP resonances of the individual nanostripes 
constituting the dimers leads to the appearance of sharp and 
spectrally resolved MD mode, which is redshifted into the 
NIR with respect to the plasmon mode of the isolated NS 
constituents. Additionally, thanks to the highly periodic lateral 
arrangement of the plasmonic nanostripes, it is possible    
to engineer coherent light scattering from the array into sharp 
optical modes (Rayleigh anomalies) peaked at wavelengths 
related with the pattern periodicity. The spectral overlap of such 
dispersive propagating modes with the LSP resonances of the NS 
monomers or dimers strongly amplifies the local electromagnetic 
field [42] and qualifies the transparent electrodes also as 
multifunctional templates featuring enhanced photon harvesting 
in the NIR spectral range with possible applications ranging 
from nanospectroscopy and biosensing to photovoltaics. In 

these experiments we employed Au as the active plasmonic 
element due to its chemical stability towards oxidation and 
tarnishing, as well as, to its excellent electrical conductivity. 
We stress however that the described nanofabrication method 
could be adapted easily to other elements relevant for plasmonics 
thus providing a further handle for tailoring the plasmonic 
response. 

2 Results and discussion 
Top-down nanofabrication approaches (e.g., EBL) allow complex 
design of nano-resonators, but are extremely time consuming 
and costly if patterned regions have to be in the cm2 scale. To 
solve this issue, parallel nanopatterning techniques have been 
developed, such as nanoimprint or nanostencil lithography. 
The latter approaches however rely on the use of an expensive 
master, fabricated via cumbersome serial processes as focused 
ion beam, EBL or high resolution lithography. Further drawbacks 
are related with master or mask deterioration and to the limited 
versatility in the design of the mask. Conversely, large area  
and low cost nanofabrication can be achieved via bottom-up 
approaches based on self-assembly or self-organization, e.g., 
recurring to defocused ion beam sputtering (IBS) [43–45] at the 
expense of a reduced uniformity of the patterns on large scale.  

Here, we develop a low-cost variant of an interference 
lithography setup modified for the fabrication of conductive 
plasmonic nanoarrays extending uniformly over transparent 
and flexible substrates on large areas at the cm2 level. Typically, 
when LIL is performed on high refractive index substrates 
such as silicon or metals, an anti-reflection coating is applied 
in order to prevent strong reflections of light from the front 
interface towards the resist layer. In the present case we instead 
focus on low refractive index transparent substrates (glasses or 
a commercial polycarbonate polymer such as AryliteTM) for 
which front reflectance is weak, while transmission and back 
reflectance are significant and can lead to the formation of 
interference fringes which in turn perturb the desired pattern 
in the photoresist. The LIL system sketched in Fig. 1 consists 
of an ultra-compact and cheap semiconductor laser diode 
emitting at 406 nm (Ondax LM406-PLR40) followed by a 
spatial filter consisting in an aspheric biconvex lens, a 20 μm 
pinhole, a metallic holder for mirror (Edmund Optics, surface 
roughness λ/10, Enhanced Aluminium) and sample. Mirror 
and sample are mounted at a relative angle of 90° from each 
other, on a rotating stage at a distance (D) of 1.5 m from the 
pinhole in a Lloyd’s mirror Interference configuration [46].  

 
Figure 1 Sketch of LIL setup used for large area nanopatterning of 
polymeric thin film (thin green slab) spin coated on the sample (glass or 
polymer). (b)–(d) are the consecutive steps to be taken to complete the 
patterning process: firstly, a thin photoresist film is spun on the substrate 
coupled to a neutral density filter through matching fluid (b), afterwards 
interference fringes are recorded into the resist layer (c) and thanks to wet 
development of the resist layer a final rippled morphology is obtained (d). 
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If the distance D is large enough, the incident waves at the 
mirror/sample position can be considered as nearly planar, 
thus the symmetric points O and O’ are illuminated by an 
in-phase wave front (see Fig. 1(a)). A fraction of the incident 
beam is reflected by the mirror toward the sample where, due 
to the difference in the optical path, it interferes with the direct 
light beam and generates a sinusoidal standing wave which 
impresses the photoresist film spincoated on the sample.  

The period of the pattern P, expressed in terms of the laser 
wavelength  and of the angle θ formed by the mirror and the 
laser axis through the relation /(2sin )P λ θ= , can be tuned in 
a broad range by simply modifying the incidence angle θ as 
sketched in Fig. 1(a). In order to address the issue of reflection 
at the back interface of the transparent substrate and the 
subsequent formation of interference fringes in the photoresist 
we devised an original solution which consists in coupling the 
transparent substrate to a neutral density filter (NDF) with 
high optical density (OD: 4.00) by placing in between a refractive 
index matching fluid (MF) (Cargille immersion liquid, OHGL 
nD) (sketched in Figs. 1(b)–1(d)). In this way internal reflections 
are minimised and the laser light transmitted through the 
sample can be totally absorbed inside the ND filter. Further 
details of the LIL lithography steps are discussed in experimental 
section. 

The so devised LIL process enables the fabrication of highly 
ordered periodic arrays of grooves on a flexible substrate 
(AryliteTM) as revealed by the photograph shown in Fig. 2(a). 
The patterns, here realised with a laser angle of incidence 

45θ =  , extend uniformly over cm2 area as revealed by coherent 
scattering of light from the surface grating. Comparable patterns 
are formed on low-cost soda lime glass substrates following 
the same LIL protocol. The atomic force microscopy (AFM) 
image of Fig. 2(b), which refers to the latter case, demonstrates 
the high degree of nanoscale order of the LIL pattern. In order 

to quantitatively estimate the periodicity of the pattern we used  
the 2D self-correlation function of the AFM image. A zoom of 
the generated self-correlation function G(r) is shown in the 
inset of Fig. 2(b) and its corresponding line profile, orthogonal 
to the ridges, is plotted in the black trace of Fig. 2(c). The 
period P, estimated by measuring the distance between two 
consecutive maxima in the G(r) line profile, reads 293 ± 6 nm, 
in agreement with the theoretical one (P = /2sinλ θ ) within 
the experimental error of about 1° in the mirror rotation stage. 
LIL experiments have been also realised for laser light 
incidence angles θ = 40° and 35°. In each case an approximately 
sinusoidal pattern formation is achieved as demonstrated   
by AFM analysis (Fig. 2(d)) and the measured periodicity, 
extracted from G(r) in Fig. 2(c), respectively reads 328 ± 5 and 
352 ± 6 nm. A coarser tuning of the pattern periodicity P from 
250 up to 1,200 nm has been also achieved by simply varying 
the laser incidence angle  from 55 to 10 respectively (see 
AFM micrographs in Fig. S1 in the Electronic Supplementary 
Material (ESM)). A numerical analysis of the AFM topography 
z(x,y) shown in Fig. 2(b) also allows to calculate the first- 
derivative function dz/dx along the fast scan direction x 
which is symmetrically peaked at ~  ±59° for LIL incidence 
angle θ set at 45° and this value is found shifted to ±57 and 
±55° for θ = 40° and 35° respectively. The possibility to fabricate 
large area dielectric templates with periodically arranged steep 
facets represents a natural platform for the confinement of 
plasmonic nanostripe arrays employing glancing angle deposition 
of noble metals according to the sketch of Fig. 2(d). A similar 
approach was previously followed in the case of self-organised 
faceted glass templates prepared by ion beam sputtering [9, 47, 
48] which highlighted the possibility to fabricate plasmonic arrays 
with a broadband response determined by inhomogeneous 
broadening i.e., by the incoherent superposition of the plasmonic 
response of Au nanoparticles with an intrinsically broad size 

 
Figure 2 (a) A photograph shows large area NSs array grown on flexible (AryliteTM) template when the laser angle of incidence is set at  = 45°. (b) An 
AFM topography acquired on LIL nanopatterned photoresist (AZ MIR 701) shown in (a). In the inset, the 2D auto correlation function G(r) of the AFM 
image is reported where the scale bar corresponds 630 nm. (c) Black trace is the line profile extracted from G(r) function represented in (b) while red and 
green traces corresponds to G(r) profiles extracted from AFM images acquired on LIL patterns realized at different laser interference conditions. (d) AFM
line profiles show the increase of period when the laser incidence angle  is modified from 45°, to 40° and 35°. The projection of the Au atomic beam at
grazing angles highlights the shadowing mechanism exploited to synthesize tilted Au NSs.   indicates the slope of the nanopattern facet. (e) A sketch of 
the grazing incidence deposition of Au NSs on rippled polymer. (f) Far-field optical transmission measurements in extinction configuration on Au
nanowires confined by grazing incidence metal evaporation on sinusoidal resist patterns with three different periodicities. The arrows indicate transmission
minimum. The optical spectra are measured with incident light polarized orthogonally (TM-solid line) and parallel (TE-dashed line) to nanowire axis as 
highlighted in the sketch in (b) and (e). 
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dispersion inherent to the self-organised process. 

2.1 Tilted nanostripes 

Here, we exploit the highly ordered undulated resist pattern 
realized by LIL both on low cost glasses and on flexible polymer 
substrates (AryliteTM) in view of template-driven metal nano-
particle agglomeration exploiting shadowing mechanism in 
order to reduce the degree of lateral disorder of individual Au 
nanoparticles and the dispersion in their size distribution. 
More in detail, we thermally evaporated an Au film at a tilted 
angle = 70° off-normal (the equivalent thickness deposited 
on the flat substrate is t = 5.3 nm) on the undulated resist 
pattern obtained due to the laser exposure at an angle of 45. 
Due to the slope ( ~ 59 ) of the facets, the local thickness is 
derived following the equation ( )( )cos /cosh t α α= ´ -  
~ 15.3 nm, with 5.3t =  nm, α = 70° and   = 59 respectively 
(a sketch displaying the nanostripes dimensions and the 
deposition scheme is presented in panel 2(e) and in Fig. S2 in 
the ESM). The optical transmission spectra corresponding to 
TE and TM polarization, i.e., parallel or perpendicular to the 
NS main axis, are plotted in Fig. 2(f) (black dashed and solid 
curve respectively) and reveal the strong optical dichroism 
induced by the arrays of tilted Au NSs. The TE spectrum 
resembles typical transmittance spectra of a flat gold film with 
Au interband transition at λ = 520 nm followed by a monotonic 
drop in the transmittance moving toward the infrared region, 
as expected within simple Drude model [49]. On the contrary, 
in the TM spectra we find the spectral signature of LSP 
resonance excitation with a broad extinction band centred at 
700 nm and an increased transmittance toward the infrared 
region. Figure 2(f) also includes the TM spectra of the metal 
nanostructures, of comparable thickness h, deposited onto the 
sinusoidal pattern obtained at θ = 40° and 35° (red and green 
traces respectively) under similar LIL experimental conditions 
to the case of θ = 45°. While for TE polarization no relevant 
variations are observed, for TM configuration a clear red-shift 
of the LSP resonance band from res = 680 nm (black trace)  
to res = 780 nm (green trace) is found when the sample 
periodicity increases from 293 to 352 nm. This is mainly due 
to the morphological modification of the height/width (h/w) 
aspect ratio of the individual nanostripes. Indeed, the change 
in the periodicity of the undulated pattern influences the 

shadowing mechanism for the same Au grazing incidence 
evaporation condition as better clarified in Fig. 2(d). When 
evaporation is performed on a template endowed with larger 
periodicity, a wider portion of the facet side is illuminated by 
the Au beam leading to an increase of the NS width w. In this 
scenario, Au nanostripes with tunable aspect ratio are achieved 
by changing their width. Moreover, the decrease of slope   
of the faceted template with increase of pattern periodicity 
induces a slight decrease in deposited Au thickness since the 
local deposition flux scales as cos( )α- . Both the effects 
contribute to a decrease of the NSs aspect ratio h/w which is 
at the basis of the observed redshift of plasmonic resonance 
reported in Fig. 2(f). Summing up, on one side the glancing 
angle deposition approach ensures a simple one-step approach 
for the synthesis of tilted NS arrays endowed with tunable 
plasmonic response, while on the other hand the rounded shape 
of the sinusoidal template leads to a substantial broadening  
of the LSP resonance. Another factor which contributes to a 
broadening of the LSP resonance is related to the tilted orientation 
of the NSs with respect to the electric field (confined in the 
horizontal plane) which enables the excitation of the LSP 
resonance polarized also along the short-axis (h). Finally, we 
must consider that this approach does not allow to independently 
control the NS morphological parameters: a modification of 
the template periodicity P leads to a combined modification  
of the NS tilt and width which in turn affect its plasmonic 
response.  

2.2 Flat nanostripes 

In order to solve the above mentioned issues we thus engineered 
the LIL fabrication in order to use normal incidence deposition 
conditions of flat metal nanostripes through lithographic 
masks with independent control on width and periodicity. 
The AFM topography of Fig. 3(a) represents the stencil mask 
formed by polymer resist nanostripes with a periodicity P = 
300 nm after laser illumination at an angle = 45°. In order to 
carefully tune the gap width between polymer lines, we deposited 
in-situ a double sided metallic overhanging structure formed 
by Au evaporated at grazing incidence (80° off-normal) 
orthogonally to the ripple long axis (see the sketch in Fig. 3(b)). 
As highlighted in Figs. 3(a) and 3(b), the topographic width of 
the gap formed by the disconnected polymer lines (green trace) 

 
Figure 3 (a) AFM topography acquired on laterally separated polymer resist lines synthesized by LIL at 45° (Scale bar represents 800 m). (b) Sketch 
representing the synthesis of metal overhanging structures evaporated at grazing incidence on both facets of the resist lines and the final evaporation of 
flat NSs through the opening slit. In (c) topographic line acquired on the resist lines visible in the AFM image (a). In (d) a topographic line (black) 
acquired on the sample prepared with double sided metal NSs mask is superimposed to the profile of pristine ripple pattern (green). In (e) a topographic 
profile measured on flat Au NSs evaporated at normal incidence through the NSs mask is reported after lift-off. In (f) a SEM micrograph acquired in the 
backscattered channel shows Au NSs (width = 96 nm, thickness = 25 nm, period = 300 nm). Scale bar represents 1 m. In (g) the topography (upper map, 
yellow line indicates scale bar 650 nm) of 35 nm-thick Au NSs has been measured simultaneously to the local electric current (lower map). A virtually 
grounded AFM tip is scanned in contact with the biased surface, as schemed in the image. 
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is modified once the polymer NS is topped by the metal 
overhangs—black trace in Fig. 3(d). Finally, without breaking 
vacuum, a 2 nm-thick Ti adhesion layer has been evaporated 
in-situ at normal incidence immediately before deposition of a 
25 nm thick Au layer. After deposition, the lift-off procedure 
allowed complete removal of the resist leaving on the substrate 
an ordered array of flat Au NSs, whose representative 
topographic profile is reported in Fig. 3(e). We stress that 
besides allowing a fine tuning of the opening gap between 
polymer lines, the overhanging structures also improve lift-off 
of the polymer mask since shadowing avoids capping of the 
polymer sidewalls under normal incidence metal deposition. 
The SEM micrograph reported in Fig. 3(f) demonstrates the 
high quality of the NS fabrication process, while further data 
acquired at a lower magnification reveal that the NSs extend 
uninterrupted for distances exceeding several mm (see Fig. S3 
in the ESM). These morphological observations suggest that 
such hybrid templates, composed by metal NS supported on 
polymer/glass templates, can be exploited as multifunctional 
transparent electrodes endowed with an excellent sheet 
resistance. Moreover, as the metal NSs are more resilient to 
bending-induced delamination with respect to common 
transparent conductive oxides (like e.g., indium doped tin 
oxide), all the aforementioned plasmonic functionalities can 
be integrated into flexible transparent electrodes of interest for 
flexible opto- electronic applications [50].  

In Fig. 3(g), we highlight a test of the electrical transport 
properties of the 25 nm-thick and 96 nm-wide Au NS array 
with periodicity of 300 nm, similar to the one shown in    
Fig. 3(f), performed by evaporating macroscopic Au contact 
pads separated by 3 mm distance along the NS direction. A 
four probe measurement of the sheet resistance provides a 
value around 18 Ω/sq which is competitive with the best 
transparent conductive electrodes based on ITO as well as  
on metal networks [41, 51, 52]. In order to confirm these 

observations also on a local scale we measured the resistance 
of the same sample recurring to a conductive AFM equipped 
with a ResiScope module (Nano-observer, CSI) which 
simultaneously maps the topography and the current flowing 
from the biased sample to the virtually grounded conductive 
tip (diamond coated tip DD-ACTA-10). The strongly anisotropic 
current map reported in Fig. 3(g) evidences that the high 
conductivity regions (reddish colours ranging up to 70 A) are 
in registry with the topographic maxima and also demonstrates 
that each single NS is able to transport current over several 
millimetres. If we consider that the spectrally averaged optical 
transmittance of the Au NSs across the VIS–NIR spectrum 
(400–900 nm) reads about 70% when using unpolarised 
light, we can conclude that our platform is also eligible for 
opto-electronic applications requiring flexible and transparent 
electrodes.  

The optical extinction spectra with polarized light of Fig. 4(a) 
also show that the nanoelectrode array has a sharp LSP 
resonance whose spectral position can be easily and finely 
tailored by varying the height h and width w of the Au NSs 
(see the sketch depicted in inset of Fig. 4(a)). Here, the NSs 
width w has been tuned from 96 to 93 and 70 nm by varying 
length (L) of the overhanging structures at a constant thickness 
h = 25 nm. We can also notice that the reduction of the width 
of the NSs results in a strong increase of direct optical 
transmittance due to progressive reduction of the effective 
metal coverage and at the same time incorporate a red-shift of 
the LSP resonance excited in TM polarization which respectively 
shifts from 582 to 590 and 607 nm. Since the periodicity of the 
template and the thickness of Au NSs are kept constant, the 
optical response of the samples can be solely attributed to the 
width-induced changes of the NS aspect ratio h/w which reads 
respectively 0.35, 0.27, and 0.26. Alternatively, a similar fine 
tailoring of the LSP resonance can be obtained by increasing 
the height of the Au NSs at fixed width w. This possibility has  

 
Figure 4 In (a), (b) and (f) optical direct transmission spectra through Au NSs gratings are measured with light parallel (TE: dotted lines) and perpendicular
(TM: solid lines) with respect to NSs long axis, as depicted in the sketch at the right corner of panels (c)–(e). In (a) 25 nm-thick Au NSs gratings endowed 
with same periodicity of 300 nm but different lateral width of NSs (in the range from 96 to 70 nm), in (b) the lateral width is fixed to 96 nm and the 
thickness is varied from 25 to 65 nm and in (f) transmittance spectra for plasmonic array of 25 nm-thick NSs endowed with different periodicities 300, 
352, 457, and 540 nm are displayed. The SEM micrographs corresponding to NSs endowed with different widths (120, 197, and 200 nm) and periodicities 
(reading respectively 352, 457, and 540 nm) are represented in (c)–(e). The scale bars correspond to 1 μm. 



Nano Res. 2021, 14(3): 858–867 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

863 

been explored by depositing 25 nm-, 35 nm- and 65 nm-thick 
Au NSs at normal incidence on a polymer stencil mask with 
fixed gap width w = 96 nm. As shown in Fig. 4(b), the optical 
extinction measurements in TM polarization highlight a blue- 
shift of the plasmonic resonance from λ = 607 nm to λ = 593 nm 
and λ = 579 nm as the thickness of Au NSs is respectively 
increased from 25 to 35 and 65 nm (aspect ratio h/w reads 
0.26, 0.36, 0.67). 

We stress that in order to induce more substantial redshifts 
towards the relevant NIR range, one cannot further reduce the 
NS thickness h since it is already close to the percolation limit 
of the Au film, in the range of 10 nm [9]. The percolation limit 
indicates a certain thickness of metallic film below which the 
film becomes granular and its metallic behaviour concerning 
conductivity gets disrupted. In the following we thus focus  
on the possibility of increasing the width w of the NSs by 
enlarging the periodicity of the NSs array (from 300 to 352, 
457 and 540 nm) i.e., by changing the laser incident angle 
during LIL exposure (from 45°, 35°, 30° and 25°). The 
determination of the morphological parameters of the NSs 
array was performed recurring to scanning electron microscopy 
(SEM) imaging of the samples: the aspect ratio (h/w) of Au 
NSs is reduced as the lateral width w of Au NSs is increased 
from 96 (Fig. 3(f)) to 120 (Fig. 4(c)), 197 ( Fig. 4(d)), and 200 nm 
(Fig. 4(e)) for constant height h equal to 25 nm. The optical 
response of such plasmonic gratings has been investigated  
by normal incidence far field spectroscopy in extinction con-
figuration (see Fig. 4(f)). The TE polarization configuration 
(parallel to NSs) shows the typical behaviour of a thin Au film 
with a high transmittance in the range of 80% (dashed lines). 
When the grating periodicity P increases to 352, 457, and 
540 nm, shallow transmittance peaks are visible in the TE 
spectrum at wavelengths around 545, 708, and 845 nm 
respectively in correspondence to the excitation of Rayleigh 
resonances (RR) of the Au NSs grating. RR characterizes   
the light scattering resonantly enhanced by each of the single 
nanostripes present in the grating [53, 54] as function of grating 
period at a fixed angle of incidence light. The wavelength  
corresponding to RR can be determined following the relation 

inc diff( sin )mλ P n ψ n= +  with m (diffraction order) being equal 
to 1, ψ  = 0° (light incidence angle) and an effective refractive 
index at the first and at the second interface inc 1.0n =  and 

diff 1.58n =  respectively [55]. In the case of the lowest 
periodicity P = 300 nm the RR peak at 475 nm is weakly 
observable since it overlaps with the strongly damped s–d 
interband transitions of Au. When the light electric field is 
oriented perpendicularly to NSs axis (TM polarization), LSP 
resonances take place evidencing the strong dichroism of   
all the samples. When the periodicity P of the Au NSs is 
increased from 300 to 352 to 457 and 540 nm, we observe a 
strong and remarkable redshift of the LSP mode which 
spans in the Vis–NIR range from 607 to 657, 765 nm and up to 
855 nm following the change in aspect ratio h/w from 0.26, to 
0.21, 0.13 and 0.12. We stress that the appearance of RR for 
larger pattern periodicities (from P > 350 nm) is a further 
confirmation of the long range order of the Au NSs arrays 
which additionally show a broadly tunable localized plasmonic 
response on an ample range of wavelengths. It should be 
noted that as we observed RR for TE polarized illumination 
of our grating, analogous RR are indeed expected to manifest 
at about the same frequency for TM polarized light [56, 57]. 
The presence of TM RR modes is not directly observable for 
the NS arrays of smaller periodicity as the associated weak 
transmission bumps are submerged in the broad and intense 
LSP optical background (wine and orange traces in Fig. 4(f)). 

For larger grating periodicities, when the RR frequencies that 
we can monitor in the TE spectra overlap with the LSP modes 
(see in particular the purple trace-corresponding to P =   
540 nm), we observe a surface lattice resonance [58, 59] i.e., a 
Fano-like coupling between the broad localised plasmonic 
resonances and the collective, sharp Rayleigh ones which gives 
rise to a significant asymmetric reshaping (sharpening) of  
the LSP peak of the individual nanostripe. In the extinction 
spectra shown in Fig. 4(f) we can also notice that, when the 
nanostripe width w increases above 170 nm (purple traces), an 
additional extinction shoulder around λ ≈ 580 nm becomes 
observable. This shoulder, which is blue-shifted with respect 
to the dipolar LSP excitation, is assigned to the excitation of 
a multipolar plasmon mode of odd order (n = 3) while the 
even multipolar mode (n = 2) is not observed due to the light 
polarization here employed [21, 61–62]. 

Indeed, the plasmonic resonance shifted in the NIR can be 
exploited for an efficient management of low energy photons. 
Applications are possible in ultra-thin absorber (e.g., 2D 
semiconductors as MoS2) where the semi-transparent plasmonic 
electrode could convert NIR photons to hot electrons 
successively injected through a Schottky barrier directly in the 
conduction band of the semiconductor [25]. 

2.3 Flat dimers and hybridization 

A key feature in view of the use of plasmonic nanostructures 
in nanospectroscopy applications is the possibility to exploit 
near field coupling and field enhancement when two resonant 
plasmonic structures are placed in close proximity. However, 
in the schemes presented so far (e.g., in Figs. 2 and 3), near 
field coupling among the plasmonic nanostructure cannot be 
achieved due to their large lateral separation exceeding 150 nm. 
Nevertheless, the highly ordered templates as the one presented 
in Fig. 3(a), are ideal for the growth of a vertically stacked 
metal-insulator-metal (MIM) sequence where strong near 
field coupling, controlled by the insulator thickness, is expected. 
By properly engineering the shape of the Au NSs and the 
thickness of the dielectric gap it is possible to achieve hybridiza-
tion of LSP dipolar resonances of individual nanostructures 
leading to an anti-bonding and bonding configurations: the 
former corresponds to the in-phase plasma oscillation of the 
two particles (electric dipole mode – ED) while the latter to 
the out-of-phase oscillation (magnetic dipole – MD) which 
are respectively weakly blue-shifted and strongly redshifted 
compared to the fundamental dipolar mode of the individual 
NS. We stress that numerical finite element simulations of local 
EM fields on similar dimeric structures predict a substantial 
field enhancement in correspondence to the MD resonance 
wavelength, as reported in the self-organised nano-dimers 
shown in Ref. [47]. 

Here, the synthesis of nano-dimers (Au-SiO2-Au) is obtained 
by sequential deposition of Au, SiO2 and Au on the polymer 
grating mask realized by LIL, following the same scheme 
presented in the sketch of Fig. 3(b). Au dimers are deposited 
on polymer templates at normal incidence with a nominal 
thickness of 25 nm via thermal evaporation after the evaporation 
of 2 nm-thick Ti adhesion layer, while SiO2 of thickness 25 nm 
is deposited via RF magnetron sputtering. Once the growth of 
the dimer structure (all three layers of Au, SiO2 and Au) has 
been completed (each of the fabrication steps is represented 
schematically in Fig. 5(a)), the sample was immersed sequentially 
into acetone and isopropanol in an ultra-sonicating bath to 
lift-off the polymer lines. The lift-off took a bit longer time 
than the single metal layer. However, it was not difficult as the 
double-sided metallic overhanging structures, present on top 
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of polymer resist ripples, prevent the capping of the polymer 
sidewalls from the normal incidence metal deposition and 
facilitate efficient lift-off. The cross-section of resulting structure 
is shown by SEM images in Fig. 5(d) where Au/SiO2/Au stacks 
have been embedded into a thick sputter-deposited silica 
layer to avoid damaging the plasmonic structures during the 
cracking procedure. The double stack of Au NSs corresponds 
to the brighter regions in the SEM micrograph due to higher 
backscattering of electrons. The upper Au NSs are slightly 
narrower than the basal ones due to a shrinking of the opening 
gap of the mask during sequential Au deposition at normal 
incidence. 

During each step of dimers nanofabrication process, we 
acquired direct optical transmission spectra on the NSs array 
and data are presented in Fig. 5(b) which highlights the response 
of Au NSs (green trace), Au/SiO2 stacks (black trace) and 
Au/SiO2/Au dimers (blue trace). The addition of the SiO2 
layer on the Au NSs does not alter the optical response in TE 
polarization. Conversely, when the system is probed in TM 
polarization the resonance is found red-shifted to λ = 647 nm 
(black traces), as expected when resonant plasmonic structures 
are embedded in a higher refractive index (nSiO2 ≈ 1.75 estimated 
by optical measurements in reflection on a flat thin film). 
When the double stack Au/SiO2 is further capped with the Au 
NS, we highlight the appearance of two spectrally separated 
minima in transmittance at lower and higher energies 
respectively. Their origin is attributed to plasmon hybridization 
in the triple stack (Au/SiO2/Au) which enables the presence 
of well-defined electric dipolar resonance at λ = 575 nm and 
a magnetic dipolar mode at λ = 725 nm. On the other side, 
if light is polarized parallel to the wires the spectrum shows  
the typical behaviour of a connected thin Au film with a 
monotonic reduction of transmittance moving towards the 
infrared spectrum. We stress that the MD mode is very 
sensitive to dispersion in the size of the dimers and to disorder 
in the pattern which in turn determine a strong inhomogeneous 
broadening and spectral shift, as was observed in the case of 
the self-organized nano-dimers of Ref. [47]. In present case, 
remarkably, we observe no broadening of the MD mode with 
respect to the ED mode which confirms the high degree    
of morphological order of the structures. Nevertheless, we 
exploit the sensitivity of the MD mode to the morphological 

parameters of the stacked Au and SiO2 nanostripes in order  
to efficiently tailor the plasmonic response of the dimeric 
metasurface in an ample range of wavelengths. According to 
hybridization theory, one way to control the optical response 
is to modulate the thickness of the dielectric spacer between 
the two resonators, as demonstrated in previous works [37, 47]. 
Indeed, by reducing the dielectric spacer thickness the NS 
near field coupling gets stronger, thus leading to a blue shift of 
ED mode and red-shift of MD mode. Vice-versa, by increasing 
the dielectric spacer thickness the opposite is true and two 
degenerate dipolar modes would be observed in the limit of an 
infinite dielectric slab instead of two detuned hybrid modes. 
In the present work we instead investigate the role of the lateral 
width w (see sketch in Fig. 5(b)) of the dimers as a control 
parameter since it allows to control variations in the plasmonic 
behaviour of the monomeric metasurface (see Fig. 4).  

We thus synthesized three different geometries where the 
lateral width of the dimers is varied from 77, 84 to 107 nm.  
The optical characterization of the arrays is reported in Fig. 5(c) 
which evidences that highly tunable hybridized plasmonic 
metasurfaces can be created on the cm2 area directly on glass 
or polymer templates. We observe a strong and monotonic 
red-shift of the MD mode from λ = 666 nm to λ = 731 nm and 
λ = 790 nm while the ED mode is modestly affected going 
from λ = 568 nm to λ = 576 nm and λ = 588 nm, respectively. 
Scaling of w is thus found more effective in tailoring the 
hybridized MD plasmonic resonance of the dimeric metasurfaces 
with respect to ED resonance of the monomeric counterpart. 
Furthermore, we highlight that strong field enhancement is 
expected in the proximity of dimers when the MD mode is 
resonantly excited: numerical simulations for Au NS dimers of 
similar geometry have shown an amplification factor |Elocal/E0| 
above 10, to be compared with a factor of 4 reported at the ED 
mode of monomers [47]. These features can make such dimeric 
metasurfaces an ideal platform in view of plasmon-enhanced 
sensing applications, where narrow line-shape and high 
tunability of the resonance are required to have the maximum 
near field amplification when the resonant nanostructures are 
optically tuned to the pump laser. As an example we mention 
the case of surface enhanced spectroscopies (like e.g., SERS) 
where the output signal is amplified following a 4th power of 
the local electric field, and a shift of the pump laser towards 

 
Figure 5 (a) Sequential steps of the nano-dimer formation process. (b) and (c) Optical transmission spectra acquired on arrays of nano-dimers (Au/SiO2/Au)
with light parallel (TE: dotted lines) and orthogonal (TM: solid lines) to their long axis at each process step (b): Au NSs (green) are capped with SiO2 stripes
(black) and finally the double stack is covered with another Au NS (blue) to form a nano-dimer. (c) Nano-dimers array of same periodicity (300 nm) but 
with different lateral width (w) 77, 84, and 107 nm. (d) SEM micrograph acquired through backscattered electrons channel on the cross-section of the 
Au/SiO2/Au sample. Scale bar is 1.2 μm and 333 nm in the zoomed image. 



Nano Res. 2021, 14(3): 858–867 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

865 

the NIR spectral range allows to reduce the fluorescence 
background from substrate which hampers the detection of 
the weak SERS signal [44].  

3 Conclusions 
Transparent and conductive plasmonic metasurfaces are 
fabricated over large areas on transparent glass substrates as 
well as on flexible polymer foils demonstrating the ability to 
perform as multifunctional semi-transparent electrodes with 
sheet resistance in the range of 18 Ω/sq. Nanofabrication of 
such metasurfaces is performed through an original low-cost 
variant of light interference lithography in Lloyd configuration 
which allows to fabricate ordered arrays of Au nanostripes 
(monomers) as well as of complex three-dimensional (3D)- 
stacked Au/SiO2/Au dimers covering uniform areas in the cm2 
range. The plasmonic resonances of the nanostripes can be easily 
tailored to VIS–NIR spectral range by acting on their geometric 
aspect ratio. The possibility of vertically stack Au/SiO2/Au dimers 
is exploited for achieving near-field coupling of individual 
nanostripes and for tailoring the hybridization of their localized 
plasmon resonances. In the bonding configuration (out-of-phase 
oscillation of the individual LSP–magnetic dipolar mode) one 
observes substantial redshifts of the resonances in the NIR 
range as well as substantial near-field enhancements [47], a 
feature of great interest in applications where low-energy photons 
management is mandatory like e.g., in plasmon enhanced 
spectroscopies. Due to the great lateral order of the plasmonic 
NS gratings, the multifunctional electrodes also exhibit coherent 
surface lattice resonances arising from the hybridization of 
Rayleigh anomalies with LSP modes of the individual nanostripes, 
thus providing an additional degree of freedom for tailoring the 
optical response of the template.  

4 Experimental details 

4.1 Template fabrication 

In order to fabricate patterned template of photoresist by LIL 
method, the sample preparation was started with the cleaning 
procedure of the substrates through a series of ultra-sonic baths 
in isopropanol and acetone solvents respectively. At second 
step, a positive photoresist (AZ MIR 701) diluted with AZ-EBR 
solvent in a 1:2 mixture was spun on the substrate at ~ 2 krpm 
for 90 s in order to obtain a thin resist layer of 180 nm. The 
thickness of the layer was measured by means of an AFM 
(Nanosurf Mobile S) and an optical profilometer (Smart WLI, 
GBS Ilmenau). After the spin coating, the sample was soft-baked 
at 100 °C for 300 s on a hotplate. At this point the sample was 
exposed under LIL set-up for 20 s with impinging power density 
0.77 mJ/(cm2·s) (total incident energy density of 15.4 mJ/cm2 
on the substrates) which immediately follows a post-baking at 
100 °C for 300 s on a hotplate. After that, the substrate was 
immersed in developer based on tetramethylammonium hydroxide 
(AZ 726 MIF) for 5 s and then rinsed with de-ionized water and 
blow-dried using N2 gas. Where the laser interference takes 
place on the sample, constructive interference fringes impress 
the positive tone resist that becomes locally etchable by the 
developer, and thus forms laterally disconnected polymer lines 
as the one sketched in Fig. 1(d). In case of thick (~ 1 m) resist 
layer, by applying the mentioned recipe, one can still achieve the 
sinusoidal surface morphology but the valleys will not uncover 
the substrate surface.  

4.2 Morphological characterization 

The morphology of the patterned resist has been investigated 

by means of AFM operating in tapping mode (Ez Nanomagnetic, 
Nanosurf Mobile S and Nano-observer from CSI) equipped 
with high aspect ratio Si tips (ACLA-AppNano). We processed 
the topographic maps by using WSxM software [63] in order 
to evaluate the statistical parameters of the patterns (vertical 
amplitude, self-correlation functions, mean slope histograms 
and periodicity). Local electrical measurements have been 
acquired recurring to conductive AFM (Nano-observer from 
CSI) equipped with ResiScope module and diamond-coated 
tip (DD-ACTA-10). 

4.3 Building metal nanostripes 

Deposition of gold (Goodfellow, purity 99.99%) on the patterned 
resist was accomplished in vacuum condition (~ 10–7 mbar 
range) at a rate of 6 nm/min by means of a resistively heated 

alumina crucible. Deposition rate and thickness of metal have 
been evaluated through a calibrated quartz crystal microbalance. 
Lift-off of the resist nanowire mask has been completed by 
recurring to sonication in acetone bath for few minutes. The 
metal nanostructures have been investigated by means of a 
SEM (Hitachi SU3500) exploiting the backscattered electrons 
signal. 

4.4 Optical measurements 

In order to characterize the optical properties of the samples, 
we have carried out far-field spectroscopic transmittance 
measurements. The incident light source was a compensated 
deuterium-halogen lamp (DH-2000-BAL, Mikropak) emitting 
in the spectral range 300–2,500 nm. Light was fiber coupled to 
a Glan-Thompson polarizer mounted on a rotating stage 
allowing variation of the incident light polarization state. Light 
transmitted by the samples has been coupled and analysed by 
means of a high-resolution solid-state spectrometer (HR4000, 
Ocean Optics). 
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