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Abstract 

Plasmonic nanoantennas represent advanced structures that allow sub-diffraction manipulation with light 

energy and its simultaneous focus below the diffraction limit. Gigantic focusing of light energy in the desired 

targeted place allows for the realization of several phenomena, such as plasmon-induced charge energy 

transfer of excitation/injection of so-called hot electrons. In turn, such phenomena have found a range of 

applications in the fields of medicine, sensorics, photovoltaics, and chemical transformations triggering. The 

main obstacle to greater use of plasmon-based nanoantennas is their complex preparation route and the 

resulting lack of ‘scalability’ of the structure. In this work, we propose a simple and effective method for the 

preparation of plasmonic nanoantennas, in which the metal-insulator-metal (MIM) system is used. In particular, 

a gold grating/polystyrene/platinum heterolayer structure was created. In our design, the gold grating ensures 

the excitation of the surface plasmon, the polystyrene acts as a dielectric spacer between metals, and the 

platinum layer is responsible for the catalytic function. The created structure was subsequently used for the 

water splitting half reaction (hydrogen evolution - HER), which was performed in the photoelectrochemical 

regime. The structure was also optimized from the theoretical and experimental points of view to reach the 

maximum efficiency in terms of hydrogen production. After optimization of the structure parameters, we 

observed a doubled increase in HER efficiency under illumination with light, which corresponded to the 

maximum of plasmon resonance absorption bands. The proposed nanoantenna design is favoured by the 

simplicity of preparation and the target area of use - the production of green hydrogen with the utilization of 

light (potentially, sunlight) energy. 
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1. INTRODUCTION 

Surface plasmon resonance (SPR) [1], also known as surface plasmons [2], is the collective oscillation of 

valence electrons in a metal, which are in resonance with the incident light [1,2]. The resonant photon 

wavelengths vary for different metals [1], where the most commonly used materials are precious metals such 

as gold, silver and aluminium [3]. In a metal-insulator-metal (MIM) nanoantenna system [4], the interaction 

between light and a plasmon-active metal [5] generates surface-plasmon polaritons (SPPs) [2,4-7] at the 

plasmon-active metal and dielectric interface [2]. SPPs are typically observed in structures such as gratings 

[2,8,9] and nanowires [5]. Furthermore, photo-excited plasmonic nanostructures display a relatively high 

photocatalytic activity when illuminated with light of sun-like intensities. These materials are also suitable for 

various, not only photocatalytic, applications [1,3,10], e.g. optical devices [6,11,12], antireflection coating, 

nanocircuits [6], sensors [6,11-13], photovoltaics [6,7,11,13] and communication [7]. 

One such application is the production of green hydrogen via water splitting. This process enables the 

conversion of light, possibly sunlight, into chemical energy [14] for storage and later utilisation of green, 
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sustainable and renewable energy source [15]. When exposed to high intensity light, the MIM nanoantenna 

provides electrons for the hydrogen evolution reaction (HER) [1,15], as shown in equation (1).  

2H+ + 2e− → H2  (1) 

Typically, the nanostructures used for HER are metal-semiconductor composites [1-3,13,15] or complex MIM 

structures [4,12,14]. In this work, we propose a simple MIM nanoantenna design made from gold as the 

plasmon-active metal, polystyrene (PS) as the insulator and platinum as the HER catalyst. By optimizing the 

nanoantenna preparation parameters, we were able to increase the efficiency of the water splitting half-

reaction, using high intensity broad spectrum lamp as a light source. 

2. EXPERIMENTAL PART 

2.1 Materials 

Standard CAT.NO.7101 microscope slides from P-Lab were used as the substrates for all samples. Solution 

of photoresist Su-8 was obtained from Microchem, Germany. The polystyrene (PS) was purchased from 

SigmaAldrich and used without further purification. Toluene (≥99.9%) was obtained from Lach-Ner, s.r.o., 

Neratovice, Czechia. H2SO4 solution (96%) was purchased from PENTA s.r.o., Prague, Czechia. 

Demineralized water was obtained from Sigma-Aldrich. Au target (purity 4 N) and Pt target (purity 4 N) were 

purchased from SAFINA a.s., Vestec, Czechia.  

2.2 Sample preparation 

Su-8 films were deposited on the microscope slides surface by spin-coating (1500 rpm, 30 min), dried at 80°C 

for 24 h and irritated by UV-source for 60 min. Pattering of Su-8 surface was accomplished using linearly 

polarized excimer laser beam from COMPexPro 50F KrF excimer laser (emission wavelength 248 nm, laser 

fluence 9 mJcm-2, 3500 total number of pulses, beam incident angle 45°). The Au thin layers were deposited 

onto the patterned surface using vacuum sputtering (40 mA, 300 s, Ar atmosphere). The PS solution was 

deposited on the gold substrate using spin-coating (1500 rpm, 60 s) and left to dry for 8 h at room temperature 

in vacuum. A thin layer of Pt was deposited onto the surface using vacuum sputtering (20 mA, 110 s, Ar 

atmosphere), resulting in the thinnest possible conductive layer. 

2.3 Measurement techniques 

Several analytical techniques were used for the characterisation of the samples.  

To measure the thickness of the PS layer, the Alpha-SE Ellipsometer (J. A. Wollam, USA) with CompleteEASE 

program was used. The thickness of the gold and platinum layers was measured using atomic peak force 

microscopy (AFM) (Icon (Bruker) microscope) scratch tests. The scratch tests were carried out on smooth 

metal films by profiling across a scratch accomplished at an angle of 90◦ relative to the surface. UV-Vis spectra 

was obtained using UV/VIS spectrometer Lambda 850+ (PerkinElmer, Inc., USA) with UV WinLab™ software 

(PerkinElmer, Inc., USA).  Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDX) (LYRA3 GMU, Tescan, CR) were collected at the operating voltage of 10 kV and a beam current of 

600 pA. 

Finite-difference time-domain (FTDT) simulations were performed with Comsol Multiphysics software package 

in 2D simulation domain, with a triangular cell (the cell size was spatially varied and was automatically 

determined by the software as a function of the local geometry of the structure). The parameters of Au grating 

(periodicity 300 nm and amplitude 80 nm) were extracted from AFM measurements. The geometry of the 

samples was introduced as an average of AFM measurement results. The gap size between the grating was 

chosen in assumption (also confirmed by SEM and AFM experiments) of their closed-packed arrangement. 

The PS layer was included in the experiments as a dielectric spacer between the Au grating and Pt. The 
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convergence of the FTDT calculation was checked by the simulation resolution increase by 50% without 

observable changes.  

2.4 Photoelectrochemical measurements 

Chronoamperometry was used for electrochemical analysis in a classic three-electrode system in a 5 ml 

beaker. The samples were attached as the working electrode, Ag/AgCl (sat. with 3 M KCl) electrode (BVT 

Technologies, CZ) as the reference electrode and a Platinum Wire electrode (BASi, USA) as the counter 

electrode, with 0.5 M H2SO4 as the electrolyte. A Palm Sens 4 potentiostat (Palm Instruments, Netherlands) 

controlled by PSTrace 5.8 program was used for all electrochemical measurements. 

3. RESULTS AND DISCUSSION  

The resulting thickness of gold was determined to be 30 nm. The thicknesses of the PS layer were 11 nm  

for 0.125% (PS1), 17 nm for 0.25% (PS2), 24 nm for 0.5% (PS3) and 63 nm for 1% (PS4) PS, as shown  

in Figure 1. The thickness of the Pt layer was 6 nm. Figure 2 shows the grating of the samples with only gold 

(Figure 2a) and with Au/PS3/Pt (Figure 2b). As can be seen from the SEM images and EDX maps, the 

polymer layer 24 nm was spread uniformly and did not affect the structure of the sample. The map also 

indicates the presence of a homogeneous layer of platinum. 

 

Figure 1 Thickness of PS layers for different samples preparation route 

 

Figure 2 SEM images of grating and EDX element(s) mapping: a) grating with sputtered Au; b) grating with 

deposited Au, PS3 and Pt 
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Figure 3 shows the UV-Vis spectra of Au/PS/Pt samples, in which several absorption bands can be seen, 

notably at the wavelength of λ ~ 600 nm and λ ~ 780 nm, suggesting the presence of surface-plasmon 

polaritons (SPPs). This was further confirmed by the Finite-difference time-domain (FTDT) simulations, in 

which changes in the electric field upon irradiation of the samples were observed (dark red parts in Figure 4). 

 

Figure 3 UV-Vis spectra of Au/PS/Pt samples 

Finite-difference time-domain (FTDT) simulations the charge density distribution of Figure 4 in turn show the 

distribution of electric field excited under the simulated sun illumination on nanoantenna samples (Au/PS/Pt) 

Figure 4 Finite-difference time-domain (FTDT) simulations for nanoantenna samples (Au/PS/Pt) with 

different PS thickness 
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Figure 5 shows the chronoamperometry measurements of the nanoantennas with different PS thickness. All 

samples display clear reaction when illuminated by broad-spectrum light source. The thickness of the polymer 

clearly influences the current, in which saturation occurs. Sample PS2 shows the worst results, with saturation 

occurring around -1.1 mA, compared to sample PS3 reaching nearly double the HER activity. 

 

Figure 5 Chronoamperometry of Au/PS/Pt nanoantennas in the dark (beginning), exposed to light (rapid 

decrease in current until saturation) and without light (rapid increase in current)  

4. CONCLUSION 

New MIM nanoantenna preparation method was proposed using Au/PS/Pt system. This method is simpler and 

faster than current conventional methods and provides consistent results. Several analytical methods were 

used to characterize the prepared samples. Chronoamperometry was used to determine the best PS thickness 

for HER, from which PS3 was shown to provide the best results, reaching nearly double the current values as 

the worst sample. 
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