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ABSTRACT   

Metasurface studies have demonstrated vast applications to control optical properties of light based on the ability to 
design unit cells with desired phase and reflectivity in 2D subwavelength periodic arrays. The simplified design strategy 
is only an approximation since the unit cells can be subject to near-field coupling effects due to influence from neighbor 
unit cells. In this work, we try to investigate this effect by numerically and experimentally studying the near-field 
response from gold nanobricks of varied length, fabricated in both quasi-periodic and periodic configuration on top of 
dielectric-coated (SiO2) layer and gold layer at telecommunication wavelength (1500 nm), which is the commonly used 
gap plasmon configuration for efficient metasurfaces. The experimental near-field investigation is performed using a 
phase-resolved scattering-type scanning near-field optical microscopy (s-SNOM) in the transmission mode. We 
demonstrate that near-field coupling becomes significant when edge-to-edge separation between GSP elements goes 
below ~200-250 nm. We also show that the reflection phase of any GSP element is approximately equal to its doubled 
near-field phase. Thus, our studies provide a direct explanation of a reduced performance of a densely-packed GSP 
metasurfaces. This technique can accurately predict the performance of different types of metasurfaces by observing 
their near-field response in different periodic configurations by considering factors ignored in the design stage, which 
include fabrication uncertainties, wrong design considerations along with near-field coupling effects.   

Keywords: Near-field, gap surface plasmons, metasurfaces, s-SNOM 
 

1. INTRODUCTION  
Metasurfaces can flexibly control the optical properties of light by 2D arrangement of periodic subwavelength lattices 
composed of nanostructures with specific phase, amplitude and polarization based on desired application. Unlike the 
previous 3D metamaterial counterpart, 2D metasurfaces can be ultrathin, equally effective, compatible with available 
nanofabrication techniques and can solve phase distortion and Ohmic loss issues due to 3D design considerations making 
them popular to study. Several metasurface based applications have been demonstrated based on the principle periodicity 
assumption, consisting of homogenous or inhomogeneous arrangement of unit cells, different types of nanostructures in 
different resonant configurations and different material types like plasmonic or dielectric. Metasurfaces are better than 
bulky optical counterparts, which are designed by rigid refractive index shaping methods. Significant examples of 
metasurfaces applications include polarization splitting, detection, generation and beam steering1-6; waveplates7-10; 
focusing along with polarization control11-12; holograms13-15; and color printing16-17 to mention a few18. 

    The development of metasurfaces began with plasmonic meta-elements by using 2D quasi-periodic metal nano-
antennas on dielectric interfaces in different near-resonant configurations as a means to provide the phase up to 2π and 
design the phase-gradient using periodicity assumption required for far-field applications19. Significant improvement in 
efficiency of metasurfaces has been realized using metal nano-antennas separated by thin dielectric gap on reflecting 
metal layer, which provides the required phase by varying nano-antenna widths based on gap-plasmon resonances2, 20. 
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The improvement in efficiency demonstrated by several applications reaching up to 80 % along with the flexible design 
approach to scale the periodic dimensions for desired wavelength region of any type of application has fueled the interest 
in exploring novel applications of metasurfaces. Naturally, the studies to find other types of meta-elements that can work 
in transmission, visible wavelength region where inherent Ohmic losses of plasmonic meta-elements limit efficiency of 
the devices and multiple polarization control are in progress. The control of far-field optical properties by using 
individual near-resonant scatteres as building blocks to enforce the required phase and amplitude profile has been the 
primary goal of the metasurface studies. However, actual near-field studies to determine if the design parameters are 
directly fulfilled by actual fabricated meta-elements in different quasi-periodic arrays are very few21. Besides, the 
principle periodicity assumption to define the arrays of meta-elements is only an approximation since the dimensions of 
the periodic meta-elements used in various applications suggest that they can be subject to near-field coupling. This 
aspect is usually ignored and near-field coupling can be a cause of reduced performance due to distortion of phase and 
amplitude which can only be confirmed using direct near-field imaging. The tolerance of the metasurface performance to 
fabrication uncertainties which is important when considering large-scale use of metasurfaces can also be confirmed 
using direct near-field investigation. 

    In this work, we study the near-field properties of meta-elements in gap-plasmon based configuration consisting of 
gold nanobricks of varying widths (Lx, Ly) on top of thin dielectric silicon dioxide layer and optimally thin gold 
reflecting layer (Au-SiO2-Au), which is the commonly used configuration demonstrating various efficient metasurface 
applications. The study is performed using transmission type scattering near-field optical microscope (s-SNOM) at 
telecom (1500 nm wavelength) and light polarized along varying nanobrick width dimension for simplicity. The near-
field microscope images the near-field phase and amplitude profile of the fabricated meta-elements which gives a direct 
explanation of far-field behavior as a consequence of near-field properties of gap-plasmon based reflective metasurfaces. 
Particularly, the aim is to test the periodicity assumption by establishing that the infinitely periodic boundary conditions 
of unit cells used in simulation based design approach can give different results compared to the unit cells arranged in 
quasi-periodic configuration where, the meta-elements with different dimensions are placed next to each other to fulfill 
the phase requirements like in actual metasurface applications. Hence, the meta-elements are fabricated in both quasi-
periodic and periodic arrays using commonly used nanofabrication technique with good accuracy and imaged using the 
near-field microscope to directly confirm their properties.  

 

2. THEORETICAL BACKGROUND 
2.1 Schematic of gap-plasmon based metasurface 

The gap surface plasmon (GSP) configuration of the meta-elements used in the study is composed of gold nanobrick 
thickness tn 50 nm) followed by thin silicon dioxide (SiO2) spacer layer (thickness ts 40 nm) and backed by optimally 
thick gold reflecting layer as explained in detail in Figure 1.  

 

 
Figure 1. Schematic of gap plasmon configuration-based unit cell consisting of 2D metal nanobrick of widths (Lx, Ly) 
composed of metal, (gold, thickness tn 50 nm) on top of a dielectric spacer (SiO2, refractive index 1.45, thickness ts 40 nm) 
and metal substrate in the bottom (gold, thickness tb 50 nm) with 450 nm period (Ʌ) for telecom wavelength (1500 nm, 
operation wavelength of s-SNOM set up), fabricated on telecom transparent substrate. The transmitted electric near-field 
(ENF) with bottom illumination and reflected field (ER) with normal incidence geometry for linearly polarized light along x-
axis are shown in insets.  
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Such a configuration has been studied extensively in the past22, 23 and demonstrated in many efficient metasurface 
applications. The GSPs excite the electromagnetic field through its interfaces reflecting the light back and forth due to 
constant effective index mismatch between GSP mode and surroundings. Standing wave like GSP resonances produced 
in this way provide the phase (up to 2π) along with high reflectivity required for GSP based metasurface applications, 
which can be tuned by using varying nanobrick widths. Based on the GSP resonance for telecom wavelength, we choose 
a period of 450 nm for our studies. To improve the detection of phase and amplitude using s-SNOM in transmission 
mode, we choose a minimal thickness of bottom gold layer (tb 50 nm) for which the GSP mode index is practically 
constant. The transmitted electric field (ENF) which is measured using s-SNOM and the far-field reflected field (ER) used 
to design metasurfaces are directly related and are shown schematically in Figure 1 insets. For simplicity, the simulation 
results as explained in next section are performed for light polarized along nanobrick width variation along x-axis as 
shown in red arrows in Figure 1. 

2.2 Simulation results of gap-plasmons for telecom wavelength 

Numerical studies are performed to confirm the relation between near-field optical properties of phase and amplitude 
measured using transmission type s-SNOM and the far-field properties which are used to design specific meta-elements 
based on applications. The results of both simulations are shown in Figure 2. 

 

 
Figure 2. Mapping of near-field phase and amplitude to be experimentally determined using s-SNOM in transmission with 
far-field optical properties of gap plasmon-based metasurface unit cells. (a, b) Far-field phase (Arg[ER]) mapped to twice the 

 

near-field phase (Arg[ENF] x 2) and far-field amplitude (|ER|) to near-field (|ENF|norm, normalized to maximum for 
comparison) for different nanobrick widths (Lx 30 to 470 nm and Ly 150, 300 and 350 nm), respectively. (c, d) Simulated 
phase and amplitude of nanobricks with varying widths (Lx, Ly) within period 450 nm at 1500 nm wavelength for normally 
incident, reflected light polarized along x-axis (Arg[ER] and |ER|), respectively. (e, f) Simulated phase and amplitude for 
near-field 50 nm above nanobrick for normally incident, transmitted light (Arg[ENF] and |ENF|norm), for same parameters. 
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    All modellings are performed using commercial finite element software Comsol Multiphysics (version 5.2), and a 
plane-wave excitation. Permittivity values of gold were taken from Johnson and Christy database24, while refractive 
index of glass substrate and SiO2 spacer layer was assumed to be refractive index 1.45. The medium above the 
nanobricks is chosen to be air.  
    As can be seen from the figures, by considering periodic boundary conditions for individual nanobrick width (Lx, Ly) 
within a period of 450 nm, the phase profile and corresponding amplitude which is used to choose specific meta-
elements is obtained. The phase profile up to 2π and amplitude for far-field reflection as shown in Figure 2(c, d) is the 
same as being used in several gap-plasmon based applications, which in our case is for telecom wavelength (1500 nm). 
Comparing it with near-field in transmission shown in Figure 2(e, f), the trend of phase and amplitude variation is same 
but, amplitude is opposite and phase profile is half that in reflection as is expected. Comparing these results graphically 
for different Ly widths within the range of period 450 nm viz. 150, 300 and 350 nm as shown in Figure 2 (a, b), one can 
conclude that there is one-to-one correspondence between phase and amplitude. Considering the relationship as 
graphically confirmed from simulation studies shown in Figure 2, the near-field as can be measured from our s-SNOM 
transmission set up can give direct explanation of far-field properties in reflection. Hence, it can be used as a tool for 
predicting far-field behavior of reflective metasurfaces. 

 

3. METHODS 
3.1 Metasurface design to test periodicity assumption 

The simulation results as explained above are obtained assuming periodic boundary conditions. The meta-elements are 
tailored for desired application by choosing required phase and amplitude meta-element from the simulation results using 
search algorithm. In the final metasurface, meta-elements with different dimensions can be placed next to each other and 
fabricated in quasi-periodic array. For example, in phase-gradient applications, unit cells with different nanobrick widths 
corresponding to the phase gradient are placed next to each other comprising a super cell, which is then repeated 
periodically and far-field characterization of the metasurface is performed further. Thus, they can be subject to near-field 
coupling which can lead to phase distortion and other issues leading to reduced performance. The reflectivity of super 
cell can be confirmed using simulations, but, this is not always possible. One cannot choose large number of elements in 
a super cell because it will require better and faster computers to predict the performance accurately. However, a better 
understanding of near-field coupling parameters like the dimension, separation and wavelength dependence of meta-
elements can provide an insight into which metasurface designs can be best used to achieve optimal efficiency. As a first 
step in this direction, we fabricate gap-plasmon based meta-elements in two different arrays quasi-periodic and periodic 
and observe their near-field properties at single wavelength (1500 nm) and polarization (along nanobrick variation). 

    We choose meta-elements varying along Lx (200 to 400 nm) widths in discrete steps of 25-30 nm and keep the Ly 
width constant (280 nm). We fabricate the nanobricks of varying widths next to each other in new rows and repeat them 
identically in each row like supercell in gradient metasurfaces. Thus, we fabricate identical meta-elements in 5 columns 
and 1 row to compare with the quasi-periodic configuration of actual metasurfaces. For the periodic configuration, the 
individual meta-element is repeated in 9 columns and 3 rows to compare their near-field properties with quasi-periodic 
array. For simplicity of s-SNOM measurements we consider only one nanobrick (Lx 300, Ly 200 nm) fabricated in 9 
columns and 3 rows periodic array. 

3.2 Metasurface fabrication 

We used Electron Beam Lithography (EBL) nanofabrication technique to fabricate the metasurface arrays. In this 
technique, thin layers of metals viz. gold, titanium are deposited using e-beam evaporation and dielectric spacer silicon 
dioxide (SiO2)) layer using RF sputtering. Substrate transparent to telecom wavelength (double side polished silicon 
wafer) was used. Adhesion is facilitated by deposition of 3 nm titanium within the layers. A positive resist 950 kDa poly 
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(methyl methacrylate) (PMMA) commercially purchased is deposited onto the substrate coated with bottom gold layer 
(50 nm) and dielectric layer (40 nm) using spin coating to obtain a thickness of 100 nm. The resist is then exposed to the 
pattern designed for the nanobricks using scanning electron microscope (SEM, model: JEOL JSM-6490LV) with 
acceleration voltage 30 KV, working distance 9 mm, area dose of 200 μC/cm2), write field 30 x 30 μm and step size of 2 
nm. After exposure, the resist is developed for 30 s in a 3:1 mixture of isopropanol (IPA): methyl isobutyl ketone 
(MIBK). The nanobricks of 50 nm height are fabricated by deposition of gold using e-beam evaporation and subsequent 
10 hours incubation in PG-remover commercially obtained solution for lift-off of unexposed resist. The fabricated 
metasurface ready for optical characterization is imaged using s-SNOM as shown in the topography shown in Figure 4 & 
5 for quasi-periodic array and near-field optical image for periodic array, respectively. The average sizes of fabricated 
meta-elements are shown in the figures (4 & 5) and they show that the fabricated elements are of good quality. 

3.3 Experimental near-field set up 

The schematic of experimental near-field microscopy (s-SNOM) set up is hown in Figure 3 below. We used commercial 
AFM-based scattering-type s-SNOM (Neaspec GmbH) with standard platinum-coated Si tips (ArrowTM NCPt from 
NanoWorld) to measure the near-field experimentally. The AFM tip was tapping with amplitude of ~50 nm at frequency 
~250 kHz. The sample was illuminated normally from below using a parabolic mirror to focus of the light from a tunable 
telecom diode laser (TLB-6500-H-ES from New Focus, 1500 nm wavelength) on the structure. 

 

 
 

Figure 3. Schematic of amplitude and phase near-field mapping using the transmission s-SNOM setup. The sample is 
illuminated from below with a defocused laser beam (fwhm ~ 12 μm) polarized parallel to the parallel to the nanobricks 
(wavelength 1500 nm). The AFM metal-covered silicon tip scatters the near-field (predominantly its vertical component), 
and the scattered radiation (being collected by the top parabolic mirror) is then mixed with the reference beam and 
interferometrically detected, yielding amplitude and phase near-field distributions by scanning the sample. 

 

The illumination spot size at the sample surface was estimated to be 5 μm, thus, homogenously illuminating the structure 
over a large area. The illuminating beam travels in positive z-axis and it is polarization is oriented along varying 
nanobrick width dimension i. e. x-axis. This agrees well with the experimental conditions usually used in far-field 
metasurface applications. The scattered light was collected using a second parabolic mirror, placed above the tip. A 
resolution of both amplitude and phase was done by using a Mach-Zehnder interferometer with an oscillating mirror (f 
~300 Hz) in the reference arm and a pseudo-heterodyne detection scheme25. To remove background, the detected signal 
was demodulated at the third harmonic of the tip's tapping frequency. The results are interpreted using amplitude |ENF| 
and phase Arg[ENF] maps obtained from complex near-field ENF detected using s-SNOM. The experimental results are 
shown in Figure 4 & 5. 
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4. RESULTS AND DISCUSSION 
4.1 Experimental results of meta-elements in quasi-periodic array 

As seen from the results shown for quasi-periodic array on Figure 4 below for 1500 nm wavelength, the fabricated 
nanobricks in 5 columns in new rows are of good quality. One can observe that meta-elements in the 3rd (central) column 
which fulfill the periodic condition the most, have predictable phase and amplitude profile. The phase varies gradually 
for widths away from GSP resonance and drastically for widths close to GSP resonance sharply within 300 – 330 nm. 
Similar dip in amplitude for widths away from resonance and peak in amplitude for close to resonance widths confirms 
the GSP features as predicted from simulation studies. It must be noted that the GSP resonance features are observed 
despite the uncertainties in fabrication, which can be observed from the rounding of corners and average measured sizes. 
So, errors in exact determination of sizes is tricky. Still, the basic features of GSP resonance as easily predicted by the 
near-field results, confirms that the technique can be used to predict far-field behavior directly. 

 

 
Figure 4. Experimental s-SNOM transmission results for quasi-periodic array. (a) Topography of fabricated unit cells in 
periodic array of 5 identical nanobricks of different widths arranged in column (scale bar 1μm). The average widths 
measured are shown in right and the Ly width (280 nm, average) is constant for all. (b, c) Experimental near-field amplitude 
and phase results of the fabricated nanobricks in quasi-periodic array measured using 1500 nm wavelength polarized along 
x-axis (red arrow), respectively. 

 

    The other important feature that can be observed is the near-field coupling effect which has resulted in distortion of 
phase and amplitude profile of nanobricks adjacent to central (periodic) ones. The coupling effect is weakly observed for 
widths close to resonance and increases remarkably for larger widths. Thus, densely packed elements in quasi-periodic 
arrangement with sizes more than resonant widths are highly susceptible to near-field coupling and can be a cause of 
reduced performance. This simple single wavelength near-field study result provides us with a guideline for which meta-
elements to avoid which designing metasurfaces with optimal efficiency.  

    It is hard to predict the exact parameters for near-field coupling to avoid since the quasi-periodic configuration in 
actual metasurfaces can have many different sizes, periods and wavelengths. From current results, the coupling can be 
due to larger sizes, smaller separation or quasi-periodic configuration. So, in the next section we show results for 
periodic configuration to compare them for better understanding. 

4.2 Experimental results of meta-elements in periodic array 

As shown in previous results, the near-field coupling occurs for GSP based meta-elements arranged in quasi-periodic 
array. In this section, we discuss the experimental data of nanobrick close to resonance width Lx 300, Ly 200 nm 
fabricated in periodic array as shown in Figure 5. It can be seen from the result that the near-field coupling does not arise 
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in periodic array, with no distortion of phase as acutely observed in quasi-periodic configuration is observed in periodic 
array results. Hence, the near-field coupling in actual metasurfaces is not accounted for due to infinitely periodic 
assumption in simulations and can play a role in reduced performance of metasurfaces, even though the theoretical upper 
limit for efficiency base on simulations is high. 

 
Figure 5. Experimental s-SNOM transmission results for periodic array. (a) Topography of fabricated unit cells in periodic 
array of identical nanobricks arranged in 9 columns and 3 rows. The average width measured is (Lx 300 nm; Ly 200 nm) 
constant for all. (b, c) Experimental near-field amplitude and phase results of the fabricated nanobricks in periodic array 
measured using 1500 nm wavelength polarized along x-axis (red arrow), respectively. 

 

5. CONCLUSION AND OUTLOOK 
Near-field studies of meta-elements can predict the far-field behavior of metasurfaces since they are composed of 
building blocks of different types of nano-antennas in near-resonant configuration that can incorporate the required phase 
and amplitude for applications. It has the advantage that approximate assumptions considered in simulations can be 
directly verified and a better understanding can be attained, which is important in considering large-scale use of a 
metasurface. We demonstrate this ability by studying the near-field of gap-plasmon based efficient metasurfaces 
elements fabricated in both quasi-periodic and periodic array. The quasi-periodic array is like actual arrangement of 
meta-elements and the periodic array mimics the infinitely periodic environment used during simulations. It is found 
experimentally that near-field coupling plays key role in densely packed metasurfaces in quasi-periodic array, which is 
not observed in periodically arranged meta-elements. To accurately predict the far-field response from the near-field 
study, systematic study must be performed considering the nano-antennas, in different configurations based on specific 
application and wavelengths, which can help in gaining a better understanding.    
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