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Abstract
Experimental and simulation studies show that a hexagonal array of polystyrene particles on a gold substrate, capped with 
gold semi-shells, results in increased optical confinement of the resonance modes in comparison with those for arrays 
without metallic substrate or capping. Well-ordered arrays of polystyrene beads were fabricated by convective deposition, 
a solution-based self-assembly process. The polystyrene particles exhibited strong optical concentration, with photonic and 
plasmonic modes as detected in optical spectra and modelling. The resonance wavelengths of the plasmonic hexagonal array 
were modified by treating the hexagonal arrays with oxygen plasma at fixed power of 150 W for time periods of 0–10 min. 
The plasma treatment reduced the vertical height of the polystyrene particles, and the resonances were tuned and sharpened 
after plasma treatment. This increase is attributed to the improved uniformity of the gold semi-shell coating distributed over 
the polystyrene particles. Additionally, the plasma treatment increased the refractive index of the polystyrene particles due to 
cross-linking. Devices with these plasmonic hexagonal arrays enable enhanced light–matter interactions, with the flexibility 
to post-tune the resonance wavelengths.

1 Introduction

Light–matter interactions can be effectively enhanced by 
strongly localizing electromagnetic fields in various nano-
photonic structures. Both individual microstructures and 
periodic arrays of microstructures can produce optical 
enhancement, whether as isolated microcavities [1–3], or 
as regular arrays of Si [4] or SiC [5] pillars, Si nano-cones 
[6], nano-disks [7, 8], nanoholes [9–11], or more generally 
as metamaterials [12]. Individual features can exhibit local-
ized resonances associated with microcavities, but in peri-
odic arrays, there are additionally propagating modes which 
also introduce resonances. The addition of metallic layers 

to the periodic microstructures further enhances the light 
interaction, supporting surface plasmon polaritons bound 
to the metal surface and guided modes within the dielec-
tric structures [13]. These plasmonic–photonic structures 
have found applications as substrates for sensing [14–16], 
surface-enhanced Raman spectroscopy (SERS) [17–19], and 
photocatalysis [20]. In addition, such structures can support 
directed emission [13], light trapping [21], photocurrent 
conversion [22], and enhanced photoluminescence [23–25].

Periodic microstructures can be constructed by 
top–down lithographic processes, for example holographic 
lithography [26], or bottom–up processes, for example 
self-assembly of microspheres into a regular array. A 
periodic microstructure created from core–shell parti-
cles exhibits more complex spectral features [27] and a 
monolayer array of dielectric particles coated with higher 
refractive index dielectric or metallic layers also exhibits 
greater confined light inside the layers, supporting pho-
tonic, plasmonic, and hybrid plasmonic–photonic modes 
[28–35]. Furthermore, to ensure strong optical confine-
ment in the monolayer array, a gold substrate hinders leak-
age of radiation from the monolayer to the substrate [36, 
37]. Whereas, if the substrate is a low-index dielectric, the 
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particle monolayer behaves like a free-standing array, with 
sharp resonance peaks in the transmission spectrum [38].

An advantage of using polystyrene beads to form nano-
photonic structures is their chemical compatibility with 
many organic molecules, for example with conjugated 
polyrotaxanes [39], Rhodamine B [40], tert-butyl Rho-
damine B [41], and 4-(dicyanomethylene)-2-tert-butyl-
6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran 
(DCJTB) [42]. These doped polystyrene beads enable 
enhanced lasing emission in the periodic structures.

A key factor in enhancing light–matter interactions is 
matching the microstructure resonances to the molecule 
of interest or the excitation light, for example by chang-
ing the cavity size [43] or refractive index. The polysty-
rene particle shape and diameter can also be modified via 
plasma treatment using oxygen [43], argon [44], chloro-
form [45], or a mixture of gases [46]. During the plasma 
treatment, polymer chains in the polystyrene may become 
cross-linked [47–49], but this may be prevented by treat-
ing with a mixture of oxygen and methanol [50]. Various 
factors affect the resulting shape and size of the polysty-
rene particles, including the temperature of the plasma 
chamber [51], power of the plasma, and treatment time 
[52]. Vogel et al. showed that the particles’ height and 
diameter decrease non-linearly with plasma power and 
treatment time, and the substrate material influences the 
treated particles’ shape [43]. The particle–particle bridges 
affect the resulting diameter of the plasma-treated particles 
[52, 53]. Moreover, the refractive index of the polysty-
rene tends to increase after plasma treatment [54–56]. The 
Lorentz–Lorenz equation [57] implies that the refractive 
indices depend on the mass density. Plasma treatment of 
polystyrene tends to increase the mass density, as shown 
by Bilek et al. using X-ray and neutron scattering and 
spectral analysis [58].

In this paper, we present a geometrically modifiable 
plasmonic microstructure with strong near-infrared opti-
cal field confinement. By modifying the particle size and 
period, we tune the resonance wavelengths, and we observe 
propagating mode resonances comparable to those for a 
free-standing monolayer [38] or array of SiC pillars [5]. 
The hexagonal monolayer array was prepared by convective 
deposition of polystyrene beads on a gold substrate [59, 60]. 
The monolayer was then capped with an ultra-thin gold film 
to create the plasmonic hexagonal array. To tune the opti-
cal resonances, the hexagonal array was treated by oxygen 
plasma at fixed plasma power for various time periods. The 
morphology of the polystyrene particles with and without 
oxygen-plasma treatment was observed by scanning electron 
microscopy (SEM). Energy-dispersive X-ray spectroscopy 
(EDX) was used to map the gold semi-shell distribution pro-
file, to inform modelling of the structures.

In our numerical studies, a finite-difference time-domain 
method was used to explore the optical resonances of the 
hexagonal array using MIT Electromagnetic Equation 
Propagation (MEEP), which is an open software package 
[61]. In the simulations, the electric permittivity of gold was 
described by the Drude–Lorentz model [62]. The dielectric 
constants of the non-dispersive materials, polystyrene and 
glass, were assumed to be constant [63, 64]. The Quality 
(Q) factors of the plasma-treated and untreated arrays were 
calculated to estimate the light confinement.

2  Materials and methods

2.1  Monolayer fabrication

The glass substrates were cleaned by Alconox detergent to 
remove contamination, and then isopropyl alcohol at 60 °C 
to create a hydrophilic surface. An 80 nm-thick film of gold 
was thermally evaporated on the substrate. Polystyrene 
spheres (930 nm diameter and CV < 3%, Thermo Fisher 
Scientific) were assembled on the gold film by convective 
deposition at room temperature and relative humidity around 
65%. A volume of 10 μL of the polystyrene sphere suspen-
sion (10% w/v concentration) was dropped on the substrate 
under a cleaned glass blade, which was fixed at an angle of 
45°. The glass substrate moved with a velocity of 18 μm/s 
relative to the fixed blade. To achieve monolayer deposi-
tion with large crystal domains, vibration assistance using 
a mechanical wave driver at 20 Hz was applied to the sub-
strates during the deposition [59].

An oxygen plasma was used to change the diameter, 
height, and shape of the 930 nm polystyrene spheres. The 
oxygen gas was sparked with a high-voltage electrode inside 
the vacuum chamber at a pressure of 2 ×  10–2 mbar. The 
sparking power was 150 W, and the treatment time was var-
ied from 0 to 2.5 min, 5.0 min, 7.5 min, and 10 min. Finally, 
the treated monolayer of polystyrene particles on the gold 
film was capped with a 20 nm-thick gold film by thermal 
sputtering for 5 min.

2.2  Optical measurements and morphology 
observation

The optical absorption spectra were recorded by illuminat-
ing the samples at normal incidence with broadband white 
light from a halogen lamp (300 nm–1200 nm). The measured 
reflection spectrum was normalized to the source profile. 
The absorbance was calculated from the reflectance, assum-
ing negligible transmission through the film.

The morphology of the plasmonic hexagonal arrays 
with and without oxygen-plasma treatment was observed 
by scanning electron microscopy from above and from the 
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side in cross-section. Additionally, to investigate the profile 
distribution of the gold film on the polystyrene particles, 
energy-dispersive X-ray spectroscopy was used with colour 
mapping to determine the degree of coverage of the gold.

2.3  Finite‑difference time‑domain simulations

Results of finite-difference time-domain (FDTD) simula-
tions, in which Maxwell’s equations are solved in the spatial 
and time-domains, were compared with the experimental 
results. The unit cell, consisting of a monolayer of polysty-
rene particles with a 80 nm-thick gold substrate, and capped 
by a 20 nm-gold film on top of the particles, is sketched in 
Fig. 1a. For results of additional simulations on different unit 
cell arrangements, please see the Supplementary Informa-
tion. The diameter of the polystyrene particles was fixed at 
930 nm and the height (h) was varied to model the effect of 
the oxygen-plasma treatment. On top of the unit cell, there 
was a perfectly matched layer to absorb back-scattered radia-
tion. Periodic boundary conditions were applied in the xy-
plane. In all simulations, the Gaussian plane wave (central 
frequency of 3.0 ×  1014 Hz and bandwidth of 3.0 ×  1014 Hz 
to cover the spectral range of interest) was generated above 
the monolayer and propagated in the direction normal to the 
monolayer. The computational time-step was 0.67 ×  10–2 fs 
and the grid resolution was 7 nm. The simulation was termi-
nated when the electric field strength at the points of interest 
decayed by a factor of 10−6 from the initial values.

For the simulations, the refractive indices (n) of the 
polystyrene and glass were assumed to be 1.58 and 1.51, 
estimated for wavelengths of 886 nm [63] and 872 nm 
[64], respectively. However, plasma treatment can increase 
the surface refractive index of polystyrene up to 2.1 [54]. 

According to our numerical investigation (explained fur-
ther in the Supplementary Information and in Sect. 3.2 
below), the shapes of the absorption spectra can be 
matched for various refractive index distributions in the 
polystyrene particles. For simplicity, we assumed a homo-
geneous refractive index for the simulations. Assuming 
the dimensions estimated from SEM and optical measure-
ments, we found a homogeneous refractive index of 1.7 
throughout the entire polystyrene particle gave the best 
agreement with the observed spectra after plasma treat-
ment. The electric permittivity of gold was modelled using 
the Drude–Lorentz expression [62]:

Here, �∞ is the electric permittivity at ultra-high fre-
quency, approximately 1. The second term is given by the 
Drude model, which assumes electrons move freely. The 
last term is the Lorentz model describing the bounded 
electron motion. In Eq. (1), �p is the plasma frequency 
for intraband transitions, and f

0
 and Γ

0
 are the oscillator 

strength and damping constant, respectively. The Drude 
model assuming free electrons with no restoring force 
does not adequately describe the gold electric permittiv-
ity in the visible light region. Under white light illumi-
nation, there are interband electron transitions causing 
rapid changes in electric permitivity. To capture this phe-
nomenon, the bounded electron model (Lorentz model) 
with several oscillators is required. The Lorentz model 
incorporates k oscillators with frequency �j , strength fj , 
and lifetime 1∕Γj . The Drude–Lorentz model was used to 
model the properties of gold over the energy (wavelength) 
range of 0.2–5 eV (248–6000 nm) [62].
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Fig. 1  a Simulation model 
of the hexagonal-plasmonic 
monolayer showing a unit cell 
containing a particle at the cen-
tre and quarters of particles at 
four corners. b Cross-section of 
a deformed polystyrene particle 
on gold film, capped with a gold 
semi-shell. c White light photo-
graph of an experimental fabri-
cated monolayer of polystyrene 
particles on a gold substrate and 
capped with thin gold film
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3  Results and discussion

3.1  Oxygen‑plasma treatment on gold‑coated 
polystyrene particle arrays

The arrays of polystyrene microspheres (diameter of 
930 nm) deposited on the gold films were treated by oxy-
gen plasma with durations of 0, 2.5, 5.0, 7.5, and 10 min. 

The treated arrays were then covered by a 20 nm-thick 
gold film, which was sufficient for strong absorption [37]. 
The morphologies of the resulting plasmonic arrays are 
shown as SEM images in Fig. 2.

The geometrical distortion of the hexagonal arrays treated 
by the oxygen plasma can be observed in top-view and cross-
section micrographs. Figure 2a, b shows the top-view and 
cross-section images of the polystyrene array coated by gold 
for 30 s normal to the array. This shows the initial spherical 

Fig. 2  Scanning electron micrographs of the top-view and cross-section for (a, b) untreated polystyrene microsphere array, (c, d) untreated poly-
styrene array with gold sputtering, (e, f) plasma treatment for 2.5 min, (g, h) 5.0 min, (i, j) 7.5 min, and (k, l) 10 min
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shape of the polystyrene particles. The plasmonic array was 
also coated by gold sputtering for 5.0 min, as seen in Fig. 2c, 
d. These represent the non-plasma-treatment condition.

Comparing the images with gold sputtering for 30 s and 
5.0 min, a slight shape distortion occurs when the gold sput-
tering was performed for a longer time.

The effect of the oxygen-plasma treatment on the polysty-
rene particles is shown in Fig. 2 for plasma treatment periods 
of 0 min (c, d), 2.5 min (e, f), 5.0 min (g, h), 7.5 min (i, j), 
and 10 min (k, l). For comparison, the initial size and shape 
of the polystyrene particles is shown in Fig. 2 (a, b) in top 
and side views. In the cross-sectional view, the area above 
the polystyrene particles appears brighter than the bottom 
half. This suggests that the thickness of the top half of the 
gold film was greater than the lower half and this was con-
firmed by EDX colour mapping. In addition, there are bridg-
ing points between adjacent particles as seen by small nodes 
beside the particles. This was possibly due to the heat from 
the plasma treatment. The top of the polystyrene particles 
became cone-shaped after longer treatment times [46]. The 
vertical height of the upper hemisphere of the polystyrene 
particles was considerably reduced compared with the height 
of the lower hemisphere, so the particle shapes resembled 
asymmetric bi-convex lenses in side view. After a treatment 
time of 10 min, the vertical heights reduced to 49% of the 
initial height. The surface appeared rougher when the poly-
styrene particles were plasma treated for longer times, which 
is attributed to the forming of C–O–C bonds, from cross-
linking [47–49].

The variation of the height and diameter of the treated 
polystyrene particles as a function of the treatment time is 
measured and plotted in Fig. 3. The height of the polystyrene 
particles rapidly reduced from 885 ± 13 nm to 810 ± 18 nm. 
For treatment times longer than 2.5 min, the height reduced 
more slowly to 770 ± 21, 740 ± 14, and 730 ± 19 nm, for 5.0, 
7.5, and 10 min plasma treatment, respectively. The varia-
tion of the height (in nanometers) was fitted to a quadratic 
function as 1.49t2 − 31.3t + 884  (R2 = 0.99), where t is treat-
ment time in min. This trend was valid for the treatment 
range of 0 to ~ 10 min. There was a slight change in shape 
during plasma treatment as the particles became flatter in 
the top half.

The diameters of the polystyrene microparticles with 
and without treatment were measured along two axes at 30° 
to each other within the plane of the array. The first axis, 
denoted by L1, is defined along the direction joining the con-
necting points between the nearest-neighbor particles and 
the second axis, L2, is defined by the half angle between the 
connecting axes, i.e., 30° from L1, as illustrated in Fig. 1a. 
The change in diameter as a function of plasma treatment 
time is shown in Fig. 3. For treatment times between 0 and 
2.5 min, the diameters in L1 and L2 are slightly increased. 
This is attributed to a slight softening of the polystyrene due 

to heating. However, after 2.5 min, the diameters along the 
two axes slightly decreased. The final diameter of the poly-
styrene particle along the L1 direction after 10 min of plasma 
treatment was 938 ± 12 nm. The diameter along the second 
axis decreased to 930 ± 18 nm after 10 min. The diameters 
measured in the two directions were similar for this plasma 
treatment cases. However, different rates of chemical reac-
tion of the oxygen plasma on L1 and L2 in polystyrene parti-
cles have been observed [52], and the changes of L1 and L2 
due to plasma treatment for 10 min were found to be 0.10% 
and 1.6%, respectively.

3.2  Optical response of gold‑capped polystyrene 
particles compared with FDTD simulations

Optical absorption spectra were determined from the reflec-
tion and transmission spectra normal to the film. The meas-
ured absorption spectra (black solid lines) were compared to 
those from the FDTD simulations (red dashed lines) shown 
in Fig. 4, illustrating (a) no plasma treatment and (b), (c), 
(d) for oxygen-plasma treatments of 2.5, 5.0, and 7.5 min, 
respectively. Variations of absorbance spectra measured in 
different areas and samples are shown in the Supplementary 
Information. There are three dominant absorption peaks for 
the untreated array, namely, at 944, 835, and 726 nm. Ran-
domness and defects in the periodicity of the experimental 
arrays [37] and imperfections in the gold deposition lay-
ers may broaden the resonance peaks in the optical spectra. 
The SEM images showed random voids in the gold near the 
rim of the semi-shells. This roughened gold surface would 
reduce reflectivity, again resulting in spectral broadening. 

Fig. 3  Measured geometrical parameters of polystyrene parti-
cles treated by oxygen plasma from 0 to 10  min including height 
(squares), diameter along L1 axis (red circles) and diameter along L2 
axis (green diamonds)
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During the gold sputtering process, aggregates of gold 
particles are deposited onto the substrate. Our simulations 
suggested that the gold particle aggregates had a negligible 
effect on the optical resonances when they were far away 
from the polystyrene particle centre. However, gold particle 
aggregates close to the polystyrene particles slightly per-
turbed the optical resonance inside the polystyrene particle, 
further illustrated in the Supplementary Information.

It is evident from Fig. 4 that the measured and simulated 
results are consistent for the untreated array, assuming the 
height of the polystyrene particles as 860 nm and refrac-
tive index of 1.58. The simulated height was assumed to 
be 20 nm less than the SEM observed height to account for 
the gold film thickness. However, there was an extra peak 
at a wavelength of 802 nm in the simulation compared to 
the measurement. In the measured absorption spectrum in 
Fig. 4(a, black solid line), there is an asymmetric peak in 
the range of 700–800 nm. This asymmetric peak is possibly 
a combination of the 802 nm and 755 nm peaks seen in 
the simulation. Additionally, the missing extra peak in the 

measured spectra could be attributed to imperfect packing 
of the fabricated array. In the simulations, the intensity of 
the extra peak was more dependent on the packing distance 
than the other peaks.

The measured absorption spectrum of the plasmonic 
hexagonal array treated with oxygen plasma at 2.5 min is 
shown in Fig. 4b (black solid line). In the FDTD simula-
tions with a refractive index of 1.58, to match the spectra, 
the polystyrene particle height should be ~ 850 nm which 
is greater than the height estimated from the SEM images. 
Thus, we chose a smaller polystyrene particle height in 
the simulations, but also increased the effective refractive 
index of the polystyrene particles. Previous reports [49, 
50] of plasma treatment of a polystyrene film with a thick-
ness of 100 nm yielded a refractive index of up to 2.1 at 
dense ion fluxes. While this is likely to be a surface modi-
fication, we have chosen to model the overall film with 
an effective refractive index for simplicity. To match the 
measured and computed spectra to the measured particle 
height of 795 nm (from SEM images), we approximated 

Fig. 4  Measured optical 
absorption spectra (solid lines) 
of the plasmonic hexagonal 
array treated by oxygen plasma 
at (a) 0, (b) 2.5, (c) 5.0, and 
(d) 7.5 min compared with 
simulated (dashed line) spectra. 
FDTD simulations computed 
with (a) n = 1.58, h = 860 nm, 
(b) n = 1.70, h = 795 nm, (c) 
n = 1.70, h = 720 nm, and (d) 
n = 1.70, h = 685 nm
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the effective refractive index of the polystyrene as 1.70. 
However, in the real case, core–shell particles with greater 
surface refractive index are more likely. As explained in the 
Supplementary Information Fig. S7, with this simulation, 
the three models exhibited fairly similar absorption spec-
tra. As the refractive index of the shell increases, the shell 
would be assumed to be thinner. Resonance modes were 
shifted to longer wavelength when the refractive index 
increased. After longer plasma treatments, the absorption 
peaks decreased in wavelength due to squeezed cavity size, 
but the individual optical resonance modes responded dif-
ferently to the geometrical perturbation. For example, the 
absorption peak at 961 nm treated at 2.5 min decreased 
by 2.6% after 5.0 min treatment, while the peak to shorter 
wavelength was shifted by 3.2%. The plasma treatment of 
the polystyrene particles leads to a geometric distortion. 
The vertical profile of the particles becomes asymmetric 

between the upper and lower hemispheres due to the higher 
plasma load above. With the vertical asymmetry, the reso-
nances moved to longer wavelengths. However, the reso-
nance wavelengths below 900 nm were less affected by 
these asymmetries.

The plots of time-averaged electric fields in x-polarization 
are illustrated in Fig. 5a–f. The fields show a higher number 
of lobes for higher order resonances. The electric fields were 
mostly localized inside the polystyrene particle and rarely 
penetrated into the substrate. The resonance modes are local-
ized between the gold layers and are affected by the perio-
dicity. This can be demonstrated by the different absorption 
spectra of the plasmonic hexagonal and square packed arrays 
even with the same polystyrene particle height, as further 
discussed in the Supplementary Information Fig. 3.

The x-polarized electric field amplitude, |Ex|, of the 
untreated array was simulated, and its time average in the 

Fig. 5  FDTD simulations of the polystyrene particle array on a 
80  nm-gold substrate capped with 20  nm-gold film calculated with 
hexagonal boundary condition, and showing the time-averaged elec-

tric field in x-polarization in yz-plane for wavelength of (a) 956, (b) 
846, (c) 802,, and (d) 755 nm for no plasma treatment case, and (e) 
970 and (f) 809 nm for 5 min treatment case
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yz-plane is illustrated in Fig. 5a–d, where the field pat-
terns with the strongest electric fields are shown in bright 
yellow and the weakest fields in dark black. The average 
electric field for the 956 nm mode had a large lobe at the 
bottom and a smaller lobe on top of the polystyrene par-
ticles. Extra nodes appeared for shorter wavelengths. The 
average electric field density inside the polystyrene par-
ticles was integrated to estimate the optical confinement 
density. The computed average electric field densities with 
different substrate refractive indices are shown in Fig. 6a. 
The untreated polystyrene particles (860 nm height) on a 
gold substrate confined the electric field at 965 nm wave-
length with 1.8 times stronger confinement than that for a 
dielectric substrate. The electric field density increased as 
the height of the polystyrene particles was reduced.

To compare alternative photonic and plasmonic struc-
tures, the quality factor (Q factor) of the fabricated plas-
monic arrays was computed from the ratio of the central 
resonance wavelength to its linewidth [30]. These esti-
mated Q factors of the plasmonic hexagonal array likely 
arise from extended (propagating) modes of the array. 
After the oxygen-plasma treatment of duration 0, 2.5, 5.0, 
and 7.5 min, the Q factors for the resonance wavelengths 
in the range of 900 nm to 1000 nm were 11, 26, 24, and 
15, respectively. The Q factors of the plasmonic hexago-
nal array increased after initial plasma treatment, but 
decreased for longer treatment times. This initial increase 
is attributed to the increased uniformity of the gold semi-
shell coating layer, because the gold capping layer on the 
polystyrene particles influences the bandwidth, from the 
simulations. The upper hemisphere of the polystyrene 
particles became flatter after plasma treatment, consistent 

with Refs. [46, 50]. On the other hand, at a wavelength of 
836 nm, the non-treated array had a Q factor of 42, which 
was comparable to that of a free-standing monolayer of 
polystyrene (Q factor of 48) [38]. However, a monolayer 
array on a gold substrate capped with  Al2O3 had a higher 
Q factor of 132 [30].

The resonance modes of the array were modified by 
oxygen-plasma treatment for different durations. There was 
competition between optical confinement within the plasma-
treated polystyrene particles and energy leakage into the 
substrate. The plasma treatment increased the refractive 
index of the polystyrene and spread the gold capping layer 
more uniformly, increasing the quality factors in the micro-
cavities for each resonance mode.

4  Conclusions

Hexagonal plasmonic–photonic arrays of polystyrene 
particles with a range of resonance wavelengths were 
fabricated by convective deposition, a technique of self-
assembly, with a gold substrate and gold capping. The 
fabricated plasmonic hexagonal array enables concentra-
tion of the optical intensity inside the polystyrene parti-
cles with strong resonances corresponding to propagating 
modes. The measured optical spectra were consistent with 
numerical simulations. The increased optical confinement 
and strong, tunable resonances of these plasmonic hexago-
nal arrays show their promise for applications including 
sensing or enhanced light emission from doped polystyrene 
gain materials.

Fig. 6  a Total resonant electric 
field amplitude |Ex| per particle 
volume calculated inside the 
polystyrene particle for various 
heights and for different sub-
strate refractive index includ-
ing gold (circle), n = 4.0 (red 
diamond) and n = 1.52 (green 
square), and calculated resonant 
electric field distribution at 
about 956 nm in yz-plane for 
(b) gold, (c) silicon (n = 4.0), 
and (d) glass (n = 1.52)
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00340- 021- 07616-7.
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