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S1 

 

Effective refractive index of the Si-NC:SiO2 medium 

 

 

Figure S1. Real (a) and imaginary (b) refractive index of Si (red), SiO2 (green), and Si-NC:SiO2 

effective medium (blue). (c) Transmission (sea green), reflection (purple) and absorption (d) spectra 

of a Si-NC:SiO2 thin film of thickness 300nm, on a fused silica substrate (solid lines are experiments, 

dashed lines are calculations). 

 

The real part n of the refractive index is shown in Figure S1(a) for Si, SiO2 and the effective Si-

NC:SiO2 medium. The first two are taken from literature,1,2 while the last one has been calculated 

using Maxwell-Garnett homogenization approach as described in the main text,3 and has a value 

~1.9 in the spectral range of interest. The imaginary part k of the refractive index, which indicates 

absorption in the medium, is shown in Figure S1(b). Optical losses in SiO2 are negligible, while 

absorption from Si steadily increases for short wavelengths. As a result, the imaginary refractive 

index k of Si-NC:SiO2 is > 0.002 for wavelengths λ < 520nm. 

Figures S1(c) and S1(d) show the transmittance (sea-green), reflectance (purple) and absorption 

(light blue) spectra, respectively, measured for a Si-NC:SiO2 planar film of thickness 300nm, and 

the relative spectra calculated by using the well-known formula for wave propagation in stratified 
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media.4 The comparison reveals a good agreement between the measured optical properties and 

the effective index derived from the Maxwell-Garnett homogenization approach. 

 

Metamaterial fabrication process and list of samples 

 

 

Figure S2. Schematic of the fabrication steps: a) substrate cleaning, b) sputtering deposition, c) 

thermal annealing, d) resist spin-coating, e) EBL, f) development, g) etching, h) resist removal and 

Si-NC passivation. 

 

a) Substrate cleaning. Fused-silica substrates were sonicated in H2O and immersed in a Base 

Piranha solution for 15min. 

b) Sputtering deposition. Sub-stoichiometric films of SiO2 (with a 17±4 vol% excess Si) were 

deposited by magnetron RF co-sputtering system (AJA int.), using high purity Si (99.99%) and 

SiO2 (99.99%) 5–8. The resulting stoichiometry and thickness were determined from the sputter 

rates, which were calibrated by a quartz crystal microbalance, and validated by Scanning 

Electron Microscope (SEM) analysis of the film cross-sections. 

c) Thermal annealing. The sputtered films were annealed for 30 min at a temperature of 1100-

1150°C in a N2 environment. This resulted in both phase separation of Si and SiO2, and 

crystallization of the Si clusters. The optical properties of the resulting Si-NC:SiO2 films are 

strongly dependent on the thickness H. Therefore, for each produced H (100nm, 300nm and 

450nm), the sputter rates and the annealing parameters were tuned ad hoc in order to maintain 

the PL spectral position and bandwidth approximately the same. This guarantees that the size 

distribution of the Si-NCs is also similar, as determined by the empirical dependence 𝐸𝑔 =



S3 

 

1.12 +
1.86

d1.39
, with 𝐸𝑔 being the Si-NC band-gap (in eV, established from the PL spectra) and 

the d the diameter (in nm), respectively, derived for Si-NCs prepared in the same way as done 

here.7,9,10 Specifically, the average size of the Si-NCs is 2.6nm ±2nm. 

d) Resist spin-coating. A layer of HDMS primer, a thin film of MaN-2403 electron-beam resist 

and a layer of Espacer 300Z were consecutively spin-coated on the sample. 

e) EBL. The resist was patterned by electron-beam lithography (Raith e-LiNE). The complete list 

of metamaterial geometries is listed in Table S1. 

f) Development. The unexposed regions of resist were removed by immersing the samples in the 

ma-D 525 developer. 

g) Etching. The nanopattern was transferred to the underlying Si-NC:SiO2 film by using an 

Oxford PlasmaPro100 Cobra etcher with a 10 sccm flow of C4F8 and of Ar. 

h) Resist removal and Si-NC passivation. The remaining resist was removed by immersing the 

sample in acetone and by O2 descum for 15min. As a final step, the sample was placed in a 

forming gas environment (5% H2 in N2) for 60 minutes at 500°C. This process was performed 

to passivate the interface between the Si-NCs and the SiO2 matrix. 

 

S 

(nm) 

D (nm) AC (±%) 

H=100nm H=300nm H=450nm Average H=100nm H=300nm H=450nm 

230 158 168 168 164 -5 -1 +4 

308 208 219 218 215 -5 -2 +2 

388 260 272 261 264 -6 -3 +1 

462 313 322 308 314 -5 -1 +1 

543 368 374 374 372 -6 -1 0 

617 416 425 419 420 -5 -2 0 

 

Table S1. List of the metamaterial geometrical parameters for all the fabricated metamaterial height 

H: array spacing S, nanocylinder diameter D, and deviation AC from the nominal area coverage 

AC=43%. 

 

The nanopatterning process introduces some deviations between the nominal geometry and the 

fabricated ones. The center-to-center separation S between nanocylinders is barely affected by 

fabrication imperfections, and the fabricated values are equal to the nominal ones within a ±2nm 

error, as shown in Table S1. On the other hand, the cylinder shape is significantly affected. The 

upper and lower bases have different diameters and the sides are not perfectly vertical. Moreover, 

the nanocylinder surface shows some roughness. The fabricated diameter, as it appear from SEM 

analysis, is reported in Table S1. It shows significant deviation from the nominal values depending 

on the diameter and size. In the main text, we take into account these deviations from nominal 

parameter by using in Eq. 3 the fabricated values of AC. 
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Calculated absorption spectra as function of the metamaterial geometry 

 

 
Figure S3. Calculated absorption in a Si-NC:SiO2 metamaterial of height H=300nm, as function of 

the excitation wavelength and of the nanocylinder diameter, for increasing area coverage AC=30% 

(a), 40% (b) and 50% (c). The Mie magnetic-dipole, electric-dipole and grating resonances are 

marked with Mm, Me and G, respectively. 

 

Figure S3 shows the calculated absorption in a free-standing Si-NC:SiO2 metamaterial, as function 

of the excitation wavelength and nanocylinder diameter, for nanocylinders with height H=300nm 

and with increasing area coverage AC=30% (a), 40% (b) and 50% (c). Each panel features a set of 

absorption peaks due to Mie magnetic-dipole (Mm), electric-dipole (Me) and grating (G) 

resonances, whose spectral position shifts almost-linearly with the diameter and the lattice spacing 

(the lattice spacing is proportional to the diameter for a fixed AC). The slope of this linear 

dependence increases with increasing AC for all the peaks. Higher-order resonances also appear 

for large diameter values. Analogous results are found for the calculated extinction (not shown 

here). In our samples, the diameter differs from the nominal value because of non-ideal electron-

beam exposure levels in the fabrication process. In addition, our SEM analysis indicates that the 

nanocylinder side is not perfectly vertical after the etching step, and therefore the top and bottom 

basis have different diameters. Therefore, the calculations in Fig. S3 indicate that the non-

uniformity of the nanocylinder diameter (±10nm) could determine a broadening of the 

experimental absorption and extinction peaks. 

Figure S4 shows the calculated absorption as function of the excitation wavelength and 

nanocylinder diameter (or lattice spacing), for a fixed area coverage AC=43% and increasing 

height: H=200nm (a), 250nm (b) and 300nm (c). Similarly to Figure S3, each panel features Mm, 
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Me and G resonances, whose spectral position shifts almost-linearly with the diameter. 

Interestingly, the spectral separation between the Mm and Me peaks increases with the height H. 

Analogous results are found for the calculated extinction (not shown here). We had already noticed 

that the asymmetric peaks of the experimental extinction spectra in Figure 2(d) of the main 

manuscript could be attributed to Mm and Me resonances close in wavelength. The calculations of 

Fig. S4 illustrate that their spectral separation strongly depends on the nanocylinder height H. In 

our samples, the exact value of H is uncertain because of the rounded shape of the nanocylinder 

top basis. Another difficulty in defining H is the calibration of the etching duration with respect of 

the thickness of the initial unpatterned Si-NC:SiO2 film. 

 

 
Figure S4. Calculated absorption in a Si-NC:SiO2 metamaterial with area coverage AC=43%, as 

function of the excitation wavelength and nanocylinder diameter (or lattice spacing), for increasing 

height H=200nm (a), H=250nm (b), H=300nm (c). The Mie magnetic-dipole, electric-dipole and 

grating resonances are marked with Mm, Me and G, respectively. 

 

Condition for absorption peak in 2D metamaterials 

The strong absorption for a 2D array of nanocylinders is obtained in the condition that the forward-

scattered wave is phase-retarded of exactly 180˚ with respect of the incident field, and its amplitude 

is half of it. This results in 50% absorption, 25% transmittance and 25% reflectance, as shown in 

the Figure S5(a) for a 2D array of nanocylinders with diameter D=264 nm and height H=300nm 

at the wavelength λ=440nm. This absorption condition for a 2D array is analogous to that reported 

in Ref. 11 for a 1D array of nanobeams. Figures S5(b) and S5(c) represent the spatial profile of the 
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incident and scattered electric field, respectively, which clearly show the phase delay and the 

amplitude of the two waves. 

 

 
Figure S5. (a) Calculated transmission (sea green), reflection (purple) and absorption (light blue) 

spectra of a 2D array of nanocylinders with diameter D=264 nm and height H=300nm. The dashed 

horizontal line indicates the 25% value. Spatial profile of the incident (b) and scattered (c) electric 

field (real part of the x-component) for the same array geometry at wavelength λ=440nm. 

 

Calculated extinction spectra taking into account the substrate and the 

geometrical imperfections of the metamaterials 

The calculated extinction peaks of Fig 3(b) of the main manuscript are blue-shifted with respect 

of the experimental ones of Fig. 2(d). Moreover, they feature a narrower spectral width. In Figure 

S6, we re-calculate the extinction spectra of Fig. 3(b) of the main manuscript taking into account 

a SiO2 substrate and the geometrical imperfections. Specifically, we consider a semi-infinite 

substrate occupying the half-space below the nanocylinder array, and we average the spectra 

obtained for diameters varying between that of the top and bottom bases (approximately ±10nm 

from the nominal value, as determined from SEM analysis). We now find an excellent agreement 

on the spectral position of the Mie extinction peaks with the experimental data of Fig. 2(d). This 

analysis demonstrate that the difference in the peak position between experimental and calculated 

data is due to the fact that the substrate is neglected in Fig 3(b) (i.e. the 2D array is free-standing). 

Moreover, the differences in peak width can be attributed to the geometrical imperfections of the 

fabricated metamaterials, which in Fig. S6 are modeled by averaging over a range of nanocylinder 

diameters. It is important to mention that the refractive index and the thickness of the substrate 
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significantly alter the relative magnitude between the grating and the Mie peaks. A detailed 

investigation of the effects of the substrate is out of the scopes of the present work. 

 

 

Figure S6. Experimental 0th-order extinction spectra as from Fig. 2(d) of the main manuscript (solid 

lines). Calculated extinction spectra of a 2D array of nanocylinders on SiO2 substrate (dashed lines), 

taking into account the metamaterial geometrical imperfections. 
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