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Abstract. This article summarizes the findings of a study on resonant scattering from single 
silicon nanopillars on a native substrate in the visible and near infrared spectral ranges. The 
study utilizes numerical simulation finite-difference time-domain method to investigate the 
effects of lateral and vertical dimensions of the pillars on their scattering behavior. The results 
show that manipulating the dimensions can shift resonance modes and enhance scattering in-
tensity. Various pillars design variations are explored, including different lengths and radii, with 
the aim of optimizing scattering intensity for up-conversion devices. 
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Аннотация. Данная работа посвящена исследованию резонансного рассеяния 
одиночных кремниевых наностолбиков для решения задач нелинейной оптики. 
Показаны оптимальные геометрии кремниевых столбиков, обладающие максимальной 
интенсивностью рассеяния, которые могут быть использованы для создания устройств 
нанофотоники. 
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Introduction

Silicon micro- and nanostructures, such as pillars and wires [1, 2], are commonly employed 
in photonics and sensor applications [3–8]. Resonant scattering from silicon pillars on a substrate 
in the visible and near infrared spectral ranges is of particular interest for developing nonlinear 
optical devices. This study focuses on investigation of the resonant scattering of individual silicon 
columns to address challenges in the field of nonlinear optics. We use numerical modeling to study 
the interaction between light and silicon nanopillars with the goal of optimizing the structures' 
geometry to enhance the second harmonic (SH) response. By carefully analyzing the impact of 
various parameters on the nanopillar structures, we were able to determine the optimal geometry. 
Our results demonstrate the importance of precise control over the geometry of the nanopillars 
in order to achieve enhanced SH generation. These findings have important implications for the 
development of efficient photonic devices and applications.

Materials and Methods

To optimize the second harmonic generation (SHG) in Si pillars the numerical simulation 
was utilized. The calculations were carried out with an aid of finite-difference time-domain 
method (FDTD) according to Yee algorithm in Ansys Lumerical software. Single pillars were 
modeled as cylinders of different height and radius on native Si substrate. The spatial mesh step 
was 5 nm and the boundary conditions were absorptive (perfectly-matched layer, PML) to avoid 
artificial reflection in the simulation region. The excitation was simulated by the broadband plane 
wave source located at a 1-micron distance from the pillar edge directed perpendicularly to the 
substrate. To achieve more precise evaluation of the scattered field it was monitored only above 
the structure to be in agreement with the dark-field spectroscopy experimental setup collecting 
backscattered signal. The calculations were provided in 500–1300 nm spectral range. Geometry 
of the problem is demonstrated in Fig. 1.

Fig. 1. Schematic of the single Si pillar for simulation

Results and Discussion

In this work we investigated the possibility of the SHG from single Si pillars. Si lattice is 
known to posses the inversion symmetry and second-order dielectric permeability equals zero. 
But, on the other hand, in the vicinity of the surface the symmetry is no longer preserved so, 
that is why we can achieve second-order nonlinear response. Also, according to the experimental 
works [4–7] such types of structures are synthesized by etching which affects the surface layers 
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Fig. 2. Scattering spectra of the single Si pillars of different radii (a) 0.45 μm and (b) 1.8 μm tall

Fig. 3. Scattering spectra of the single Si pillars 0.45, 1.80 μm high and with the radii of 112.5, 425.0 
and 575.0 nm

which undergo amorphization breaking the inversion symmetry. The first step to analyze the 
possibility of the SHG in single nanostructures and metasurfaces is to calculate its scattering 
spectra and its dependencies from the geometry. The main goal is to match scattering peaks with 
pump and SHG spectral position [8]. For the structure under consideration, we estimate the 
SHG signal at 550 nm. To find resonant modes we calculated scattering spectra in 500–1300 nm 
spectral range for pillars height of 0.35, 0.4, 0.45, 0.5, 1.2, 1.4, 1.6, 1.8 and 2 μm in the range 
of radii 50–600 nm. In Fig. 2 the scattering spectra intensity maps for different diameters and 
heights of 0.45 and 1.8 μm are demonstrated.

In Fig. 2 we can see scattering modes evolution with increase of the pillars radius. Two degrees 
of freedom (radius and height) allow us to precisely control the number of resonant modes and 
its spectral position. For example, using the pillar with the radius of 112.5 nm and the height of 
0.45 μm provides the perfect match of two scattered modes with pump and SHG spectral lines. 
Instead of utilizing very small pillars which fabrication could be challenging it is evident from 
(Fig. 2, b) that we can achieve prominent resonant response from pillars higher than 1 μm and 
thicker than 300 nm (radius). In this case we achieve one order higher scattering intensity but 
the number of modes drastically increases with the increase of pillars height (Fig. 3). Additional 
longitudinal modes can affect the energy redistribution between them and decrease the SHG 
response intensity.
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Conclusion

To sum up we demonstrate resonant scattering from the single Si pillars on the native substrate 
in the visible and near IR spectral ranges using numerical simulation finite-difference time-
domain method. Precise control of the pillars lateral and longitudinal dimensions drastically affect 
the scattering behaviour of the pillar by shifting the resonant modes and changing their number. 
We demonstrate that there are several pillar designs having resonant features in the range of pump 
(1100 nm) and SHG (550 nm) lines with heights of 0.45 and 1.8 μm and radii of 112.5, 425 and 
575 nm. More precise optimization should be carried out to achieve the structure with maximum 
scattering intensity in the spectral range of interest and it will open up the new pathways in design 
of the CMOS-compatible resonant up-conversion devices.
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