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ABSTRACT 

We report efficient second-harmonic emission by single multilayer metal–dielectric nanocavities. Engineering the intrinsic 

interface-induced symmetry breaking by resonant optical absorption design, allows to achieve almost two orders of 

magnitude higher second-harmonic generation efficiency compared to gold nanostructures with the same geometry. We 

estimate a second-order nonlinear susceptibility of the order of 1 pm/V, which is comparable to widely used nonlinear 

crystals. We envision that our system, which combines the advantages of both plasmonic and dielectric materials, might 

enable the realization of composite nano-systems for an efficient multi-purpose manipulation of nonlinear optical 

processes at the nanoscale. 
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INTRODUCTION 

Multilayered metal–insulator composites are widely used for light confinement1-3 and guiding at the nanoscale4,5, as 

well as manipulation of light scattering and absorption6,7, optical vortex beam generation at the nanoscale8, ultrafast all-

optical switching9-11, tailoring optical nonlinearities12-14, and highly-sensitive detection15-19. In this framework, previous 

theoretical works addressing the second-harmonic generation (SHG)20-24 mechanism in multilayered metal–insulator 

systems, identified as the main source of SHG the local symmetry breaking induced at the metal–insulator interfaces. 

Recently, we reported an experimental study of the full nonlinear optical response, including second- and third-harmonic 

generation (THG), as well as multi-photon photoluminescence (MPP), of single metal–insulator nanostructures with 

broken axialsymmetry resonating in the near-infrared spectral region25. In this work, we focus instead on the SHG emission 
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of metal–insulator nanocavities with axial symmetry. The investigated nanostructures can enhance the nonlinear optical 

response by both engineering the resonant absorption process as well as exploiting the interface-induced local symmetry 

breaking typical of metal–insulator multilayers. We show that our system provides more than one order of magnitude 

enhancement of the SHG response compared to pure Au nanoresonators with the same geometry and displaying plasmonic 

resonances in the same spectral range. 

 

 
Figure 1 – Calculated optical absorption cross section spectra of (a) metal–insulator nanocavities and (b) Au nanoresonators with varying radii. The 
dashed red and green lines indicate the fundamental and the second- harmonic wavelength, respectively. 
 

MATERIALS AND METHODS 

Multilayered metal–insulator nanocavities made of 5 alternating bi-layers of Au[15 nm]/SiO2[15 nm] were designed to 

exhibit strong absorption in the NIR spectral range (Figure 1a) and fabricated by using gallium focused ion beam (FEI 

Helios NanoLab 650 dual beam system) at 24 pA, milling down to the glass surface around each pillar. The empty milled 

area around each structure was a circle 3 µm in diameter, and the resulting milling time was 6 min per structure. The 

nominal radius R of the structures spans from 100 nm to 250 nm in steps of 25 nm. Each structure was realized in several 

replicas to check the reproducibility of the SHG of the single nanostructures. For comparison, we fabricated also bulk Au 

nanoresonators with the same amount of gold as the metal–insulator nanocavities and resonating in the same spectral range 

(Figure 1b). Nanoresonators made of SiO2 were also considered, but not realized and experimentally investigated since 

they do not display a  resonant behavior in this wavelength range and also SiO2 is not a 2nd order nonlinear medium. The 

multilayers were deposited on a glass substrate via electron-beam evaporation (Kurt J. Lesker PVD75). The 1 mm-thick 

glass slide was cleaned with acetone followed by isopropanol, and oxygen plasma cleaning. The 5 bi-layers were deposited 

sequentially, starting with Au, and capped at the end with aprotective layer of SiO2 (50 nm). The control samples (bulk 

Au nanoresonators) were fabricated by depositing 75 nm of Au, namely the same amount of the multilayers, followed by 

a top layer of 50 nm of SiO2. The structures were imaged with scanning electron microscopy in the same system after 

milling.   

To simulate the optical properties of the metal–insulator nanocavities we used the finite- element method as implemented 

in a commercial solver (Comsol Multiphysics). We solved the electromagnetic wave equation in the frequency domain, 

that is, looking for stationary solutions. This is justified, inasmuch as the electron dynamics underpinning the nonlinear 

response is much faster (few fs) than the pulse duration in experiments. We considered a simulation region 2 m x 2 m 

x 4 m, where the exciting electromagnetic field was a linearly polarized plane wave propagating perpendicularly to the 
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substrate. The frequency-dependent permittivities of gold and SiO2 have been taken from literature26,27. We then calculated 

the field scattered by a single nanocavity to extract observables such as the optical absorption.  

The nonlinear optical measurements were performed on single nanostructures using a home-built nonlinear microscope 

coupled with a laser delivering ultrafast pulses (pulse = 160 fs, frep = 80 MHz) centered at the fundamental wavelength 

(FW)  = 1554 nm (see Figure 2). The pump beam was focused with a 0.85 NA air objective producing a 2.2 m 

diffraction-limited spot size. All the experiments were performed with 500 μW average pump power at the sample (peak 

intensity 1 GW/cm2). The SHG signal is then collected and sent to a spectrometer (Andor, Shamrock SR303i) equipped 

with a CCD camera (Andor iKon-M DU934P-BV) to acquire the emission spectrum. Alternatively, the SHG signal is 

chromatically filtered and focused onto a silicon single-photon avalanche diode (SPAD) (Micro Photon Devices, PD-050-

CTD) for high-sensitivity detection. The sample is mounted on a piezoelectric stage, which allows scanning the structure 

under the beam to acquire spatial maps of the nonlinear emission. 

 

 

 

Figure 2 – Sketch of the nonlinear microscope used in the experiments. Acronym key: DMLP = dichroic mirror, long pass; SPF = short- pass filter; BPF 

= band-pass filter; NA = numerical aperture; CCD = charge-coupled device. The inset on the left is a scanning electron micrograph a multilayer structure, 
with the gold layers colored by hand with a golden hue. 

 

Let us now introduce some metrics we adopted for quantifying the nonlinear performance of the nanostructures. To 

estimate the conversion efficiency 

 

𝜂SHG ≡
𝑃SHG

out

𝑃FW
in

 

 

where 𝑃FW
in = 500 μW is the time-averaged pump power used in experiments, we used the following procedure. We first 

estimated nonlinear coefficient 

 

𝛾SHG =
𝑃̂SHG

out

(𝑃̂FW
in )

2 

 

obtained by dividing the peak powers of the emitted nonlinear signal 𝑃̂SHG
out  by the square (𝑃̂FW

in )
2
 of the impinging powers 

respectively, where 𝑃̂ = 𝑃/𝑓rep∆𝜏pulse. In fact, these coefficients are independent from both the repetition rate, 𝑓rep, and 

pulse width, ∆𝜏pulse, of the excitation pulses. The light emitted by the nanostructure within the solid angle of detection of 

the objective is 70% of the total, since we collect from the higher refractive index half-space. The light transmitted by the 
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microscope objective is 85%, while the metallic mirrors and the dichroic mirror reflects 96% and 99% respectively. The 

quantum efficiency of the SPAD is 15% at 777 nm, while the light effectively collected by the SPAD (filling factor) is 

50%, due to the finite size of the device (50 m). Therefore, the overall optical throughput is 4%, without taking into 

account further losses due to cropping in the detection path.  

We derived also the effective nonlinear susceptibility 
 

𝜒eff
(2)

= √𝛾SHG

3𝜋𝜖0𝑐𝐴eff
2  

𝑘4𝑉2
 

 

which quantifies the SHG performance of the nanocavity independently from the experimental configuration, but do not 

correspond to the local 𝜒eff
(2)

 of the materials since they do not account for the inhomogeneous distribution of the nonlinear 

sources both in the volume and at the surface of the nanocavity. Here, 𝐴eff = 𝜋 × (0.67 × 1554 nm/0.85)2 =
4.7 × 10−12 m2 is the area of the diffraction-limited pump, 𝑉 = 𝜋 × (200 nm)2 × 400 nm = 5.0 × 10−20 m3  is the 

volume of the most resonant structures, and 𝑘 is the wavevector of the incoming beam in vacuum. 

 

RESULTS AND DISCUSSION 

In our experimental conditions, the Au nanoresonators do not yield any detectable SHG signal. Only a radial cut, breaking 

the axial symmetry, brings about a sizeable SHG in the Au nanoresonators, as previously shown in Ref. [25] and Ref. [28]. 

On the contrary, metal–insulator nanocavities produce a steady SHG. This can be appreciated in figure 3a, which shows 

the emission spectrum of a single multilayer structure with radius R = 175 nm. The SHG and THG peak are visible at 777 

nm and 518 nm respectively, whereas the broad emission band between them is due to MPP. The dependence of the SHG 

power on R is shown in Fig. 3b. In particular, we have estimated the SHG signal enhancement by evaluating the count 

rates in the maps collected on the metal–insulator nanostructures. The SHG signal detected on the most resonant particle 

is 15 kcts/s. Conversely, the SHG signal from the homogeneous Au nanoresonators was not detectable. A lower-bound 

estimate on the SHG enhancement from the multilayered compared to the homogenous nanoresonators can be attained by 

assuming the SHG from the latter to be of order of detector dark counts (0.1 kcts/s). This allows to estimate more than two 

order of magnitude SHG enhancement due to both multilayering and field confinement in the MMD nanoantenna. 

Concurrently, we evaluated the enhancement factor induced by the sole multilayering, by comparing the SHG yield from 

the bulk Au continuous film (0.5 kcts/s) with that of the metal–insulator one (6 kcts). This clearly stress the fact the one 

order of magnitude enhancement factor can be attributed to the multilayering. Therefore, we conclude that shaping metal–

insulator layers into resonant nanostructures allows one to further boost the enhancement by at least one order of 

magnitude, while considerably reducing the material fingerprint. To summarize, we can therefore ascribe the observed 

enhancement to the combination of two main mechanisms: (i) the local breaking of the inversion symmetry at the metal–

insulator interfaces and (ii) the presence of a strong absorption peak at the FW, which is almost absent in the gold 

nanoresonators typical of these metal–insulator nanocavities6 (see Figure 1a and 1b). In other terms, by comparing the 

SHG yield of the multilayered film with that of the nanoresonantor, we find about a factor 3 enhancement factor. However, 

by considering a laser spot area of about 4 m2 (beam radius ~1.2 m) and a nanoresonator spatial fingerprint of about 0.1 

m2, we obtain a 40 times smaller illuminated volume for the nanoresonator, which allows us to conclude that the field 

confinement obtained brings about a two orders of magnitude enhancement. Considering the SHG emission by the most 

efficient metal–insulator nanocavity in the experiment (i.e. R = 175 nm) and accounting for the optical losses in the 

detection path retrieve the total emitted power, we experimentally estimate an effective second-order nonlinear 

susceptibility (2)
eff = 1.7 pm/V, which is comparable to some widely-employed second-order upconverting nonlinear 

crystals, such as potassium di-deuterium phosphate (KDP)29. Moreover, we found for the best metal–insulator nanocavity 

a conversion efficiency of 𝜂SHG ≅ 5 × 10−10 , corresponding to a nonlinear coefficient of 𝛾SHG ≅ 8 × 10−12 𝑊−1. On the 

other hand, we could not detect SHG from the bulk gold nanostructure; consequently, for these structures the detection 

noise level constitutes an upper bound to the efficiency equal to 𝜂SHG~10−11, corresponding to 𝛾SHG~4 × 10−13 𝑊−1. 

To evaluate the effect of the geometrical confinement (resonance tuning), we performed a systematic study of the SHG 

response of the individual metal–insulator nanocavities with radius increasing from 100 nm to 250 nm in steps of 25 nm. 

The measured SHG power, averaged over 10 nominally identical replicas of each structure, is reported in Figure 3b. The 

error bars, representing the standard error of the mean, reflect the role of random defects introduced by the nanofabrication 

process, such as roughness in the thin films due to e-beam deposition and radiation damage induced by the gallium beam. 
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In our metal–insulator nanocavities, the SHG response is maximum for a radius of 175 nm, indicating that the emission is 

dominated by the resonant behavior at the FW (Figure 1a and Figure 3c). In fact, by inspecting the radius dependence of σ
abs at the FW, we see that its maximum matches quite closely the SHG power maximum, and a resonant dependent SHG 

can be explained with this simple argument, that is the geometrical confinement of the metal–insulator system. The slight 

shift towards lower radii (red-shift in wavelength) of the experimental result compared to the calculated peak could be due 

to several reasons, for instance the slight variation between the shape of the simulated structures and the non-ideal conical 

shape of the experimental structures, as well as the use of a plane wave in the simulations, which does not reproduce 

exactly the experimental illumination (focused beam) in the experiments. Finally, a simple approach to model the SH 

emission from these structures, based on the Miller’s rule30,31, is to combine the calculated radius-dependent linear cross 

sections into the nonlinear coefficient  𝜖(2) ≡ 𝜎abs(𝜔)2𝜎sca(2𝜔), assuming that the nonlinear process is governed by 
absorption at the FW, and by scattering at the SHG wavelength. These coefficients account only for the coupling strength 
between the antenna and the radiation at the excitation and emission wavelengths. This description of the process does not 
consider the spatial overlap between the fields32. at the two wavelengths of interest and the relative polarization enabled 
by the selection rules for the nonlinear processes. The measured nonlinear emission trend (Figure 3b) is in qualitative 
good agreement with the computed nonlinear coefficients (Figure 3d), thereby highlighting the key role played by the 

absorption resonance at the FW. 

Figure 3 – (a) Nonlinear emission spectrum of a single multilayer structure of radius R = 175 nm.  (b) SHG power (most intense pixel of the confocal 
image of the structure) of the MMD nanocavities. Each plotted point is the mean measured over 10 nominally identical replicas, and the error bars 

correspond to the standard error of the mean. The signals are collected using an illumination average power of about 500 W (pulse peak intensity 1 

GW/cm2). (c) Calculated absorption cross-section at the FW as a function of R. (d) Calculated nonlinear coefficient ϵ(2) as a function of R. 

CONCLUSIONS 

We reported efficient second-harmonic emission by multilayered metal–insulator nanocavities, where the absorption at 

the fundamental wavelength is enhanced by tailoring the geometry of the structures, and boosts the nonlinear optical 

generation beyond the contribution of the interface-induced symmetry breaking. Moreover, the axial symmetry of the 
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system makes that the generated second harmonic largely independent from the exciting polarization. Notably, we found 

that in our experimental conditions the second-harmonic emission is more than one order of magnitude larger than that of 

pure Au nanostructures with the same geometry and resonant behavior. We emphasize that these structures can be 

fabricated on a large scale by using hole-mask colloidal lithography also to achieve complicated structures7, and detached 

from the substrate33. Albeit beyond the scope of this work, we foresee that these structures can be used as nonlinear probes 

in biological systems, where it is fundamental to control the emission of visible light from probes that resonate in the NIR 

spectral range in correspondence to the biological transparency window, which allows to image probes located deep in the 

tissue. In this context, the choice of materials is important to provide high values of (2) or (3). We have found that our 

nonlinear susceptibilities are of the same order of magnitude of common nonlinear optical crystals, such as potassium 

dihydrogenphosphate (KH2PO4). Other materials, such as lithium niobate (LiNbO3), barium titanate (BaTiO3), bismuth 

ferrite (BiFeO3), though having higher (2) values, are not well-suited for in-vivo imaging due to their cytotoxicity34,35. On 

the contrary, Au nanoparticles and dielectric materials such as SiO2 are widely used in nanomedicine thanks to their 

biocompatibility36. Finally, an exciting perspective for these multilayered architectures would be combining their nonlinear 

optical properties with those of quantum emitters1 or 2D materials such as transition metal dichalcogenides37. 
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