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Abstract: AlGaAs-on-insulator (AlGaAs-OI) has recently emerged as a novel promising16

platform for nonlinear optics at the nanoscale. Among the most remarkable outcomes, second-17

harmonic generation (SHG) in the visible/near infrared spectral region has been demonstrated in18

AlGaAs-OI nanoantennas (NA). In order to extend the nonlinear frequency generation towards the19

short wave infrared window, in this work we propose and demonstrate via numerical simulations20

difference frequency generation (DFG) in AlGaAs-OI NAs. The NA geometry is finely adjusted21

in order to obtain simultaneous optical resonances at the pump, signal and idler wavelengths,22

which results in an efficient DFG with conversion efficiencies up to 0.01%. Our investigation23

includes the study of the robustness against random variations of the NA geometry that may24

occur at fabrication stage. Overall, these outcomes identify a new potential and yet unexplored25

application of AlGaAs-OI NAs as compact devices for the generation and control of the radiation26

pattern in the near to short infrared spectral region.27

1. Introduction28

In the last few years AlGaAs-on-insulator (AlGaAs-OI) has emerged as a novel promising29

platform for nonlinear optics [1–7]. Differently from standard AlGaAs devices grown on their30

native GaAs substrate, AlGaAs-OI benefits from a low-index cladding that allows for strong31

mode confinement, which in turn enhances the optical nonlinear response of AlGaAs [8–11].32

Among the AlGaAs-OI devices of interest for nonlinear optics, we can distinguish between33

long (few millimetres/centimetres) waveguides, fabricated via wafer bonding and electron beam34

lithography [12], and compact (sub-micron to few microns long) nanoantennas (NAs), typically35

fabricated via molecular beam epitaxy [13]. While phase matching is the leading mechanism to36

achieve relevant nonlinear conversion in waveguides, in NAs the nonlinear processes are boosted37

by cavity resonances at the involved wavelengths [8].38

Recently, AlGaAs-OI NAs have been proposed to mold and tune the radiation pattern of39

second-harmonic generation (SHG) at the nanoscale in the visible/near-infrared region of40

the electromagnetic spectrum (∼ 800 nm) [14–18]. Indeed, in contrast with the plasmonic41

counterpart, this all-dielectric solution combines large nonlinearities and low optical losses.42

An exciting but yet unexplored evolution of these outcomes is light generation in the near/short43

wave infrared (wavelengths beyond 1400 nm) via difference frequency generation (DFG). This44

spectral region is important for applications ranging from medicine and biology to telecommuni-45

cations [19]. While substantial near/mid-infrared generation through DFG has been reported in46



standard few centimeters long LiNbO3 [20] and AlGaAs waveguides [21, 22], to the best of our47

knowledge there has been little to no attempt to demonstrate DFG in compact sub-micrometer or48

few-micrometers long all-dielectric devices. Inspired by the recent achievements in SHG and49

spontaneous parametric down-conversion (SPDC) [23], in this manuscript we report on the design50

of compact AlGaAs NAs for near/short wave infrared generation through DFG. The envisaged
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Fig. 1. Sketch of the setup: the incident pump (blue) and signal (green) plane waves
propagate along the 𝑦 direction and are 𝑥−polarised. The idler radiation (red) is
generated via difference frequency generation and is z-polarized. The Cartesian
coordinate system in the figure shows the orientation of the crystal axes of AlGaAs.

51

setup is sketched in Fig. 1, where two intense beams, conventionally named pump and signal,52

illuminate the NA and generate a new wavelength, named idler, through DFG. Differently from the53

case of SHG, which requires resonances at the fundamental and the second-harmonic frequencies,54

the design of NAs for DFG is further complicated by the requirement of resonances at all the three55

frequencies into play [24]. Section 2 is dedicated to the design of NAs that are simultaneously56

resonant at pump, signal and idler. In Section 3, the nonlinear system of equations coupling57

pump, signal and idler is solved numerically taking into account the anisotropic second-order58

nonlinear response of AlGaAs, and we identify the most suitable configurations to maximise59

idler generation. Finally in Section 4, we discuss the robustness of our method against fabrication60

imperfections by showing how the variation of the geometrical parameters may affect the DFG61

conversion efficiency (CE).62

2. Resonance analysis63

We consider a cylindrical AlGaAs NA with its axis oriented along the longitudinal direction z64

and fully embedded in an insulator. Among the possible choices for the cladding, silica [25]65

and hydrogen silsesquioxane (HSQ) [10, 12] stand out for their low index. For the sake of66

exemplification, here we focus on silica, but the present results might be readily generalized to67

HSQ cladding, the latter yielding a similar refractive index. We assume that the incident beams68

size is substantially larger than the NA dimensions, so that the beams can be modelled as plane69

waves. Pump and signal beams with angular frequencies 𝜔𝑝 and 𝜔𝑠 illuminate the NA. We focus70

on the case where the illumination occurs laterally, i.e. the wave-vectors of the incident plane71

waves are parallel to the y-direction and the electric fields are polarized along x, as displayed in72

Fig. 1. In this way, by exploiting the length of the NA we maximize the illuminated surface and73

the total energy that can be converted by DFG. Moreover, we assume that the antenna length74

𝐿 is substantially larger than its transverse dimension 𝑑 (𝐿/𝑑 ≫ 1) and the wavelengths into75

play (𝐿/𝜆 ≫ 1), therefore a few-microns long at least. Note that, for notation simplicity, despite76

this assumption here we still use the term “nanoantenna”. Similarly to slab waveguides, which77

are characterised by ratios 𝐿/𝑑 ≫ 1, 𝐿/𝜆 ≫ 1 and are therefore approximated as infinite in78

the length direction, so in the case under investigation we can approximate the antenna as a 2D79

object (in the x-y plane) with indefinite length along the z-direction, which on its turn reduces the80

numerical load and simplifies the interpretation of the results. In order to further simplify the81
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Fig. 2. Electromagnetic energy density (𝐸𝑑) stored within the circular NA (𝑟 = 740 nm)
when excited by a x-polarised (panel a) or z-polarised (panel b) plane wave. The insets
display the norm of the electric field at the pump (𝜆 = 801 nm, blue arrow), signal
(𝜆 = 1446 nm, green arrow) and idler (𝜆 = 1796 nm, red arrow) resonances.

complex numerical design, we limit our investigation to antennas with circular cross-sections82

and a sub-micron radius.83

The interaction between the scattered pump and signal fields inside the NA generates the84

idler (angular frequency 𝜔𝑖) via DFG. The crystalline axes of the AlGaAs are aligned with the85

reference frame reported in Fig. 1. AlGaAs has a nonlinear second-order susceptibility tensor86

𝜒
(2)
𝑖 𝑗𝑘

= 100 pm/V if 𝑖 ≠ 𝑗 ≠ 𝑘 , and 𝜒
(2)
𝑖 𝑗𝑘

= 0 otherwise [8].87

We look for those NA cross-sections that exhibit three resonances at the pump, signal and idler88

frequencies and that satisfy the DFG energy conservation relation:89

𝜔𝑖 = 𝜔𝑝 − 𝜔𝑠 . (1)

Note that in the following we use interchangeably the frequencies 𝜔𝑝,𝑠,𝑖 and the corresponding90

wavelengths 𝜆𝑝,𝑠,𝑖 = 2𝜋𝑐/𝜔𝑝,𝑠,𝑖 (𝑐 being the speed of light in free space).91

To find the suitable resonances, we use finite element simulations (COMSOL Multiphysics)92

[26–31] to calculate the electromagnetic energy density per unit length (𝐸𝑑) stored in the NA as93

a function of wavelength, when the NA is excited by a x-polarised plane wave (Fig. 2a). The94

peaks of the stored energy density identify the available pump and signal resonances.95

According to the AlGaAs nonlinear tensor ( 𝜒 (2)
𝑖 𝑗𝑘

≠ 0 for 𝑖 ≠ 𝑗 ≠ 𝑘), a non-zero z-component96

of the scattered signal or pump electric field would be required in order to have a non-zero x or97

y- component of the idler electric field. However, in the 2D geometry under study with lateral98

illumination, the z-component of the signal and pump is null. Therefore, the generated idler99

electric field has null x and y component, namely, it is oriented parallel to the z-axis. In Fig. 2b100

we report the energy density corresponding to an excitation with a z-polarised plane wave, from101

which we identify the idler resonances that are potentially available for the DFG process. The102

refractive indices of the Al𝜉Ga1−𝜉As core and the silica cladding are taken from [32] and [33],103

respectively, 𝜉 ≈ 0.2 being the standard value used in SHG processes to minimize the optical104

losses when the pump is at telecom wavelengths (∼ 1550 nm).105

Here, we report a NA with circular cross-section and with three resonances at the frequencies106

satisfying the condition in Eq. 1. Indeed, when the NA radius is 𝑟 = 740 nm, pump, signal and107

idler resonances are at wavelengths of 801 nm, 1446 nm and 1796 nm, respectively, as highlighted108

by the arrows in Fig. 2. As it can be seen from the electric field profile reported in the insets in109

Fig. 2, the three resonances correspond to Whispering Gallery Modes (WGMs) and thus present110



higher quality factors with respect to usual Mie-type resonances in dielectric NAs [8,13]. Indeed,111

the quality factor 𝑄 𝑗 = 𝜔 𝑗/Δ𝜔 𝑗 (with 𝑗 = 𝑝, 𝑠, 𝑖 and Δ𝜔 𝑗 being the resonance line-width), is112

2000, 300 and 1800 at the pump, signal and idler frequencies, respectively.113

3. DFG Conversion Efficiency114

In this section, we discuss a fully-coupled numerical model implemented with finite element115

method to simulate the DFG process and then to compute the idler CE in the above-mentioned116

circular NA. An extensive description of the model is provided in Ref. [22]. The Maxwell’s
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Fig. 3. a) DFG CE 𝜂 (the logarithm is used to highlight the contrast) as function
of the signal and pump wavelengths. The pump and signal incident intensity is
𝐼𝑝 = 𝐼𝑠 = 1 GW/cm2. The blue and green arrows on the top and on the left side indicate
the resonant wavelengths for pump (801 nm) and signal (1446 nm), respectively. b)
Plane as in panel a) displaying the regions where the corresponding idler wavelength
𝜆𝑖 = (𝜆−1

𝑝 −𝜆−1
𝑠 )−1 is close to its resonance (i.e. in the range 1796±2 nm), highlighted

with a yellow stripe, or far from the resonance (blue). c) Generated electric field
(norm) of the idler when 𝜆𝑝 = 801 nm and 𝜆𝑠 = 1446 nm. A circular NA with radius
𝑟 = 740 nm is considered here.

117

equations describing the evolution of the electric field E at the pump, signal and idler frequencies118

read as:119

∇ × (∇ × E (𝜔𝑛)) − 𝑘2
0 (𝜔𝑛) 𝜀𝑟E (𝜔𝑛) = 𝜇0𝜔

2
𝑛P(2) (𝜔𝑛) , (2)

with 𝑛 = 𝑝, 𝑠, 𝑖. The 3 frequencies are coupled through the quadratic nonlinear polarization120

vector P(2) , which for AlGaAs reads as:121 
𝑃
(2)
𝑎 (𝜔𝑝) = 𝜀0𝜒

(2) [𝐸𝑏 (𝜔𝑠)𝐸𝑐 (𝜔𝑖) + 𝐸𝑐 (𝜔𝑠)𝐸𝑏 (𝜔𝑖)]

𝑃
(2)
𝑎 (𝜔𝑠) = 𝜀0𝜒

(2) [𝐸𝑏 (𝜔𝑝)𝐸∗
𝑐 (𝜔𝑖) + 𝐸𝑐 (𝜔𝑝)𝐸∗

𝑏
(𝜔𝑖)

]
𝑃
(2)
𝑎 (𝜔𝑖) = 𝜀0𝜒

(2) [𝐸𝑏 (𝜔𝑝)𝐸∗
𝑐 (𝜔𝑠) + 𝐸𝑐 (𝜔𝑝)𝐸∗

𝑏
(𝜔𝑠)

]
,

(3)

where 𝑎, 𝑏, 𝑐 ∈ {𝑥, 𝑦, 𝑧}, with 𝑎 ≠ 𝑏 ≠ 𝑐. The incident field for pump and signal is represented by122

x-polarised plane waves with intensities 𝐼𝑝 and 𝐼𝑠 , respectively. On the other hand, the incident123

idler field is null; idler is indeed generated as a result of the nonlinear coupling among pump and124

signal inside the NA.125

In analogy with the case of SHG reported in [8], the CE is defined as the ratio of the generated126

idler power to the total (signal + pump) incident power. In the system under analysis the127

NA exhibits translation symmetry along the z-direction, therefore the efficiency reduces to the128

following formula:129

𝜂 =

∮
𝛾

S(𝜔𝑖) · n𝑑𝛾
2𝑟 (𝐼𝑠 + 𝐼𝑝)

. (4)
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Fig. 4. DFG CE 𝜂 (the logarithm is used to highlight the contrast) as function of the two
ellipse semi-axes 𝑟𝑥 and 𝑟𝑦 . The wavelength of the incident pump and signal is fixed to
801 nm and 1446 nm, respectively. The intensity of both beams is set to 1 GW/cm2.
Inset: Sketch of the elliptic nanoantenna and the illuminating electric field (E𝑖𝑛𝑐).

where S(𝜔𝑖) is the Poynting vector at the idler frequency, 𝛾 is a closed line containing the NA130

circular cross section and n is the normal unit vector pointing outside the adopted closed line.131

In Fig. 3a we report 𝜂 as function of the pump (𝜆𝑝) and signal (𝜆𝑠) wavelengths when pump132

and signal intensities are 𝐼𝑠 = 𝐼𝑝 = 1 GW/cm2. It is worth noting that this or even higher133

values (1-10 GW/cm2) of intensity have been employed for efficient second-harmonic generation134

in NAs [13, 16, 34, 35]. Three bright striped regions stand out where the DFG conversion135

is remarkable. The vertical and horizontal stripes are centered around the pump and signal136

resonances. This is not surprising, as the DFG is boosted by the enhanced electric field of both137

pump and signal when they are resonant. Similarly, the diagonal stripe turns out to be the region138

where the idler is resonant. Indeed, in Fig. 3b we plot in yellow the region of the plane (𝜆𝑝 , 𝜆𝑠)139

where the idler wavelength 𝜆𝑖 = (𝜆−1
𝑝 − 𝜆−1

𝑠 )−1 is in the range 1796 ± 2 nm, that is to say, close140

to the idler resonance. We observe that the yellow region in Fig. 3b matches well the bright141

diagonal stripe of Fig. 3a. In conclusion, Fig. 3a shows that the DFG conversion is enhanced142

when any of the pump, signal or idler wavelength is resonant. On the other hand, the peak of143

conversion is obtained when pump, signal and idler are simultaneously resonant, namely, at144

the intersection between the 3 bright striped regions. For the considered NA, this occurs for145

𝜆𝑝 = 801 nm and 𝜆𝑠 = 1446 nm (corresponding to 𝜆𝑖 = 1796 nm). Consequently, the shape of146

the generated idler field, reported in Fig. 3c, matches well with the field in the inset of Fig. 2b,147

thus proving that the DFG process we propose relies on three resonant modes of the NAs. The148

achieved maximum CE 𝜂𝑚𝑎𝑥 ∼ 2.5 × 10−4 is in line with the CE previously obtained for SHG149

processes when similar values of pump intensity are employed [13].150
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Fig. 5. DFG CE 𝜂 as a function of the signal and pump wavelengths, for an elliptical
NA with 𝑟𝑥 = 720 nm and 𝑟𝑦 = 760 nm. The pump and signal incident intensity is
𝐼𝑝 = 𝐼𝑠 = 1 GW/cm2. The blue and green arrows on the top and on the left side indicate
the resonant wavelengths for pump (801 nm) and signal (1446 nm), respectively.

4. Conversion efficiency robustness upon variation of the geometrical parame-151

ters152

In this section, we discuss how the variation of the geometrical parameters of the NA affects the153

CE. In particular, due to experimental tolerances, it is quite challenging to fabricate a perfectly154

circular NA, but rather an elliptical NA is more likely. For this reason, in this section we consider155

the CE generated by an elliptical NA, whose semi-axes are 𝑟𝑥 and 𝑟𝑦 (as schematized in the inset156

of Fig. 4). In Fig. 4, we report the CE as function of 𝑟𝑥 and 𝑟𝑦 . The incident pump and signal157

are polarized along 𝑥, their wave vector is parallel to 𝑦, their intensity is 1 GW/cm2 and their158

wavelengths are 801 nm and 1446 nm, respectively.159

When 𝑟𝑥 = 𝑟𝑦 = 740 nm we recover the circular NA described in the previous sections and the160

CE is high. Moreover, we note that the CE can be even further enhanced up to 3.9 × 10−4 for161

𝑟𝑥 = 750 nm and 𝑟𝑦 = 730 nm. On the other hand, this remarkable CE comes at the expenses of162

a strong sensitivity to small variations of the geometric parameters. For example, we observe that163

the CE drops by 2 orders of magnitude if 𝑟𝑥 = 755 nm and and 𝑟𝑦 = 730, reaching the value of164

𝜂 = 7 × 10−6. For this reason, these very efficient configurations are quite sensitive to fabrication165

imperfections and a small variation on the geometry may considerably reduce the CE.166

A possible way to overcome this problem is to move towards the top left corner of Fig. 4, i.e.167

semi-axes 𝑟𝑥 ∼ 720 nm and 𝑟𝑦 ∼ 760 nm. Despite in this region the CE is lower (𝜂 < 10−5),168

however it is weakly affected by semi-axes variations as large as 10 nm. The map of the CE169
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Fig. 6. Electromagnetic energy density (𝐸𝑑) stored within the elliptical NA (𝑟𝑥 =

720 nm and 𝑟𝑦 = 760 nm) when the NA is excited by a x-polarised (panel a) or
z-polarised (panel b) plane wave. The blue, green and red arrows identify the pump
(𝜆 = 801 nm), signal (𝜆 = 1446 nm) and idler (𝜆 = 1796 nm) resonances.

as function of the pump and signal wavelengths for the case 𝑟𝑥 = 720 nm and 𝑟𝑦 = 760 nm is170

reported in Fig. 5. As for the case illustrated in Fig. 3a, the bright diagonal stripe corresponds to171

a resonant idler. However, differently from Fig. 3a, pump and signal resonances have a minor172

impact on the CE. Indeed, the CE computed when the idler is resonant but the pump and signal173

are not is of the same order of magnitude (only 2 times smaller) than the case where pump, signal174

and idler are simultaneously resonant (blue and green arrows in Fig. 5). The latter trend may175

be explained by looking at the electromagnetic energy density (𝐸𝑑) stored at pump, signal and176

idler wavelengths, calculated with linear simulations (Fig. 6). While for pump and signal 𝐸𝑑177

varies by a factor of 2 outside the respective resonances (as depicted in Fig. 6a), on the contrary178

the variation is substantial in the case of the idler (e.g. about a factor 7 between wavelengths179

at 1796 nm and at 1750 nm, see Fig. 6b). On the other hand, in the efficient case in Fig. 3a180

all the three resonances showed an energy density changing more than one order of magnitude181

passing from the maximum to the minimum. Thus, the efficient case is also more sensitive to182

small variations of the geometry than the design reported in Fig. 5.183

5. Conclusion184

AlGaAs-OI has recently emerged as a promising platform for nonlinear nano-optics. In the last185

few years, several works have addressed second-harmonic generation, sum-frequency generation186

and spontaneous parametric down conversion in the visible/near-infrared spectrum by means of187

AlGaAs-OI NAs. In this paper we extended the operation in the near/short wave infrared spectral188

region via DFG.189

We identified a NA with circular cross-section exhibiting simultaneous resonances at three190

distinct wavelengths that satisfy the DFG energy conservation relation. The corresponding CE is191

comparable with the CE obtained via SHG processes [13].192

We investigated how the variation of the geometrical parameters may affect the CE. The latter193

seems to be substantially sensitive to variations of a few nanometers in the case of multi-resonant194

NA, which may pose a challenge at fabrication stage. However, we have identified a further195

configuration based on an elliptical NAs where the idler resonance is dominant, which is196

characterized by a lower CE but is remarkably more robust against geometrical perturbations.197

We have focused our investigation on the special case where the NA length is substantially198

larger than the diameter and the wavelengths into play (𝐿/𝑑 ≫ 1, 𝐿/𝜆 ≫ 1), which allows199



employing a 2D representation that drastically reduces the computational cost. AlGaAs nanowires200

represent an example where the above-mentioned conditions (𝐿/𝑑 ≫ 1, 𝐿/𝜆 ≫ 1) apply [36,37].201

In addition, our analysis could be easily adapted to NAs with arbitrary shape, which paves the202

way for further scenarios. For example, AlGaAs NAs with rectangular base and arbitrary ratio203

𝐿/𝑑1,2 ≫ 1 (𝑑1,2 being the transverse dimensions) could be fabricated on-chip via standard204

techniques used for integrated waveguides [10,11,25]. In this case, lateral illumination and DFG205

characterisation could be achieved either via free-space coupling [38] or via a dedicated coupling206

system based on integrated tapers and/or gratings.207

Note that a full 3D numerical investigation would follow the same logic as in the 2D case208

discussed in this work. For example, in the case of NAs with circular base, the search for the209

resonant wavelengths would be done as a function of both the NA radius and length, and for210

illumination with arbitrary tilt angle. However, the main challenge in the 3D case is represented211

by the computational cost, which makes the analysis prohibitively time consuming for the212

computational resources at our disposal.213

In conclusion, these outcomes identify a new potential application of AlGaAs-OI NAs as214

compact devices for the generation and control of light in the near to short wave infrared215

spectral region. We expect that resorting to different or more complex geometries (e.g., NA with216

rectangular cross-section, coupled NAs, arrays or metasurfaces) one may further increase the217

efficiency and spectral tunability of the generated radiation, even reaching DFG generation in the218

mid-infrared region. Our results illustrate potential for the design of quantum photonic structures219

via DFG-SPDC reciprocity [39, 40] and for the development of new nanoscale sources of light at220

near-short infrared frequencies.221
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