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Abstract: Edge detection is a crucial application of nanophotonic platforms for 
signal processing. Temporal edge detection with a nonlinear phonon-polaritonic 
sheet is theoretically demonstrated, detecting optical events through rectification 
to the THz. The performance is optimized by resorting to a metasurface−𝜒("). 

 
Recently, emerging nanophotonic metadevices of sub-wavelength thickness have been 
proposed as an alternative to bulky diffraction-limited optical systems for image 
processing, providing high sensitivity, broadband response and compactness for 
functionalities such as spatial boundary detection, which is a key issue for applications in 
microscopy, computer vision or automation [1]. In time domain, edge detection allows for 
the recognition of events occurring in an optical signal over time, a task for which 
metamaterial-based technology could entail an ulterior innovative approach by 
engineering the spectral response of the system at will. In this work, a theoretical concept 
for temporal edge detection in a flat nonlinear slab with second-order nonlinearity 𝜒(") is 
presented; the events to be detected are contained in one or two time-dependent near-
infrared (NIR) images impinging on the nonlinear layer where, via the 𝜒(") −mediated 
difference-frequency generation (DFG) process in the vicinity of phonon resonances, the 
time domain derivative of the optical envelope is imprinted on the temporal profile of the 
nonlinearly generated terahertz (THz) signal. The results are supported by full-wave 
numerical simulations and an AlGaAs metasurface is proposed to enhance the nonlinear 
THz event detection signal with respect to that of the unpatterned thin film. 

As a reference scenario, a spatially uniform non-centrosymmetric dielectric sheet 
concentrated at 𝑧 = 0 is considered in the limit of vanishing thickness (Fig. 1a). Assuming 
that the latter contains a single non-vanishing 𝜒(") tensor component, 𝜒$%%

(") , with a linear 
dispersion in the THz frequency range, the second-order nonlinear THz polarization 
density induced in the sheet through the interpulse DFG between two 𝑥-polarized NIR 
pumps corresponds to a THz carrier modulated by the first-order temporal derivative of 
the product of the two input optical envelopes. Fig. 1b shows the analytic solution to this 
reference scenario for the case in which both input optical signals have the same 
Gaussian temporal profile. The assumed dispersion of the ideal 𝜒$%%

(") , which linearly 
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crosses its zero value at 4 THz, enables low-frequency filtering around such a THz carrier 
frequency, retaining only high-frequency components in which the event occurrence is 
encoded. As such, the induced THz polarization density, and thus, the radiated field peak 
at the instants when the optical envelopes’ product undergoes the most rapid variation. 

To showcase a more realistic scenario, an AlGaAs thin film is considered and the temporal 
edge detection experiment is numerically evaluated via finite-element method (FEM) 
simulations. Remarkably, the coupling of THz light to infrared-active transverse-optical 
phonons yields a highly dispersive bulk 𝜒(") of polar semiconductors in the THz region, 
whose real part shows a quasi-linear dispersion at certain frequencies and thus makes 
these materials promising candidates for optical event detection. The simulation results 
are reported in Fig. 1c for a 400 nm thick [001]-cut AlGaAs slab (black curve) and an 
AlGaAs nanopillar metasurface of the same thickness (pink curve), both standing upon a 
[0001]-Al2O3 substrate. The input optical information signal is a rectangular pulse whose 
rising and falling edges are precisely highlighted by the nonlinearly reflected THz electric 
field, which shows a 2-fold enhancement in the case of the metasurface. 

Fig.1 | a Top: vanishing-thickness slab together with the wavevectors for the incident fields and 
the laboratory frame. Bottom: dispersion of the ideal sheet nonlinear susceptibility in the THz 
region. b Top: temporal envelope of the two input Gaussian optical pulses in the ideal reference 
scenario. Bottom: normalized THz polarization density resulting from DFG (the yellow curve 
represents its THz envelope). c Full-wave simulation results for edge detection in a 400 nm thick 
AlGaAs film and nanopillar metasurface (pillar radius of 160 nm and period of the square lattice 
of 400 nm), upon sapphire. The green and blue backgrounds represent the two TM-polarized 
optical input signals, i.e. a rectangular pulse and a continuous-wave pump, respectively (not on 
scale). The two optical carriers are separated by 5.6 THz, frequency around which the real part 
of AlGaAs’ DFG−𝜒(") shows a linear dispersion around a zero-crossing point. Adapted from [2]. 

 
Contacts: 

Unai Arregui Leon (unai.arregui@polimi.it) 
Giuseppe Della Valle (giuseppe.dellavalle@polimi.it) 

References 

[1] D. de Ceglia, A. Alù, D. N. Neshev & C. De Angelis, “Analog image processing with nonlinear 
nonlocal flat optics”, Optical Materials Express, 14(1), 92-100 (2023). 

[2] U. Arregui Leon, P. Franceschini, O. Sergaeva, A. Tognazzi, D. Rocco, L. Carletti, D. de 
Ceglia, G. Della Valle & C. De Angelis, “Event detection via THz generation with flat nonlinear 
optics”, Optical Materials Express, 15(2), 307-318 (2025). 

A
m

pl
itu

de
 (a

.u
.)

-1.0

-0.5

0.0

0.5

1.0

-2000 0 2000
time (fs)

1.0

0.5

0.0

-2000 0 2000
time (fs)

 
1.0

0.5

0.0

-2000 0 2000
time (fs)

-1.0

-0.5

0.0

0.5

1.0

-2000 0 2000
time (fs)

-1.0

-0.5

0.0

0.5

1.0

-2000 0 2000
time (fs)

!!

-1.0

-0.5

0.0

0.5

1.0

-2000 0 2000
time (fs)

 Re_P2w_IFFT
 appoggio_DIF

""($)

#!!$/#%
-1.0

-0.5

0.0

0.5

1.0

-2000 0 2000
time (fs)

 Re_P2w_IFFT
 appoggio_DIF

Figure 6. Frequency domain Comsol simulation results for the edge detection of

an optical rectangular pulse, with steps at C = ±1.5 ps. (a) The nonlinear THz field
radiated by the AlGaAs thin film according to the surface analytical model (purple)
developed in the Supplementary Material (Eqs. (S22)-(S24)), together with that coming
from the COMSOL simulation of a 400 nm slab (black). (b) The simulated 400 nm slab
result (black) is shown together with the (magenta) signal emitted by its nanopatterned
version (metasurface). In both panels, the THz field is normalized to the amplitude
of the CW pump (blue-colored background); the green background corresponds to
the input rectangular pulse (information signal). ⇢0 and ⇢1 are linearly polarized
and shown not to scale. In addition, the thin film and the metasurface both operate in
reflection (illumination and detection in air domain, at 45� from the surface normal).
The insets show the excitation geometry.

purposes, since they provide enhanced THz signal amplitude compared to thin films. The effect
can be also demonstrated in other materials like LiNbO3 or a metasurface that can be used to
design the desired nonlinear response.
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Fig. 2. Nonlinear Temporal Edge Detection Operating Principle. (a) Two input signals,
S(a)in (t) and S(b)in (t), with carrier frequencies in the optical region, fa and fb, and temporal
envelopes ga(t) and gb(t) impinge on a flat-optics element endowed by second-order response
�̂(2)`mn, defined in the spatial frame shown on the left-hand side of the panel. The output
signal Sout(t) is oscillating at fTHz = |fa � fb |. The derived model belongs to the limit of
vanishing thickness, i.e. H ! 0. (b) Spectral properties of the considered ideal surface
�̂(2)s susceptibility. (c-h) Illustrative examples of the nonlinear edge detection procedure
in the case of pulse envelopes ga(t) = gb(t) = g(t). (c-e) Input pulse envelope: Gaussian
(c), Supergaussian (d), and Flat-Top (e). (f-h) Output function (black solid line) and its
corresponding slow envelope term (yellow solid line) calculated with Eq. (5) from the panels
c, d, and e, respectively. In these simulations we assumed fTHz = 4 THz.

employed organic crystals (DAST, HMQ-TMS. . .) [29]. The interest in broadening the bandwidth
of THz sources unveiled the process of optical rectification (OR) of ultrashort laser pulses (i.e.
intrapulse DFG) and works dealing with GaAs, CdTe, InP, and ZnTe emerged in [30–32].

Following the development of nanophotonics and biased by the ability of nanopatterned
metallic structures to enhance optical fields in a sub-wavelength region, the research on
generating terahertz radiation at the nanoscale predominantly focused on plasmonic platforms
[33–35]. In this framework, the potential of metallic metamaterials for performing spatiotemporal
di�erentiation via spoof surface plasmon-polaritons has also been theoretically and experimentally
demonstrated in the microwave regime [36]. Recently, in view of circumventing the intrinsic
optical loss present in metals, the idea of THz generation using all-dielectric nanoantennas and
metasurfaces emerged [37–39], along with phonon-enhanced optical-to-THz conversion in them
[40–42].

The coupling of THz fields with infrared-active lattice vibrations leads to a highly dispersive
nonlinear response function of non-centrosymmetric polar semiconductors. In particular, the
real part of �̂(2)(f ) follows a linear trend around "zero-crossing" points in the THz-frequency
domain, bringing dielectric platforms into the spotlight of temporal signal processing. Indeed,
flat optical elements allow to overcome the losses that accompany the �̂(2)(f ) "zero-crossing" by
preventing absorption of THz radiation.

The key physical feature we propose here to demonstrate the event detection is the possibility of
having an intrinsic or engineered extrinsic low e�ciency THz generation at a particular frequency
f0 (i.e. �̂(2)(f0) ' 0). THz frequencies around f0 will be highly suppressed and consequently the
electric field envelope at f0 will contain only edges in time of the input signals, i.e. the events. In
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