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Abstract—Nonlinear dielectric metasurfaces represent a
rapidly advancing family of optical devices characterized by
high nonlinear conversion efficiency with an ultrathin form
factor. Here, we report on terahertz (THz) emission through
difference-frequency generation (DFG) in an Aluminum Gallium
Arsenide (AlGaAs) metasurface supporting magnetic toroidal
dipolar resonances at the two pump wavelengths, which non-
linearly interact with each other. The simultaneous excitation of
these high-Q resonances, together with the dispersive behavior of
the nonlinear susceptibility, enables an exceptionally strong DFG
response. Conversion efficiencies around 8 THz exceed those of
an unstructured AlGaAs slab of the same thickness by over nine
orders of magnitude. These results highlight the potential of DFG
metasurfaces as compact and highly efficient platforms for THz
generation.

Index Terms—Metasurfaces, Terahertz radiation, toroidal
magnetic fields, dielectric resonator antennas, nonlinear optics.

I. INTRODUCTION

ALL-dielectric metasystems have emerged as highly adapt-
able platforms for controlling electromagnetic wave

propagation with exceptional precision [1], [2], [3], [4]. Unlike
metallic nanostructures that rely on plasmonic resonances,
dielectric architectures sustain both electric and magnetic
Mie-type multipolar modes, enabling extensive control over
the spatial distribution of near- and far-field responses [5],
[6]. Moreover, their intrinsically low optical losses compared
to noble metals lead to markedly enhanced performance in
photonic and optoelectronic devices based on dielectric meta-
surfaces [7], [8]. These structures are also inherently compati-
ble with standard complementary metal–oxide–semiconductor
(CMOS) fabrication technologies [9], [10], [11].

Concurrently, the generation and detection of terahertz
(THz) electromagnetic waves (1–10 THz) are attracting grow-
ing attention due to their relevance in applications with strong
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societal impact, including medical imaging, security screening,
and ultra-fast wireless communications [12], [13], [14], [15].
Bringing THz technologies from laboratory research to prac-
tical implementation requires sources and detectors that are
efficient, compact, and cost-effective. In this context, DFG
in all-dielectric nanoantennas is particularly appealing, as it
enables the down-conversion of information signals into the
THz range, starting from the telecommunication band where
a wide array of mature devices is already available [16], [17].
Therefore, nanoscale engineered structures offer opportunities
for highly miniaturized THz systems. In particular, it has
recently been demonstrated that THz via DFG from dielectric
nanocylinders (made of AlGaAs) is approximately seven times
more efficient than its metallic counterpart, owing to the ability
of the electromagnetic field to be confined within the dielectric
material [16]. This enables volume, not merely surface, non-
linear contributions. The aforementioned theoretical prediction
has been confirmed experimentally, where THz emission via
DFG is observed from a dielectric metasurface [18]. Neverthe-
less, the overall THz generation efficiency remained relatively
low, as the resonances employed at the pump frequencies
exhibited limited Q-factors. Notably, resonant modes with long
photon lifetimes at the pumps enhance the local field intensity,
which directly boosts the nonlinear DFG efficiency. It is
therefore of particular interest to design a device supporting
high-Q resonances at the fundamental frequencies. In this con-
text, toroidal dipole (TD) resonances have attracted growing
interest for their relevance in both fundamental studies and
applied photonics [19], [20], [21]. Although they produce
far-field radiation patterns similar to those of electric (ED)
and magnetic dipoles (MD), their near-field configurations are
uniquely distinct [22], [23]. More recently, TD resonances
exhibiting high-Q factors have drawn considerable attention
owing to their ability to markedly enhance light–matter inter-
actions [24], [25], [26], [27], [28]. Most reported TD modes
correspond to electric toroidal dipoles (ETDs), where the
electric field is concentrated in air gaps or holes [29], [30].
In contrast, magnetic toroidal dipole (MTD) modes have been
demonstrated only in a few studies [31], [32], [33], [34],
[35], [36]. Unlike ETDs, MTDs provide superior confinement
of the electric field within the dielectric medium, making
them promising candidates for semiconductor metasurfaces
designed for lasing and nonlinear harmonic generation. For
instance, in [33], the excitation of a MTD mode in a silicon
nanoblock metasurface with a high Q-factor is theoretically
and experimentally demonstrated. Subsequently, this concept
has been revisited and applied to various contexts, including
ultrasensitive sensing applications [34], nonlinear chiroptical0000–0000/00$00.00 © 2021 IEEE
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response [36] and boosted second-harmonic generation in
lithium niobate metasurfaces [35].

In this work, we investigate efficient THz emission via DFG
by exploiting two high-Q magnetic toroidal dipole resonances
at the pump frequencies supported by an AlGaAs metasurface.
The interplay between the two high-Q resonances and the
dispersive χ(2) response of AlGaAs enables highly efficient
THz generation (up to 0.05 W−1), exceeding by nine orders
of magnitude that of an unstructured AlGaAs slab of the same
thickness. This approach fits within the broader and rapidly
emerging paradigm of dual- or multi-resonant enhancement
of nonlinear parametric processes in dielectric metasurfaces,
which has been successfully explored in related contexts such
as sum-frequency generation and four-wave mixing using
quasi-bound states in the continuum or multi-resonant designs
[37], [38], [39], [40], [41], [42], [43], [44]. Beyond this general
framework, our results demonstrate that a semicondutor-based
metasurface with a relatively simple design, compatible with
current fabrication standards, can efficiently generate THz ra-
diation by simultaneously exploiting high-Q magnetic toroidal
resonances occurring at the pump frequencies and the peaks
amplitude of the dielectric χ(2) susceptibility. To the best of
our knowledge, this investigation provides the first theoretical
demonstration of terahertz DFG enabled by the simultaneous
excitation of two high-Q magnetic toroidal dipole resonances,
thereby extending multi-resonant nonlinear metasurface con-
cepts to the THz DFG regime. Overall, this work contributes
to advancing the design principles of nonlinear metasurfaces
for efficient THz generation.

II. RESULTS AND DISCUSSION

The need for high-Q resonance is addressed here by lever-
aging MTD resonances, thereby enabling the realization of
a doubly-resonant dielectric meatasurface as conceptually re-
ported in Fig.1.

To implement this concept, we design a dielectric meta-
surface whose unit cell is engineered to sustain the required
toroidal magnetic resonances. All the simulations are per-
formed using the finite element method (FEM) implemented in
COMSOL Multiphysics. The metasurface consists of an array
of AlGaAs elements arranged on a silicon dioxide substrate.
The unit cell has a square lattice with a period of P = 940 nm
and includes two dielectric nano-blocks with a length of
s = 650 nm, a width of w = 210 nm, and a height of 340 nm,
as reported in Fig 2(a). Each block is displaced from the center
of the cell by a distance of P/4 + L, where L represents the
asymmetry parameter. The geometrical parameters are adopted
from previously reported designs to ensure the excitation of
the toroidal resonance in the near infrared (NIR) region [33].
Indeed, Fig. 2(a) shows the Cartesian decomposition in the
NIR spectral domain, clearly highlighting that the dominant
contribution arises from the magnetic toroidal dipole, which is
excited at the wavelength λ2 = 1452.56 nm when L = 10 nm
under plane-wave illumination polarized along the x-direction.
The multipole decomposition is computed as reported in [33].
In Fig. 2(b), the electric and magnetic field distributions are
reported, showing the characteristic field patterns associated

THz radiation

Fig. 1. Sketch of the proposed device. The AlGaAs metasurface is illuminated
by two pump beams: one at normal incidence with wavelength λ2, and the
other at wavelength λ1 incident at an angle θ. The metasurface is engineered
to support high-Q magnetic toroidal dipolar resonances at both λ1 and λ2,
thereby enhancing the DFG emission at ωDFG = ω2 − ω1.

with the MTD mode, together with a local electric field
enhancement inside the nanoblocks reaching about 40 times
the incident field amplitude. This resonance exhibits a very
high Q-factor (≈ 7 × 103), as can also be observed from
the transmission dip (blue curve) reported in Fig. 2(c) as a
function of wavelength. As similarly observed in [33], the dip
in transmission broadens as L increases. For very small L
values (e.g., L = 2 nm), the resonance peak in transmission
becomes increasingly narrow, and the resonance eventually
disappears when L = 0. This indicates that this mode can
be effectively excited by varying the distance between the
nanoblocks (i.e. for L ̸= 0). Such behavior identifies the mode
as a quasi-bound state in the continuum (qBIC), whose high
Q-factor depends on the inter-block spacing [45]. The inset
in Fig. 2(c) further illustrates how the Q-factor varies with
increasing L, confirming the dependence of the resonance
sharpness on the inter-block spacing.

Beyond its sensitivity to the structural parameter L, the
MTD resonance remains efficiently excitable over a finite
angular range. In this regard, Fig. 2(d) shows the dispersion
of the MTD mode as a function of the incidence angle of
the impinging radiation (θ). A p-polarized illumination with a
maximum angle of θ = 8◦ is considered to avoid diffractive
orders. As θ increases, the spectral position of the transmission
dip red-shifts from ≈ 1452 nm to ≈ 1516 nm, while preserving
the characteristic MTD nature of the resonance. This angular-
dependent spectral tunability of the MTD resonance can be
exploited to efficiently generate a tunable THz signal through
the nonlinear DFG process. In other words, the main advantage
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Fig. 2. (a) Cartesian multipolar decomposition showing the contributions from the electric dipole (ED), magnetic dipole (MD), electric toroidal dipole (ETD),
magnetic toroidal dipole (MTD), electric quadrupole (EQ), and magnetic quadrupole (MQ). The inset illustrates the geometrical parameters of the unit cell:
the bluish regions correspond to the AlGaAs nanoblocks, while the gray region represents the SiO2 substrate. (b) Electric (top) and magnetic (bottom) field
distributions under normal incidence for L = 10 nm at the MTD resonance wavelength λ2 = 1452.56 nm. E0 and H0 represent the incident electric and
magnetic field amplitude, respectively. (c) Transmission spectra as a function of wavelength for different values of L. The inset shows the reduction of the
Q-factor as the asymmetry parameter L increases. (d) Transmission spectra as a function of wavelength for increasing incidence angles θ under p-polarized
illumination.

of MTD resonances for THz generation lies in their high-
Q nature and pronounced angular dispersion, which allow
the same qBIC mode to be efficiently excited at different
frequencies by varying the incidence angle. This provides
strong and selective field enhancement for both pump waves,
enabling efficient nonlinear mixing. By comparison, low-Q
MD or ED resonances have broad spectral linewidths and
weak angular sensitivity, so the same resonance is overlapped
with multiple pump frequencies, limiting nonlinear efficiency.
Anapole modes, on the other hand, are constrained by a del-
icate destructive-interference condition, making intrinsically
difficult to achieve doubly resonant excitation at two inde-
pendent pump frequencies. Specifically, we now consider the
metasurface excited by two optical sources: one fixed around
λ2 with normal incidence, and the other impinging at an
oblique angle with variable wavelength λ1 and incidence angle

θ. The DFG problem is addressed following the same numer-
ical procedure reported in [16]. Namely, the implementation
involves three computational stages: the first two solve the
linear response at the pump wavelengths using the scattering
field formulation, and the resulting fields are employed to
compute the nonlinear sources. The third step consists of a
full-field simulation at the THz frequency, where the nonlinear
currents sources Ji(ωDFG) that drive the emitted THz field are
expressed as: Ji(ωDFG) = −iωDFGϵ0χ

(2)
ijk(Ej(ω2)E

∗
k(ω1) +

Ek(ω2)E
∗
j (ω1)), where i ̸= j ̸= k represent the Cartesian

coordinates. The AlGaAs crystal is supposed to be tilted by
45◦ with respect to the [001] axis, corresponding to a (110)-
oriented wafer, where the surface normal is aligned along the
[110] crystallographic direction. The DFG efficiency, η, is
defined as η = PDFG/(Pλ1

· Pλ2
) where PDFG is the power

radiated at THz, while Pλ1
and Pλ2

are the incident powers
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of the two pumps.
Figure 3(a) shows the numerically-computed η, when keep-

ing the normal-incidence excitation wavelength λ2 fixed at
1452.56 nm (ω2 = 206.39 THz) and varying both the angle
of incidence θ and the wavelength λ1 of the second source. As
θ increases, the MTD excited under oblique incidence follows
the same trend reported in Figure 2(d). For example, when
θ = 1◦, the high-Q toroidal resonance is excited at λ1 =
1453.87 nm, corresponding to a frequency ω1 = 206.2 THz.
The associated conversion efficiency, denoted as η1◦ , reaches
its maximum when ωDFG = ω2 − ω1 = 0.19 THz, which
corresponds to the simultaneous excitation of the MTD at both
source frequencies.

Figure 3(b) reports the amplitude of the AlGaAs χ(2) coeffi-
cient in the 0–9 THz range, i.e., the considered emission band.
In the THz regime the second order nonlinear susceptibility of
AlGaAs is modeled by using the Faust Henry approach, which
sums a constant electronic term and Lorentz oscillators rep-
resenting transverse optical phonon resonances. The phonon
terms cause peaks in the |χ(2)| spectrum where the denom-
inator of each Lorentz term approaches zero, corresponding
to enhanced ionic contribution near lattice resonances. These
peaks physically signify that lattice vibrations strongly boost
the nonlinear response compared to the non resonant electronic
background. The model parameters are obtained from [16].
The resulting dispersion shows pronounced enhancement of
χ(2) around the transverse optical phonon frequencies, which
are important for THz generation processes. From 3(b) it can
be observed that the |χ(2)| amplitude is relatively small in
the low-THz region, showing a dip around 1.9 THz and a
pronounced peak reaching 104 pm/V near 8 THz. Since the
nonlinear THz field generation depends on both the resonances
of the two interacting modes and the amplitude of χ(2),
an increasing frequency separation between the two pump
sources (up to 8 THz) allows the process to benefit from
the additional enhancement provided by the large nonlinear
susceptibility. Figure 3(a) clearly illustrates this trend: each
curve corresponds to a specific angle of incidence and shows
the conversion efficiency η as a function of λ1. The efficiency
peak always occurs at the frequencies that excite the MTD
at the pump wavelengths; however, the overall behavior is
also mediated by the χ(2) amplitude. In particular, the η3◦

curve is negatively affected by the dip in χ(2), whereas
the η7.6◦ curve represents the optimal case, where the two
MTD resonances are excited at frequencies whose difference
corresponds to the maximum value of χ(2). In particular,
when θ = 7.6◦, the efficiency η7.6◦ reaches a record value
of 5 · 10−2 W−1 around 8 THz, exceeding by nine orders
of magnitude the efficiency of an AlGaAs slab excited under
the same conditions. All additional nonlinear optical effects
capable of inducing saturation are omitted from the present
model and comparison. For completeness, let us recall that
in dielectric nanoantennas, when exciting near the magnetic
dipole resonance, the absolute THz generation efficiency has
been estimated to be on the order of ≈10−7 W−1, representing
an enhancement of approximately eight orders of magnitude
compared to state-of-the-art plasmonic split-ring resonators
[16]. Additionally, dielectric metasurfaces supporting magnetic

and electric resonances with relatively low Q-factors have
been experimentally shown to enhance THz emission by up
to a factor of ≈40 relative to the bare substrate [18]. These
results highlight the importance of using dielectric materials
to maximize the interaction volume, as well as the critical role
of the involved modes in confining the field to further boost
efficiency.
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Fig. 3. (a) DFG efficiency obtained by fixing the wavelength λ2 of the
normally incident pump and varying the angle of incidence θ of the oblique
pump, shown as a function of the corresponding nonlinear emission frequency
ωDFG. Each curve, labeled as η1◦ , η2◦ , and so on, corresponds to a specific
incidence angle. The upper horizontal axis indicates the wavelength λ1. (b)
Amplitude of the AlGaAs nonlinear susceptibility, |χ(2)|, as a function of
frequency.

To systematically quantify this enhancement, we introduce
the Relative DFG Efficiency (RDE), defined as the ratio
between the DFG peak efficiency of the metasurface and that
of the unstructured AlGaAs slab, having the same thickness
as the proposed structure. Figure 4(a) shows the RDE as a
function of L for the configuration considered so far, in which
the radiation at λ1 impinges at θ = 8◦ while that at λ2 is
normally incident on the metasurface, thus enabling a direct
comparison of the performance enhancement achieved through
the metasurface design. Since the excitation wavelength of
the MTD resonances shifts slightly for different values of
L, the comparison is performed by tracking the modes and
evaluating the response at the exact resonance wavelengths
corresponding to the high-Q resonances. As one might expect,
the RDE decreases drastically with increasing L, that is, as the
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Q-factor of the MTD excited at the fundamental frequencies
decreases. Figures 4(b) and (c) illustrate the corresponding
magnetic field distributions for an oblique incidence of 8◦ and
the nonlinear DFG electric field at L = 10 nm and L = 60 nm,
respectively. It can be observed that for L = 10 nm, the
magnetic field vectors form two opposite circular distributions
in the xy plane. This configuration clearly evidences the
excitation of a MTD mode, characterized by strong magnetic
confinement, indicative of a high-quality resonance. Con-
versely, for L = 60 nm [Figure 4(c)], the magnetic field pattern
becomes significantly weaker, indicating that the magnetic
loops are partially disrupted. The deterioration of this well-
arranged magnetic field is associated with the reduction of the
MTD Q-factor and, consequently, a lower overlap between
the interacting fields. As a result, the metasurface efficiency
and the associated DFG response decrease notably in this
regime. In any case, Fig. 4 provides clear evidence of the
potential offered by the proposed device. From an experimen-
tal perspective, fabrication tolerances are expected to mainly
affect the resonance linewidth and the associated Q-factor;
nevertheless, MTD modes are known to be robust against
moderate geometrical variations that are well within the capa-
bilities of standard electron-beam lithography and dry-etching
processes for dielectric metasurfaces, as experimentally shown
in [33]. Recent experimental advances have demonstrated that
ultrahigh-Q resonances in dielectric metasurfaces are not only
theoretically accessible but also practically realizable through
robust design strategies. In particular, tetramer metasurfaces
exploiting centroid symmetry protection and area-conservation
principles have been experimentally shown to support high-Q
factors modes exceeding 104, while maintaining fabrication
tolerance and stability over a wide parameter space [46].
Related works have further reported low-index-contrast di-
electric metasurfaces sustaining quasi-BIC resonances with Q-
factors approaching or exceeding 105 [47], emphasizing that
extremely narrow resonances can be achieved without requir-
ing prohibitively fine geometrical features or extreme material
parameters. Furthermore, quasi-BIC-based metasurfaces have
been experimentally realized to enhance emission processes
and light–matter interactions [48], demonstrating scalability
and compatibility with standard nanofabrication techniques.
Collectively, these studies confirm that qBIC resonances can
be engineered in realistic dielectric platforms with experimen-
tally accessible geometries. Moreover, the proposed excitation
scheme requires angular alignment within only a few degrees,
which can be readily achieved using conventional free-space
optical setups equipped with precision rotation stages. These
considerations suggest that the predicted performance could
be realistically achieved in future experiments by combining
angle-resolved linear spectroscopy with continuous-wave or
narrowband near-infrared pump lasers, while the generated
THz emission may be detected via electro-optic sampling,
as commonly adopted in metasurface-based DFG experiments
[49].

III. CONCLUSIONS

In summary, we have theoretically demonstrated highly ef-
ficient THz emission via DFG in a properly designed AlGaAs
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dielectric metasurface that supports two distinct high-Q MTD
resonances at the NIR pump frequencies, namely ω1 and ω2.
The simultaneous excitation of these MTD modes—one at
normal incidence (ω2) and the other at a small oblique angle
(ω1)—enables strong field confinement. Specifically, we tune
the incidence angle of the ω1 resonance to shift its frequency
position in order to reach a frequency difference with respect
to ω2 up to ωDFG = ω2 − ω1 = 8 THz. In this way, the
DFG emission can be nonlinearly generated by harnessing
both the large Q-factor of the NIR resonances and the peak of
the AlGaAs χ(2) nonlinearity actually occurring near ωDFG.
This results in a THz generation efficiency exceeding that of
an unstructured slab by more than nine orders of magnitude.
Moreover, the structure exhibits a relatively broad angular ac-
ceptance, which in principle allows excitation with a numerical
aperture exceeding 0.13. In addition, the dispersive nature
and energy confinement associated with the excited qBIC
mode could potentially relax the lateral size requirements for
the metasurface to operate as an effectively infinite structure.
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These findings highlight the potential of semiconductor-based
metasurfaces as compact, CMOS-compatible platforms for
efficient, tunable, and integrable THz sources, and provide
valuable design guidelines for future nonlinear photonic and
optoelectronic devices leveraging multipolar and toroidal res-
onances.

IV. COMPUTATIONAL METHODOLOGY

In this section, we provide a comprehensive description of
the simulation framework, including all relevant parameters, to
ensure full reproducibility. As outlined above, the numerical
procedure is organized into three sequential stages. In the first
two stages, the linear electromagnetic response at the pump
frequencies is computed using a scattering-field approach. The
substrate is modeled with a refractive index of 1.46, while
the complex refractive index of AlGaAs is described using
the Forouhi-Bloomer dispersion relations, which provide the
permittivity across the entire frequency range considered, as
demonstrated in [16]. For the computation of the scattered
power of the multipoles shown in Fig. 2(a), we adopt the
definitions of the main Cartesian multipole moments from
[33]. Once the linear solutions are obtained, and the local
electric fields within the structure are known, the nonlinear
polarization sources are constructed. In the final stage, a full-
wave simulation is performed at the generated frequency,
where the nonlinear currents driving the emitted radiation
are calculated as already shown in [16], [18]. To simulate
the DFG process in Comsol, knowledge of the AlGaAs THz
nonlinear susceptibility is required; therefore, the Faust-Henry
model is employed, incorporating both electronic and ionic
contributions, using the same approach reported in [16]. This
methodology ensures numerical stability and establishes a
direct, transparent connection between the linear resonant
response and the resulting nonlinear emission.
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