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Even-order optical harmonics generated from centrosymmetric-material metasurfaces
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Generation of even-order optical harmonics requires noncentrosymmetric structures being conventionally
observed in crystals lacking the center of inversion. In centrosymmetric systems, even-order harmonics may
arise, e.g., at surfaces but such effects are usually very weak. Here we observe optical harmonics up to
fourth order generated under the normal incidence from centrosymmetric dielectric metasurfaces empowered
by resonances. We design silicon metasurfaces supporting optical quasibound states in the continuum and
guided-mode resonances, and demonstrate the enhancement of second-harmonic signals by over three orders
of magnitude compared to nonresonant thin films. Under the optimal conditions, the brightness of the second
harmonic approaches that of the third harmonic, and the fourth-order harmonic becomes detectable.
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I. INTRODUCTION

Generation of high-order optical harmonics is tradition-
ally associated with plasmas and gases [1,2], but it has
recently entered the realm of nanostructured solids [3–13].
Solid-state structures, unlike gases, enable efficient gener-
ation of even-order harmonics—a process reliant on the
absence of inversion-point symmetry. The dominant approach
toward even-order harmonic generation in nanophotonics
is to employ materials with noncentrosymmetric crystalline
lattices [5,14].

In nonconductive, bulk centrosymmetric media, even-order
nonlinear optical processes can be triggered by several factors,
including surface nonlinearities [15], strong external fields
leading to inversion symmetry breaking [16–18], as well as
by applying an external strain [19] or engineering internal
strains by an additional overlayer [20,21]. In the presence
of free electrons in the conduction band, even-order nonlin-
earities may be enabled by the magnetic component of the
Lorentz force [22,23]. Observations of second-harmonic gen-
eration (SHG) were made in various nanoscale systems made
of silicon (centrosymmetric material), including membranes
[24] often enhanced by Fabry-Perot resonances [25], spher-
ical nanoparticles [26,27] and nanowires [28,29] enhanced
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by Mie resonances, photonic crystal cavities [30], as well as
metasurfaces [31–33].

However, even-order effects from centrosymmetric mate-
rials are usually very weak, in sharp contrast to odd-order
nonlinearities that are driven by volume nonlinear sources
[34–36] (such as third-harmonic generation). Despite early
observations of fourth optical harmonics from bulk silicon in
1998 [37], in nanophotonics all observations of even-order
nonlinear effects discussed above have been limited to the
lowest, second-order harmonic.

Here, we experimentally demonstrate generation of optical
harmonics up to fourth order from resonant silicon metasur-
faces driven by bound states in the continuum (BIC) and
guided-mode resonances (GMR). We achieve the enhance-
ment of the brightness of SHG, which under optimal resonant
conditions approaches the brightness of third harmonic gen-
eration (THG). At resonance, we observe fourth harmonic
generation (FHG) that is otherwise undetectable off reso-
nance.

We design and fabricate metasurfaces made of amorphous
silicon (a-Si) and crystalline silicon (c-Si) and compare their
nonlinear properties. We characterize the metasurface’s non-
linear response by pumping it in the near-IR frequency range.
We observe the enhancement of over three orders of magni-
tude for the SHG and THG from c-Si metasurfaces driven
by the GMR and BIC resonances. In contrast, the a-Si meta-
surface enhances SHG by two orders of magnitude. At the
same time, we observe FHG from metasurfaces that support
BICs. To our knowledge FHG has not been reported from
silicon films or nanostructures. We also report the unexpected
cubic power dependence for SHG when the pump is resonant,
whereas the slope of the SHG signal approaches square de-
pendence when the pump is tuned off resonance.
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FIG. 1. Resonant metasurface for enhanced harmonic genera-
tion. A Si metasurface supporting BIC and GMR resonances for
generating second to fourth optical harmonics. The inset shows a
SEM image with a highlighted unit cell.

II. RESULTS AND DISCUSSION

The silicon metasurfaces are designed and fabricated to
support both GMR and BIC resonances at the pump wave-
length in the near-IR spectral range, with a-Si on glass and
c-Si on sapphire. A schematic of the metasurfaces is shown in
Fig. 1. They are composed of a square lattice of asymmetric
meta-atoms consisting of bar dimers with different widths.
The metasurfaces are pumped in the region from 1.4 µm to
1.75 µm, with harmonics generated in the near-infrared and
visible ranges. The inset provides the scanning electron mi-
croscope (SEM) image of c-Si metasurface with the unit cell
highlighted. The geometrical parameters of the unit cell are
bar height h = 600 nm, P = 830 nm, L = 630 nm, S = 380 nm,
and w2 = 260 nm, and w1 is varied from 180 nm to 260 nm.
Parameter �w = w2 − w1 is considered as an asymmetry
parameter.

First, we characterize the linear transmission of c-Si meta-
surfaces in numerical calculations for incident polarization
along the long side of the bars. We use the finite-element-
method solver in COMSOL Multiphysics in the frequency
domain. All calculations were realized for a metasurface
placed on a semi-infinite substrate surrounded by a perfectly
matched layer mimicking an infinite region. The simulation
area is the unit cell extended to an infinite metasurface by
using the Bloch boundary conditions. The material proper-
ties are taken from Ref. [38]. The transmission spectrum for
�w = 60 nm in the wavelength range from 1400 to 1800 nm
and transmission map for �w from 0 nm to 90 nm are shown
in Figs. 2(a) and 2(b), respectively. The resonant features
can be associated with three distinctive resonances that have
wavelengths of 1580 nm, 1730 nm, and 1780 nm for �w =
60 nm, respectively. We focus on two modes at 1580 nm
and 1730 nm, and identify their nature via calculating near-
field distributions in the eigenmode solver in COMSOL
Multiphysics, shown in the inset of Fig. 2(a) for �w = 60
nm. We can see that the mode at 1730 nm is a magnetic
dipolar BIC resonance because of its distinctive asymmetric
field distribution, and the mode at 1580 nm is a magnetic
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FIG. 2. Optical properties of c-Si metasurfaces. The numeri-
cally calculated (a) and measured (c) transmission spectrum of the
metasurface with �w = 60 nm. The insets show the near-field dis-
tribution of the GMR and BIC modes, and an SEM image of the unit
cell. Calculated (b) and measured (d) transmission spectra depending
on the change of the asymmetric parameter � from an asymmetric
case of 80 nm to a symmetric case of 0 nm. The black dashed lines
correspond to the metasurface with �w = 60 nm.

dipolar GMR mode. In both modes, the volume-averaged
enhancement of the local field intensity of approximately
seven times is observed (see Fig. S1 in [39]).

We then measure the transmission of the c-Si metasurfaces
with polarization along the long side of the bars unit cell.
The transmission spectrum has two Fano-shaped features cor-
responding to GMR and BIC resonances. Figure 2(c) shows
the transmission spectrum for the metasurfaces with �w = 60
nm. The inset shows the SEM image of the metasurface unit
cell. Decreasing the asymmetry parameter causes both sup-
porting resonances to display a red shift. Figure 2(d) shows the
transmission spectra for c-Si metasurfaces with asymmetry
parameters ranging from 0 nm to 80 nm. The BIC resonance
becomes less visible with decreasing �w, whereas the GMR
mode does not change in intensity. The behavior obtained has
a good agreement with theoretical prediction, which is shown
in Fig. 2(b). In the case of a-Si, the spectral position of the
modes is shifted to shorter wavelengths, but both modes are
preserved (see Fig. S2 in [39]).

The nature of BIC and GMR modes is numerically and
experimentally confirmed with their behavior for �w = 0.
More specific, the BIC mode disappears from the spectrum,
while the linewidth of the GMR mode barely changes with
the change of �w, as can be seen in Figs. 2(b) and 2(d). We
note that the measured resonant positions are red shifted with
respect to the simulation results, and the third mode observed
in numerical transmission data is not visible in the experi-
ments. These differences can be attributed to the tolerances of
fabrication and design. Also, the mode linewidth appears to be
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FIG. 3. Experimental harmonic generation. (a) Spectra of har-
monic generation from a-Si metasurface with �w = 60 nm sup-
porting BIC resonance. Fourth harmonic signal is multiplied by
100. Angular dependence of second harmonic generation on pump
polarization is shown on the inset with orange dots. (b) Power-power
dependence for second, third, and fourth harmonics from the a-Si
metasurface supporting BIC resonance, and second harmonic from
the metasurface pumped nonresonantly. In the case of a resonant
pump, both SHG and THG have a slope of three, whereas outside
the resonance the second harmonic has a slope of two. The slope for
the FHG curve equals to 2.3 for low pump intensity and decreases
with the pump power increase. (c) Harmonic spectra generated by the
a-Si metasurface with �w = 60 nm for various pump wavelengths
around BIC resonance. The integration time for FHG is a hundred
times longer compared to SHG and THG. The fourth harmonic is
observed only in the vicinity of the resonance.

larger in the experiment. This is due to the excitation source
in the experiment deviating from a plane wave due to the
focusing objective and a range of modes with oblique in-plane
k vectors excited in the vicinity of the normal incidence.

To measure harmonic generation, we used a near-IR laser
with a pulse duration of 5 ps, a repetition rate of 5.14 MHz,
and a tunable wavelength in the range from 1.4 µm to 1.75 µm
focused into a spot with a diameter of 25 µm. The signals are
collected in transmission by an objective lens with NA 0.42
(see Fig. S3 in [39] for more details). Figure 3(a) shows the
spectrum of harmonic generation from the a-Si metasurface
with �w = 60 nm pumped resonantly at the wavelength of
1575 nm and with the peak power density of 3 GW · cm−2. A
SHG signal is observable at 788 nm, while THG is observed
at 525 nm. We remark that the magnitude of the SHG signal
is one order of magnitude smaller than the magnitude of the
THG signal. While this may seem unusual, the relative magni-
tudes of the generated harmonics are sensitive to pump tuning
with respect to resonance peak, as well as material dispersion
and polarization. Under ordinary circumstances, in a cavity
environment it is also possible for SHG maxima to be shifted
relative to THG maxima. The inset of Fig. 3(a) demonstrates

that the normalized SHG signal depends on the angle of pump
polarization, where 0◦ corresponds to polarization coincid-
ing with the longest side of the bars. In the case of pump
polarization orthogonal to the bars, the SH signal is signif-
icantly smaller. The same pattern is observed for THG (see
Fig. S4 in [39]). The polarimetry of the THG and SHG signals
reveals that both harmonics pumped at the BIC resonance
preserve the polarization of the excitation and the degrees of
polarization are 0.8 and 0.7, respectively. We note that FHG
can also be observed in the spectrum at the wavelength of
415 nm. Figure 3(c) shows the harmonic spectra recorded for
the various pump wavelengths around BIC resonance. The
FHG is observed only in the vicinity of the BIC resonance,
whereas the SHG and THG are observed outside the resonant
pump.

We also record the power dependence of SHG, THG, and
FHG pumped resonantly at the wavelength of 1636 nm, which
corresponds to the BIC resonance of the metasurface. The de-
pendencies for SHG, THG, and FHG are indicated in Fig. 3(b)
with orange, green, and purple circles, respectively. Both THG
and SHG curves agree well with the cubic power law. The
results recorded for the same metasurface, but pumped at a
wavelength of 1470 nm, which excites the GMR mode of
the structure, exhibit similar behavior. The slope of the FHG
curve is less than the expected quadratic dependence, and it
equals 2.3 for low pump intensity and decreases as pump
power increases. When the pump is nonresonant, the situation
changes for SHG. The signal shown in Fig. 3(b) is denoted
by the hollow circles, and shows good agreement with the
quadratic power law. In contrast, THG preserves the same
slope of three even when the pump is tuned outside the res-
onance (see Fig. S5 in [39]). The results for the reference c-Si
and a-Si unstructured films also show slopes two and three
for the SHG and THG, respectively. The generation of the
second harmonic with a slope larger than two has previously
been observed in semiconductors [40,41] and hybrid struc-
tures [42,43]. That behavior is caused by the generation of
the static electric field by the high-intensity laser beam.

To study the dependence of the SHG and THG on asym-
metry parameter and pump wavelength, we measure the
harmonic signal from the metasurfaces having different asym-
metries, and pump wavelengths from 1400 nm to 1750 nm.
The maximum SHG and THG values are determined and nor-
malized by the harmonic signal generated by a similar silicon
film. The enhancement values obtained for a-Si metasurface
are shown in Figs. 4(a) and 4(b). The maximum enhancement
for SHG is three orders of magnitude, whereas it is about
two orders of magnitude for THG. The BIC mode is clearly
observed in both second and third harmonics enhancements
maps, and is in good agreement with mode positions in the
linear spectra. Figure 4(c) sums up the enhancement for SHG
(orange circles) and THG (green circles). Both SHG and
THG enhanced by the BIC tend to be larger than the signals
enhanced by the GMR modes.

For c-Si metasurfaces the positions of the enhancement
are shifted compared to the a-Si metasurfaces, similar to the
linear spectra features shift. Figures 4(d) and 4(e) demonstrate
the enhancement from c-Si metasurfaces depending on asym-
metry parameter and pump wavelength. In contrast with a-Si
metasurfaces, both modes are clearly distinguishable for SHG
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FIG. 4. Harmonic enhancement for a-Si and c-Si metasurfaces. Second harmonic enhancement from (a) a-Si and (d) c-Si dependence on
asymmetric parameter and pump wavelength. (c) Maximum of second and third harmonic enhancement for different modes depending on the
asymmetric parameter for a-Si metasurface. Third harmonic generation enhancement from (b) a-Si and (e) c-Si dependence on asymmetric
parameter and pump wavelength. (f) Maximum of second and third harmonics enhancement for different modes depending on the asymmetric
parameter for c-Si metasurface.

and THG enhancement maps. SH and TH signal enhance-
ments are about three orders of magnitude. SH enhancement
is compared to the best case scenario where the wave is
incident at approximately 70 degrees [25]. A decrease in the
asymmetry parameter causes the decrease of linewidth for the
BIC mode and its eventual disappearance from the spectrum
for the fully symmetric case. The enhancement of SHG and
THG are summarized in Fig. 4(f) by the orange and green
circles, respectively. We note that, meanwhile, the SHG en-
hancement is in the same order of magnitude for a-Si and c-Si
metasurfaces, and the SHG signal from the c-Si metasurfaces
is one order of magnitude lower than the SHG from the a-Si
metasurface (see Fig. S6 in [39])

As noted earlier, we also observe the fourth harmonic
generation. Since a-Si metasurfaces have modes at around
1350 nm for �w = 80 nm to 1650 nm for �w = 10 nm ac-
cording to the linear transmission spectra, the spectral position
of the fourth harmonic is located either just outside or at the
edge of the spectrometer’s range. Thus, it can be detected
only for the BIC resonance for the a-Si metasurfaces with size
parameters that yield near-symmetric structures. However, for
those size parameters, the BIC resonance is either weak or not
observed. In contrast, c-Si metasurfaces have modes that are
spectrally redshifted and enable the observation of the fourth
harmonic within the spectrometer spectral range. However,
the harmonics themselves are weaker for the c-Si, which com-
plicates their observation.

There are several mechanisms proposed to explain the
symmetry breaking in silicon that leads to even harmonic
generation. Since there is no proper band structure at the in-
terface, nonlocal effects contribute to surface and quadrupolar

bulk SHG [44]. An intense pump laser pulse causes weak
direct-current static electric field that affects the phases of the
optical field half-cycles and breaks the symmetry, producing
even harmonics in silicon [45,46]. Inhomogeneous laser fields
in the vicinity of plasmonic resonances can also produce even
harmonics [47]. This scenario might be relevant for strongly
excited semiconductors, but this issue is beyond the scope of
this work.

Even harmonics may be triggered by a combination of sur-
face and magnetic terms [24,25,48]. For example, the bound
electron term (Pω · ∇)Eω and the magnetic term Jω × Hω are
the dominant second harmonic sources. Here, polarization,
current, and fields are to be interpreted as envelope functions
at the given frequency. Similarly, fourth harmonic nonlinear
surface and magnetic sources may also be derived and written
as (P2ω · ∇)E2ω and J2ω × H2ω. However, efficient third har-
monic generation activates additional surface and magnetic
terms that are proportional to (P3ω · ∇)Eω, J3ω × Hω, and
Jω × H3ω, as well as fourth order bulk terms proportional to
χ (3)E3ωEω. Therefore, there is some expectation that fourth
harmonic generation will fall within the range of parameters
that determine a combination of second and third harmonic
generation. Currently, while the theory can provide good guid-
ance, we do not have a clear theoretical framework for the
quantitative aspects of our observations.

III. CONCLUSION

In summary, we have studied optical harmonic generation
from metasurfaces made of amorphous and crystalline silicon.
We have observed the generation of the second and third
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harmonics enhanced by at least three orders of magnitude via
GMR and BIC resonances in the near-IR range. This enabled
significant generation of the fourth harmonics at the BIC res-
onance. We have observed the deviation in the power laws
for both even harmonics at the BIC resonance. We believe
that our results reveal that dielectric metasurfaces made of
centrosymmetric materials can exhibit generally unexpectedly
strong even-order nonlinear effects when they are empowered
by high-Q optical resonances associated with the bound states
in the continuum.
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