

View

Online


Export
Citation

LETTER |  FEBRUARY 11 2026

Enhanced effective nonlinearities in silicon nitride free-
standing nanopatterned membranes 
P. Franceschini  ; M. Nikitin  ; A. Tognazzi   ; K. Brańko  ; O. Takayama  ; R. Malureanu  ;
A. C. Cino  ; C. De Angelis  ; A. Lavrinenko 

APL Photonics 11, 021301 (2026)
https://doi.org/10.1063/5.0309777

Articles You May Be Interested In

Electrical nanopatterning of TiO2 single crystal surfaces in situ via local resistance and potential switching

APL Mater. (June 2018)

Nanopatterning of diarylethene films via selective dissolution of one photoisomer

Appl. Phys. Lett. (October 2013)

2D ordered arrays of nanopatterns fabricated by using colloidal crystals as templates

J. Vac. Sci. Technol. B (May 2012)

 24 February 2026 09:00:50

https://pubs.aip.org/aip/app/article/11/2/021301/3379287/Enhanced-effective-nonlinearities-in-silicon
https://pubs.aip.org/aip/app/article/11/2/021301/3379287/Enhanced-effective-nonlinearities-in-silicon?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-5405-7668
javascript:;
https://orcid.org/0009-0001-4190-0625
javascript:;
https://orcid.org/0000-0002-5711-3917
javascript:;
https://orcid.org/0009-0005-1560-2228
javascript:;
https://orcid.org/0000-0003-3525-3262
javascript:;
https://orcid.org/0000-0002-6093-5030
javascript:;
https://orcid.org/0000-0002-8116-3172
javascript:;
https://orcid.org/0000-0001-8029-179X
javascript:;
https://orcid.org/0000-0001-8853-2033
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0309777&domain=pdf&date_stamp=2026-02-11
https://doi.org/10.1063/5.0309777
https://pubs.aip.org/aip/apm/article/6/6/066105/121725/Electrical-nanopatterning-of-TiO2-single-crystal
https://pubs.aip.org/aip/apl/article/103/17/173112/26414/Nanopatterning-of-diarylethene-films-via-selective
https://pubs.aip.org/avs/jvb/article/30/4/041802/467440/2D-ordered-arrays-of-nanopatterns-fabricated-by
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3470608&setID=1044457&channelID=0&CID=1678023&banID=524321803&PID=0&textadID=0&tc=1&rnd=7231997848&scheduleID=3650721&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&mt=1771923650855846&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0309777%2F20899597%2F021301_1_5.0309777.pdf&request_uuid=94de9df6-e1bf-4a56-ad25-0ac073fd4b08&hc=9e7813d41e7ea2c17f113006ffca0d822eefa3b1&location=


APL Photonics LETTER pubs.aip.org/aip/app

Enhanced effective nonlinearities in silicon nitride
free-standing nanopatterned membranes

Cite as: APL Photon. 11, 021301 (2026); doi: 10.1063/5.0309777
Submitted: 29 October 2025 • Accepted: 19 January 2026 •
Published Online: 11 February 2026

P. Franceschini,1 ,2 M. Nikitin,3 A. Tognazzi,2 ,4,a) K. Brańko,5 O. Takayama,3 R. Malureanu,3 ,6
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ABSTRACT
Silicon nitride (SiN) represents a promising complementary metal-oxide-semiconductor material for on-chip nanophotonics applications
due to its unexpected linear and nonlinear optical properties. Here, we experimentally and numerically investigate the linear and nonlinear
response of SiN free-standing nanostructured thin-film membranes. Compared to the unpatterned platform, the design of a square-lattice pat-
terning gives rise to a nonlocal resonant mode that enhances the effective third-order optical nonlinearity by a factor of 3.4–5 at the resonance
wavelength, as determined from Z-scan experiments. Finite-element simulations clarify that the magnitude of the lattice-induced frequency
dispersion of the Kerr coefficient also depends on the spectral and geometrical properties of the interacting light excitation. Our results
propose patterned SiN nanomembranes as a promising nanophotonics platform for enhanced nonlinear frequency conversion processes.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309777

The development of efficient methods for nonlinear (NL) fre-
quency conversion represents one of the most active fields of present
research. Since the pioneering experiments on second-harmonic
generation,1 various platforms hosting NL frequency mixing pro-
cesses have been employed to maximize the intensity of the out-
put radiation, which can be described by the relation2,3 INL(nω)

∝ {χ(n) [EFF(ω)]n Lint}
2
, where χ(n) is the nth order NL coefficient,

EFF(ω) is the electric field at fundamental frequency ω, and Lint is the
interaction length. Although being the fundamental building block
for near-infrared to visible (NIR-to-VIS) frequency conversion due
to their large bulk NL coefficient χ(n)bulk, conventional NL crystals
(like BBO) suffer from strong absorption in the vacuum ultravi-
olet (VUV) spectral range (in addition to inherently short Lint),

thus preventing efficient VIS-to-VUV generation.3 These limitations
have been partially overcome by the use of dielectric metasurfaces,
optical devices consisting of engineered distributions of low-loss
nano-resonators. By a suitable design of the geometrical parameters,
the electric field of the pump excitation can be strongly confined
inside the resonator (i.e., resonant mode), thus allowing the effi-
cient access to the bulk nonlinearity of the constituent material. In
this sense, the presence of the resonant mode effectively increases,
by some factor f , the NL coefficient χ(n) = f ⋅ χ(n)bulk. However, the
substrate—which, from a structural point of view, is the support-
ing constituent of the metasurface—may limit the intensity of the
input pump field EFF(ω) due to self-phase modulation in the case
of backside illumination (i.e., when the fundamental frequency
beam excites the nano-resonators after propagating through the
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substrate).3 Recently, it has been demonstrated that these limitations
in terms of Lint and maximum EFF(ω) can be overcome by employ-
ing free-standing dielectric thin films (membranes), with thickness
comparable to the coherence length, for NL mixing processes.3
Moreover, the intensity INL can be further increased by exploit-
ing nonlocal (i.e., extended) resonant modes of the electromagnetic
field arising when the membranes feature a patterned structure.
This has recently been demonstrated for γ-Al2O3-based photonic
crystal nanomembranes featuring a square periodic lattice of circu-
lar holes.4 Within the framework of integrated nanophotonics, the
need for a complementary metal-oxide-semiconductor (CMOS)-
compatible material with large third-order optical nonlinearity is
crucial for applications such as all-optical processing, computing,
switching, and communications.5–7 Traditionally, silicon (Si) repre-
sents the principal constituent of silicon-on-insulator platforms due
to its large Kerr nonlinearity, high refractive index, and low losses
in the visible spectral range. However, its relatively narrow bandgap
(Eg ≃ 1.1 eV) limits its functions and applications at UV to VIS
and NIR wavelengths. Recently, silicon nitride (SiN) has gathered
increasing interest as a promising alternative7 for its ease of incor-
poration and processing, broadband transparency (Eg ≃ 4 eV8,9),
relatively high refractive index, and intrinsically large nonlinear
refractive index, which can be beneficial for many on-chip nanopho-
tonics applications, such as third-harmonic generation (THG),7
optical parametric oscillation,5 and supercontinuum generation.10,11

While intrinsic third-order nonlinearities in SiN-based thin films
and free-standing membranes has been widely reported, the study
of their enhancement due to nonlocal modes have been less inves-
tigated (to the best of our knowledge, a comprehensive theoretical
analysis of the THG in such membranes has been published very
recently12).

In this letter, we report on the enhancement of the effective
third-order optical nonlinearity in free-standing SiN membranes
arising from the presence of a lattice resonance. Starting from
unpatterned 50-nm-thick free-standing membranes, we design a
two-dimensional periodic nano-patterned structure inducing a lat-
tice resonance (LR) at 750 nm wavelength. Linear optical properties
of the fabricated sample have been experimentally and numerically
studied. The optical nonlinearity was experimentally investigated
by the Z-scan technique, performed at the resonance wavelength,
whose results show an enhancement of the effective NL refractive
index n2 and absorption coefficient β in the case of the patterned
membrane compared to the pristine one. The post-processing of
the experimental data, combined with time-domain and frequency-
domain modeling, allowed us to identify and quantify how the
spectral and geometrical properties of the light excitation interacting
with the structure affect the magnitude of the enhancement factor
( f).

A sketch of the structure under analysis is shown in Fig. 1(a).
The membrane consists of a SiN slab (with thickness t = 50 nm) pat-
terned with a square array (period Λ) of circular holes (diameter
ϕ). As shown by the design procedure detailed in Ref. 12, the pat-
terned membrane is capable of supporting resonant modes with
different natures in the VIS–NIR spectral region. In particular, we
designed the metasurface to support a lattice resonance mode in
the 750–800 nm spectral range by a suitable optimization of the
geometrical parameter Λ. In view of applications involving non-
linear processes, the leaky nature of the selected resonance ensures

FIG. 1. Design and linear properties. (a) Design of the unit cell. Geometrical para-
meters: period Λ, thickness t, and hole diameter ϕ. (b) Image of the fabricated
metasurface (top view, optical microscope). (c) Measured linear transmittance
spectra of the pristine (unpatterned, yellow line) and patterned (blue line) mem-
brane. (d) Calculated linear transmittance spectra of the pristine (yellow line) and
patterned (blue line) metasurface. The inset shows the electric field distribution
(absolute value) at resonance.

proper coupling to an external pump radiation, and the designed
wavelength well matches the most common table-top laser systems.
Moreover, given the geometry of the unit cell, the field distribu-
tion of the resonance was optimized to maximize its localization
in the region occupied by SiN (which acts as a nonlinear material),
as performed previously.13,14 The membranes were fabricated15 on
a Si wafer with a SiN layer deposited using low-pressure chemical
vapor deposition (LPCVD) techniques. The patterning was defined
by electron beam lithography (EBL) and subsequent SiN etch. On
the backside, we used aligned UV lithography, SiN, and Si etch to
obtain free-standing membranes. Non-patterned (pristine) mem-
branes were prepared in the same batches as references (see the
supplementary material, Sec. S1). Ellipsometry measurements per-
formed on fabricated samples provide t = 53.0 nm and t = 49.4 nm
for pristine and patterned [Fig. 1(b)] membranes, respectively, and
the analysis of the scanning electron microscopy (SEM) images gives
ϕ = 200 nm (see the supplementary material, Sec. S2).

The linear optical properties of the fabricated samples were
measured in the VIS–NIR spectral region as detailed in the
supplementary material, Sec. S3A. Figure 1(c) shows the measured
linear transmittance spectrum (normal incidence) of the pristine and
patterned membrane (yellow and blue solid lines, respectively), the
latter featuring Λ = (969.5 ± 0.5) nm (retrieved from the analysis
of the optical microscope image) and exhibiting a spectral feature
at 750 nm. Additional data for membranes with different values of
Λ are reported in the supplementary material, Sec. S5A. Using as
inputs the values of the geometrical parameters retrieved from SEM
and the SiN refractive index taken from Ref. 9 (nSiN = 2, kSiN = 0),
we performed frequency-domain numerical simulations (Comsol)
of the linear transmittance of the pristine and patterned samples,
and the results are displayed in Fig. 1(d), where the inset shows
the numerically calculated field distribution at resonance wave-
length. Based on the numerical results, we ascribe the spectral feature
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probed at λLR ∼ 750 nm wavelength in Figs. 1(c)–1(a) LR, which
manifests itself in the form of a Fano resonance.16,17 The nonlocal
nature of the resonance under analysis is further confirmed by the
measured and calculated dependence of λLR on Λ, as detailed in the
supplementary material, Secs. S5A and S7A. By fitting a theoretical
Fano line shape16 to the experimental data (see the supplementary
material, Sec. S5A), the value of the resonance quality factor (Q)
probed in the experiment is estimated as Qexp ∼ 130, which is lower
than the calculated one Q

∞
∼ 310 (Q = λr/γ, with λr and γ being

the spectral position and bandwidth of the resonance, respectively).
Discrepancies in the width and amplitude of the LR profile in the
measured and calculated spectra can be ascribed mainly to finite-size
effects (which result in a non-optimal excitation of the resonance)
since, from a geometrical point of view, the structure under analysis
consists of a two-dimensional periodic repetition of a unit cell.

In order to better investigate the effect of the finite-size nature
of the patterning on the appearance of the LR spectral feature,
we performed time-domain numerical simulations (Tidy3D) of the
linear optical properties in the case of membranes featuring a
two-dimensional square patterning with limited spatial extension.
Figure 2(a) shows the linear transmittance spectra for finite-size pat-
terned membranes composed of a total number N2 of unit cells,
where N denotes the number of unit cells along one direction of
the square patterning. Clearly, the bandwidth of the spectral fea-
ture decreases with increasing N. This aspect can be better visualized
by looking at the corresponding value of the Q-factor, displayed in
Fig. 2(b), which shows that a finite-size metasurface exhibits a lower
value of Q compared to the infinitely periodic one (Q

∞
∼ 310). Our

analysis, in line with other studies on periodic structures,18 con-
firms that finite-size effects result in a non-optimal excitation of the
resonance due to the collective nature of the LR.

The third-order optical nonlinearity of pristine and patterned
membranes has been investigated by the Z-scan technique (see inset
in Fig. 3(a)),19,20 by employing a pulsed excitation radiation with
central wavelength λ0 = 750 nm, spectral bandwidth (full-width at
half maximum) Δλ = 35 nm, and featuring a beam waist at focus
w0 = (19.8 ± 0.3) μm. Closed and open aperture (CA and OA,
respectively) traces have been measured by recording the fraction
of incident light transmitted by the sample for various positions

FIG. 2. Finite-size metasurface. (a) Calculated transmittance spectra for a square
finite-size metasurface featuring N unit cells along one side. (b) Q-factor as a func-
tion of the number of cells N retrieved from the spectra in panel a. The dotted
black line at Q∞ = 310 denotes the value for an infinitely periodic metasurface
(N →∞).

FIG. 3. Z-scan Traces. (a, b) Closed and (c, d) open aperture Z-scan data
for free-standing (a, c) pristine and (b, d) patterned SiN membranes with I0
= 720 GW/cm2 (a, b), I0 = 1017 GW/cm2 (c), and I0 = 650 GW/cm2 (d). A the-
oretical profile (red solid line) based on Ref. 19 has been fitted to the measured
data (markers). The inset sketches the Z-scan setup. The position z = 0 denotes
the beam focus. L: lens; S: sample; A: aperture; D: detector. The data in (a) and
(b) have been measured with S = 0.495 and S = 0.485, respectively.

along the propagation axis (z-axis; see the supplementary material,
Sec. S3B). First, we focused our attention on the NL refractive index
n2. For this purpose, we measured CA Z-scan traces for both sam-
ples, whose results are displayed in Figs. 3(a) and 3(b) (pristine
and patterned membranes, respectively). The CA traces feature a
peak–valley (p–v) configuration (consistent with previous reports on
SiN8,21), thus denoting a self-defocusing effect described in terms of
a negative-valued n2. As expected, in the case of the patterned mem-
brane, the value of ΔTp−v, the difference between the normalized
peak and valley transmittance, Tp − Tv, is larger in amplitude com-
pared to the pristine one. Since the two measurements displayed in
Figs. 3(a) and 3(b) have been taken by employing the same value of
irradiance I0, the difference in ΔTp−v suggests an enhanced value of
the effective n2 coefficient of the patterned membrane compared to
the pristine one. The retrieved value of the NL refractive index (see
the supplementary material, Sec. S5B) for the pristine membrane is
npri

2 = −3.8 × 10−18 m2/W [Fig. 3(a)], which is consistent with pre-
viously reported values on SiN.22,23 On the other hand, in the case
of the patterned membrane [Fig. 3(b)], npa

2 = −1.3 × 10−17 m2/W,
which is 3.4 times larger than npri

2 . We ascribe the enhancement of
the value of effective n2 to the larger field confinement occurring
at the LR. The values of the coefficients retrieved from the analy-
sis are summarized in Table I. The value of npa

2 is confirmed by the

TABLE I. Nonlinear parameters n2 and β retrieved from the analysis of Z-scan traces
(excitation wavelength λ0 = 750 nm).

Pristine Patterned f

n2 [10−18 m2
/W] −3.8 −13 3.4

β [10−12 m/W] 9.4 47 5
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repetition of the measurement at the same and lower irradiance val-
ues (see the supplementary material, Sec. S4A). Then, we turned
our attention to the NL absorption coefficient β; therefore, we mea-
sured OA Z-scan traces for both samples. The data displayed in
Figs. 3(c) and 3(d) (pristine and patterned sample, respectively)
show the characteristic NL absorption dip. The analysis on the
OA traces (see the supplementary material, Sec. S5B) provides a
value of the NL absorption coefficient of βpri

= −9.4 × 10−12 m/W
and βpa

= −4.7 × 10−11 m/W (pristine and patterned sample, respec-
tively), which suggests a similar value of the enhancement factor
( f ∼ 5).

Based on these results, we ascribe the amplitude of the probed
f parameter of the optical nonlinearity to two main aspects. First,
we consider the effect of the ratio between the LR bandwidth γ
and the bandwidth of the excitation laser pulse on the output of
a third-order NL process. In particular, since the physics involved
in a Z-scan experiment can be described in terms of a four-wave
mixing process χ(3)(ω, ω,−ω; ω), we refer to the analysis provided
in Ref. 12 regarding THG enhancement occurring in patterned SiN
membranes. As detailed in Ref. 12, in the case of a pulsed excitation
with a pulse duration of τp ∼ 24 fs (i.e., the transform-limited pulse
duration value corresponding to Δλ = 35 nm), the enhancement of
the THG due to the LR, occurring in an infinitely two-dimensional
periodic patterned membrane, is ηTHG = 20. This result sets a thresh-
old in the maximum achievable enhancement due to the smaller
bandwidth of the LR compared to the laser excitation. However,
a second aspect should be taken into account, and it is related to
finite-size effects. As mentioned previously, the finite nature of the
illumination/structure may prevent a complete excitation of the res-
onance, thus resulting in an effectively lower Q-factor. Within the
context of a third-order NL process, for which the output signal
intensity scales as the third power of the Q-factor at fundamental
frequency (P3ω ∝ Q3

FF
24), finite-size effects become more crucial. To

better understand this point, it is useful to recall that, from an exper-
imental point of view, in the Z-scan experiment, the sample moves
along the propagation direction (z-axis) of a focused beam. There-
fore, the number of unit cells illuminated by the laser spot changes
as the sample moves along z. In particular, the number of illumi-
nated cells is large when the sample is far away from the focus, and
it decreases to a minimum as the focus is reached. Therefore, the
level of excitation of the LR changes as the sample position varies,
and so does the value of the Q-factor ascribed to the finite-size
region optically excited. In order to provide an estimation of the
effective value of the Q-factor probed in the NL experiment, it is
possible to interpret a Z-scan trace obtained for the patterned mem-
brane as the average response of the electric field confinement due
to the LR. Therefore, by assuming an effective number of illumi-
nated cells of Neff ≃ 66 (see the supplementary material, Sec. S5C),
the corresponding value of the Q-factor is Q

⟨N⟩ ∼ 150, obtained from
the numerical results in Fig. 2(b). Therefore, the correction term
due to the finite-size effect can be estimated as ηFS = (Q⟨N⟩/Q∞)

3

= (150/310)3
≃ 0.113 (since a third-order process is involved).

Finally, taking into account both spectral bandwidth and finite-size
effects, the resulting theoretical f parameter can be estimated as
f theo
= ηTHG ⋅ ηFS ≃ 2.3, which is compatible with the value retrieved

from Z-scan experiments ( f exp
∼ 3.4 − 5). In order to include the

effect of absorption (abs) losses, we numerically calculated the trans-
mittance spectra by assuming a nonzero imaginary component of
the refractive index of SiN (kSiN), as suggested by previous stud-
ies14 (see the supplementary material, Sec. S7B for more details).
By assuming kSiN = 0.01, we obtained Qabs

∞ ∼ 74 and Qabs
⟨N⟩ ∼ 55.

Therefore, in the case of optical losses, the estimation of the mag-
nitude of the enhancement factor gives f theo

abs = ηTHG ⋅ ηabs
FS = ηTHG

⋅ (Qabs
⟨N⟩/Q

abs
∞ )

3
= 8.2; therefore, the presence of optical losses con-

tributes to increasing the magnitude of the enhancement factor (still
compatible with the value retrieved with the Z-scan experiments).
Our evaluation of the enhancement factor f theo does not include
the contribution due to the superposition of multiple wave vector
components in the focused light (originating from the presence of
the focusing lens in the Z-scan setup) since, under our experimen-
tal conditions, the modulation of the Q-factor due to out-of-normal
incidence can be neglected (see the supplementary material, Sec. S7C
for additional details). Qualitatively, the meaning of the enhance-
ment factor f considered in this study can be interpreted by recalling
that the Z-scan measurement probes the effect of the NL polar-
ization in the far-field region of the space. The latter quantity
includes various contributions originating from different NL mixing
processes—each one ascribed to a specific element of the bulk χ(3)bulk
tensor—triggered by the localized field distribution in the near-field
region. In this sense, an observer in the far-field can model25 the sys-
tem response via an effective χ(3)eff tensor, where each element of χ(3)eff

includes the contributions from various χ(3)bulk terms, which are sum-
marized by f . In line with previous studies in the context of photonic
crystals,26–28 the analysis has been complemented by the investiga-
tion of metasurfaces featuring elliptical holes in the unit cell. Com-
pared to the circular shape, the elliptical one determines polarization
dependent effects, but it does not introduce appreciable variations
on the magnitude of the enhancement factor (see the supplementary
material, Sec. S7D for additional details). In summary, we fabri-
cated pristine and patterned free-standing SiN membranes, the latter
designed to exhibit a lattice resonant nonlocal mode. The mea-
sured linear optical properties of the fabricated samples have been
numerically investigated to confirm the nature of the probed reso-
nant mode. The NL refractive index n2 and absorption coefficient
β have been determined by the Z-scan method at a wavelength of
750 nm. The magnitude of enhancement of the third-order opti-
cal nonlinearity originated by the LR-induced field confinement has
been numerically addressed, taking into account the influence of the
laser spectral bandwidth and finite-size effects. The results suggest
the potential application of square-lattice patterned SiN membranes
in integrated photonics devices and potential constraints in the
enhancement.

The supplementary material includes fabrication details, SEM
images of fabricated samples, a scheme of the Z-scan setup, details
of beam spatial characterization for Z-scan, additional experimen-
tal closed-aperture traces, additional linear transmittance spectra,
analysis of linear transmittance spectra, details of the theoretical
model for closed- and open-aperture traces, the theoretical model
for the effective number of illuminated unit cells, additional notes
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for numerical simulations, and additional numerical simulations for
varying lattice periods.
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