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Laser direct writing of nonlinear metasurfaces on phase-change
material Ge;Sb,Tes for enhanced third harmonic generation

Lanpeng Guo'', Haochong Liu?, Shixin Gao', Ming Tang?, Minghui Hong? and Tun Cao'*'

Abstract: Nonlinear metasurfaces enable the precise nanoscale control of light—matter interactions and provide a
promising route toward compact and multifunctional nonlinear optical devices by relaxing conventional phase-
matching constraints. However, most reported nonlinear metasurfaces rely on materials with large intrinsic nonlin-
ear coefficients, and their fabrication typically relies on complex and costly electron-beam lithography, raising the
experimental barrier for nonlinear nanophotonics. A nonlinear metasurface fabricated by laser direct writing on
phase-change material Ge,Sb,Tes(GST) is presented in this study. Experimental results show that the structured
metasurface exhibits an approximately 13-fold improvement in third harmonic generation (THG) intensity relative to
an unpatterned amorphous GST thin film. Notably, the observed THG enhancement is primarily dominated by multi-
pole resonances supported by the metasurface, rather than being affected by laser-induced variations in the crystal-
lization fraction. This work extends the laser direct writing fabrication to nonlinear photonics, providing a flexible
approach toward laser-written nonlinear nanophotonic devices and indicating the potential for modulating nonlin-
ear responses within a multipolar framework.
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1 Introduction

Nonlinear nanostructures enable efficient and compact
nonlinear optical processes by enhancing light-matter inter-
actions at the subwavelength scale, offering new physical
pathways beyond conventional bulk nonlinear materials.
Within this field, nonlinear metasurfaces have emerged as a
prominent platform, where artificial nanostructures allow
flexible control over nonlinear optical responses and exhibit
distinctive advantages compared to traditional nonlinear
crystals'. Despite these advantages, the realization of
nonlinear metasurfaces fundamentally relies on materials
with strong intrinsic nonlinearities. Whether in plasmonic
metasurfaces based on metals such as Au'"'°, or in dielec-
tric metasurfaces employing materials including Si'7-2,
Ge?, Ti02?%, GaAs?®?, and AlGaAs®**!, achieving strong
optical field confinement and enhanced nonlinear interac-

tions typically relies on subtractive nanofabrication based on
complex and costly electron-beam lithography techniques,
which substantially raises the experimental limitation for
nonlinear photonics research.

Phase-change materials are characterized by pronounced
optical contrast and tunable structural phases®*>*”. Among
them, Ge;Sb,yTes(GST), as the extensively studied phase-
change materials, has been widely applied across various
research fields**~*, and its nonlinear optical properties have
also been investigated in several previous studies**. As a
centrosymmetric material, GST exhibits a strong third-order
nonlinearity, which is comparable in magnitude to that of
silicon”’, making it a promising candidate for nonlinear
metasurface platforms. Laser direct writing, as an efficient
and highly flexible fabrication technique, has become one
of the available options for nanofabrication® 2 In recent,
the combination of laser direct writing and phase-change
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materials has attracted growing interest in linear photonics,
as it offers a new paradigm for realizing nonvolatile and
reconfigurable nanophotonic devices***-%>. This emerging
approach also opens new opportunities for extending such
conceptstononlinear photonics, enablingalternativeroutesfor
the design and fabrication of nonlinear nanophotonic
structures.

This work demonstrates a nonlinear metasurface fabri-
cated by the laser direct writing on a GST thin film, leading
to a significant enhancement of the THG signal. Specifically,
a two-dimensional periodic array of circular crystalline
regions is patterned within an amorphous GST film via laser
direct writing, as shown in Fig. 1(a). This nonlinear meta-
surface supports strong Mie resonance, as shown in Fig.
1(b), which lead to an order of magnitude enhancement of
the THG signal. Additionally, we observe that the fully crys-
tallized GST film exhibits a weaker THG signal compared
with the amorphous GST film. This finding suggests that the
observed THG enhancement is primarily dominated by the
Mie resonance rather than by laser-induced changes in the
crystallization fraction. Such enhancement can be inter-
preted within a multipole decomposition framework, high-
lighting a promising route for nonlinear multipole engineer-
ing enabled by laser direct writing. This work experimen-
tally demonstrates a laser direct written nonlinear metasur-
face based on phase-change materials, providing a new
perspective for the nonlinear photonics.

2 Results and discussion

Figure 1(a) schematically illustrates the nonlinear metasur-
face investigated in this work. The nonlinear metasurface
consists of circular crystalline regions periodically arranged
in a square lattice, surrounded by an amorphous GST back-
ground. The advantage of adopting a circular geometry lies
in its intrinsic formation during the laser direct writing
process, eliminating the need for additional beam shaping.
we have optimized the design parameters of the unit cell,
such as lattice constant, diameter of the circular crystalline
region, and the thickness of the GST film, which achieves

optimal near-field localization at the target pump wave-
lengths. The structural parameters of the unit cell are
presented in Fig. 1(b). During sample preparation, an amor-
phous GST layer with a thickness of 50 nm is deposited onto
a SiO; substrate and protected by a 30 nm Al O3 layer. The
oxidation of GST in ambient air is effectively suppressed by
the Al,O3 capping film, thereby maintaining its long-term
stability during operation®® (see Methods for fabrication
details). Local crystallization patterning is then performed
using a home-built laser direct writing system, producing a
periodic two-dimensional array of circular crystalline
regions within the GST film. Figure 1(c) presents an optical
microscopic image of the fabricated sample, while the inset
displays a magnified view of an individual meta-atom. A
pronounced optical contrast between the patterned regions
and the surrounding amorphous GST film is observed,
which is consistent with the significant refractive-index
difference between crystalline and amorphous GST and
provides evidence for the crystallization of the laser-written
regions. Due to thermal diffusion and laser power fluctua-
tion during the direct writing process, the crystalline regions
exhibit minor morphological and positional deviations.
Specifically, higher laser power and slower scanning speeds
increase the thermal accumulation within the phase-change
material, thereby enlarging the structural feature size. Addi-
tionally, the edge sharpness is correlated with the deposition
of the GST thin film, rather than being solely dictated by the
laser processing parameters. Nevertheless, these imperfec-
tions do not significantly affect the optical response, demon-
strating that the targeted resonance is relatively tolerant to
geometric imperfections. A detailed statistical analysis of the
size distribution and positional deviations of the crystalline
regions can be found in Section 2 of the Supplementary
information.

2.1 Linear optical properties

To establish a clear physical picture for the observed THG
enhancement, the reflection of the metasurface is character-
ized theoretically and experimentally. Figure 2(a) presents

ALO,
I \ 3w Sio,

a-GST

c-GST

10 um 1pm

Fig. 1 | Nonlinear metasurface realized by laser direct writing. (a) lllustration of the metasurface together with the fabrication procedure. (b)
lllustration of the Mie-resonance mechanism and the corresponding meta-atom geometry (period p = 1.7 pym, GST thickness h = 50 nm, crys-
talline region diameter d = 1 ym). (c) Optical micrograph of the fabricated sample; the inset presents a magnified view of a single meta-atom.
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numerical results of the reflection spectra for an amorphous
GST film and the metasurface. While the unpatterned film
exhibits a featureless profile, the metasurface shows a
distinct resonance dip at 2.73 um. It suggests the excitation
of a strong resonance at this wavelength. The resonance is
enabled by the refractive index difference created through
laser-induced crystallization of GST. The optical contrast
between the crystalline and amorphous (An = 1.63 at
2.73 um)* leads to strong localization of the incident elec-
tric field within the crystalline regions. Correspondingly, the
reflection spectrum measured by FTIR spectroscopy is
shown in Fig. 2(b), exhibiting a resonance dip near 2.73 um.
Compared with the numerical simulations, the spectral
broadening of the resonance is largely due to the fabrication
imperfections. Additionally, several other experimental
factors also contribute to this difference, including the finite
size of the metasurface array, potential partial crystallization,
surface roughness. The small ripples observed in the
measured curves result from instrumental noise and envi-
ronmental fluctuations during the FTIR characterization.
Despite these minor spectral ripples, the overall resonant
profile and the position of the dip are distinguishable and
identical to the numerical prediction. Furthermore, the opti-
cal constants (n and k) used in the simulations were
extracted from spectroscopic ellipsometry measurements of
GST films crystallized under the same laser-writing condi-
tions as those employed for the fabrication of the metasur-
face. The good agreement between the simulated and experi-
mental reflection spectra therefore provides further evidence
that the laser-written regions possess optical properties
consistent with those of crystalline GST.

To clarify the physical mechanism responsible for the
observed resonance, a multipole analysis based on finite-
element simulations was carried out for the metasurface.
Figure 3(a) schematically depicts the electric dipole reso-
nance and the multipole contributions are shown in Fig.
3(b). The scattering power has a strong electric dipole reso-
nance, while contributions from other multipoles are negli-
gible. Consequently, the resonance in the proposed metasur-

face arises from this specific resonant mode. It is notewor-
thy that the proposed metasurface does not rely on a high-Q
factor resonance, thereby providing inherent robustness
against fabrication imperfections. The defects shown in Fig.
1(c) have a negligible influence on the excitation of the Mie
resonance. Further information regarding the multipole
decomposition approach is available in the Supplementary
information. Figure 3(c) and 3(d) present the normalized
electric and magnetic field distribution within GST layer. In
Fig. 3(c), the electric field exhibits strong localized enhance-
ment both inside and at the opposite ends of the crystalline
GST, with its orientation aligned with the incident field
(along x axis). In Fig. 3(d), the magnetic field forms a closed
loop within the crystalline GST and exhibits localized
enhancement on both sides of the resonator. Compared with
the electric field, the magnetic-field enhancement is less
pronounced. Similar features can also be identified from the
current density distributions in Fig. 3(c) and 3(d).

2.2 Nonlinear optical measurement

The nonlinear response of the fabricated sample was charac-
terized using the THG measurement system illustrated in
Fig. 4(a). Femtosecond pulses were provided by an optical
parametric amplifier (OPA) covering wavelengths from 2.4
to 2.9 um and delivering pulses of 190 fs. A lens (f = 15 mm)
was employed to focus the excitation beam onto the sample,
producing a spot diameter of approximately 40 um. The
generated THG is collected by an objective 20x with 0.45
numerical aperture (NA) and filtered by a short-pass filter
before being coupled to a spectrometer. We emphasize that
the laser peak power density applied to the metasurface is far
below the crystallization threshold of GST*® and is therefore
insufficient to induce crystallization or cause damage to the
metasurface during the measurement. Details of the optical
setup can be found in the Methods and Fig. 4(a).

The metasurface enhancement factor is calculated as a
ratio of the THG power generated by the sample to that of
an unpatterned amorphous GST layer under the same
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Fig. 2 | Simulated (a) and measured (b) reflection spectra of amorphous GST and the metasurface.
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Fig. 3 | Electric dipole resonance supported by the metasurface. (a) Schematic illustration of an electric dipole resonance in metasurface. (b)
Multipole contributions of the metasurface. (c) Electric and (d) magnetic field distributions within the GST layer, and the arrows show current

density distribution.

conditions. In Fig. 4(b), the THG enhancement spectrum
agrees well with the far-field reflectance dip induced by the
electric dipole resonance. Under excitation at 2.73 pm, the
metasurface provides a maximum enhancement factor of 13.
The reported THG efficiency includes only the forward-
emitted signal, while THG radiation is generated in both
forward and backward directions. Figure 4(c) shows the
simulated THG enhancement factor. In the calculation, the
third-order susceptibilities for amorphous and crystalline
GST are taken as y ., ~825x107"m?/V? and
Xoosr &~ 9.9 x 107 m?/V?, and the third-order susceptibili-
ties of the SiO, substrate and Al,Oj protective layer are
negligible. It is observed that the simulation and experimen-
tal results are consistent.

Subsequently, the THG conversion efficiency, defined as
N = Prig/Ppunp (Where Pryg is the forward-emitted THG
power and Ppypp is the incident pump power), is evaluated at
2.73 pm. Figure 4(d) shows that the conversion efficiency is
proportional to the square of the pump intensity. Because
the THG intensity follows a cubic relationship Prug ©°
(Ppunp)’, the conversion efficiency scales quadratically
N = Prig/Ppunp resulting in a theoretical slope of 2 in the
log-linear plot. At an excitation wavelength of 2.73 um, the
conversion efficiency of the metasurface reaches 2.3 x 1071
at a pump power of 6.7 mW. It should be noted that the
aforementioned results alone cannot completely rule out an
alternative explanation, namely whether the observed THG

enhancement originates from an increased fraction of crys-
talline GST induced during the laser direct writing process.
To address this issue, we further compare the THG power of
unpatterned crystalline and amorphous GST films, with the
results presented in Fig. 4(e). Despite the theoretically larger
x° of crystalline GST, which exceeds that of amorphous GST
by roughly one order of magnitude”, the experimentally
observed THG intensity from the amorphous film is more
than two times stronger than that from the crystalline coun-
terpart. This behavior can be attributed to the significantly
higher optical loss of crystalline GST in the pump wave-
length range, which suppresses efficient nonlinear conver-
sion despite its larger intrinsic x*. These experiments clearly
show that the observed THG enhancement is primarily
governed by the electric dipole resonance supported by the
metasurface, rather than being influenced by the crystalliza-
tion fraction introduced during laser writing.

3 Conclusions

We have demonstrated a laser-written nonlinear metasur-
face based on GST, which improves the THG conversion
efficiency by a factor of 13. In particular, we utilize the laser
direct writing to pattern periodically arranged circular crys-
talline domains on the amorphous GST film, which supports
electric dipole resonances to achieve THG enhancement.
This strategy can be further implemented in phase-change
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Fig. 4 | THG measurement of the metasurface. (a) Experimental configuration for THG measurements. LPF: long-pass filter; SPF: short-pass
filter; DM: dichroic mirror; BS: beam splitter. (b) THG enhancement factor of the metasurface (with respect to an unpatterned amorphous GST
film) measured at 0.8842 GW/cm?. (c) The corresponding simulated THG enhancement factor of the metasurface. (d) Measured conversion
efficiency (on a logarithmic scale) of the metasurface under excitation at 2.73 ym as the average pump power varies. (e) Measured THG
enhancement factor of the amorphous GST film (with respect to an unpatterned crystaline GST film) under the same measurement condition.

materials exhibiting stronger nonlinear responses and lower
optical losses, such as GSST and IST, combining with care-
fully designed crystallization patterns that could support
high-order Mie resonance, which may allow further
enhancement and control of the nonlinear response. Over-
all, this work highlights the potential of laser direct writing
in nonlinear photonics, providing a flexible approach
toward laser-written nonlinear nanophotonic devices and

indicating the potential for modulating nonlinear responses
within a multipolar framework.

4 Methods

Nonlinear metasurface fabrication: The SiO, substrates are
first ultrasonically cleaned in isopropanol and deionized
water for 15 min each, followed by nitrogen drying. The
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cleaned SiO, substrates are subsequently coated with a
50nm GST layer using an AJA magnetron sputtering
system, where the deposition rate is maintained at 0.1 nm/s.
The deposited film remained in the amorphous state. Subse-
quently, a 30 nm Al O3 protective layer is deposited on the
GST surface using the same sputtering system at a deposi-
tion rate of 0.01 nm/s. Local crystallization is performed
with a home-built laser direct writing system. Additional
information on the laser direct writing system can be found
in the Supplementary information.

FTIR measurements: Reflection spectra are recorded
using a Bruker Vertex 70 Fourier-transform infrared spec-
trometer integrated with a Bruker Hyperion 2000 micro-
scope. Measurements are carried out using a 15x grazing-
incidence objective (NA = 0.4). For each measurement, 100
scans are accumulated with a resolution of 4 cm™!.

THG measurements: The samples are excited by a tunable
femtosecond source using a Pharos Yb:KGW amplifier and
an Orpheus OPA, producing pulses of approximately 190 fs,
repetition rate is 800 kHz. The THG spectra are collected
with a spectrometer (Teledyne Princeton Instruments, HRS-
500) equipped with a cryogenically cooled CCD camera
(Teledyne Princeton Instruments, PyLoN).

Numerical simulations: The frequency-domain finite-
element method (FEM), implemented in COMSOL Multi-
physics, is employed for all numerical simulations. The
complex refractive index of SiO, are obtained from the
COMSOL database, while the complex refractive index of
GST is measured by spectroscopic ellipsometry (J.A. Wool-
lam Co, IR-VASE Mark II) from GST films crystallized
under the same laser-writing conditions as those employed
for the fabrication of the metasurface. A plane wave is used
as the excitation source. Periodic boundary conditions are
imposed along the x and y axes, while perfectly matched
layers (PML) were defined in the z direction. The mesh reso-
lution is refined to a minimum size of 5 nm. Details of
multipole decomposition and nonlinear calculations are
available in the Supplementary information.
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