Positive-tone Nanolithography of Antimony Trisulfide with Femtosecond Laser Wet-etching
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Abstract: Antimony trisulfide (Sb,Ss), as an emerging material for integrated photonic devices, has attracted significant
attention due to its high index, low loss, and phase-changing property in the optical regime. However, conventional
lithography-based fabrication methods involve complex, time-consuming, multistep processes, rendering the photonic
application of Sb,S; challenging. Here, we demonstrate that positive-tone fabrication of Sh,S; nanostructures using wet-
etch femtosecond laser processing, a straightforward technique for the engraving of micro- and nanoscale structures, can
address major fabrication challenges. The patterning mechanism and factors influencing resolution of Sb,S; thin film
structures deposited on quartz (transmissive) and gold (reflective) substrates are experimentally investigated and
supported by theoretical modelling. Using this approach, the smallest linewidth fabricated is measured at 178 nm.
Consequently, multiple test patterns are demonstrated showing versatile functionalities. Functional Fresnel Zone Plates
(FzPs) with varying focal length are fabricated and characterized. This study provides a significantly simplified approach

for realizing Sh,S; based integrated photonic devices.
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1.Introduction:

In recent years, Sb,S; has attracted considerable interest as a potential material for use in lab-on-chip devices operating
within the VIS-IR region. The factors that have led to this increased interest are its distinctive optical properties, including
high refractive index, low optical loss, phase-changing, high nonlinearity, semiconducting nature, and topological effects’-
3. Compared to commonly used optical materials such as quartz (SiO2), PMMA, SU-8, and IP-Dip (Nanoscribe GmbH),
Sh,S; offers a significantly higher refractive index contrast while maintaining low optical losses which is essential for
fabricating efficient and compact optical waveguides?, hollow cavity metalenses and photonic crystals®¢. These
characteristics make Sb,S; an ideal material for creating high-performance diffractive optical elements (DOEs) and
metasurfaces’. Moreover, Sh,S; is a phase-change material, which renders it particularly suitable for rewritable photonic
devices. It exhibits a high refractive index contrast (An =~ 0.6 at 1550 nm) between its amorphous (a-Sb,S;) and crystalline
(c-Sh,S;) states®9. The material can undergo multiple phase transitions, switching from amorphous to crystalline through
thermal annealing and back to amorphous using high-intensity femtosecond (fs-) laser pulses?®. Recent research has
focused on various lithography methods to fabricate Sb,S;-based nanostructures for optoelectronic devices. H. Liu et al

adopted 780 nm fs-laser to fabricated rapid-switching and color-changing devices based on c-Sb,S; films®. Rui Chen et



al. used electron beam lithography (EBL) to integrate Sb,S; into a silicon photonic platform, achieving 5-bit operation with
high cyclability and low loss0. Wang et al. employed direct laser interference patterning to create 2D grating structures on
¢c-Sh,S;, achieving a power conversion efficiency of 73% in structured solar cells!!. In subsequent work, Wang et al.
demonstrated the versatility of direct patterning Sh,S3 nanostructures using an Sh-butyldithiocarbamic acid (Sb-BDCA)
molecular precursor solution via techniques such as ultraviolet photolithography (UVL), EBL, two-photon absorption
lithography (TPAL), and thermal scanning probe lithography'2. More recently, W. Wang et al. showed that Sb,S;
nanostructures with customizable lateral and vertical profiles (3D forms) can be achieved by adjusting the electron beam
irradiation dose during grayscale EBL".

Until now, these patterning approaches have focused on the negative-tone (additive manufacturing) fabrication of Sb,S;.
However, positive-tone (subtractive manufacturing) patterning of Sb,S; remains unexplored. In this work, we report the
positive-tone fabrication of a-Sb,S; structures using a fs-laser assisted wet-etching approach for the first time. Compared
to methods such as UVL, EBL, and TPAL, etching-assisted fs-laser processing offers advantages in terms of
straightforward, convenience, rapid prototyping, and cost-effective generation of complex patterns and freeform
structures!314, UV photolithography offers high throughput and sub-micron resolution for mass production, but is limited to
planar fabrication and requires expensive photomasks EBL achieves sub-10 nm resolution, making it ideal for nanoscale
structures, while its slow speed, high cost, and lack of scalability limit it to prototyping. TPAL offers sub-micron resolution
(~100-200 nm) and smooth 3D patterning, but remains a serial process with scalability dependent on master replication.
Compared to these methods, fs-laser wet etching balances precision and material versatility, making it a promising
approach for next-generation planar optics. We demonstrate fs-laser assisted wet-etch patterned Sh,S; structures on both
quartz (SiO2) and gold (Au) substrates, showing the versatility in the fabrication of transmission and reflection based optical
devices such as dielectric-loaded waveguides!4, photonic integrated circuits'®, and metasurfaces!é. Moreover, our
patterning capabilities on metals, provide the opportunity to fabricate tunable high-index dielectric loaded plasmonic
metasurfaces?’, ultrathin non-volatile displays® and plasmon-based spectrometer-free index sensors!8 without the need for
an intermediate adhesion layer.

2. Results and Discussion

2.1 Femtosecond laser assisted pattering of a-Sh2Ss
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Scheme 1. (a) Synthesis of butyldithiocarbamic acid (BDCA) via the reaction of CS2 and n-butylamine. (b) Formation of a-
Sh.S3 via the decomposition of Sb-BDCA complex. (¢) Wet-etching of a-Sh2Sz using a fs-laser pulse in the presence of
BDCA.

The foundation of this work involves a BDCA based organic etchant. It is synthesized by the reaction of carbon disulfide
(CS) with n-butylamine (Scheme 1a) and was introduced by Nomura et al. in 1988°. BDCA solution’s relatively low cost
and low toxicity has made it a precursor solvent for spin-coating process in recent years11.12 while also serving as a versatile
solvent for dissolving metal oxides (MxOy) and hydroxides (M(OH)x). This occurs through the reaction of BDCA with MxOy
or M(OH)x, yielding metal-organic complexes (M(BDCA)x). Under external stimuli, such as thermal energy or electron beam
irradiation, these complexes decompose into corresponding metal chalcogenides (Scheme 1b)11.12.20,
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Figure 1. Schematic of femtosecond laser assisted wet-etching of a-Sb2Ssz thin film on gold substrate. Similar
steps are followed for printing structures on quartz substrate. (a) Stepwise display of the structuring procedure. Step 1:
Deposition of Sb-BDCA complex onto the target substrate via spin-coating. Step 2: a-Sh2Sz film obtained after annealing
the Sb-BDCA coated substrate at 180°C for 10 minutes. Step 3: The desired structures are fabricated using femtosecond
laser assisted wet-etch in BDCA acid. Step 4: Excess BDCA and removed material is removed during the development
process. (b) Schematic diagram of femtosecond laser assisted wet-etching on a-Sb2Sz using BDCA. (c) i. Bright field
(BF) optical microscope image, and ii. SEM image of the patterned structure iii. EDX element mapping showing the gold
surface from the laser exposed region indicating removal of a-Sb2Ss. iv. EDX element mapping confirming the presence

of elemental sulphur in the a-Sb2Ss layer surrounding the print.

In 2017, Xiaomin Wang et al. demonstrated the thermal decomposition of Sb-BDCA for the fabrication of Sbh,S; thin films?21,
Subsequently, Wei Wang et al. extended the use of metal-BDCA complexes to direct lithographic patterning of metal
chalcogenide nanostructures??. It was found that under fs pulsed irradiation at 780 nm, Sb,S; can be dissolved in the
presence of BDCA (Scheme. 1c). This enables a selective removal (wet-etching) of Sb,S; realized by steering the
femtosecond laser focus. The positive-tone patterning process of Sb,S; is illustrated in Figure 1a. First, a diluted Sb-BDCA
solution is spin-coated onto the target substrate (Step 1 in Figure 1a). Following thermal annealing (Step 2 in Figure 1a),
a compact a-Sh,S; thin film with ~66 nm thickness is obtained on the substrate as a result of the decomposition of Sh-
BDCA (Scheme. 1b). During the etching process (step 3 in Figure 1a), the BDCA etchant is placed between the a-Sbh,S;
thin film and the high numerical aperture (NA = 1.4) objective, i.e., used as both etchant and immersion medium. The 780
nm fs-laser beam is tightly focused on the a-Sh,S; film (Figure 1b). Under laser irradiation, the a-Sh,S; film is selectively
etched by the BDCA (Scheme 1c). Pattern writing is achieved by steering the laser focus along a pre-programmed path,
i.e., controlled by computer-guided galvo mirrors. Finally, in the development step (Step 4 in Figure 1a), the substrate is
rinsed to remove residual BDCA etchant, completing the patterning process.



A well-defined pattern can be clearly seen from both optical (Figure 1c(i)) and SEM (Figure 1c(ii)) images. Energy-
dispersive X-ray (EDX) spectroscopy was employed to analyze the elemental composition of the developed structure. The
laser-exposed regions showed the presence of gold (Figure 1c(iii)), confirming the removal of a-Sb,S3, while the non-
exposed areas contained sulfur (Figure 1c(iv)). Elemental mapping demonstrated that the “Sbh,S;” pattern forms trenches,
indicating the femtosecond laser assisted patterning method presented here as positive-tone lithography.

2.2 Resolution and depth of femtosecond laser assisted wet-etching on a-Sb>Ss

The full width at half maximum (FWHM ) of a tightly focused beam used for the inscription is determined to be ~ Z?V—OA (Abbe

limit, A, is the vacuum wavelength) in homogeneous medium?2. However, in multilayer structures, the focused beam profile
becomes complex due to standing wave patterns?3. In practice, the laser intensity, the laser pulse property, scanning
speeds, film thickness, material’s etching threshold and film refractive index codetermine the laser writing resolution?4. To
obtain fine feature size, using high NA objective and decreasing film thickness are common methods to optimize spatial
resolution. In our device, which comprises of a thin film (66 nm) of a-Sbh>Sz layer sandwiched between SiO2 and BDCA or
Au and BDCA, the interaction between propagating plane waves at the SiO2/a-Sh>S3 and Au/a-Sh>Sz boundaries, form a
standing wave. This phenomenon is analytically described in ref. 25, where monochromatic waves interfering at substrate-
thin film boundaries create spatially fixed-phase standing waves.

To study the shape formation mechanism and spatial resolution in femtosecond laser processing, we employed the Finite-
Difference Time-Domain (FDTD) method for various substrates (more details given in the Part SI of Supplementary
Information). Figure 2a shows the intensity distribution (I = |E|?) of a tightly focused (NA = 1.4), 780 nm linearly polarized
Gaussian beam in the BDCA/a-Sh2S3/SiO2 multi-layered structure. As illustrated in Figure 2a (top), the highest intensity is
located 177 nm below the a-Sh2S3 /BDCA interface. The intensity distribution along the optical axis (z direction) is also
shown in Figure 2a (left). The source plane is scanned in the FDTD simulation setup to obtain the highest possible intensity
( Imax) value and smallest possible FWHM value at a-Sb2Ss/BDCA interface (at z = 0 nm position). We found through
shifting the laser beam focus in the FDTD environment both in +z and -z direction, it is not possible to localise the strongest
intensity inside the a-Sh2Ss layer (see Supplementary Figure S5). The positions of wave nodes are almost not changed by
the source position (see Supplementary Movie S2), thus spatially fixed-phase standing waves were formed in the tightly
focused scenario. This phenomenon can be attributed to the large refractive index mismatch of BDCA solution (n = 1.57)
and a-Sb2Sz (n = 2.43), which leads to partial reflection (12.8 %) at the a-Sb>S3/BDCA interface. The superposition
(interference) of incident (source) and reflected plane wave components leads to the maximum focal spot inside the BDCA
layer (Supplementary Figure S5)23. The I,,,, value in the a-Sb2Ss/BDCA interface is 50.8 V2/m? (Figure 2a (top)) with
FWHM = 279 nm, which is close to the Abbe limit (278 nm)?26.

The situation is totally different in a BDCA/a-Sh2Ss/Au multi-layered structure. As can be seen in Figure 2b, the strongest
intensity is located at a-Sh2S3/BDCA interface. This can be attributed to the fact that the incident light gets mostly reflected
(63.3%) at the 200 nm thick Au layer (see Supplementary Figure S2e and S6). A direct result of the strong reflection is an
enhanced interference. The I,,,4, is recorded as 432.8 V2/m? in the middle of a-Sh2Sz layer (Figure 2b(top)). In our FDTD
implementation, the position of the maximum intensity while keeping the a-Sb2Ss film thickness at 66 nm, is always at a-
Sh>S3/BDCA interface (see Supplementary Figure S6 and Movie S3), which shows another case of fixed-phase
interference. The FWHM at the interface is recorded as 300 nm. Thus, based on the FDTD results, we can predict that the
patterning on Au would require much less laser power than on SiO2 due to the high laser power at a-Sb>S3/BDCA interface.
However, the resolution should be better on SiO2 substrate because of the relatively narrow beam width (FWHM).

Following the simulation results, we performed experiments by continuously exposing the sample with different laser
powers, ranging from 4.4 to 17.6 mW under the same scanning speed (200 um/s). A series of 26 1D-linear gratings were
patterned on the SiO2 and Au substrate (as indicated in the inset of Figure 2c and 2d with laser power increasing from
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Figure 2. FDTD simulations and AFM based depth characterization of linear grating structures on SiOzand Au
substrate. Intensity distribution along the XZ plane sectioning the BDCA/a-Sbh2S3/SiO2 (a) and BDCA/a-Sbh2Ss/Au (b)
multi-layered substrate. The simulated maximum intensity (I,,4,) ahd FWHM at the BDCA/a-Sh>Sz interface (z = 0 hm)
for the BDCA/a-Sh2S3/SiO2 are 50.8 V?2/m? and 279 nm, and for BDCA/a-Sbh2Ss/Au are 432.8 V2/m?and 300 nm. The
trench depth vs scan length plot based on the collected AFM scan data on SiO2 (c) and Au (d) substrate is shown.

Optical BF image of a series of 26 linear gratings patterned both in vertical (left) and horizontal (right) direction on SiO>

(inset, c) and Au (inset, d) substrate with increasing laser power (LP) and constant scan speed of 200 um/s. The red

line displayed in both inset indicates the AFM scan region. Trench depth (blue) and line width (red) of trenches vs the

incident laser power (Error bars represent standard error of the mean (SEM) calculated from multiple repeated

measurements at each laser power value) on SiO2 (e) and Au (f) substrate.



bottom to top (vertically oriented gratings) and left to right (horizontally oriented gratings). Essentially, it can be pointed
out from the optical image of the bottom to top (for vertically oriented gratings) and left to right (for horizontally oriented
gratings). Essentially, it can be pointed out from the optical image of the patterned gratings that deeper grooves appear
at higher laser power. The trench depth was measured with atomic force microscopy (AFM) as displayed on Figure 2c and
2d. In Figure 2e and 2f, we plot the measured line width and trench depth as a function of different laser powers. From
these plots, we can see that the trench depth can be controlled via laser power, showing the possibility of direct write
grayscale (2.5D) lithography 27. Following the trend of the plot it can be observed that for lower laser powers, the ratio
between the trench depth and the line width varies greatly. However, the ratio becomes constant at higher laser powers
indicating a stable morphological control. On SiO2, the required laser power for 100% penetration is 17.4 mW, compared
with 8.6 mW on Au. This phenomenon can be explained by the numerical simulation data, where we predict that with the

same I,4x, the required power on Au is clearly lower than on SiOa.

It is important to note that, given the maximum trench depth, the line width achieved on the SiO2 substrate (Figure 2c) was
significantly smaller compared to the one on the Au substrate (Figure 2d). This indicates that structures with higher
resolution can be attained with the a-Sb2Ss on SiO2 substrate. This fact is vital for the application on fiber end faces 2829,
According to Figure 2e, the smallest line width (100% penetration) achievable is 178 nm on SiOz, this is about 64% of the
Abbe limit. This result is not surprising, as it is very common to obtain sub-diffraction limited resolution with direct laser
writing 2233032, The laser intensity distribution, scanning speeds, film thickness and film refractive index are the major
factors affecting the laser writing resolution?4. The smallest width (100% penetration) is ~350nm on Au (Figure 2f). The
resolution on quartz is better than on gold, which also agrees well with the FDTD simulation results.

2.3. Demonstration with various test patterns:

To demonstrate the fabrication potentials, special test patterns were patterned on both the transmissive (SiO2) (Figure 3a)
and reflective (Au) (Figure 3b) substrates. These nanopatterns were created with pre-defined parameters containing
variable laser powers and scan speeds (details regarding the nanopatterns is provided in Supplementary Figure S8). Here
we present single items from each individual structure for the ease of representation. The nanostructured patterns as
portrayed in Figure 3a(i-iii) and Figure 3b(i-iii), were used from Nanoscribe’s test pattern library. The grating structure
shown in Figure 3a(i) and Figure 3b(i) contain variable periodicities used for measuring lateral resolution in 2D. The
periodicity range spanned between 0.5, 1, 1.5 and 2 pm from bottom to top in the Y-direction and from left to right in the
X-direction. The highest achievable resolution can be quantified by studying the smallest periodicity that can be separately
resolved. It can be observed that the gratings patterned on SiO2 substrate (Figure 3a(i)) have better resolution compared
to the Au substrate (Figure 3b(i)). This can be explained once again from the resolution and depth characterization test
given in Figure 2. The line patterns appear identical along X and Y-direction on both substrates. Figure 3a(ii) and Figure
3b(ii) demonstrates the trajectory test pattern which is used to test the accuracy with which the programmed coordinates
are imaged into the substrate during the printing process. At high scan speeds during the printing process, a 90° corner is
very difficult to shape. Hence this test pattern gives a good grasp on how structures with varying morphology would appear
during/after printing. It can be observed from both the test patterns on SiO2 and Au substrates that a good control over

varying trajectories can be achieved.

Next, we fabricated structures resembling a bull's-eye grating or circular Bragg grating (Figure 3a(iii) and Figure 3b(iii)),
comprising concentric rings surrounding a central aperture, on both SiO, and Au substrates. These structures were used
to evaluate the patterning quality within the Galvo scan field, demonstrating stable performance across varying ring radii.
Notably, the ability to create such geometries enables the fabrication of both transmission- and reflection-based flat optics,
including metalenses, gratings, diffractive optical elements (DOEs), and zone plates—offering a promising, miniaturized
alternative to bulky and expensive conventional refraction-based optics1633:34, Such structures can also be employed for
improved light coupling into optical fibres 28.2°. Furthermore, the utility of this technique can be extended to create complex
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Figure 3. Test pattern for evaluation of various geometric patterns on (a) transmissive (SiO2) and (b) reflective
(Au) substrates. i. 2D gratings with changing periodicities patterned in both horizontal and vertical direction ii. Trajectory
test structure with varying corner angles iii. Concentric rings showing bull’s eye type grating structures iv. Bright field
optical image of ACG structure with azimuthal angle dependant varying periodicity, ranging from 1000nm at the 0°
azimuthal angle till 200 nm at the 180° azimuthal angle v. Dark field optical image of the ACG displaying dispersion

spectrum. Scale bar = 10um for all images.

photonic structures on non-wafer substrates such as optical fibers, which is difficult to realise conventionally due to
complicated multi-step fabrication process?®®.To further demonstrate the potential of our positive-tone printing approach in
metasurface fabrication with variable periodicities, we patterned azimuthally chirped gratings (ACGs) on both SiO2 and Au
substrate. ACGs disperse broadband white light illumination into its constituent wavelengths via its azimuthally varying

periodicity (as seen in Figure 3a(iv,v) and Figure 3b(iv,v)), effectively displaying its colour sorting quality.

2.4. Demonstration with a-Sb2S3 Fresnel Zone Plates

Refractive lenses are widely used in optical systems and daily life, but their bulky size renders them incapable of meeting
the growing demand for miniaturization in integrated optical systems 36-38, The Fresnel Zone Plate (FZP) is a typical planar
diffractive optical device that consists of alternate concentric rings of optical transmittances (amplitude type) or various
thicknesses (phase type) °. The light beams transmitted by FZPs interfere constructively at the designed points (see
Figure 4a). Various DOEs and hybrid FZPs have been recently fabricated through holographic femtosecond lasers on
metal films 49, direct laser write assisted etching of graphene oxide 41 and EBL assisted monolayer MoS: based reflective
metalens 42, However, the aforementioned methods often involve fabrication techniques that have slow throughput, limited
resolution and low surface quality 13. Our approach of wet-etch femtosecond laser assisted fabrication of Sh>S3 mitigate
the fabrication bottlenecks by providing a method to pattern mask-free, high resolution and single layer FZPs.

For the design of a binary FZP, the radial spatial patch path difference equation is given by 39:

fP+n2—f=nd )

where, f is the designed focal length, n is the number of nt zone (n =1, 2, 3, 4....), ;, is the radius of the nt zone, 1 is the
wavelength in the designed working medium. With a fixed f value, n defines the resolution limitation (numerical aperture)
of the FZP. The binary zone plate in our case represents the most basic two-level approximations. As depicted in Figure

4a, each zone has an additional 2 phase shift. Solving Equation (1), we can obtain:
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Based on Equation (2), we created three a-Sb.Ss FZPs with 1 = 633 nm, f = 800, 600, 400 um and n = 18, 20 and 25
respectively. The optical setup used for imaging using the FZPs is shown in Figure 4b. The setup used for optical
characterization consisted of an LED illumination source, followed by the object to be imaged (the target). To showcase
the potential of the concept, we used a ruler with the word “IPHT” written on top (Figure 4c). The SiO2 substrate containing
the a-Sh2S3 FZPs were placed at 11.5 cm distance away from the target. A 50X, 0.7 N.A. objective lens was placed after
the image plane followed by a tube lens through which the rays were focussed on a CCD camera for further characterization

of the image. As seen on Figure 4d, the target was successfully imaged by the FZPs.

The imaging with a lens, it is very common to use the lens equation given by:

F=o ®)

where u and v are the target and image. The magnification M = 5 defines ratio of the height of an image to the height of

an object. Based on Equation (3), we can thus calculate the ratio of the image height as 2:1.5:1 for the f = 800, 600, 400

um FZPs, respectively, which is in good agreement with the experiment results shown in Figure 4d.
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Figure 4. Fresnel Zone Plates (FZP) designed for various focal lengths operating at the wavelength of 633nm.
(a) Design principles behind constructing an FZP. (b) Schematic illustration of the optical setup used for imaging the
target. (c) A centimeter ruler with the handwritten text “IPHT” written on top is used as the target object. (d) Top: various
FZPs with focal length f = 800um, 600um and 400um were fabricated. Bottom: the images obtained with each lens is

shown simultaneously. Scale bar: 50 pm.



3. Conclusion

In this work, positive-tone femtosecond laser assisted wet-etch lithography of a-Sh>Ss is realized for the first time. The
flexibility of this fabrication method enables Sb.Ss based micro- and nano-optical device fabrication on both transmissive
and reflective substrates. We showed that femtosecond laser induced Sh>Sz wet-etching in the BDCA is the decisive
mechanism for the direct patterning process. Our results clearly demonstrate the capabilities of the femtosecond laser
assisted wet-etching method by printing linewidth down to 178 nm while maintaining controlled depth. FDTD was used for
the simulation of the focused light intensity distribution during the pattering process on quartz (transmissive) and gold
(reflective) substrates. The simulation results predict that as a result of more efficient energy concentration, the pattering
on gold substrate would require much less power than on the quartz substrate. However, the printing resolution on quartz
substrate should be better than on gold given the narrow beam width. The experimental observation agrees well with the
simulation results. Various test patterns, especially azimuthally chirped gratings were fabricated as demonstration. In the
end, we fabricated a-Sb>S3 FZPs with varied focal length, demonstrating imaging capabilities. We believe that the reported
method enables a rapid and flexible design and fabrication of lab-on-chip optoelectronic devices in a straightforward
manner. This technology also facilitates the fabrication of nanostructures on unconventional substrates, such as optical
fiber end faces or directly on camera sensors. This unique capability expands the range of potential applications, including

nanostructure-enhanced light coupling into fiber cores?® and lensless microscopy*3.

4. Materials and methods:

Materials: The Sb2Ss thin film was synthesized by well-established protocols from previous publications 21. Antimony (l11)
oxide (Sb203, 99.99%) was obtained from thermo scientific, 1-butylamine ((CH3(CH2)3NH2), 99.5%) and carbon disulphide
(CS2, 99.9%) was purchased from Sigma-Aldrich, and ethanol (CH3CH>OH, 99.99%) was acquired from Merch KGaA. For
the gold substrates, 200nm of gold was sputtered onto 1mm thick fused silica (SiO2) substrate with lateral dimension of 18

X 18 mmz2.

Preparation of Sb-BDCA precursor solution: The BDCA etchant is formed by mixing 2 mL 1-butylamine and 1.5 mL carbon
disulphide in 2 mL ethanol. For synthesizing the Sh-BDCA acid, carbon disulphide (1.5 mL), Antimony (Ill) oxide (1.0 mmol)
and ethanol (2.0 mL) were mixed in a 100 mL three-neck vial and were stirred continuously at room temperature assisted
by magnetic stirring. Into this solution, 1-butylamine (2mL) was gradually added into the vial, following which the solution
was stirred continuously for a duration of 12 hours until a uniform and clear solution was formed. In order to synthesize
Sb2S3 thin film of desired thickness, the Sb-BDCA complex solution was combined volumetrically by mixing ethanol (2 mL)
to Sb-BDCA complex (1 mL). It is worth mentioning here that different thicknesses of Sh.Ss thin films can be manufactured
using this method by controlling the volumetric ratio between Sb-BDCA and ethanol. Afterwards, the precursor solution
was spin coated (Laurell spin coater, model WS-650HZB-23NPPB) on top of fused silica substrate and gold-coated fused
silica substrate separately at 8000 rpm for 30 seconds. The high rotation speed ensures uniform and homogeneous coating
of the Sh-BDCA film on the substrates 11. After spin coating, the substrates were annealed on a hot plate at 180°C for 10
minutes, following which both substrates deposited with amorphous Sb.Ss thin films were obtained.

Wet-etch femtosecond laser assisted lithography: All structures were programmed using Describe programming language
(proprietary software from Nanoscribe GmbH). All patterns were patterned using Nanoscribe’s Photonic Professional GT2
(PPGT2) at room temperature with a pulsed femtosecond erbium-doped fibre laser (Toptica Photonics AG, Munich,
Germany) with centre wavelength at 780 nm. The pulse duration of the laser is 80-100 fs and the repetition rate 80 MHz.
A 63x Qil DIC Plan-Apochromat objective lens with Numerical Aperture (NA) 1.4 from Carl Zeiss was immersed directly
into BDCA acid on top of substrate containing a-Sb2Ss film. We have to emphasize that the index matching for the
immersion lens is additionally satisfied as the refractive index of the BDCA solution is measured as n=1.5749 at 588 nm
vacuum wavelength, which is close to the value of designated immersion oil (n=1.518). After printing, the substrate with
the structure was taken out for development process. The residual BDCA etchant was washed away by isopropanol

followed by sonication in an isopropanol bath for 30 seconds. Afterwards, the substrate was quickly dipped into Novec™



solution (from 3M™) and air dried. For the FZP fabrication on quartz, the scan speed is set at 75 pm/s and laser power is
15.4 mW.

Device and material characterization: The SEM measurements were performed with a scanning electron microscope
Tescan LYRA (Tescan, Brno, Czech Republic). The energy of the exciting electrons was set to 5 keV in most cases. All
energy dispersive X-ray (EDX) analyses were done using a state of the art 30 mm? silicon drift detector (SDD) by BRUKER
(BRUKER Nano GmbH, Berlin, Germany) and the Esprit spectra evaluation software package. The specified energy
resolution of the detector at 5.9 keV (Mn-Ka) is 129 eV. The AFM measurements were performed with a BRUKER
Dimension Edge system (BRUKER AXS, Karlsruhe, Germany) operated in contact mode. Supersharp SNL (silicon tips,

Bruker) probes with a specified tip radius of 2 nm were used.

Numerical simulations: In order to characterize the electric field intensity distribution for a-Sb>Ss film deposited both on
SiO2 and Au substrates, finite-difference time-domain (FDTD) simulation (Ansys Lumerical Inc.) was setup. Simulation
setups consisting of a top layer of BDCA with an index value n = 1.5749, followed by a layer of a-Sh2S3 with thickness 66
nm on a SiO: substrate and Au substrate was created separately in a FDTD environment. The source was set as a X-
polarised converging Gaussian beam source centred at a wavelength of 780nm with N.A = 1.4 and injected along the +Z
direction. A boundary condition of “anti-symmetric” is set to x-min and “symmetric” is set to y-min, which saves 75% of the
required simulation time and memory. The power of the source is measured as 2.37 x 10715 watt based on the far-field
integration (using “farfield3dintegrate” function from Lumerical). This source was used for all the FDTD simulations
presented in this work. In order to view the electric field intensity distribution, a 2D frequency and power monitor was set
cross-sectioning the entire device along the XZ plane. A perfectly matched layer (PML) were used in the Z direction to
absorb the outgoing waves.
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Supplementary Information

Positive-tone Nanolithography of Antimony Trisulfide with Femtosecond Laser Wet-etching

Part Sl: Tightly focused beam in the presence of multilayered structure
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Figure S1. Light distribution in the focal region of a high NA OL. The focusing spot sizes, T and L, are defined at full width
at half maximum (FWHM) of its peak intensity along the transverse (beam waist) and longitudinal (depth of focus)
directions, respectively.

Since its invention in the early 17th century, the optical microscope 44 has attracted significant attention from researchers
due to its ease of operation, precise focusing capabilities, and broad range of applications. Optical microscopy relies on a
system of combined optical lenses to investigate materials of interest. The recent advent of high numerical aperture (NA)
objective lenses (OLs) has enabled light to be focused into sub-micrometer 44 or even nanoscale spots 45, expanding its
utility across diverse fields, including nanofabrication 4647, high-resolution imaging 8, optical data storage 4% optical
acceleration, and optical trapping °°. Conventional optical microscopy primarily operates on a one-photon absorption (OPA)
mechanism. However, under tight focusing conditions, the resulting highly confined focal spot is highly sensitive to various
parameters, including the characteristics of the incident light, the properties of the objective lens, and the optical parameters
of the surrounding medium. A deeper understanding of these factors, along with the ability to tailor focal spot
characteristics, is crucial for optimizing applications. In this supplementary information, we explore the behaviour of tightly
focused laser spots in multi-layered structures. While our discussion focuses on the positive printing of a-Sb,S; on different

substrates, we anticipate that the insights gained can be broadly extended to other applications.

Diffraction, a fundamental manifestation of the wave nature of light, governs the behaviour of tightly focused beams. Figure
S1 illustrates the propagation of a light beam focused by an aberration-free, high-numerical-aperture (NA) objective lens
(OL). In the focal region, rather than converging to a singular point, the focal spot assumes an ellipsoidal shape with
rotational symmetry about the optical axis. The dimensions of this focal spot are characterized by the transverse (T) and
longitudinal (L) extents, with their ratio (L/T) often defined as the aspect ratio (AR) of the laser spot. The finite size of the

focal spot arises from diffraction effects as light propagates through the lens aperture. The lens pupil acts as a diffracting



aperture composed of an infinite number of diffracting points. Near the focal region, the electromagnetic field (EM)

distribution results from the superposition of all diffracted rays emerging from the aperture.

The size and shape of the focal spot have direct implications for the resolving power of an optical microscope. Imaging a
point object can be modelled as a Dirac delta function (often described as §-function)—yields a diffraction-limited focal
spot described by the point spread function (PSF). When two point objects are positioned within the focal region at
sufficiently small separations, their PSFs overlap, preventing their distinction as separate entities. Similarly, in optical
lithography—such as in this work—the minimum feature size that can be fabricated is constrained by the transverse and
longitudinal dimensions (T, L) of the focal spot. Mathematically, optical resolution is often described by the criteria
established by Abbe 22 and Rayleigh 5. While both formulations are conceptually similar, they differ in the numerical
coefficients due to distinct definitions of the minimum resolvable distance between two closely spaced objects. According
to Rayleigh's criterion, the transverse and longitudinal resolution limits are given by 5%

0.61,
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where A, is the wavelength of light in vacuum, NA is the numerical aperture of OL, which is defined as:
NA =nsin6 S(3)

where n is the refractive index of the medium in which the light propagates, and 6 is half of the maximum angle through
which the light is focused into the focal region (Figure S2a). According to these formulae, the resolution of an optical
imaging system is referred to light wavelength A, and the NA of the used OL. Smaller focusing spot and better resolution
can be obtained with higher NA OLs. To be a high NA, one can increase the 8 -angle or use an immersed medium with
higher refractive index, n. The most commonly used immersion medium is a transparent oil with n = 1.518 (at 588 nm
vacuum wavelength), such as Immersol 518 F from Carl Zeiss GmbH. In this work, the refractive index of BDCA acid is
1.5749 (measured with Abbe refractometer 26 from VEB Carl Zeiss Jena, see Table S1).

In practice, one critical problem concerning optical microscopy application is aberration caused by the refractive index
mismatch media, which is primary composed of spherical aberration 52. As illustrated in Figure S2a, when light is tightly
focused through refractive mismatch medium, it does not focus at the designed focal point f, (assume the OL is design at
n, media). Depending on the refractive index of the first and second media (with refractive index n; and n,, respectively),
the focal spot shifts either at the down (F;) or up (F;) of its original focal point f;. According to the work of Joel et al. %3, the
refractive index of plane-parallel sample can be determined based on such focal point displacement. Such focal point
displacement can be easily explained by Snell’s law and ray optics. The Snell’s law 3 states that, for a given pair of media,
the ratio of the angle of incidence (6,) and angle of refraction (8,) is equal to the ratio of the refractive indices of the two
media:

sin@ n

YN SC)
For the case of focusing at BDCA/a-Sh2Sszinterface (see Figure S2c), as ngpca < Na_sph2s3, according to Eq. S(4), the angle
of refraction should be smaller than the angle of incidence (6, < 6;), as depicted in Figure S2b. Thus, one can expect up
shifted and elongated focal spot in this case. Besides, due to the presence of the interface, an undesired phase aberration
is introduced at the original focal plane 55:

S(5)
(604,62, fo) = —fo(nq cos 6, —n, cos 6)
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Refractive index (@780 nm) n k

BDCA 1.575 0.000
a-Sb2Ss 2.431 0.019
Au 0.147 4.741
SiO2 1.454 0.000

Table S1. Refractive index (n+ik) of the materials at 780 nm vacuum wavelength for the FDTD simulation.

(b)

(d) (e)

Sio,

Figure S2. (a) Schematic illustration of the propagation of a tightly focused beam in the refractive index mismatch medium.
nq, n, are the refractive indices of the first and second media, respectively. f, is the focal point in the case of homogeneous
medium (when n,;=n,), and F; and F, the focal points when n, < n, and n, > n, ,respectively. D is the interface between
two media. (b) Focused beam in homogeneous BDCA medium with no refractive index mismatch. (c) Focused beam at
BDCA/a-SbhSs interface, where ngpcs < n,—sp2s3 With the actual focal point shifted up. (d) Focused beam at BDCA/a-
Sh2S3/SiO: interface, with the actual focal point shifted up. (e) Focused beam at BDCA/a-Sb2Ss/Au (200 nm) interface,
where the actual focal point is reflected by the Au layer. For (c) and (d), the thickness of a-Sb2Ssand Au are 66 nm and
200 nm, respectively For the case of focusing at BDCA/a-Sh2S3/SiOz interface (see Figure S2d), the high index a-Sb2Sz is
sandwiched between two low index media (BDCA and SiO2). According to Snell’s law, the focal point is expected to shift

upward qualitatively.
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In 1950’s, Richard and Wolf 56 formulated a comprehensive mathematical representation of the electromagnetic (EM) field
distribution in the focal region of a high numerical aperture (NA) objective lens. Their model accounts for the vectorial
nature of the EM field and is derived using the vectorial Debye approximation. Following Richard and Wolf, Novotny and
Hecht 57 extended the approach to derive analytical expressions for strongly focused EM fields near dielectric interfaces.
Their method incorporates Fresnel transmission and reflection coefficients (Eq. S(6)) within the vectorial Debye
approximation. The Novotny and Hecht method also enables the representation of evanescent (near-field) components at
the glass/air interface due to total internal reflection. In this work, instead of adopting the Novotny and Hecht method, Finite
Difference Time Domain (FDTD) 58 is used for the simulation of the tightly focused field in various multi-layered devices.
For the case of focusing at BDCA/a-Sh2S3s/Au/SiO: interface, (see Figure S2e), the situation is the most complicated. Given
the substantial thickness of the Au layer (200 nm), light transmission is negligible due to gold’s high extinction coefficient
(see Table S1). Instead, the majority of incident light is expected to be reflected, as thick plasmonic materials such as Au,
Ag, and Al effectively impose Dirichlet boundary conditions 8. FDTD is a viable approach for analyzing the electromagnetic
field distribution in this case.

The single wavelength (frequency) FDTD simulations were carried out using Lumerical FDTD Solvers. Figure S3-S6 show
the FDTD simulation results. The refractive index (see Table. S1) of the materials were imported into Lumerical directly as
the device’s optical data. An incident Gaussian wave featured as 2 ym (f,) distance below the focal plane (NA=1.4, type
“thin lens”) along the forward z-axis direction (see Figure S3a) were used as source. The source is also linearly polarized
(along x-axis). A boundary condition of “anti-symmetric” is set to x-min and “symmetric” is set to y-min, which saves 75%
of the required simulation time and memory. The power of the source is measured as 2.37 x 10715 watt based on the far-
field integration (using “farfield3dintegrate” function from Lumerical). This source was used for all the FDTD simulations
presented in this work. As depicted in Figure S3a, two 2D frequency domain monitors were place at the front and end of
the z-axis to record the power transmission (noted as Tran) and reflection (noted as Ref). The transmission and reflection
powers are calculated based on the integration of the Poynting vector. A “.Isf” script was written to generate different source
z-position offset (noted as d) using the same source automatically. Another “.Isf” script was written to export desired data
into the “.mat” MATLAB format automatically. All the data analysis and plots were performed based on MATLAB (version
R2024a).

To assess the quality of the source, we conducted an FDTD simulation of tightly focused light in homogeneous BDCA
media. As shown in Figure S3b, the focal spot in homogeneous media exhibits near-perfect symmetry across the xz-plane
(with z = 0 nm), indicating negligible spherical aberration 5960, Moreover, nearly all incident light is transmitted (with an
efficiency of 99.5%), and no reflection is observed, confirming that the source defined by Lumerical functions as a Total-
Field /Scattered Field (TF/SF) source %8. The TF/SF source technique injects a “one-way” field, eliminating backward-
propagating waves and ensuring that 100% of the injected power is incident on the simulated device. Based on Figure S3c,
the beam waist (T) is 300.6 nm. This value is slightly worse than the Abbe diffraction limit 22 with 0.51,/NA ~ 278.6 nm, but
better than the Rayleigh's criterion (Eg. S1) 51 with 0.611,/NA ~ 339.9 nm. Itis important to emphasize that both theoretical
limits provide reasonable approximations of the focal spot size. However, for high-resolution imaging and nanofabrication
applications, more rigorous methods—such as vectorial Debye theory (e.g., Richard-Wolf or Novotny-Hecht approaches)
or finite element analysis—should be employed for precise calculations. Based on Figure S3d, the depth of focus (L) is
780.3 nm. This value is slightly smaller than the Rayleigh's criterion (Eq. S2) 51 with 795.9 nm. The aspect ratio (L/T) of the



focusing spot is 2.6, which is in good agreement with previous report 52. In summary, the Lumerical source exhibits

exceptional quality due to its aberration-free nature, TF/SF implementation, and diffraction-limited PSF.

Figure S4 shows the FDTD simulation results of focusing at BDCA/a-Sb.Ss interface. As the working mechanism of the
patterning is laser induced a-Sb»S3 etching with BDCA acid, we use the FWHM and intensity at BDCA/a-Sb2Ss interface
(z =0nm) as the evaluation criteria. As depicted in Figure S4b, the beam waist does not exhibit drastic changes with
source offset (noted as d) ranging from -475 nm to 525 nm (we set the default source position at z = —1925nm). The
intensity, on the other side, exhibits obvious changes with offset position. The intensity at BDCA/a-Sb2Ss interface with
d =0nmis 71.8 V2/m? (Figure S4e). In comparison, the maximum laser intensity is 124 V2 /m? (see Figure S3b) without
interface. However, the maximum intensity in the device is 151.8 V?/m?, when positioned at z = —150 nm (in the BDCA
layer), see Figure S7a. This phenomenon is a direct consequence of the superposition (interference) of incident (source)
and reflected plane wave components. It is clear that the intensity distribution in the BDCA becomes periodic because of
the interference. According to the frequency domain monitor, 3.7% of light power is reflected at the interface. In our FDTD
implementation (see Movie_S1.avi), as a result of the interference, it is not possible to position the maximum intensity into
the a-Sb2Saz layer. Thus, spatially fixed-phase standing waves were formed in the tightly focused scenario. It is interesting
to notice that the elongated PSF along z-axis with large source offset value (Figure S4h), this is in good agreement of the

first-order estimation of the focusing behavior shown in Figure S2c.
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Figure S3. (a) xz-plane perspective view of the FDTD simulation setup of tightly focused beam in homogeneous BDCA
media. f, = 2 um is the distance between the focal plane (F,) and the TF/SF source plane. Tran: Transmission monitor.
Ref: Reflection monitor. PML: Perfect Matching Layer. (b) Longitudinal (xz-plane) intensity (E? = EZ 4+ E2 + EZ) map of the
focusing region. (c) The transverse intensity (E?) profile. The beam waist (noted as T) is the FWHM of this profile. (d) The

longitudinal intensity (E2) profile. The depth of focus (noted as L) is the FWHM of this profile.

Figure S5 shows the FDTD simulation results of focusing at BDCA/a-Sh>S3(66 nm)/SiO2 interface. As depicted in Figure
S5b, the beam waist also does not exhibit drastic changes with source offset ranging from -475 nm to 525 nm. The intensity
at z = 0 nm with d = 0 nmis 50.8 V?/m? (Figure S5e). The reflection efficiency is 12.8%, which leads to the enhancement
of interference compared with BDCA/a-Sh2Ss case. The maximum intensity in the device is 205.6 V?2/m?, which still is
positioned in the BDCA layer (at z = —177 nm), see Figure S7b. The shift of the maximum intensity can be attributed to
the interference of incident and reflected plane wave components from the BDCA/a-Sh2Sz and a-Sh2Ss3/SiO: interface. One
can notice the wave front distortion caused by the multi-layers interface (Figure S5c). In our FDTD implementation (see
Movie_S2.avi), it is also not possible to position the maximum intensity into the a-Sb2Sz layer as a result of the interference.
Despite the low laser intensity at the interface, the FWHM of the beam is 279.2 nm (see top image of Figure 2a), which is
the best among all the cases. Thus, one can predict the feature size of the printing on SiO2 substrate should be the finest.

In the future study, it is interesting to try



FDTD simulations with varied thicknesses of a-Sb2Ss, as an effort to check whether is possible to position the maximum
intensity at the BDCA/a-Sh2Ss interface.

Figure S6 shows the FDTD simulation results of focusing at BDCA/a-Sb2S3(66 nm)/Au(200 nm)/SiO2 interface. No
transmission can be detected by the frequency domain monitor, while most of the power is reflected. This result is in good
agreement with the qualitatively estimation given in Figure S2e. A direct result of such strong reflection is the maximum
432.8 V2 /m? light intensity, which is the strongest for all the cases. What is more, the position of the maximum position is
located at the a-Sh2Ss/Au interface (z = 0 nm) position (see Figure S6e and Figure S7c). In our FDTD implementation
(see Movie_S3.avi), the position the maximum intensity is always at z = 0 nm in the range of -275 nm to 325 nm source
position offset. According to this simulation result, we found an optimized laser nanofabrication condition and it is the
reason we use 66 nm thickness a-Sb>Szin practice. The experimental result is in good agreement with FDTD simulation
prediction, where the laser power for full penetration of the a-Sb.Ss layer is 8.6 mW on Au, which is only 48.9% of the
power on SiOz. Despite the high intensity at the BDCA/a-Sb.Ss interface, the FWHM of the field is 300.4 nm. Once can
predict that the feature size on Au substrate should be larger than the one on the SiO2 substrate, as a result of the increased
FWHM value.
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Figure S4. (a) xz-plane perspective view of the FDTD simulation setup of tightly focused beam in BDCA/a-Sh.Ss interface,
f =-1.925pum is the distance below the interface (z =0 nm) and the source plane, d is the offset of the source plane
position, d = 0 nm denotes in-focus. Negative d values denote the downshift of source plane (over-focus). Postive d
values denote the upshift of source plane (under-focus). (b) Blue line: Beam waist at z = 0 nm position (noted as T,—g m)-
Red line: Maximum intensity at z = 0 nm position (noted as EZ_g ,,,). Xz-plane intensity (E? = EZ + E3 + EZ) map when (c)
d = —475nm, (d) =275 nm, (e) 0 nm, (f) 125 nm, (g) 275 nm, (h) 475 nm.
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Figure Sb5. (a) xz-plane perspective view of the FDTD simulation setup of tightly focusing in BDCA/a-Sb.Ss/SiO: interface,
f =—1.925 pm is the distance below the BDCA/a-Sh.Ss interface (z =0 nm) and the source plane, d is the offset of the
source plane position. The thickness of a-Sb2Szis 66 nm. (b) Blue line: Beam waist at z = 0 nm position (noted as T,—g nm)-
Red line: Maximum intensity at z = 0 nm position (noted as EZ_, ;). Xz-plane intensity (E? = EZ + EZ + EZ) map when (c)

d = —475nm, (d) =275 nm, (e) 0 nm, (f) 125 nm, (g) 275 nm, (h) 475 nm.
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Figure S6. (a) xz-plane perspective view of the FDTD simulation setup of tightly focusing in BDCA/a-Sh2Ss/Au/SiO2
interface, f = —1.925 um is the distance below the interface (z =0 nm) and the source plane, d is the offset of the source
plane position. The thickness of a-Sh2Ssand Au are 66 nm and 200 nm, respectively. (b) Blue line: Beam waist at z = 0 nm
position (noted as T,—qnm). Red line: Maximum intensity at z = 0 nm position (noted as E2_, ). XZ-plane intensity
(E? = E2 + E3 + EZ) map when (c) d = —475nm, (d) —275 nm, (e) 0 nm, (f) 125 nm, (g) 325 nm, (h) 725 nm.
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Figure S7. The longitudinal intensity (E?) profile along the dashed lines in (a) Fig. S4e, (b) Fig. S5e, and (c) Fig. S6e. (a)
For the BDCA/a-Sh,Ss interface, the maximum intensity is 151.8 V?/m? at z = —150 nm. (b) For the BDCA/a-Sh2Ss/SiO>
interface, the maximum intensity is 205.6 V?/m? at z = —177 nm. (c) For the BDCA/a-Sh>S3/Au/SiO> interface, the
maximum intensity is 432.8 V2/m? at z=0nm. z = 0nm is always set as the interface between BDCA and a-ShSs.

Once see that the distance between the 15t and 2¢"d peaks in the BDCA is always around 300 nm



Part SlI: Overview of the test patterns
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Figure S8. (a) The design of the structures presented in this work, rendered with Describe software from Nanoscribe

GmbH. All the structures are code defined. (b) Bright field (BF) optical microscope image of the printed structures on a-
Sb2S3 (66nm)/Au (200 nm) film. Scale bar: 200 pm.
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