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Abstract: Functional nanostructuring of crystalline silicon typically relies on mask-based
lithography or laser methods restricted to periodic textures. We report a subsurface-to-surface
laser-writing approach that patterns silicon without masks or resists, enabling programmable
freeform nanoscale features. Etch-selective seeds are inscribed tens of micrometers beneath
the surface, and routine polishing followed by a brief wet etch converts them into deterministic
nanoscale surface reliefs. The method affords precise, reproducible geometric control, including
curved motifs, and yields linewidths down to 250 nm at 800 nm pitch. In single scans over 3-mm?
fields, we fabricate high-aspect-ratio nanogratings exhibiting ~25% relative diffraction efficiency
at 532 and 633 nm. By leveraging the design freedom of volumetric laser modification, this
strategy provides a route to structural color, light-management textures, and silicon metasurfaces
for nanophotonics.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon (Si) is the foundational material of modern electronics, photovoltaics and Si-photonics
[1-3]. Conventional fabrication techniques produce diverse functional devices and systems
across the wafer surface, broadly referred to as on-chip. Recently, an alternative in-chip paradigm
has emerged [4—-6], enabling functionality directly within the wafer volume. In this approach,
infrared laser pulses induce structural modifications deep inside the wafer, without affecting
the surrounding material. Three-dimensional (3D) microstructures can be inscribed using
either nanosecond [4] or ultrafast laser pulses [7,8]. By tailoring the optical and material
response of these localized modifications, a wide range of volumetric photonics and microscale
applications has been demonstrated, including 3D lenses [9], high-efficiency gratings [10],
waveplates [11], holograms [4], microchannels [12], and waveguides [7,13—15]. More recently,
subsurface nanostructuring beyond the diffraction limit has been achieved [5] through spatially
modulated nondiffractive beams and a bulk seeding effect. This approach enables high-aspect-
ratio nanostructures with features as small as 100 nm [5], and functional nanophotonic elements
inside the wafer [5]. Comparable advances are also emerging in other transparent solids [16—-19],
pointing to a general platform for volumetric photonics.

Building on this subsurface control, we extend the in-chip paradigm to surface nanolithography.
Established planar nanolithography techniques, such as electron-beam lithography (EBL) [20],
focused ion beam milling (FIB) [21] and nanoimprint lithography (NIL) [22] can achieve sub-
10 nm resolution, but remain complex and capital-intensive, relying on masks/templates (NIL)
and stringent cleanroom environments [20,22,23]. To overcome these limitations, laser-based
methods have been explored, including laser-induced periodic structuring (LIPSS) [24,25],
laser interference lithography (LIL) [26] and direct laser writing (DLW) [27]. By their very
nature, LIPSS and LIL are limited to creating periodic patterns dictated by the symmetry of
interfering fields, precluding genuine freeform nanopatterning [28,29]. While semi-circular and
curved motifs have been reported in LIPSS, they lack true freeform capability and deterministic

#580993 https://doi.org/10.1364/OE.580993
Journal © 2026 Received 7 Oct 2025; revised 7 Dec 2025; accepted 26 Jan 2026; published 19 Mar 2026


https://orcid.org/0009-0005-9578-5000
https://orcid.org/0000-0003-1586-4349
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.580993&amp;domain=pdf&amp;date_stamp=2026-03-19

Research Article Vol. 34, No. 6/23 Mar 2026/ Optics Express 11272

Optics EXPRESS

long-range control [30-34]. DLW, in principle, supports freeform fabrication [35]; however,
without reliance on masks, resists or near-field enhancement strategies, its application to Si
remains limited, with most advances restricted to linear grooves or arrays [27,36,37].

Here, we introduce a laser-based method for freeform nanolithography with deterministic
long-range order (Fig. 1). Our method combines fully ambient tabletop laser writing with
minimal post-processing, limited to standard polishing and a brief wet etch. In contrast to
conventional nanolithography, it is rapid (completed in under 45 min), mask- and resist-free,
and requires no cleanroom infrastructure. The three-step workflow, the laser writing setup,
and representative SEM images are illustrated in Figs. 1(a)-1(b). In Step 1, nanostructures
are inscribed by three-dimensional (3D) laser writing, where spatially-modulated laser pulses
enable rapid, continuous subsurface nanopatterning [5] (see Methods). Step 2 transfers the
embedded nanopatterns to the surface via mechanical polishing, while preserving the surface
quality comparable to pristine Si. Step 3 applies a brief selective etch to remove the laser-modified
regions, thereby revealing the programmed nanopattern over the surface (Fig. 1(b)).
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Fig. 1. Overview of freeform laser nanolithography method. (a) Schematic of the
three-step process and the laser-writing setup: in-chip laser nanopatterning, mechanical
polishing, and selective wet etching are used to reveal programmed surface features. A
quarter-wave plate (QWP), a half-wave plate (HWP) and a polarizing beam splitter (PBS) are
used to adjust the laser power and polarization. Lenses L; and L, act as a beam expander, and
mirror M directs the beam onto the spatial light modulator (SLM). Filtering is performed by a
4-f system with L3 and L4 lenses and an iris. Finally, an aspheric lens (AL) focuses the laser
inside the sample. The laser propagates along the z-axis. (b) Scanning electron microscopy
(SEM) images show precise control of periodicity after Step 3, with pitches of 800 nm,
1 um, and 3 um. Samples are written at pulse energy E, =7.3 pJ with linear polarization
and etched for 30 s. The feature size is 248 + 52 nm for 800-nm period sample, 243 + 80 nm
for 1-um period sample and 236 + 21 nm for 3-pm period sample. & indicates polarization
direction. (c¢) Concentric curved nanostructures illustrating freeform nanopatterning. The
sample is written with Ej, =7.3 pJ using circular polarization and etched for 30 s, covering
an area of 250 um X 250 pm, with a total fabrication time of ~ 40 min.

The method affords precise and programmable geometry, as each continuous nanoscale line
or curve is created with a single scan of the laser. For example, the pitch of periodic patterns
can be tuned from several micrometers to nanoscale (as small as 800 nm, Fig. 1(b)), while
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the feature size can be reduced to ~ 250 nm by adjusting laser writing conditions and etching
parameters. The method supports complex freeform geometries, including intersecting lines,
curved trajectories, and smoothly varying patterns (Fig. 1(c)). This level of control enables
virtually arbitrary nanoscale geometries with deterministic long-range order, opening a pathway
to advanced nanostructured surfaces for nanoengineering, microsystems, and photonics.

2. Methods
2.1. In-chip laser nanopatterning

In Step 1, buried nanostructures are inscribed in <100> p-type, boron-doped Si wafers (1-10
Q-cm, 1-1.2 mm thick, Siegert) using 10 ns, 1550 nm laser pulses at 150 kHz with 7-10 pJ energy.
The details of the experimental setup and the laser system are illustrated in Fig. 1(a). The pulse
energy and polarization are controlled with a combination of wave plates and a polarizing beam
splitter. The beam is expanded and collimated by lenses, L (f; = 15 mm) and L, (f; =35 mm),
before being projected onto a Spatial Light Modulator (SLM).

The SLM (Hamamatsu LCOS-SLM, X10468-08, 792 x 600 pixels, 20 um pitch) generates a
Bessel type modulation [S]. The phase profile, ¢(r) = exp (+j2mr/ry), is applied where r is the
radial coordinate on the device and r is a parameter related to the axicon cone angle, defined as
ro = A/tana[5]. The reflected beam is demagnified by a 4f system consisting of L3 (f3 = 125 mm)
and L4 (f4 = 100 mm), to match the aperture of the final aspheric lens (f =4.5 mm).

We adopt the axial convention shown in Fig. 1, with the laser propagating along the z-axis, and
both polarization and scanning directions confined to x—y plane. The laser is focused into the
sample, by translating Si 40 um closer to the focusing lens relative to the focal point in air (air-
equivalent depth). Beam positioning is controlled using a computer-controlled, high-resolution
three-axis translation stage (Aerotech, ANT130XY and ANT95-L-Z). The scan speed is 1 mm/s
for all experiments. In SEM images, the laser polarization is indicated on each panel.

The scanning pattern in Step 1 is preserved after Step 3 (Figs. 1(b)—1(c)); for example, each
line in Fig. 1(b) corresponds to a single scan along the y-axis. The choice of ry parameter and
pulse energy, E,,, dictate the resolution [5]. Beam characterization and calibration experiments
identify ry = 6 as optimal (see Supplement 1, Fig. S1). For ry = 6, the empirical energy threshold
for modification is E}, = 7.3 pJ, yielding subsurface features of 212 nm + 46 nm (mean =+ std.).
Further improvements in resolution may be possible with higher-resolution SLMs.

2.2. Mechanical thinning and surface polishing

A precision polishing system (MultiPrep 10-1000-230, Allied High-Tech Products, Inc.) is used
in Step 2 to thin each sample by 150-160 um. Mechanical polishing proceeds sequentially with
diamond lapping films (Allied, 8" adhesive-backed discs) of 15 um, 9 um, 6 pm, 3 um, 1 um,
0.5 um, 0.25 um, and 0.1 um grit sizes, from coarsest to finest. A continuous flow of water is
maintained throughout to remove debris. Stage parameters and polishing depths are listed in
Supplement 1, Table S1. Polishing depth is verified with a calibrated digital indicator (Mitutoyo
543-472B). Surface quality before and after polishing is evaluated with a confocal laser scanning
microscope (Keyence VK-X100) equipped with a 100X objective, providing depth precision of
5nm and lateral sampling of 10 nm [38]. Representative surface images and roughness values are
shown in Supplement 1, Fig. S2 and Table S2, respectively. Morphology of subsurface structures
after polishing to 150—160 um depth is illustrated in Fig. S3.

2.3. Selective wet etching of laser-modified regions

In Step 3, a hydrofluoric acid (HF)-based etchant is used to selectively remove the laser-modified
regions and reveal the surface nanostructures. The etchant consists of copper (II) nitrate trihydrate
(Cu(NO3);2-3H,0, 3 g), hydrofluoric acid (HF, 36 mL, 40%), nitric acid (HNO3, 25 mL, 65%),
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and acetic acid (CH3COOH, 24 mL, 100%) [5,12,39]. Etching is carried out in a static bath
at room temperature for 2040 s. After etching, samples are rinsed with DI water and dried
under a nitrogen stream. HF (40%) and Cu(NO3), are obtained from Merck, while HNO3 (65%)
and CH3COOH (100%) are obtained from Sigma-Aldrich. The role of each component in this
etchant has been provided and analyzed in Refs. [4,39].

3. Results
3.1. Polarization- and pulse-energy-controlled nanolithography

We find that the feature size, £, obtained after Step 3 is governed primarily by laser polarization
and pulse energy, E,,. Figure 2(a) shows the dependence of £ on pulse energy, while we vary E,,
from 7.3 to 10 pJ, using a Bessel beam with ry = 6, for two scan directions; parallel (6 = 0°) and
orthogonal (6 = 90°) to the laser polarization. The corresponding in-chip structures after Step 1
are given in Supplement 1, Fig. S4. A clear polarization anisotropy emerges after Step 3. When
the scan direction aligns with the laser polarization, 8 = 0°, all energies yield nanoscale features
(Fig. 2(a)). In contrast, for § = 90°, the features are predominantly microscale for E, > 7.3 pJ,
and remain submicron close to the empirical modification threshold of £, =7.3 pJ.
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Fig. 2. Polarization and pulse energy dependence of feature size. (a) Post-etch feature
size versus pulse energy, Ep, for two scan directions relative to linear polarization, parallel
(6 =0°, red) and perpendicular (§ =90°, black). Nanoscale features are obtained across
the full energy range for # =0°. All data are acquired with a Bessel beam of ry = 6 and
etched for 30 s. The shaded region denotes the submicron regime. (b) SEM of a nanoscale
mesh pattern fabricated at £, =7.3 pJ with ry = 6 and etched for 30 s. The feature size is
247 + 57 nm for structures at § = 0° and 728 + 61 nm for structures at for § = 90°. & indicates
the polarization direction; v and v’ vectors mark scan directions.

A representative SEM image of a mesh pattern is shown in Fig. 2(b) for E,, = 7.3 uJ, highlighting
the capability to fabricate intersecting, continuous features with the method. We find &€ =728 nm
for 6 = 90° and ¢ =247 nm for § = 0°. The anisotropy is consistent with prior reports of
subsurface nanostructuring in Si, where near-field enhancement induces anisotropic writing [5].

The polarization response is examined by creating concentric nanoscale rings with linearly
polarized laser (Fig. 3). We scan 50 circles of varying radius R, using y-polarized Bessel beams
of ro = 6 and E}, = 7.3 pJ. To our knowledge this is the first maskless, resist-free realization of
curved laser nanolithography on Si (Fig. 3(a)). Notably, each nano-ring is produced by a single
continuous laser scan, highlighting the ability to create programmable nanopatterns.
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Fig. 3. Feature size variation with polarization alignment. (a) Concentric circular
nanostructures written with y-polarized, Ep= 7.3 uJ pulses. SEM image after Step 3 with 30
s etch. & indicates the polarization direction. (b) Feature size & as a function of § measured
for radii R = 14 pm to R =91 um with 12 data points per angle. Red dashed curve represents
the analytical model. Inser: SEM of a single subsurface track written with y-polarized laser
and scanned along z, showing an elliptical cross-section elongated along the polarization
direction, with semi-axes a and b.

We evaluate the feature size in relation to its polarization alignment. We first define the angle
between the scan velocity ¥ and + y axis as 6. This also corresponds to the polar coordinate of a
point on the circle (Supplement 1, Fig. S5). Then, we extract & (6) from the SEM analysis and plot
in Fig. 3(b). We observe an anisotropic behavior down to £ (6 = 0) =270 nm. We shed light on
this by developing a simple analytical model (Supplement 1, Fig. S5). We first note that a single
subsurface track written along the z axis has an elliptical cross-section in the x-y plane, elongated
along the polarization (inset, Fig. 3(b)) [5]. Approximating a circular scan as a tiling of identical,
polarization-aligned ellipses with semi-axes a (along x) and b (along y) placed on a circle of
radius R, the feature size at the angle 6 corresponds to the thickness along the radial direction
(Supplement 1, Fig. S5). In the limit of @, b < R, we find £(8) = 2ab | Vb2cos 62 + a’sin 62
(Supplement 1, Fig. S5). Identifying a, b parameters from experiments, we plot the equation in
Fig. 3(b), which compares well with experimental results.

We find £ =455 + 197 nm (n = 228) for the entire set of rings in Fig. 3(a), which has a significant
spread (Fig. 3(b)). The analytical model suggests uniform fabrication for a = b, indicating that
circular polarization could be used to write uniform, large-area, freeform curves. We demonstrate
such motifs using single-pass curved laser scans (Fig. 1(c)). In this case, features exhibit
high regularity, & =519 + 74 nm (n = 27). Thus, circular polarization significantly improves the
uniformity in curved nanolithography. Taken together, these results establish the polarization
state and pulse energy as control parameters for feature size, motivating the use of 6 = 0° in
experiments with linear polarization and circular polarization in curved lithography.

3.2. Effect of etch duration on nanolithography

Although the current etch recipe has been reported for microfabrication [12], its behavior at the
nanoscale has not been reported. We probe this regime by varying the etch time and tracking
the feature size, &, and depth, 4. Due to high-aspect ratios (h/£), Atomic Force Microscopy
is unsuitable for depth metrology. The etch depth is quantified by dicing and cross-sectional
SEM analysis (Fig. 4(a)). Time dependence of & and 4 for nominally identical structures is
shown in Fig. 4(b) and Fig. 4(c), respectively. Our data reveal coupled, nonlinear increase over


https://doi.org/10.6084/m9.figshare.31165312
https://doi.org/10.6084/m9.figshare.31165312
https://doi.org/10.6084/m9.figshare.31165312
https://doi.org/10.6084/m9.figshare.31165312

Research Article Vol. 34, No. 6/23 Mar 2026 / Optics Express 11276 |

Optics EXPRESS RN,

time, with a plateau at 20 - 40 s. To balance precision and reproducibility, we select 30 s as the
process set point. Joint analysis of &€ and & yields aspect ratios of ~8—16. Within the submicron
regime the highest aspect ratio is 12.6. The influence of pitch on etch rate is further explored in
Supplement 1, Fig. S6, enabling high-resolution fabrication & ~250 nm, with aspect ratios from
2.7to7.1.
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Fig. 4. Feature size and depth variation as a function of etch time. (a) Representative
cross-sectional SEM image of an array after 80 s etch. The top and cross-sectional planes
of the sample are visible, marking ¢ and 4. (b) Feature size, &, as a function of etch time.
Bessel beams with ry = 6, Ep =7.3 pJ are used with a scan period of 5 pum. (¢) Depth, A, as
a function of time from the same samples in (b). A stable region is observed for 2040 s for
(b) and (c).

Such high-aspect-ratio fabrication enables functional nanostructuring and provides a basis for
engineered spectral and polarization responses. For comparison, LIPSS on Si typically exhibit
modulation depths of ~100 nm [40,41], and recent studies report aspect-ratios up to ~8 while
remaining submicron in depth [42—44]. By contrast, our structures achieve aspect ratios >10
with depths up to 6 um while maintaining submicron lateral dimensions.

3.3. Laser-lithography of visible range gratings

As a demonstration of the method’s capability, we fabricate high-aspect-ratio nanogratings with
a feature size of £ =250 nm and a period A =800 nm, with depth characterization provided in
Supplement 1, Fig. S6. Representative top-view SEM image is shown in Fig. 5(a), together with
digital photographs at different viewing angles. Optical performance is assessed by measuring
the reflected power (Thorlabs S142C) under illumination with 532 nm (Monocrom DPGL-500L2)
and 633 nm (Monocrom LU-63350-100FC) laser sources.

The diffraction efficiency is defined as the ratio of power in diffracted orders to the total reflected
power from the grating, 7= (I1 + I-1)/Irefiected [45]. Measured efficiencies are shown in Figs. 5(b)
and 5(c) for 532 nm and 633 nm illumination, respectively. The relative efficiency exceeds 24%
at low incidence angles. These results are compared with finite-difference time-domain (FDTD)
simulations. In the simulations, the mean grating depth (680 nm + 65 nm), extracted from SEM
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Fig. 5. Optical characterization of nanogratings. (a) Schematic of the measurement
geometry and SEM of a representative grating with ¢ =250 nm and A = 800 nm. The incident
beam /; with polarization direction shown with &;, generates the 0t order reflection Ip, and
the +1st diffraction orders, 7, | and /_;. Gratings are fabricated using a Bessel beam of ry = 6
and Ep =7.3 pJ and etched for 30 s. Inset images: Digital photographs of the fabricated
grating at various angles with white light illumination. Structural colors correspond to the
grating, while black areas correspond to unprocessed Si. Scalebars: 1 mm. (b) Measured
and simulated efficiency, 7, at A =532 nm as a function of incidence angle. (¢) Measured
and simulated efficiency at A = 633 nm. Insets in (b, c) show corresponding diffraction spots.
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cross-sections, is used as an input together with additional parameters summarized in Table 1 to
match experimental conditions.

Table 1. FDTD Simulation Parameters

Property Symbol Value
Characterization Wavelength a 532 nm and 633 nm
Refractive Index at 1 n 4.15 and 3.88
Period A 800 nm
Feature Size & 250 nm
Structural Depth h 680 nm
Gaussian Depth Error Ah + 65nm

The FDTD simulations reproduce both the angular dependence and the magnitude of 7,
remaining largely within experimental error bars (Fig. 5). This close agreement validates the
approach, demonstrating functional Si nanopatterning with sub-micron periods.

4. Conclusion

We demonstrate a maskless, resist-free, freeform nanolithography route for silicon that translates
subsurface writing into deterministic surface reliefs using only routine polishing and a brief
selective etch, yielding functional nanostructures. The technique affords deterministic, long-range
and programmable control of geometry with linewidths down to & =250 nm at A =800 nm, set
by pulse energy, polarization state and scan path. Etch duration serves as an additional knob for
depth control, with stable process windows mapped that yield reproducible submicron features
with aspect ratios up to 12.6. Crucially, the method supports freeform layouts, including smoothly
curved nanoscale patterns produced in a single pass.

Optical performance is confirmed with 800-nm-period reflection gratings operating in the
visible regime, delivering ~25% relative first-order diffraction efficiency at 532 and 633 nm, in
close agreement with FDTD simulations. Taken together, these results establish subsurface-to-
surface laser writing as a robust, mask- and resist-free alternative to conventional lithography
and surface laser texturing, opening a practical route to structural color, light-management
textures, silicon metasurfaces for integrated and nonlinear photonics, sensing, optofluidics, and
nanoelectromechanical systems (NEMS) [46—-49].
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