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% Check for updates The design and fabrication of ultrafine nanostructures in two-dimensional (2D)

van der Waals materials are crucial for the functionalization of electronic
devices. Here, we report the utilization of far-field femtosecond laser pat-
terning to fabricate super-resolution nano-groove array (NGA) structures in 2D
multilayer NbOI, in ambient air, achieving groove widths as low as ~14.5 nm (-A/
73). The NGA structures maintain a well-defined single-crystal NbOI, with
amorphous Nb,Os edges as narrow as 3.2 nm. The formation mechanism of
NGA structure is confirmed to be associated with the coupled field of surface
plasmon polariton periodic field and nano-groove-induced local near-field
induced by femtosecond laser irradiation. Furthermore, the NGA-NbOI, gas
sensor exhibits NO, sensing performance, with a rapid response time (5.1s),
which is attributed to the existence of abundant NbOI,-Nb,Os heterojunctions.
This approach will propel the further development of nano-lithography tech-
niques for functional device applications of 2D materials.

The design and fabrication of ultrafine nanostructure patterning
of 2D materials holds crucial significance for the creation of
innovative functional architectures', integration of electronic
devices?, and advancements in nanophotonics®. Nanostructures
with dimensions smaller than 100 nm often exhibit unique func-
tionalities in fields such as sensing!, catalysis’, and
optoelectronics®. Various nano-patterning techniques have been
developed, including focused ion beam (FIB) lithography’”,
electron beam lithography (EBL)® combined with ion etching,
and scanning probe lithography (SPL)". However, these methods
often entail high costs and complex operational procedures. FIB
requires high-vacuum conditions, while EBL often results in sig-
nificant residues of photoresist, impacting device performance.
Additionally, SPL often struggles to achieve large-area structure

fabrication. Therefore, the development of a rapid, efficient, and
flexible nanopatterning method is crucial.

As widely recognized, the limitations of optical diffraction
impose constraints on the ultimate size achievable through laser
direct writing, typically limited to approximately half a wavelength,
thereby hindering the fabrication of ultrafine nanostructures. In
recent years, some laser processing methods, such as optical field
modulation”™ and far-field induced near-field effects’® have made
developments in nanostructure fabrication. However, the intricate
design of optical systems and stringent operational conditions have
restricted further progress. Alternatively, the laser-induced periodic
surface structures (LIPSS) technology has garnered significant
attention in recent years. The micro-nano-scale array structures can
be fabricated using LIPSS without complex optical systems or
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operating environments”"®, However, the uncontrollable ablation
and damage to materials have constrained its further development
for nanostructure fabrication, especially in the field of 2D materials.
Zuo et al.” conducted LIPSS fabrication on MoS,, resulting in sig-
nificant thinning, structural ablation, and a considerable amount of
nanoscale particle sputtering. Kim et al.” explored the nano-periodic
patterning of 2D BP under extreme vacuum conditions in the trans-
mission electron microscope (TEM) chamber, achieving excellent
quality nano-periodic patterns. Notably, there remains a need for
further exploration on how to utilize the LIPSS method to fabricate
regular and orderly nano-array structures in 2D materials in air
environments and expand their device applications.

Recently, the 2D NbOX, (X =Cl, Br, 1) family?** has garnered sig-
nificant attention due to its in-plane anisotropic ferroelectric??**,
optical properties’”, and piezoelectric sensing characteristics”. The
nanostructure fabrication on 2D NbOX, holds promise for further
exploration of its distinctive properties. Taking an example of NbOI,,
this study employs far-field femtosecond (fs) laser patterning suc-
cessfully to produce nano-groove array (NGA) structures on 2D mul-
tilayer NbOIl, with groove widths as low as ~14.5nm (-A/73). The
structural characterization shows that the NGA structures retain the
pristine NbOI, single-crystal and exhibit ultrafine amorphous Nb,Os
edges. In addition, the generation mechanism and tunability of NGA
structures are investigated. Finally, utilizing the abundant nano-
grooves and their oxide edge heterojunction structures, gas-sensitive
devices for NO, detection are fabricated based on NGA structures,
demonstrating excellent NO, sensing performance.

Results and discussion

Fabrication and characterization of nano-groove array
structures

We confirmed the feasibility of fabricating super-resolution NGA
structures on 2D NbOI, using fs laser irradiation. The 2D multilayer
NbOI, nanosheets were mechanically exfoliated and transferred onto a
silicon dioxide substrate, followed by scanning with a focused Gaussian
beam of an fs laser, generating NGA structures in the laser-scanned area
(Fig. 1a, b). For laser irradiation, a linearly polarized infrared fs laser with
a wavelength of 1064 nm was utilized. The laser was focused to achieve
a spot size of approximately 10 pm in an air environment, with specific
optical system and operating parameters as described in Supplemen-
tary Fig. 1. When a focused fs laser beam irradiates the material surface,
it induces surface light scattering or surface plasmons through inter-
ference with the incident laser field, leading to the formation of regular
LIPSS structures on the material surface'®. As shown in Fig. 1c, after
laser patterning, NGA nanostructures were formed on the NbOI,
nanosheets, oriented perpendicular to the polarization direction of the
laser. Notably, in contrast to reported LIPSS processing on bulk mate-
rial or other 2D materials'®, no apparent material ablation and splashing
of melted nanoparticles were observed on the surface of 2D NbOI,
nanosheets, indicating excellent processing quality.

Upon magnification of the NGA structures, as illustrated in Fig. 1d,
the depth of nanostructures penetrated the entire nanosheet, with
nano-groove width as low as 14.5nm, approximately 1/73 of the
wavelength (1064 nm), which confirms the successful achievement of
super-resolution nanostructures through fs laser patterning. Due to
the convolution effect of the atomic force microscope tip in extreme
nanostructures, accurate characterization of the nano-groove struc-
tures is challenging (Supplementary Fig. 2); thus, pseudo-colored
scanning electron microscope (SEM) images were used to statistically
analyze the spacing and width of nano-grooves (Supplementary Fig. 3).
Figure le reveals a groove spacing range of approximately 70-300 nm
and groove width range of approximately 13-25nm. Figure 1f and
Supplementary Table 1 provide a comparative analysis of the
resolution-to-wavelength ratio and the limit width resolution of laser-
induced nano-groove structures in recent years, including techniques

such as laser direct writing®, optical field modulation'*", far-field
induced near-field etching'®, and LIPSS?”*%. This comparison confirms
the ultrahigh resolution of NGA nanostructures on 2D NbOI,. Raman
spectra (Supplementary Fig. 4) and polarized second harmonic gen-
eration (SHG) characterization (Supplementary Fig. 5) confirmed that
the NGA structure maintained its pristine crystal structure and non-
centrosymmetric properties.

Figure 2 presents transmission electron microscopy (TEM) studies
of laser-induced super-resolution NGA nanostructures on 2D NbOIL,.
Multilayer 2D NbOI, nanosheets were mechanically transferred onto
high-temperature-resistant silicon nitride grids and subsequently
patterned using fs laser irradiation. The low-magnification TEM images
of obtained NbOI, NGA structures in Fig. 2a and Supplementary Fig. 6
clearly exhibit uniformly distributed ultra-narrow nano-grooves, with
individual nano-grooves analyzed to have an average width of 14.9 nm.
The selected area electron diffraction (SAED) patterns exhibit clear
single-crystal NbOl, diffraction spots (Fig. 2c), indicating no damage to
the crystal structure during laser irradiation. High-resolution TEM
(HRTEM) images, as illustrated in Fig. 2d, e, and f, reveals a clear lattice
structure of the NbOI, regions out of nano-grooves, with an interlayer
spacing measured at ~0.28 nm (Fig. 2f), matching well with the (112)
crystal plane in the [201] crystallographic axis direction. Additionally,
another set of TEM characterizations of NGA structures corroborated
that the orientation of laser-induced nano-grooves is independent of
crystal structure (Supplementary Fig. 7).

Moreover, the presence of an amorphous layer at the edges is
clearly observed in Fig. 2b, e. Further analysis of the nano-groove edge
using fast Fourier transform images reveals the amorphous structure of
the edges (Supplementary Fig. 8). Energy-dispersive X-ray spectro-
scopy (EDX) shows the elemental distribution of Nb, O, and I, con-
firming the absence of Nb and I elements inside the grooves (with
unavoidable O elements) and the complete etching of the materials
within the nano-grooves. Additionally, the distribution of I element at
the nano-groove edges and the elemental content indicate significant
depletion of I element (Supplementary Fig. 9), while no significant
change in Nb and O element distribution is observed, especially no
evidence of oxygen accumulation like oxidation behavior. This result
rules out edge oxidation of the material and confirms the decomposi-
tion of the I element at the edges, transforming from NbOI, to NbO,.
X-ray photoelectron spectroscopy (XPS) was used to determine the
valence state distribution of the amorphous NbOy at the edges, as
depicted in Supplementary Fig. 10. In the XPS spectrum of the Nb
element in the original NbOI,, peaks at 205.07 eV and 207.86 eV are
observed, corresponding to the Nb 3ds,, and Nb 3ds/, peaks of Nb**.
However, the XPS spectrum of the Nb element in the NGA structure
revealed two new peaks at 207.04 eV and 209.89 eV, corresponding to
the Nb 3d5/, and Nb 3ds/, peaks of Nb** . Meanwhile, no peak differ-
ences are observed in the I element spectrum. Combining EDX and XPS
characterizations, the presence of Nb,Os components in the edge of
NGA structures is confirmed. As described above, TEM characterization
clearly demonstrates that fs laser-induced NGA structures retain the
overall single crystal of NbOIl,, contrasting with the destructive char-
acteristics of traditional LIPSS on materials. Notably, the nano-groove
structures based on NbOI, exhibit an amorphous Nb,Os layer at the
edges as thin as a few nanometers, highlighting the “cold” cutting
feature of fs laser processing on materials. Therefore, compared to the
previously reported nano-patterning methods such as FIB, EBL com-
bined with ion etching, and fs laser far-field processing not only offers
advantages such as rapid, efficient, and flexible operation, but also
preserves low-damage processing characteristics, providing a founda-
tion for the development of high-performance electronic devices.

Generation mechanism of nano-groove array structures
Then, we intend to analyze the generation mechanism of fs laser-
induced super-resolution NGA structures. The formation of super-
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Fig. 1| Preparation of fs laser-induced super-resolution nano-groove array
(NGA) structures in 2D NbOI,. a Schematic illustration of fs laser-induced NGA
structure generation. b Structural schematic of super-resolution NGA structures.
The 2D multilayer NbOI, nanosheets were transferred onto a silicon dioxide sub-
strate, followed by scanning with a focused Gaussian beam of an fs laser, generating
NGA structures in the laser-scanned area. ¢ SEM image of super-resolution NGA
structures. The experiment was repeated three times independently with similar
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results. d Magnified SEM image of the structure in (c), with an inset of a pseudo-
color 3D image. e Statistics of average nano-groove distance and width.

f Comparison of nano-groove widths with the representative laser-induced
nanostructures. The horizontal axis represents the resolution-to-wavelength ratio
(x/A), while the vertical axis indicates the minimum processing width. Source data
are provided as a Source Data file.

regular NGA structures induced by single-beam laser irradiation is an
intriguing phenomenon. LIPSS are classified into low spatial frequency
LIPSS (LSFLs, with a period >0.5\) and high spatial frequency LIPSS
(HSFLs, with a period <0.5\)". It is evident that the super-resolution
NGA structures induced by a 1064 nm fs laser on NbOI, nanosheets are
typical HSFLs. Several possible models have been proposed to explain
the mechanism of HSFLs, including nanoplasmonic enhancement
models'®*°, SHG induction®, and self-organization mechanisms®. The
occurrence of SHG typically results in structural orientations that are
independent of the laser polarization direction. However, the con-
sistent perpendicular alignment of the NGA structures to the laser
polarization direction rules out the possibility of an SHG mechanism.
The phenomenon of self-organization arises from surface undulations
caused by non-equilibrium defects in the material. The intact single-
crystal structure and smooth surface of the non-ablated regions in the
NGA structures further exclude the occurrence of self-organization.
Regarding the generation mechanism of the NGA structures, we pro-
pose a modified nanoplasmonic enhancement mechanism based on
the interaction of nano-groove-induced local near-field (NG-LNF)
coupling with the surface plasmon polariton (SPP) periodic field. As
shown in Fig. 3a and Supplementary Fig. 11, this mechanism consists of
three main processes: (i) the generation of laser-induced nanoplasma,
which excites the SPP periodic field, (ii) the enhancement of the NG-
LNF, and (iii) the coupling of the SPP field and NG-LNF.

Under the irradiation of an fs laser, a large number of free elec-
trons are generated at the material’s surface, resulting in the eruption
of plasma. The influence of the plasma causes a change in the mate-
rial’s dielectric constant, inducing the formation of a periodic SPP field
(Supplementary 1I-1). Supplementary Figs. 13 and 14 illustrate the

changes in free electron density, dielectric constant, and surface
temperature distribution. It is evident that under the influence of the
periodic temperature field, when the temperature exceeds the mate-
rial’s ablation point (T,), selective periodic ablation will occur (Sup-
plementary Fig. 14). Additionally, we introduced a variable pulse
number to alter electron density and conducted non-in situ experi-
mental observations of structural evolution. As illustrated in Fig. 3b
and Supplementary Fig. 15, variations in the number of pulses (V) affect
the number of nano-grooves. At N = 60, a nano seed is generated at the
Gaussian beam center, which grows into a nano-groove along a
direction perpendicular to the direction of laser polarization. The
finite-difference time-domain (FDTD) method is employed to simulate
the electric field distribution at the interface when incident light
interacts with the nano seed. Supplementary Fig. 16 confirms the
electrical field-enhanced phenomenon at both ends of the nano-
groove under the polarized light field, explaining the growth
mechanism of the nano-groove. As the number of pulses increases, the
number of nano-grooves gradually rises to 3, 4, and 6 roots until
saturation is reached. It is noteworthy that, normally, a stronger energy
at the Gaussian beam center would promote an increase in periodicity
(Supplementary II-1 Equations (1-6)). However, the periodic distribu-
tion of the nano-grooves along the Gaussian beam, characterized by a
smaller period in the center and a larger period on the sides, contra-
dicts traditional SPP theoretical models.

Under the excitation of light fields, nano-grooves will induce LNF
effects®** (Supplementary 11-2). To verify the existence of NG-LNF, the
FDTD simulates the electric field distribution at the interface when
incident light interacts with the nano-grooves. As illustrated in
Fig. 3¢, d, and Supplementary Fig. 17, it can be predicted that when
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Fig. 2 | TEM characterization of fs laser-induced super-resolution NGA struc-
tures in 2D NbOL,. a Low-magnification image of the NGA structures. b Low-
magnification image of a single nano-groove. The experiments of (a-c) were
repeated three times independently with similar results. ¢ SAED of (b). d HRTEM
image of the NGA structure. e Edge magnification of HRTEM from (d). f HRTEM
image of the NbOI, regions out of nano-grooves. The experiments of (d-f) were
repeated three times independently with similar results. g-j Elemental analysis of
nano-grooves.

multiple pre-fabricated nano-grooves are induced by the periodic SPP
field, an LNF effect will occur between every two nano-grooves under
fs laser irradiation, leading to the secondary splitting of the nanos-
tructures. Increasing the laser energy will promote the occurrence of
LNF, which explains why the regions with higher energy at the center of
the Gaussian beam exhibit smaller periodicity. To confirm the occur-
rence of the coupling field of the SPP field and NG-LNF, we conducted
quasi in situ experiments on the evolution of the NGA structures. First,
an initial NGA structure with relatively large spacing was induced using
a low laser fluence of 22.75 mJ-cm~2, during which SPP played a crucial
role in its formation. Next, the fluence was increased to 32.5 mJ-cm2,
and the same region was scanned again to observe the differences
between the secondary structure and the initial structure. The
experimental results, as shown in Fig. 3e, f and Supplementary Fig. 18,
demonstrate that secondary structures are successfully induced at
higher laser fluence. A comparison between the primary and second-
ary structures reveals that the secondary structures arise from the
division of the primary structures, validating the effectiveness of the
SPP-LNF coupled field mechanism.

Tunability of nano-groove array structures

Next, the tunable characteristics of NGA structures were investi-
gated. The fluence of a pulsed laser is a critical parameter, repre-
senting the energy per unit area of a single pulse. As discussed in
Supplementary II-1, changes in laser fluence affect the density of free
electrons and the intensity of plasma, which further leads to varia-
tions in the dielectric constant of the material. According to the
traditional SPP theory, an increase in laser fluence will result in a
periodic increase. However, in the case of the SPP-LNF coupled field,
under higher fluence, the LNF enhancement between NGA structures
becomes intense, causing secondary splitting in the structure
(Fig. 3f), which ultimately dominates and leads to an overall reduc-
tion in periodicity. To verify this hypothesis, NGA structures under

different laser fluences are shown in Fig. 4a, indicating that the
average spacing of nanostructures gradually decreases with
increasing laser fluences, confirming the possibility of modulating
the average period of nanostructures with laser fluences. Figure 4b
provides statistics on the average spacing under different laser flu-
ences, suggesting that further decreases in laser fluences may lead to
controllable preparation of single nano-groove structures. As illu-
strated in the inset image of Fig. 4b, the generation of a single nano-
groove did occur in our experiments. However, due to the sensitivity
of single nano-grooves to laser parameters, controlled fabrication of
the nanostructure is currently unattainable. Raman spectra of
nanostructures in Fig. 4c confirmed their structural integrity, with a
gradual attenuation of Raman peak intensity from NbOI, and a
simultaneous enhancement of the silicon substrate’s signal.

Additionally, an increase in the number of pulses can
enhance the free electron density through accumulation, thereby
affecting the periodicity of the NGA structure. Thus, it has been
demonstrated that adjusting the scan speed can also be used to
control the periodicity of the NGA structure (Supplementary
Fig. 20). Figure 4a and Supplementary Fig. 20 illustrate the
longitudinal expansion of the NGA structure’s dimensions as laser
fluence increases or the number of pulses rises. This expansion
results from the increase in the effective ablation radius caused
by the Gaussian beam (see Supplementary IlI-1(1)). The modula-
tion of structure by laser wavelength is also discussed in Sup-
plementary IlI-1(2). Due to its higher photon energy, the 532 nm
laser induces a shift in the photoionization mode to single-
photon absorption, resulting in a reduced structural period,
decreased regularity, and severe ablation (Supplementary Fig. 21).

The controllability of nanostructure orientation was also investi-
gated. By adjusting the half-wave plate in the optical system, con-
trolled modulation of laser polarization direction is achieved. Due to
the perpendicular relationship between nanostructures and polariza-
tion direction, good control of NGA structure orientation can be
achieved with modulation of polarization direction (Supplementary
Fig. 22). However, due to the unique stacking pattern of the nano-
grooves resulting from the angle between the scanning direction and
the laser polarization direction, the best structural regularity and
fabrication quality are achieved when the laser scanning direction
aligns at O degrees with the polarization direction (Supplementary
Fig. 23). Moreover, by changing the laser scanning trajectory, it can be
observed that the orientation of nanostructures remains perpendi-
cular to the laser polarization direction, regardless of the laser scan-
ning direction (Supplementary Fig. 24). The influence of laser scanning
times on the NGA structures indicates that the number of laser scan-
ning times does not induce recombination of nanostructures (Sup-
plementary Fig. 25).

Nanopatterning is crucial for the application of nanostructures in
electronic devices. To demonstrate the flexibility of laser processing,
exploration of NGA structure patterning based on 2D NbOI, was con-
ducted. Figure 4d and Supplementary Fig. 26 present the writing of the
pattern “HIT”, with a scanning speed set at 0.01 mm/s. The writing time
for this pattern was only 10 s, and the nanostructures were intact with
good structural alignment. This showcases the rapidity and flexibility
of fs laser-induced nanostructure patterning. With the advancement of
material synthesis techniques, achieving large-scale nano-patterning
fabrication of NbOI, materials holds significant promise. In addition, to
validate the general applicability of the method proposed in this study,
NGA structure preparation experiments were conducted on other 2D
NbOX, materials (NbOBrl and NbOCIl,) as well as transition metal
dichalcogenides materials (2H-WS, and 3R-MoS,) (Supplementary
Fig.27). Similar NGA structures were observed on NbOBrl, 2H-WS,, and
3R-MoS,. However, there are some differences in the structural reg-
ularity and surface quality across the various materials. These
differences are closely related to the periodic temperature field
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image of NGA structure after the first scan under a laser fluence of 22.75 mj cm™2.
f The grayscale SEM image of NGA structure after the second scan under a laser
fluence of 32.5 mJ cm2. To facilitate a clearer comparison, the image (f) was ver-
tically flipped. The experiments of (e, f) were repeated three times independently
with similar results. Source data are provided as a Source Data file.

gradient induced by laser irradiation, the excitation intensity of the
LNF, and the intrinsic properties of the materials, such as absorption,
thermal conductivity, and their melting, evaporation, or oxidation
temperatures. Supplementary IlI-4 systematically analyzes the
potential impacts of material properties like absorption coefficient,
thermal conductivity, and oxidation temperature on the resulting
structures.

Therefore, the use of the SPP-LNF mechanism for fs laser pro-
cessing enables the fabrication of NGA structures, offering advantages
such as super-resolution, low structural damage, structural tunability,
and large-area patterning. This method has also been proven to be
applicable to 2D materials like 2H-WS; and 3R-MoS,. However, due to
factors such as the single form of the optical field and differences in
material properties, the current processed structures are limited to
grooves, and there are variations in the regularity of structures when
processed on different 2D materials. Therefore, further refinement of
the SPP-LNF method will be necessary in the future, through optical
field modulation and material property simulations, with the goal of
achieving broader structural processing capabilities and enhancing the
method’s applicability.

Nano-groove array-NbOl, gas sensor
The NGA structure possesses super-resolution structural dimensions
and preserves the single-crystalline nature of NbOI, while

simultaneously offering a substantial increase in heterojunctions
between NbOI, and the amorphous Nb,Os edges. In contrast to tra-
ditional methods of fabricating heterostructures, the fs laser proces-
sing technique provides the advantage of high efficiency and flexible
patterning, granting NGA structures significant potential for device
applications. Furthermore, Nb,Os, widely recognized as an effective
material for heterojunction charge transfer®’, has attracted significant
interest in fields such as photocatalysis®. Differential charge density
calculations (Supplementary Fig. 28) confirm substantial charge
transfer at the NbOI»,-Nb,Os interface, and this redistribution of
interfacial charge is often expected to create numerous active sites for
gas molecule adsorption, thereby enhancing gas-sensing capabilities.
Therefore, the gas-sensing performance of the NbOI, device based on
fs laser-induced NGA structures with a large amount of amorphous
Nb,Os edges was investigated. The schematic diagram of the device is
shown in Fig. 5a. 2D NbOIl, nanosheets with super-resolution NGA
structures were used as sensing media. To ensure the conductivity of
the device, the nanostructure direction was aligned parallel to the two
end electrodes. The gas-sensing sensor operating current was set to
+5V, and it was exposed to NO, gas. The definitions of gas sensor
responses, response, and recovery time are described in the “Method”
section.

Firstly, to confirm the difference in gas-sensing performance
between 2D NbOI, devices with (NGA-NbOI, sensor) and without NGA
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Fig. 5 | Gas-sensing performance of the nano-groove array-NbOI, (NGA-NbOL,)
gas sensor. a Schematic diagram of the NGA-NbOI, gas sensor. b Performance
comparison of gas sensors with or without NGA structures under the action of
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gold substrate. e Surface potential mapping of the area in Fig. 5d using KPFM.
f Energy band structure of NbOI,-edge Nb,Os heterostructures in air and NO,
atmosphere. E, E,, and E¢ represent the conduction band, valence band, and
Fermi level positions of the material, respectively. Source data are provided as a
Source Data file.

structures, comparative tests were conducted. As presented in Fig. 5b,
the results indicate that the NGA-NbOI, sensor has a high response
value of up to 16.5% at room temperature when exposed to a 5 ppm
concentration of NO, gas, with a rapid response time of 5.1s and a
recovery time of 25.4 s. However, the original NbOI, devices without
the NGA structure exhibited a response value of only 10.14%, a
response time of 26.5s, and a recovery time of 57.6s. This clearly
demonstrates the crucial role of the NGA structure in enhancing device
performance. A statistical analysis of the response and recovery time
of gas sensors from recent years, as shown in Supplementary Table 3
and Fig. 5¢*7° reveals that the NGA-NbOI, sensor exhibits an

exceptionally fast response speed for NO, detection, laying the foun-
dation for fast gas-sensing applications for NO,. In addition, a com-
prehensive characterization of the gas-sensing performance on the
NGA-NbOI, sensor was conducted (Supplementary Fig. 29). The NGA-
NbOI, sensor exhibited excellent detection stability and good gas
selectivity for NO,. Additionally, it can detect NO, concentrations
ranging from 0.5 to 70 ppm in dry air at room temperature. To verify
the gas-sensing performance of the NGA-NbOI, sensor across different
environments, we conducted gas-sensitivity tests under varying tem-
perature and humidity conditions (Supplementary Figs. 30 and 31) as
well as long-term stability tests of the device (Supplementary
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Figs. 32 and 33). The results confirmed the sensor’s reliable stability in
different environments.

Finally, the mechanism behind the enhanced gas-sensing perfor-
mance of the NGA-NbOI, sensor was investigated. As previously dis-
cussed, the abundant NbOI>-Nb,Os interfaces and substantial charge
transfer play a crucial role in enhancing gas-sensing performance. As
illustrated in Supplementary Figs. 34-36, the poor conductivity of
Nb,Os and its insensitivity to NO, indicate that it does not contribute
to the enhancement of gas-sensing performance. Therefore, the
results indicate that the performance improvement is directly related
to the presence of abundant heterojunctions between NbOI, and the
amorphous Nb,Os edges. By measuring the local surface potential by
Kelvin probe force microscopy (KPFM) in Fig. 5d, e, it can be seen that
the surface potential in the NGA structure regions is significantly
higher than that in the NbOI, regions. The work functions and Fermi
level positions of the NbOI, and NGA structures were determined to be
5.08 eV and 4.89 eV, respectively (Supplementary Fig. 37), indicating
that the Fermi level of the NbOI,-Nb,Os heterojunction is lower than
that of NbOl,. This suggests that the Fermi level of intrinsic NbOI, is
higher than that of the amorphous Nb,Os edges. Therefore, upon the
formation of the heterojunction structure, electrons will transfer from
the amorphous Nb,Os edges to the NbOI, region until Fermi energy
equilibrium is reached (Fig. 5f). Once the heterojunction is formed, an
internal potential will be generated. During the sensing process,
adsorbed NO, molecules will capture electrons from the heterojunc-
tion, further increasing the barrier width, thereby reducing the con-
ductivity of the NGA-NbOI, sensors and resulting in a rapid sensing
response.

In summary, we demonstrated that far-field fs laser patterning
can be employed to fabricate NGA structures with groove widths as
low as ~14.5 nm (-A/73), and NGA structures exhibit a smooth surface
without obvious ablation. Through structural characterization, it has
been validated that the NGA structures retain the original single-
crystalline nature of NbOI, and exhibit ultrafine amorphous Nb,Os
edges, thus affirming the advanced processing capability of selec-
tively etching 2D multilayer NbOI, using the LIPSS method. Through
numerical simulations and experimental studies, it has been
demonstrated that the generation of NGA structures originates from
the coupled field of SPP periodic field and NG-LNF enhancement
induced by fs laser irradiation. Furthermore, by adjusting laser
parameters such as laser pulse number, fluence, and polarization
direction, the groove spacing, quantity, and orientation of NGA
structures can be modulated. Finally, based on the large number of
NbOI,-Nb,Os heterojunctions generated by the NGA structure and
the significant charge transfer occurring at their interfaces, NGA-
NbOI, gas sensors were fabricated, demonstrating highly competi-
tive NO, sensing performance with a rapid response time (-5.1s) and
a quick recovery time (25.4 s). Leveraging the super-resolution cap-
ability of laser patterning, the richness of the NbOI,-Nb,Os hetero-
junction, and the nonlinear optical characteristics of NbOlI, itself, the
NGA structure is expected to play a greater role in future catalysis,
molecular sensing, and nanophotonics.

Methods

Materials preparation

NbOI, single-crystal bulk materials were synthesized using the che-
mical vapor transport (CVT) technique. In a vacuum-sealed quartz
tube, powders of Nb, Nb,Os, and I, were uniformly mixed in a ratio of
3:1:6. The tube was programmatically heated to 700 °C, held at this
temperature for 3 hours, and then allowed to cool naturally to room
temperature. To eliminate residual I,, the obtained crystals were
immersed in alcohol. Thin NbOIl, flakes were obtained through
mechanical exfoliation on polydimethylsiloxane. Subsequently, these
flakes were transferred onto a 10 x 10 mm SiO,/Si substrate using a dry
transfer method.

Femtosecond laser processing

The sample is placed on an electrically controlled three-axis sample
stage, subsequently laser-patterned in air. The fs laser has a wavelength
of 1064 nm, a pulse width of 255fs, and exhibits a Gaussian beam
profile. The laser output is linearly polarized light, attenuated in power
through a half-wave plate and a Glan prism, and further adjusted in
polarization direction via another half-wave plate. Upon focusing
through the objective lens, a spot size of approximately 10 pm can be
achieved. The scanning speed of the processing platform is set to
0.01 mmy/s, with the capability to achieve different laser scanning tra-
jectories through software configuration.

Numerical simulation

The finite-difference time-domain (FDTD) method is used to simulate
the interface electric field distribution when incident light interacts
with the nano-grooves. The computational model consists of Si, SiO,,
and NbOI, materials from bottom to top, with dimensions of 5 pm x
5Sum in length and width, and heights of 2 pm, 300 nm, and 10 nm,
respectively. The simulation region is a rectangular box with dimen-
sions of 4 pm x 4 pum x 4.8 pm. Symmetric periodic boundary condi-
tions were applied along the X and Y axes. A plane wave with a
wavelength of 1064 nm was set as the incident light, irradiating from a
distance of 1 um above the surface of the NbOI, material. Seven nano-
grooves with dimensions of 2 pm x 15 nm x 10 nm were created, and a
plane wave with a wavelength of 1064 nm was applied to irradiate the
grooves.

Materials characterization

The optical images of 2D NbOI, were obtained using an optical
microscope (Zeiss Imager A2m). The NGA structures of 2D NbOI, were
characterized using a scanning electron microscope (SEM, Zeiss Sigma
300 VP), and image processing was performed using Gwyddion soft-
ware. The transmission electron microscope (TEM, Talos F200x) was
utilized to analyze the atomic structure distribution and employed
selected area electron diffraction (SAED) imaging, while energy-
dispersive X-ray spectroscopy (EDX) was employed to determine the
elemental distribution of the structure. Raman spectra characteriza-
tion of the NbOI, samples was conducted using a micro-Raman system
(Renishaw InVia Plus) equipped with a 532 nm excitation laser and a
50x objective. The Raman power was set at 5%, and a data acquisition
time of 5s was used. Second harmonic generation (SHG) spectra were
measured using a home-built setup with back-reflection configuration,
employing an fs laser with a wavelength of 1064 nm and a pulse width
of 80 fs. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Al
Ka radiation) was employed for the characterization of the material's
valence states. Kelvin probe force microscopy (KPFM) measurements
were performed in tapping mode using an atomic force microscope
(AFM, Bruker Dimension FastScan) to measure the surface potential
distribution of the structures.

Gas-sensing measurement

SiO,/Si chip carriers were prepared using ultraviolet exposure tech-
niques, and electrical measurements were conducted using a 2/40 nm
Cr/Au film deposited by thermal vacuum evaporation. The chip con-
tained electrode channels of 10 um, and external electrodes of 3 mm
were directly connected to the probe clamp. 2D NbOI, nanosheets
were transferred into the channels, followed by nanofabrication using
an fs laser. The NO, sensing experiments were performed in a custom-
designed gas-sensing chamber equipped with gas inlet and outlet
devices, as well as electrode contacts for detection. Real-time changes
in conductivity were observed and recorded at a voltage of 5V using an
electrochemical workstation (CHI 630E). The background gas con-
sisted of air, and a predetermined quantity of target gas (1L) was
introduced into the testing chamber using a syringe. Gas sensor sen-
sitivity can be expressed using the following Equations: S (%) = [(/
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Iy) —1]x100% for reducing gases, and S (%) =[(/y/l,) —1]1x100% for
oxidizing gases. Here, I, represents the drain current in air, while /y
represents the drain current when the sensor is exposed to the gas
being tested. Response time is defined as the time needed to achieve
90% of the change in the gas response sensitivity when the sensor is
exposed to a specific amount of gas, and recovery time is defined as
the time needed for gas desorption to restore 90% of the initial signal
after cutting off the gas.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the main text, sup-
plementary information, and source data file. Additional data are
available from the corresponding author on request. Source data are
provided with this paper.
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