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ABSTRACT: Single-crystal diamond has attracted much attention

because of its wide bandgap and specific thermal and optical % Femtosecond
properties, which is suitable for the utilization on integrated photonic fascupise
devices and power semiconductor devices. However, its extremely
high hardness confines the processing ability of micro/nano -
structures, which is the main determinant of devices performance. 5 y
Here, multimode patterning methods using ultrafast laser regulated
in spatial-domain with high precision are proposed. Through
designing of spatial beam phase, specific patterned micro/nano
structures ranging from sub-micrometer scale to millimeter scale
can be printed on diamond surface with improved efficiency. This
provides a facile strategy for the fabrication of programmable
patterns with sub-wavelength resolutions. The laser ablation and
graphitization result can be precisely predicted by calculating free
electron density and validated through patterning experiment. A
diamond holographic element is designed and fabricated through
the proposed method, which can project the reconstructed
holographic image for display applications. This work presents a
promising method for preparing of single-crystal diamond-based next-generation semiconductor devices and integrated
photonic systems requiring precise light field control.

Diamond

KEYWORDS: ultrafast laser fabrication, high precision, patterned processing, single-crystal diamond, micro/nano functional
devices

1 Introduction

Transparent dielectrics and wide bandgap semiconductors are
applicable in next-generation micro/nano functional devices owing
to their unique physical and chemical properties [1-3]. Single-
crystal diamond is considered the most promising next-generation
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semiconductor material [4], with band gap of 5.47 eV. Due to its
exceptional hardness, high thermal conductivity, and broad optical
transmission spectrum, it is an attractive material for fabricating
power semiconductor devices and optical devices [5-8] with long
lifespan, high power-handling capacity, and light transmission
performance [9-12]. For instance, a spiral phase plate fabricated by
femtosecond laser beam shows the capability to transform laser
beams into hollow ring beams and optical vortex beams [13].
Additionally, a two-dimensional photonic crystal slab nanocavity
increases spontaneous emission rates and photon extraction
efficiencies, facilitating  high-efficiency optical information
transmission [14].

Recently, laser scribing and inscribing technology has emerged as
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a promising technique for glasses and silicon micro-nano
processing due to its three-dimensional and mask-free features
[15-21]. When using continuous wave lasers or long-pulsed lasers
to process these brittle materials, heat accumulation and internal
stress induced by excessive energy deposition are inevitable. This
leads to micro-crack propagation and lattice damage formation,
which is not suitable for optical applications [22, 23]. Specifically,
when using continuous-wave or long-pulse lasers (such as
nanosecond lasers) to process diamond, significant thermal damage
occurs, leading to irreversible graphitization of the sp’-bonded
carbon phase [24, 25]. This method produces a thicker graphitized
layer and more extensive heat-affected zone (HAZ). Therefore, it is
limited to use long-pulse lasers for precision processing on
diamond. Consequently, conventional manufacturing technologies
meet limitations when processing micro/nano structures either at
the surface or within the material volume of these brittle materials.
Ultrafast lasers represent a potential solution to address the
challenges [26, 27]. The ultrashort pulse duration and ultrahigh
power density minimize heat affected zones and recast layers,
evidently enhancing processing quality [28—-31]. However, current
scanning methods for micro array impose limitations on the
flexibility and efficiency of ultrafast laser processing. Fabrication
quality is often compromised due to laser beam overlaps [32], while
structure intervals must be maintained at certain distances to
prevent secondary processing effects. Therefore, it is necessary to
optimize laser high-precision patterning and scanning strategies. To
overcome constraints of gaussian beam and improve processing
abilities, spatial regulated laser processing methods designed for
increased energy efficiency ratio and precision have been developed.
Advanced techniques such as multi-beam processing and vortex
beam processing, which utilize shaped optical fields, significantly
increase fabrication capacity and processing capabilities. Through
the integration of advanced optical focusing systems and precise
pulse energy control, laser spots can be controlled to hundreds of
nanometers, which substantially promotes the processing resolution
[33-36]. A multi-dimensional laser nanolithography method using

(@) (c)

spatial light modulators was proposed to produce non-diffracting
beams to induce planar nanopatterns deep inside silicon, enabling
creation of nano-voids within the irradiated volumes and
fabrication of controlled nanostructures [37]. Similarly, a nanoscale
femtosecond laser multi-beam lithography method was proposed to
fabricate advanced photonic crystal, achieving sub-wavelength
control of structural dimensions without the limitations of
conventional single-beam processing approaches [38]. These
developments in ultrafast laser spatiotemporal shaping provide
methods for manufacturing high-performance diamond-based
optical devices, which can be applied in optical communications
and photonic systems requiring precise light field control.

In this study, an ultrafast laser facile patterning method was
performed to produce structures from sub-micrometer scale to
millimeter scale in single-crystal diamond materials, which have
potential applications in micro/nano functional devices. The
composition change of single-crystal diamond materials under
ultrafast laser irradiation was studied. Controllable ablation and
graphitization process with tunable precision were investigated by
free electron density calculating with plasma model. Using point-by-
point scanning method, microstructure arrays for light modulation
were produced. When using spatial shaped laser micropatterning
method, the processing efficiency can be further increased. Based
on the proposed laser micropatterning method, optical diffraction
devices designed by Gerchberg—Saxton (GS) algorithm were
fabricated on diamond substrates to generate predetermined optical
Ppatterns.

2 Results and discussion

2.1 Laser ablation and graphitization on diamond

The composition and structure change through laser irradiation on
single-crystal diamond material were summarized and displayed in
Fig. 1. As shown in Fig. 1(a), the femtosecond laser beam is focused
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Figure1 The composition and structure change through laser irradiation on single-crystal diamond material. (a) Schematic of femtosecond laser pulse irradiation on
diamond surface for pattern processing. (b) Optical image of spiral phase plates fabricated on diamond surface. (c) Raman result of the spot irradiated by different laser
pulse energy, the spectral sampling areas are shown in (d). (d) SEM images of the spot irradiated by different laser pulse energy: (i) 1.32 x 10" J/cm’, (ii) 6.58 x 10° J/cny’,

and (iii) 3.29 x 10° J/cm. (b) Scale bar is 100 pm. (d) Scale bar is 2 pum.
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onto the single-crystal diamond material through a focusing
objective, and micro patterns are fabricated on the surface. As a
result, Fig. 1(b) presents a pattern consisting of thousands of spot
structures was produced, where each spot was processed by laser
irradiation using single laser pulse. To analyze the surface changes
before and after laser irradiation, scanning electron microscope
(SEM) imaging and Raman spectroscopy were employed.
Figure 1(c) displays the normalized Raman spectra of diamond
obtained before and after laser irradiation, sampling the spot
structures processed with different pulse energy. The pristine
diamond exhibits a characteristic Raman peak (T, peak) at
1332 cm™ [39], with an intensity ratio I(T,,) of approximately 100%.
When diamond is irradiated by a single laser pulse with
132 x 10* J/em? pulse energy fluence, a characteristic peak
approaching graphitization (sp* peak) appears at 1579 cm™ in the
ablated area, while the typical range of graphitization is between
1580 and 1600 cm™, indicating a transformation from sp’ to sp’
bonding due to the laser pulse energy deposition. It should be noted
that, the sp’ peak intensity in modified areas shows only slight
increases, suggesting that graphitization predominantly occurs at
the center of beam irradiation rather than along its periphery. As
pulse energy fluence increases from 3.29 x 10° to 1.32 x 10* J/cm?,
the ratio of intensities I(T,,)/I(sp*) decreases from 2.519 to 1.504,
indicating more extensive graphitization. The degree of
graphitization with different laser energy shows that the more laser
energy is deposited, the more intense the transformation of the
diamond material structure caused. Figure 1(d) presents a SEM
image of the processed spot structure with different laser
parameters. The fabricated spot structure exhibits a concentric
circle, where Region 1 corresponds to the unprocessed area
composed of pristine diamond, Region 2 represents the modified
area after laser irradiation with pulse energy fluence of 1.32 x
10* J/cm?. Regions 3, 4, and 5 correspond to ablated areas after laser
irradiation with pulse energy fluences of 1.32 x 10, 6.58 x 10°, and
3.29 x 10° J/cmy’, respectively. This concentric pattern results from
the Gaussian profile of the laser beam, which exhibits maximum
energy intensity at the center and decreases radially toward the
periphery. The spatial energy distribution creates distinct processing
zones, indicating the existence of specific fluence thresholds
separating ablation and modification. In the ablated region, material
removal results in the formation of crater-like structures, with
periodic nanostructures observed at the bottom of these craters. In
the surrounding modified region, the phase transition from sp® to
sp’ bonding and the refractive index of the material changes, where
no bump-like structures or crater-like structures are formed in this
area.

Free electron density is a crucial parameter for determining the
ablation threshold of diamond, and it can be calculated through
plasma model, considering collisional ionization, photonic
ionization, and localized transient optical properties. In order to
study the relationship between free electron density and the
ablation threshold of diamond, some simulation and experiments
were employed. A series of parametric experiments were performed
to determine the laser energy fluence range. By varying the laser
energy, the morphology processed by single pulse transitioned from
exhibiting an ablation crater and modified ring, to only a modified
zone, and finally to no visible processed traces. Figure 2(a)
illustrates the different regions fabricated on the diamond surface
using femtosecond laser pulses by a focusing objective (10x,
numerical aperture (NA) = 0.3). According to the SEM results
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shown in Fig. 1(d), the surface exhibits two distinct regions: The
inter region is an ablation zone and the outer region is a
modification zone. Figure 2(b) shows the optical images of the
diamond surface after femtosecond laser irradiation using double-
pulse femtosecond laser. Double-pulse laser processing can be
utilized to determine the free-electron relaxation time of materials,
by varying the pulse delays and single pulse energy of two laser
pulses with identical energy. The clear boundaries are evident
between the ablation, modification and unprocessed zones, which
correspond to the ablation threshold and modification threshold. In
the ablation zone, dark central craters are observed at the laser
irradiation center, surrounded by bright modified regions; in the
modification zone, only bright circular areas are present.
Experimental data show that as the double-pulse delay time
increases from 0 to 900 fs, the surface ablation threshold gradually
increases. This continuous increase in ablation threshold could be
attributed to temporal regulation of electron-phonon interactions.
Longer delays allow more electron energy transfer to the lattice,
which induce the decrease of the peak intensity of free electron
density, resulting in higher input fluence required for material
ablation. Theoretically, material ablation occurs when the free
electron density equals or exceeds the critical electron density, and
the calculated critical electron density was determined to be 1.75 x
10 cm™ when the laser wavelength was 800 nm. The free electron
relaxation time of single-crystal diamond was determined to be
about 600 fs according to the ablation results. Figure 2(c) illustrates
the free electron density as a function of various laser fluence values
according to the plasma model. This analysis reveals that at
20 J/cm?, the electron density remains below the critical electron
density, whereas at 40 J/cm’, it exceeds the ablation threshold. These
observations indicate that the ablation fluence threshold lies within
the interval between 20 and 40 J/cm® To determine this threshold
with precision, the relationship between the laser energy fluences
and the diameters of the ablation or modified areas is established in
Fig. 2(d), through measuring the size of processed spots on
diamond under different laser energy. There exists a linear
relationship between the square of the circle diameter after laser
irradiation and the logarithm of laser pulse fluence. When the
diameter of the processed area exceeds zero, the corresponding
laser energy fluence represents the threshold value. By applying this
approach, an ablation threshold of 36.41 J/cm* and modification
threshold of 14.88 J/cm® were identified, which provides a more
accurate determination of the threshold value through systematic
diameter measurements across varying fluence levels. It is worth
mentioning that the processing threshold of the material is affected
by factors such as laser wavelength, laser pulse width, and focusing
conditions, so the obtained threshold is applicable to specific
processing situations. As shown in Fig. 2(e), the peak intensity of
free electron density with pulse energy fluence of 36.41 J/cm’
exceeded the critical electron density, and the single crystal
diamond material would begin to be ablated. Thus, the regulation
of ultrafast laser provides more dimensions to control the precision
of micro/nano structures.

22 Vortex structure fabrication with point-by-point
strategy on large format

After the processing energy fluence threshold of single-crystal
diamond is determined, different laser energy can be chosen to
process hole structures point-by-point on the diamond surface. The
micro-hole structures exhibit a different refractive index compared
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Figure2 The experimental and simulation results of fabrication threshold of diamond. (a) Schematic of different areas fabricated by ultrafast laser pulse on diamond. (b)
Optical image of the double laser pulse fabrication result, scale bar: 20 pum. (c) Calculated free electron density with different laser pulse fluence. (d) The square of diameter
of ablation or modification areas as a function of logarithm of laser pulse fluence. The inset shows a magnified view of the region where the vertical axis value in (d)
approaches zero. () Calculated electron density with experimental ablation and modification fluence.

to the surrounding areas, which enables a splicing of large format
structures. Based on the principle of light diffraction, the phase of
the light beam passing through the component is modulated,
thereby generating an output optical field with a specific shape.
Using a point-by-point scanning method, designed patterns
composed of ablated spots can be written on the diamond material,
and these micro patterns can control light propagation through the
structure. Figure 3 primarily shows the patterning capability of the
point-by-point scanning method and the phase plate design
methodology. As presented in Fig. 3(a), spiral phase plates (SPPs)
with different topological charges (1, 2, and 3, respectively) can be
fabricated by a focusing objective (20x, NA = 0.45) using this laser
point-by-point ablation technique. The topological charge
characterizes the magnitude of the orbital angular momentum of a
vortex beam, which can influence the shape of the output optical
field [8]. The corresponding detailed structures are shown in
Fig. 3(b), which shows the micro patterns are composed of spots
with the same size. When an 800 nm laser beam propagates
through these SPP patterns, the wavefront undergoes phase
modulation resulting in distinctly shaped light fields. Figure 3(c)
presents simulation results of light fields shaped by SPPs with
different topological charges, showing how these diamond surface
patterns control the optical field distribution. The fabricated SPPs
with varying topological charges exhibit designed optical properties,
confirming light phase modulation. Moreover, increasing pattern
complexity enables the generation of correspondingly more
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complexed light field distributions, suggesting potential applications
in optical manipulation and information dissemination.

2.3 Micro-nano structure fabrication using shaped laser
beam

To improve the efficiency of diamond surface patterning beyond
point-by-point scanning methods, structured light fields can be
employed to process micro-nano patterns through single laser pulse
irradiation. This approach utilizes femtosecond pulsed laser beams
in combination with a spatial light modulator (SLM) to directly
write patterned structures on diamond surfaces with single laser
pulse, which enables beam shaping through uploaded holograms
on SLM. During processing, material removal occurs in regions
where the intensity exceeds the material's ablation threshold, while
lower-intensity regions remain unaffected. Consequently, the
resulting ablation patterns closely correspond to the intensity
distribution of the shaped beam, enabling rapid fabrication of
complex micro-nano structures using single laser pulse. This
method can be extended to other transparent materials, and
experimental determination of optimal laser energy parameters for
different materials is required.

The relationship between SLM holograms, the resulting light
field distributions, and the corresponding processed structures on
diamond was shown in Fig. 4. As presented in Fig. 4(a), when a
vortex phase with topological charge n = 3 is applied to the SLM,
the output beam forms a circular vortex light field. Through
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Figure3 Optical images and interference patterns of spiral phase plates with different topological charges. (a) Optical images of SPPs with different topological charges
inscribed by ultrafast laser, scale bar is 100 pum. (b)(i)—(b)(iii) Detailed optical images correspond to the ablated areas in the center of areas in (a)(i)—(a)(iii), scale bar is 20
um. (c) Simulation results of the optical field irradiated through the micro patterns by Gaussian beam.

interaction between laser pulse and diamond material, this shaped
beam with a single-pulse energy of 50 J, which is focused by an
objective lens (50x, NA = 0.5), produces a corresponding circular
ring structure on the diamond surface. Figure 4(b) shows a higher-
order Bessel phase, which combines an ordinary Bessel phase with a
vortex phase with topological charge n = 3. This phase
configuration generates a circular vortex field with increased non-
diffraction propagation distance, resulting in larger toroidal
structures after focused processing compared to those in Fig. 4(a).
Besides the circular patterns, the SLM can generate split-beam light
fields for parallel processing. Figures 4(c) and 4(d) present four-
petal and six-petal beam patterns respectively, enabling
simultaneous ablation of multiple spots on the diamond surface.
The overall morphology of the processed patterns is consistent with
the shaped light field. Beam quality may affect the symmetry of the
fabricated structures. The size of the processed points was about
650 and 500 nm, which is subwavelength (800 nm) and sufficient
for the fabrication of a wide range of functional diffractive devices.
Additionally, this method can effectively control the spatial
distribution of ablation features and improve the efficiency of
micropatterning. By using a N-beam shaped light field, the
efficiency of micropatterning fabrication process can be raised by
N-1 times. Thus, the efficiency was raised by 3-5 times using
shaped light field shown in Figs. 4(c) and 4(d). The experimental
results in Fig. 4(e) show that combining a six-petal phase with a
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Bessel phase preserves the six-petal light field configuration while
increasing the distance between each petal and the central point
from 1 to 2 um, showing spatial tunability of the fabricated
microstructures. By optimizing the phase algorithm and
incorporating aberration correction techniques, it is promising to
achieve higher processing accuracy and smaller feature sizes in
complex micro-nano structures. Consequently, with the design of
processing strategy, phase distribution and laser processing
parameters such as single-pulse energy and focused condition, a
facile fabrication method for micro/nano functional devices is
revealed.

24 Holograms devices fabricated by ultrafast laser pulses
on diamond

Based on the proposed laser micropatterning method, holographic
devices are fabricated on diamond substrates to modify the
diffracted light field. Due to the non-uniform structure of the
holographic device, it is more suitable for laser scanning processing
compared to the spatial beam shaping patterning method which is
better adapted for fabricating symmetric structures. Holographic
devices are images created through the principles of light
interference and diffraction, represent a class of optical elements.
When light beam propagates through the hologram, the light field
will form a specific distribution due to the effect of diffraction. Since
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https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402
https://www.sciopen.com/article/10.26599/NR.2026.94908402

Han et al.

Nano Research | Vol. 19, No. 5

maaaaca T
Doaaoon
Oonnonn
IOOCGIOO0
BOOGGO0
DOGOOOo
anao0es

() oL +1 oL oLat )
QOOGOHLOO

HHOLCCCCG
RDOOOOOOC
CCOCLGo

tesssss ()
Innonoo:
Bunuonng
sssosse
BuNSuon
LR R R RS
R R ¥ ¥ ¥

T T T
53 00 0 0 03 6
£ 00 60 2 6 3
e T
T T
S
POy

Figure4 Design and fabrication of patterned structures using shaped laser pulse. (i) Phase holograms loaded on SLM. (a)-(e) correspond to a vortex hologram
(topological charge n = 3), a Bessel hologram composed of a spiral phase plate and an axicon phase, a hologram with phase changed per 90° a hologram with phase
changed per 60° and a hologram formed by superimposing the previous (60° step) hologram with an axicon phase, respectively. (ii) The simulated light fields
corresponding to the phase in (i). (i) The actual light fields measured in experiment. (iv) Optical images of the arrays of patterned structures, scale bar: 5 um for (a)-(d),
10 pm for (e). (v) SEM images of single patterned structures, scale bar: 1 um for (a)-(d), 2 pm for (e).

the diffraction pattern is mainly generated by first-order diffraction
light, the diffraction efficiency has a slight impact on the practical
functionality of the devices. Computed holograms could be
designed via mathematical algorithms and offer possibility in
generating any desired light field distribution. Based on the
hologram design algorithms, we studied the application of
femtosecond laser processing for fabricating computational
holograms on diamonds as shown in Fig. 5.

The experimental optical path for testing the diamond-based
hologram was shown in Fig. 5(a). The holographic image was
reconstructed on a screen when a 530-nm wavelength laser passed
through two beam lenses and an iris before illuminating the
hologram. Figure 5(b) presents the original diamond target image.
For processing the hologram pattern, we employed the GS
algorithm, which is an iterative phase algorithm used to calculate
the required phase distribution on a hologram or phase plate, to
compute the phase distribution necessary to generate the target
output optical field. The GS algorithm implementation proceeds as
follows: A Gaussian beam is used as the incident light source, and
an initial phase distribution is set on the optical diffractive device
surface. Light field transmission between the incident plane and the
target plane is computed iteratively using Fourier and inverse
Fourier transforms. Throughout the iterations, phase information is
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retained, while the intensity profile is replaced with Gaussian
distribution at the incident plane and the predefined distribution
shown in Fig. 5(c) at the target plane, which consists of two
symmetrically arranged diamond shapes. The iterative process
continues until the result at the target plane sufficiently matches the
desired pattern, ultimately obtaining the phase distribution on the
optical diffractive device shown in Fig. 5(d), while Fig. 5(e) provides
a magnified view of the calculated hologram structure. The
fabrication process involved processing each pixel on the diamond
substrate using single pulses with energy fluence of 526.1 J/cm> A
laser repetition rate of 10 Hz and a scanning speed of 50 um/s are
used to ensure that each unit structure is processed by a single laser
pulse. Figure 5(f) shows an optical micrograph of the resulting laser-
processed hologram on the diamond surface, where dark regions
indicate laser-ablated areas. The fabrication time for this
holographic device was 67 min, with a measured holographic
diffraction efficiency of 32.1%, which is within the theoretical
diffraction efficiency range of 30%-40% for binary optical elements.
A higher magnification view of this processed hologram is
presented in Fig. 5(g). At the edges of the processed patterns,
reduced scanning speed leads to localized over-ablation, which
introduces fabrication errors. But the functionality of the
holographic device is primarily determined by the overall pattern
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rafast laser on diamond. (a) Schematic illustration of a diamond hologram. (b) Original image, (c) simulated light field

intensity distribution of the calculated hologram, (d) calculated hologram of a diamond image, and (e) a magnified view of (d). (f) Optical micrograph of the hologram
fabricated on diamond surface and (g) a magnified view. (h) Measured restructured holographic images of the hologram. (f) Scale bar is 200 um. (g) Scale bar is 10 um. (h)

Scale bar is 10 mm.

morphology and remains unaffected by localized imperfections.
The functionality of the fabricated hologram was verified by
projecting the reconstructed holographic image. The measurement
of the diffracted light field is shown in Fig. 5(h), where multiple
diamond patterns were successfully reconstructed on the screen.
The generated pattern involved more than two diamond shapes,
because of the effect of light diffraction.

3 Conclusions

In summary, we proposed a multimode patterning method using
ultrafast laser regulated in spatial-domain to process different-scale
patterns from sub-micrometer scale to millimeter scale on single-
crystal diamond for functional devices fabrication. The interaction
between laser pulses and single-crystal diamond was studied. It was
found that, the area irradiated by laser beam performed from
unprocessed, modified to ablated with the increasing of laser
influence, and the degree of graphitization also increased, which
provided a tunable precision for the fabrication. The free electron
relaxation time of single-crystal diamond was investigated to be
about 600 fs. The ablation threshold was experimentally obtained to
be 36.41 J/cm? which was verified through simulation. Through
controlling laser ablation and graphitization process, spiral
patterned structures for light modulation were fabricated using
point-by-point laser scanning method. By controlling the spatial
energy distribution of laser beam, such as shaping the light field
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into four-spot light field or six-spot light field, the fabrication
efficiency was improved by 3-5 times. Using the proposed laser
micropatterning method, an optical diffractive device was
fabricated. The holographic image of diamond was reconstructed
on the screen when the fabricated device was irradiated by laser
with 530-nm wavelength. To enable the fabrication of more
complex and refined holographic patterns on diamond surfaces, the
scanning speed of the translation stage and the complexity of the
shaped light field could be considered as potential directions for
improvement in the future. These advanced holographic structures
would allow for precise manipulation of light propagation, and the
fabricated micro-optical devices exhibit enhanced capabilities of
connectivity and integration. This work demonstrates that
femtosecond laser micropatterning method has broad potential
applications in next-generation micro/nano functional devices, such
as semiconductor-based power devices, integrated photonic
systems, etc.

4 Methods

4.1 Experimental setup

A SLM-based laser direct writing system was used in the
experiment. The ultrafast laser source was an amplified Ti: sapphire
femtosecond laser system, with a central wavelength of 800 nm,
pulse duration of 35 fs, and repetition rate of 1 kHz. The shaped
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laser beams were generated by applying holograms on a 1920 x
1080 pixels liquid-crystal spatial light modulator (LC-SLM). A 4f
system consisted of two convex lens was utilized to eliminate the
diffraction effect before laser focusing. The focus length of convex
lens was 400 mm. Then the laser was focused by an objective with a
given focusing factor, like (10x, NA = 0.3), (20, NA = 0.45), (50x,
NA = 0.5), corresponding to the focal spot radius of 4.4, 2.2, and
0.88 um respectively. The sample was positioned on a movement
stage with nanoscale resolution to realize relative movement
between laser beam and processed sample. The movement stage
was the H-811.12 Miniature Hexapod from Newport Corporation.
Due to the high precision movement stage and the air-flotation
stabilized platform, the focal plane remained stable during the
entire fabrication process. A white light illumination with a Charge
coupled Device (CCD) camera was used to obtain the real
observation of laser direct writing process.

The diamonds used in the experiment were chemical vapor
deposited (CVD) single-crystal diamonds with dimensions of either
5mm x 5 mm or 10 mm x 10 mm, which are polished of industrial
grade on both the top and bottom surfaces. The material used in
processing experiment was single-crystal sample that is transparent
and it is processed by Gaussian or shaped laser beam when the
beam focused on the material surface. As a result, the material
surface generated graphitized areas or ablated craters that were
consistent with the shape of the light field.

4.2 Measurement and characterization

Optical microscope images of single-crystal diamond samples were
captured under a bright-field optical microscope (Olympus).
Electron microscope images of the surface structure were
characterized by scanning electron microscopy (Zeiss Gemini). For
the Raman spectra measurement, a continuous laser (532 nm) was
used as an excitation source. Raman shift varied from 900 to
2000 cm™. The holographic image of a diamond was reconstructed
on a screen after a continuous illumination laser (530 nm) traversed
through two beam expansion lenses and an iris, casting light upon
the hologram.

4.3 Simulation

The plasma model was employed for the simulation calculations of
the processing threshold in this study. The model simulated the
ultrafast laser excitation of diamond by tracking the evolution of
free electron density and electron temperature. Starting from the
initial laser irradiation intensity, it calculated the free electron
density, electron temperature, and transient optical properties of
diamond. The modified optical properties subsequently altered the
laser intensity distribution at the next time step. This iterative cycle
continued throughout the pulse duration, ultimately capturing the
dynamic process of material ablation.

As a wide-bandgap material, the heating and collisional
ionization of conduction electrons in diamond under a strong
electric field can be described using the Fokker-Planck equation.
After simplification and the introduction of a decay term, the
equation can be expressed as

dN(¢)
dt
where a,I(t)N(t) corresponds to impact ionization, R,(t)

corresponds to photoionization, and N(t)/7 is the exponential
decay term with a time constant 7.

N(1)

=al(t)N(t)+ R, (t) — (1)
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When the diamond material becomes ionized, the localized
transient optical properties undergo drastic changes, which can be
represented by the following equation for free electron generation

ON(t,r,2) _
ot
al(t,r,2)N(t,r,2) + ON(I(t,1,2))" — M 2

where r is the radial distance from the beam axis, z is the depth, a,
is the avalanche ionization coefficient, I(¢,r,z) is the laser intensity,
Oy is the N-photon absorption coefficient, and 7 is the electron
relaxation time constant. Based on double-pulse experiments, the 7
for diamond has been determined to be 600 fs.

The laser input term can be assumed as a Gaussian beam profile
in space and time, the laser intensity inside the diamond materials
can be represented as follows

2F

/2,
exp (7; ~ (41n2) (f) ~[Catt r,z)dz) 3)

0 P

I(t,r,z) = (1—R(t,r))x

where F is the laser fluence, ¢, is the laser pulse duration, R(t,7) is
the transient reflectivity, r is distance to the laser axis, y, is the beam
waist, and a(t, 1, z) is the absorption coefficient.

The optical properties of the material can be derived from the
Drude model, which describes the transient complex dielectric
function

e(tv r, Z) = sl(tv 7, Z) +i£2(t7 r, Z) =

(1- O 4 (LerCr D)

It wn(trn2) w(l+ (L 1,2))

where w,(N) is the plasma frequency, w is the laser angular
frequency, and 7, is the electron relaxation time. The reflectivity
R(t,r) and the absorption coefficient a(t,r,z) can be calculated
from the complex dielectric function &(t,7, z).

Through the iterative calculation of the above model and
equations, the free electron density in the material under a given
laser fluence can be obtained. According to the plasma model,
ablation occurs when the free electron density exceeds the critical
density. Therefore, the laser ablation threshold can be predicted.

Data availability
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