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A B S T R A C T

Diamond, known for its exceptional thermal, electrical, and mechanical properties, is widely used in precision 
machining tools, MEMS, and electronic devices. However, because of its extreme hardness and chemical inert
ness, diamond machining is highly challenging. Femtosecond laser technology, with its high instantaneous en
ergy and minimal heat-affected zone, has emerged as an effective method for the precision machining of 
diamond. This study explores the application of 1026 nm and 513 nm femtosecond lasers in diamond grooving. 
The experimental results indicate that with increasing laser energy density, both groove width and depth in
crease, accompanied by a rise in amorphous carbon and graphite contents, resulting in increased tensile stress 
and decreased crystallinity in the machined region. Notably, the 513 nm laser demonstrates higher precision, 
achieving narrower grooves suitable for fine machining of diamond. Molecular dynamics simulations and 
experimental data reveal that the formation of amorphous carbon and graphite phases is the primary mechanism 
for deep ablation, and no significant anisotropy is observed during the process, allowing for the uniform 
fabrication of micro-nanostructures. TEM analysis confirms the presence of amorphous carbon and nano
crystalline diamond at the groove bottom, indicating phase transformation and also the formation of nanoscale 
diamond particles in regions of concentrated femtosecond laser energy. This study provides experimental and 
theoretical support for the high-quality fabrication of micro-nano structures on diamond, with significant im
plications for its advanced applications.

1. Introduction

Diamond exhibits exceptional thermal, electrical, and mechanical 
properties due to its high Young’s modulus, thermal conductivity, and 
low thermal expansion coefficient [1–4]. With significant advancements 
in diamond growth technology, the production cost of synthetic dia
mond has been greatly reduced compared to natural diamond, thereby 
broadening its application scope. Synthetic diamond is now extensively 
utilized in ultra-precision machining tools [5], components for Micro- 
Electro-Mechanical Systems (MEMS) [6], robust gratings [7], inert and 
stable medical coatings [8–10], and electronic devices for harsh 

environments [11–15].
However, the extreme hardness, brittleness, and chemical inertness 

of diamond pose significant challenges for machining. Traditional 
methods, such as grinding [16], Electrical Discharge Machining (EDM) 
[17,18], and abrasive water jet [19], are inefficient and time-consuming 
when processing this superhard material. Commonly micro- 
nanostructure processing methods, such as electron beam lithography, 
photolithography, and reactive ion beam etching, can achieve 
nanometer-level precision but require complex multiple steps, including 
film preparation, masking, etching, and cleaning. Furthermore, these 
techniques often demand stringent processing environments, such as 
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vacuum conditions, and the choice of materials is limited. Additionally, 
the etching speed is relatively slow, typically only a few micrometers per 
hour[20,21]. In contrast, laser processing, as a direct-write technology, 
can be applied directly to the surface or interior of materials, enabling 
material removal through ablation. Under certain conditions, laser 
processing can also achieve nanometer-level precision, with a longitu
dinal removal rate of several micrometers per second, significantly 
improving processing efficiency[22].

Laser processing, a non-contact technique, has proven to be an 
effective method for diamond machining. Although nanosecond lasers 
are well-established for drilling and cutting [23,24], their large heat- 
affected zone limits their suitability for precise optical and electronic 
applications. In contrast, ultrashort-pulse lasers, particularly femto
second lasers, enable fine micro/nanoscale machining with minimal 
thermal damage, expanding the potential applications of diamond in 
optics, electronics, and biomedicine.

In recent years, femtosecond lasers, as a rapidly advancing optical 
technology, have achieved significant progress in their application to 
diamond materials. For instance, femtosecond lasers have been utilized 
in the study of diamond NV color centers [25–27], the fabrication of 
nanochannels[28], the exploration of stealth dicing within diamond 
[29,30], X-ray dosimeters [12], particle detectors [13], solar absorbers 
[14], thermionic devices [15]. and as a precise cutting tool [31]. 
Furthermore, the formation of microstructures on substrate surfaces has 
been shown to reduce dislocation density in subsequent film growth 
which has been demonstrated in the growth of III-V semiconductor 
materials [32]. Thus, investigating the effects of femtosecond lasers on 
diamond materials is crucial for improving diamond surface structures, 
enhancing material quality, and expanding its potential for high-end 
applications.

Femtosecond laser technology has become relatively mature in the 
field of diamond surface micro-nanostructure processing [33]. Different 
wavelengths of femtosecond lasers have significant effects on the size 
and microstructure of diamond [34], and are prone to inducing amor
phous carbon and graphitization during processing [35]. Mazur suc
cessfully prepared periodic linear grooves on single crystal diamond for 
the first time using the laser-induced periodic surface structure (LIPSS) 
technique[36]. In contrast, Trucchi’ s group employed single-beam and 
delayed cross-polarized dual-beam pulsed femtosecond lasers to create 
periodic stripes and two-dimensional periodic nanostructures on dia
mond, respectively[37–40]. These studies demonstrate that during laser 
processing, parameters such as wavelength, number of pulses, and en
ergy density significantly affect the surface morphology, stress in the 
processed area, crystal quality, and phase transformations of diamond. 
However, these studies only address certain aspects of how laser pro
cessing conditions influence diamond processing, and there remain de
ficiencies in understanding the mechanisms of laser-diamond 
interaction, as well as in conducting a more microscopic and detailed 
analysis of the processing region.

In this study, femtosecond lasers with 1026 nm and 513 nm were 
used to groove diamond, and a detailed analysis was conducted on the 
morphology and Raman spectra of the processed regions, focusing on 
their influence on groove width, depth, stress, and crystallinity. The 
results indicate that increasing the energy density leads to wider and 
deeper grooves, accompanied by an increase in amorphous carbon and 
graphite content, higher tensile stress, and reduced crystallinity. The 
thresholds for strong and weak ablation of diamond by femtosecond 
lasers are also determined. The 513 nm laser demonstrated superior 
precision in machining with narrower grooves. Based on this deeper 
understanding, suitable processing parameters can be selected as 
needed, Furthermore, low-energy, multiple processing was shown to 
result in lower stress and higher crystal quality, enabling the fabrication 
of high-quality diamond grid structures. This paper further explores the 
effects of various laser parameters on diamond microstructures by 
combining molecular dynamics simulations with experimental results. 
Transmission Electron Microscopy (TEM) analysis revealed the 

formation of amorphous carbon and nanocrystalline diamond at the 
groove bottom. Consequently, this paper can provide valuable insights 
into the fabrication of high-quality micro-nano structures on diamond 
surfaces.

2. Experiments and methods

2.1. Materials

The diamond used in the experiment was purchased from Zhongnan 
Diamond Co., Ltd., with specifications of 3 mm × 3 mm × 0.3 mm. It is a 
type IIa single-crystal diamond synthesized under high temperature and 
high pressure. The (001) crystal surface of the sample was polished to 
achieve a surface roughness of less than 1 nm. Before the experiment, 
the diamond samples were sonicated in acetone, ethanol, and deionized 
water for 10 min respectively, and then dried with nitrogen gas for use.

2.2. Femtosecond laser processing system

In this experiment, the femtosecond laser processing system is 
equipped with a Yb: KGW laser (PHAROS, Light Conversion), which 
generates laser pulses with a wavelength of 1026 nm, a pulse duration of 
190 fs, and a repetition rate of 200 kHz. After frequency doubling via a 
harmonic generator, the system can produce green light with a wave
length of 513 nm. The laser pulse energy is precisely controlled by an 
electro-optic attenuator, and the polarization direction is fixed by a 
polarizer and maintained constant throughout the experiment. The laser 
beam, after passing through a series of mirrors, is focused by a 50×
objective lens with a numerical aperture (NA) of 0.42. Consequently, the 
spot size of the 513 nm wavelength laser is approximately 1.5 μm, 
whereas the spot size of the 1026 nm wavelength laser is about 3 μm.

A motorized 3D displacement stage (ANT-PLUS series) with a 
movement accuracy of 0.25 μm was used to precisely control the sam
ple’s movement during the patterning of the diamond surface. Addi
tionally, the system uses white light emitted from LEDs to illuminate the 
sample, and an integrated CCD monitors changes in the diamond sample 
in real-time, aiding in the optimization of experimental parameters. The 
schematic diagram of the femtosecond laser processing system is shown 
in Fig. 1(a). For the experiments, we selected the constant density pro
cessing mode, which controls the number of femtosecond laser pulses 
per unit length. Considering the differences in spot diameters between 
the 513 nm and 1026 nm lasers, the respective spot densities in this 
mode are 3000 and 1500, with a constant processing speed of 0.3 mm/s. 
This means that over a distance of 0.3 mm, the total number of laser 
pulses was 3000 for the 513 nm laser and 1500 for the 1026 nm laser. All 
processing operations were conducted in a standard air environment.

2.3. Characterization equipment and methods

To characterize the crystallographic quality of the diamond samples, 
X-ray diffraction (XRD) rocking curves were measured using a SmartLab 
diffractometer (Rigaku Inc.). Ultraviolet absorption spectroscopy (UV- 
2600i, Shimadzu) was employed to obtain the absorption and trans
mission spectra of the diamond samples. The grid and groove 
morphology of the diamond samples were analyzed using a 3D optical 
profiler (NewView 9000, Zygo Inc.). Scanning electron microscope 
(SEM) images of the machined surface areas were captured with a field 
emission scanning electron microscope (FE-SEM, Hitachi SU8010). 
Before SEM imaging, a thin gold (Au) layer was sputter-coated onto the 
samples at a current of 10 mA for 90 s to enhance electrical conductivity. 
Prior to TEM sample preparation, the samples were treated in a strong 
oxidizing solution (H2SO4:HClO4:HNO3 = 1:1:1) at 100 ◦C for 15 min, 
followed by ultrasonic cleaning to remove any residues and non- 
diamond components. TEM samples were then prepared using focused 
ion beam (FIB) cutting, This cutting process was performed along the 
(110) crystal plane, which is perpendicular to the (100) plane. With gold 
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(Au) as the conductive layer and platinum (Pt) deposited to protect the 
sample surface from ion beam damage.

The micro-Raman spectra of the processed diamond areas and sub
strates were measured using a LabRAM HR Evolution spectrometer 
(HORIBA). The excitation wavelength was set to 633 nm, and the device 
was configured with a grating of 1800 lines/mm, focusing through a 
100× objective lens. The spectrometer’s resolution was approximately 
0.65 cm− 1. Before test, the device was calibrated using the Raman peak 
of single-crystal silicon at 520.7 cm− 1.

2.4. Molecular dynamics simulation

The Large Scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) was used for molecular dynamics (MD) simulations [41]. The 
MD model consists of a single-crystal diamond lattice and a laser energy 
field, with their spatial relationship illustrated in Fig. S1. The lattice 
model has dimensions of 160 Å in the x and y directions and 150 Å in the 
z direction, with the x, y, and z axes corresponding to the [100], [010], 
and [001] crystal orientations, respectively. The model size was reduced 
to balance computational cost with the validity of the simulation results. 
An optimized diamond lattice was generated using the conjugate 
gradient method [42]. The model was then sequentially relaxed using 
the NPT and NVT ensembles with a relaxation time of approximately 20 
ps, resulting in an initial diamond structure at 300 K, which was then 
transitioned to the NVE ensemble during the laser input stage. The 
modified Velocity-Verlet algorithm was employed to integrate the 
Newtonian eqs. [43]. The Tersoff potential, an interatomic potential of 
the covalent bonding type, was used in this model to describe the hy
bridization of C–C bonds and the phase transition between diamond 

and graphite. This potential not only allows for the calculation of lattice 
constants, bond energies, bond angles, elastic moduli, and vacancy 
formation energies but also describes the dynamics of chemical bond 
formation and breakage, as well as changes in interatomic bonding 
within the system [44]. The time step for the calculations was set to 0.1 
fs.

The theory of femtosecond pulsed laser-material interaction de
scribes the physical process by which diamond absorbs femtosecond 
pulsed laser energy. When a diamond is exposed to the intense elec
tromagnetic field of a femtosecond laser, Diamond materials can induce 
electron transitions to higher energy levels through multiphoton ab
sorption. This process typically triggers photoionization, which mainly 
involves mechanisms such as multiphoton ionization, tunneling ioni
zation, and avalanche ionization[45]. Subsequently, these hot electrons 
undergo relaxation and recombine with holes, transferring the photon 
energy to the lattice and leading to the material’s melting or vapor
ization. This energy transfer process is nonlinear. However, the behavior 
of electrons falls outside the scope of classical molecular dynamics (MD) 
simulations. As a result, the nonlinear energy absorption process 
modeled in MD simulations may not fully capture the experimental 
outcomes of femtosecond laser direct writing. The shape of the laser 
propagation region within the diamond lattice is illustrated in Fig. S1(a). 
According to experimental observations, the laser source used resembles 
an inverted cone. While the model simplifies the nonlinear energy ab
sorption process and has limitations in explaining the precise physical 
mechanisms of femtosecond laser processing of diamond, it remains 
effective in elucidating the structural changes within the material.

Fig. 1. (a) Schematic diagram of the femtosecond laser processing system; (b) UV–Vis absorption spectra of the diamond samples, with the inset showing the Tauc 
plot for determining the bandgap of the diamonds; (c) X-ray diffraction (XRD) pattern of the diamond; SEM images of the processing regions using a 513 nm 
femtosecond laser at different average energy densities: (d) 12.91 J/cm2; (e) 11.47 J/cm2; (f) 6.02 J/cm2; (g) 3.73 J/cm2; SEM images of the processing regions using 
a 1026 nm femtosecond laser at different average energy densities: (h) 12.64 J/cm2; (i) 11.19 J/cm2; (j) 9.11 J/cm2; (k) 6.31 J/cm2.
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3. Results and discussion

3.1. Exploration of groove micromachining

Fig. 1(a) presents a schematic diagram of the femtosecond laser 
processing system utilized in the experiment. The system employed a 
laser with a wavelength of 1026 nm, a pulse duration of 190 fs, and a 
repetition frequency of 200 kHz. This 1026 nm laser was frequency- 
doubled to produce a laser with a wavelength of 513 nm.

Fig. 1(b) presents the UV–Vis-IR absorption spectra of the single- 
crystal diamond samples used in the experiments. The spectra reveal 
that the diamond samples exhibit higher transmittance and lower ab
sorption at both 1026 nm and 513 nm, with absorption coefficients and 
transmittance at 513 nm being slightly higher than those at 1026 nm. 
The inset presents the Tauc plot for the diamond, from which the 
bandgap energy is determined to be 5.35 eV. This value is lower than the 
5.46–5.5 eV range reported in the literature, likely due to minor impu
rities or crystal defects in the sample. These factors can influence the 
band structure, leading to slight variations in the band gap. This suggests 
that both the 513 nm and 1026 nm lasers used in the experiment interact 
with the diamond through a multiphoton ionization mechanism. Fig. 1
(c) displays the rocking curve of the (100) crystal plane of the diamond 
sample. The (100) crystal plane is positioned at 59.75◦, with a full width 
at half maximum (FWHM) of 0.0235◦, indicating that the diamond 
sample possesses high crystallographic quality.

To achieve high-quality machined morphology and dimensions 
when processing single-crystal diamond, a femtosecond laser processing 
method based on spot density was employed. Specifically, the number of 
femtosecond laser pulses per unit time was controlled at a constant 
scanning speed to ensure equal time intervals between individual pulses, 
thereby regulating the overlap between spots. Given that the spot 
diameter of the 513 nm is approximately half that of the 1026 nm, the 
processing speed was set to 0.3 mm/s. The spot densities for the 1026 
nm and 513 nm lasers were 1500 and 3000, respectively. This indicates 
that the total number of laser pulses at a distance of 0.3 mm is 1500 for 
the 1026 nm laser and 3000 for the 513 nm laser. Under these condi
tions, the effects of different wavelengths and energy densities on the 
machined morphology were investigated.

Diamond selectively absorbs 513 nm and 1026 nm lasers, with the 
513 nm laser exhibiting higher single-photon energy. At the same energy 
density, laser processing at these different wavelengths results in distinct 
morphological features. Fig. 1(d)-(g) and (h)-(k) illustrate the surface 
morphology of grooves machined with 513 nm and 1026 nm lasers at 
varying energy densities, respectively. The results indicate that at high 
energy densities—approximately 12 J/cm2 for the 513 nm laser and 11 
J/cm2 for the 1026 nm laser—the surface processed with the 513 nm 
laser is more concave and uneven compared to the surface processed 

with the 1026 nm laser. This difference may be attributed to the more 
intense ablation effect of the 513 nm laser under high power conditions, 
leading to greater material removal and poorer localized morphology. In 
contrast, at lower power conditions, the 513 nm laser exhibits weaker 
ablation, resulting in more controllable morphology with flatter groove 
bottoms and better-defined edges, thereby improving machining quality 
[46–48]. Consequently, the high-power 513 nm laser is less suitable for 
processing diamond. Nevertheless, the 513 nm laser achieves a smaller 
groove width compared to the 1026 nm laser, making it more appro
priate for the fine processing of diamond microstructures. Fig. S2 pre
sents SEM images of the diamond surface at various average energy 
densities with a 513 nm wavelength and a spot density of 1500. It re
veals that, as energy density increases, deeper but discontinuous pits 
develop on the diamond surface. Conversely, at a spot density of 3000, 
the surface does not exhibit significant pits or poor morphology even at 
high energy densities. Thus, increased spot density results in greater 
heat accumulation per unit area, which is a crucial factor influencing 
machining quality.

Fig. 2(a) illustrates the relationship between groove width and 
average energy density. For the 1026 nm wavelength laser, when the 
average energy density is below 6.31 J/cm2, the width of the grooves 
increases with energy density. However, above 6.31 J/cm2, the increase 
in groove width levels off, reaching a maximum of approximately 3.87 
μm at 14.61 J/cm2. For the 513 nm wavelength laser, the groove width 
remains relatively stable, fluctuating between 1.78 and 1.99 μm when 
the energy density is below 7.75 J/cm2. Beyond this energy density, the 
groove width shows more pronounced fluctuations.

Fig. 2(b) illustrates the variation in groove depth with average en
ergy density. The figure shows that groove depth increases with average 
energy density for both the 1026 nm and 513 nm lasers. At energy 
densities below 5.16 J/cm2, the groove depth is greater for the 1026 nm 
wavelength laser compared to the 513 nm wavelength laser. Conversely, 
at energy densities above 5.16 J/cm2, the groove depth becomes greater 
for the 513 nm wavelength laser. Notably, for the 513 nm wavelength, 
the groove depth exhibits more fluctuation at energy densities exceeding 
7.75 J/cm2, which is attributed to difficulties in controlling groove 
structure and deterioration in morphology under high energy density 
conditions. This indicates that 7.75 J/cm2 represents a threshold be
tween strong and weak ablation for the 513 nm laser.

3.2. Raman spectroscopy analysis of groove structures

Raman spectroscopy, a widely used non-destructive characterization 
technique, can be employed with a microscopy system to analyze crys
tallographic quality, stress, and the introduction of non-diamond phases 
in regions processed by femtosecond lasers. Fig. 3(a) and (d) present the 
normalized Raman spectra of the machined grooves at various average 

Fig. 2. (a) the variation in groove width at different average energy densities for 513 nm and 1026 nm wavelengths; (b) the variation in groove depth at different 
average energy densities for 513 nm and 1026 nm wavelengths.
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energy densities for the 513 nm and 1026 nm lasers, respectively. As the 
average energy density increases, there is a notable rise in background 
intensity in the range of 900–1700 cm− 1, attributed to nanocrystalline 
diamond (ND) and sp2-bonded carbon, the diamond intrinsic peak, the 
D-band, and the G-band, respectively [49–52]. At the same energy 
density, the increase in intensity is more pronounced for the 513 nm 
laser compared to the 1026 nm laser. The Fig. 3(b) and (e) illustrate that 
the diamond characteristic peaks shift to lower wavelengths with 
increasing energy density, accompanied by an increase in the full width 
at half maximum (FWHM) of these peaks.

By fitting the Raman spectra (Figs. S1 and S2), The peaks located at 
approximately 1120 cm− 1, 1332 cm− 1, 1350 cm− 1, and 1565 cm− 1 were 
identified, corresponding to nanocrystalline diamond (ND) and sp2- 
bonded carbon, the diamond intrinsic peak, the D-band, and the G-band, 
respectively [49–52]. The variations in their normalized intensities are 
shown in Tables S1 and S2, while the trends in peak positions are 
depicted in Fig. 3(c) and 3(f). Our analysis shows that the intensity of the 
1332 cm⁻1 peak (I(1332 cm⁻1)) decreases with increasing laser energy 
density, whereas the intensities of the ND peak (I(ND)), the D-band (I 
(D)), and the G-band (I(G)) increase. The intensity change in the D-band 
is larger than that of the G-band, and the change in the G-band is larger 
than that of the ND peak. This indicates that when the laser energy 
density exceeds a certain threshold, part of the diamond structure 

transforms, forming ND, D-band, and G-band features. For the 513 nm 
laser, this threshold is around 7 J/cm2, while for the 1026 nm laser, the 
threshold is around 11 J/cm2. As the energy density increases further, 
the intensities of these non-diamond phases increase more significantly. 
Therefore, controlling the energy density during processing can effec
tively minimize the generation of non-diamond phases.

By performing Lorentzian fitting of the Raman spectra, the peak 
positions and full width at half maximum (FWHM) of the characteristic 
peaks of the processed diamond can be accurately determined, allowing 
for further analysis of the stresses in the machined grooves and the 
crystallographic quality of the diamond. The peak positions and FWHM 
values at various energy densities are presented in Fig. 4(a) and (b). The 
results indicate that as the energy density increases, the Raman peak 
positions shift to lower wavenumbers for both 513 nm and 1026 nm 
lasers, signifying the presence of tensile stress [53]. When the energy 
density is below 5 J/cm2, the grooves processed with the 1026 nm laser 
exhibit some compressive stress. Overall, the trend observed at 1026 nm 
is less pronounced compared to 513 nm. The FWHM of the Raman 
spectra increases with higher energy density, reflecting a deterioration 
in the crystallographic quality of the diamond. Notably, the FWHM in
creases significantly when the energy density exceeds 7.75 J/cm2, with 
the FWHM being generally higher at 513 nm compared to 1026 nm. This 
indicates a more pronounced degradation in crystallographic quality at 

Fig. 3. (a) and (d) the normalized Raman spectra of the processed grooves for the 513 nm and 1026 nm lasers at various average energy densities, (b) and (e) 
enlarged views of the normalized Raman spectra of the processed grooves for the 513 nm and 1026 nm lasers at various average energy densities. (c) and (f) the 
trends in peak positions for the processed grooves using the 513 nm and 1026 nm lasers at various average energy densities.

Fig. 4. (a) and (b) the variations in peak positions and full-width at half-maximum (FWHM) of the Raman spectra at different average energy densities.
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the shorter wavelength. Additionally, significant fluctuations in the 
characteristic peaks and FWHM are observed for diamond grooves 
processed with the 513 nm wavelength when the energy density exceeds 
7.75 J/cm2. Therefore, the accumulation of internal stresses and the 
deterioration of crystallographic quality are key factors contributing to 
the degradation of diamond groove quality.

Therefore, laser processing of diamond at both 513 nm and 1026 nm 
wavelengths with high energy densities substantially degrades the 
crystallographic quality and induces significant compressive stresses 
within the diamond. High-quality surface patterned structures can be 
achieved using both 513 nm and 1026 nm lasers with appropriate 
control of the processing parameters. However, for achieving finer and 
higher-quality surface microstructures, the 513 nm wavelength is the 
optimal choice.

3.3. Exploration of grid machining parameters

To achieve high-precision and high-quality processing of diamond 
morphology, selecting the appropriate wavelength and energy density is 
crucial. Processing with a 513 nm laser yields higher accuracy compared 
to a 1026 nm laser. At high energy densities, graphitization and internal 
tensile stress in the diamond become more pronounced, potentially 
leading to defects such as cracks and chipping in the machined areas. 
These issues can significantly impact the quality of the processed 
morphology.

Fig. 5(a)-(d) shows optical images of diamond samples processed at a 
high energy density of 6.02 J/cm2 for 1, 2, 3, and 5 times. Fig. 5(e) and 
(f) display optical images of samples processed at a lower energy density 
of 2.87 J/cm2 for 5 and 10 times. The images reveal that the edge 
morphology deteriorates progressively with an increasing number of 
processing times at high energy density, resulting in uncontrollable and 
irregular shapes. Conversely, at the lower energy density, the edge 
morphology of the grid remains regular and well-defined, even after 
multiple processing times. Therefore, to achieve high-quality processing 
results, it is advisable to perform multiple processing times at a lower 
energy density of 2.87 J/cm2. Fig. S5 presents a zoomed-in SEM image of 
the processed grid area, showing grooves formed after multiple pro
cessing times, “Junction” where horizontal and vertical processing 

overlap, and unprocessed “Grid” sections. The image confirms that the 
groove edge structure remains intact.

Laser-induced periodic surface structures (LIPSSs) can be observed in 
Figs. S3 and S4. SEM characterization of the groove and junction points 
is presented in Fig. S6(a) and (b). The LIPSS patterns are aligned along 
the Y axis. Additionally, we conducted two-dimensional fast Fourier 
transform (2D-FFT) analysis on the groove region (region c), the region 
between the groove and the junction (region d), and the junction region 
(region e), with the results shown in Fig. S6(c)–(e) [40]. The analysis 
reveals that the distance between the central bright spots remains nearly 
constant, indicating that the periodic structure is consistent across the 
groove region, junction region, and connection point, with a period of 
approximately 140 nm. In Fig. 1, the SEM image shows that LIPSS is 
almost absent in the groove machining region. This could be because the 
laser scanning direction is along the X-axis, while the growth direction 
of LIPSS is along the Y-axis, which are perpendicular to each other. As a 
result, with fewer processing passes, the formation of LIPSS is difficult to 
observe in the groove region scanned along the X-axis.

By analyzing the Raman spectra for different numbers of processing 
times, the relationship between the Raman peak position and full width 
at half maximum (FWHM) has been derived, as shown in Fig. 6 (a) and 
(b). These figures display the variation in Raman peak position and 
FWHM, respectively, at an average energy density of 6.024 J/cm2. The 
red dashed line indicates the peak position and FWHM of the diamond 
substrate. As seen in the figures, when the number of processing times is 
2 or fewer, the Raman peak position shifts toward higher wavenumbers. 
However, as the number of processing times increases, the Raman peak 
position shifts toward lower wavenumbers overall. The FWHM of the 
lattice region gradually decreases with increasing processing times, 
indicating an improvement in crystalline quality. In contrast, the FWHM 
of the groove region increases with additional processing times, sug
gesting a decline in crystalline quality in that region. Notably, when the 
number of processing times is fewer than 2, the FWHM of the grooves is 
smaller than that of the grid, indicating better crystalline quality. 
Additionally, the FWHM of the connection point, which has undergone 
twice as many processing times as the grooves, is overall higher than 
that of the grooves and reaches a maximum after 3 processing times.

Fig. 6 (c) and (d)shows the changes in Raman peak position and full- 

Fig. 5. Optical microscope images of diamond samples processed with varying numbers of times at different energy densities: (a) 1 time, (b) 2 times, (c) 3 times, and 
(d) 5 times at an energy density of 6.02 J/cm2; (e) 5 times and (f) 10 times at an energy density of 2.87 J/cm2.
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width at half-maximum (FWHM) for a low average energy density of 
2.87 J/cm2. It is evident that, with 10 processing times compared to 5 
times, the Raman peak position shifts significantly toward lower 
wavenumbers, indicating the accumulation of stresses even under low- 
power processing conditions. This stress accumulation can lead to 
chipping at the edges of the samples. Additionally, while the FWHM of 
the grid decreases, both the grooves and junction exhibit an increasing 
trend in FWHM. This suggests that the crystallographic quality is better 
with fewer machining times, as indicated by the smaller FWHM values 
for both the grooves and joints at lower numbers of processing times.

Therefore, to minimize chipping at the groove edges caused by stress 
accumulation while avoiding significant damage to the diamond crystal 
structure, it is optimal to use low-energy multiple machining conditions 
for surface microstructure fabrication.

Fig. 7 illustrates the relationship between groove depth and pro
cessing times under different energy densities. The data reveal that, at 
energy densities of 6.02 J/cm2 and 2.87 J/cm2, there is a roughly linear 
increase in groove depth with the number of processing times. The 3D 
profiles are shown in Fig. S7 and Fig. S8, respectively. In contrast, the 
width of the grooves remains relatively constant. This suggests that 
increasing the number of machining times effectively deepens the 
grooves, but may also lead to chipping of the grid edges and subsequent 
deterioration of the morphology. Therefore, it is crucial to balance the 
trade-off between groove depth and width when optimizing the 
machining process.

Fig. 8(a)-(e) displays the molecular dynamics simulations of dia
mond depth changes under varying numbers of laser processing times. 
The simulations reveal that during the initial processing, the ablation 
depth of the diamond changes minimally, with most of the area un
dergoing phase transitions, resulting in the formation of amorphous 
carbon and graphite. As processing continues, some of this modified 
layer is removed through further laser ablation, while a new modified 

layer forms. This results in an overall increase in both the ablation depth 
and the modified depth of the diamond. The data show a decreasing 
trend in modification depth with increasing processing times, while the 
ablation depth increases almost linearly with the number of processing 
steps, consistent with the observed processing effects in Fig. 7. Although 
diamond is known for its exceptional hardness, its interaction with the 
laser causes it to become susceptible to modification and ablation due to 
the formation of modified layers (i.e., amorphous carbon and graphite).

To investigate the effect of crystallographic orientation on diamond 
machining, the process was performed in two distinct directions: par
allel to the sample edge (0◦, corresponding to the [001] crystal orien
tation) and at an angle of 45◦ (corresponding to the [110] crystal 
orientation), as illustrated in the schematic in Fig. S10(a). Fig. S10(b) 
presents contour plots for the 0◦ and 45◦ machining directions. The re
sults indicate that the length and width of the grooves are identical for 
both directions under the same machining parameters, measuring 0.5 
μm and 4.17 μm, respectively. This suggests that diamond surface 
machining is not influenced by crystal anisotropy, which aligns with the 
molecular dynamics simulations discussed previously. Fig. S10(d) and 
(g) display optical microscope images for the 0◦ and 45◦ directions, 
respectively, while Fig. S10(c)-(e) and (f)-(h) provide 3D contour maps 
for the same directions. The images and contour maps show that the 
lattice edges remain horizontal and vertical without chipping under low- 
energy multiple processing conditions, indicating that the machining 
profile is unaffected by the crystallographic orientation. This observa
tion is consistent with the molecular dynamics simulations of diamond 
processed along different crystallographic orientations, as shown in 
Fig. S11.

Additionally, grooves with a width of 10 μm and arrays of microdisks 
with a diameter of 10 μm were machined under identical parameter 
conditions. Both types of features exhibited high machining quality, as 
illustrated in Fig. S12.

Fig. 6. The impact of processing times on Raman peak position and full width at half maximum (FWHM) under different energy densities. (a) and (b) the effects at an 
average energy density of 6.024 J/cm2, (c) and (d) show the results at an average energy density of 2.868 J/cm2.

J. Zou et al.                                                                                                                                                                                                                                      Diamond & Related Materials 150 (2024) 111755 

7 



3.4. TEM analysis of machined grooves and grids

To investigate the impact of femtosecond laser processing on dia
mond crystallographic quality in detail, high-resolution transmission 
electron microscopy (TEM) was employed. A laser with a wavelength of 
513 nm and an energy density of 2.87 J/cm2 was used for grid structure 
fabrication. After 5 times processing, the grid groove width was 
approximately 3 μm. Following laser processing, the samples were 
treated in a strong oxidizing solution (H2SO4:HClO4:HNO3 = 1:1:1) at 
100 ◦C for 15 min, followed by ultrasonic cleaning to remove any resi
dues and non-diamond components. The Raman spectra before and after 
acid cleaning are shown in Fig. S13. For sample preparation, the focused 
ion beam (FIB) technique was used to section the samples, and a metallic 
conductive layer (platinum, Pt) was deposited on the surface to protect 
it. Fig. 9(a) to (c) display images of the samples after FIB cutting. Fig. 9
(d) presents the elemental distribution of the region marked as “d” in 
Fig. 9(e), highlighting the distinct distribution of carbon (C), gold (Au), 
and platinum (Pt). The distribution of individual elements is further 

detailed in Fig. S14.
Fig. 9(f) shows the selected area electron diffraction (SAED) pattern 

of the sample’s “f” region, revealing diffraction spots corresponding to 
the crystal planes (111), (002), and (111). This pattern indicates that the 
sample’s [110] zone axis is aligned with these planes. Fig. 9(g)-(i) pre
sents high-resolution transmission electron microscopy (TEM) images of 
the “g-i” regions of the sample, with insets providing localized zoomed 
views. These regions correspond to the bottom of the groove, the side
wall of the groove, and the edge of the lattice, respectively. Fig. 9(j)-(l) 
shows the corresponding fast Fourier transform (FFT) images. The im
ages reveal that the lattice edges and groove sidewalls, which were 
minimally or not directly irradiated by the laser, exhibit minimal dam
age. The crystal plane spacing in these regions is measured to be 0.206 
nm, corresponding to the diamond (111) plane. In contrast, the bottom 
of the grooves shows significant lattice disruption due to concentrated 
laser energy, leading to the formation of a nanocrystalline diamond 
structure. The FFT images for these areas display, in addition to the 
diffraction spots of crystallographic phases, a weak “halo ring” around 

Fig. 7. Statistics on groove depth and regularity for various processing times: (a) and (b) show data for an energy density of 6.02 J/cm2, (c) and (d) correspond to an 
energy density of 2.87 J/cm2.

Fig. 8. Molecular dynamics simulations showing the depth changes in diamond after different numbers of laser processing times: (a) 1 time; (b) 2 times; (c) 3 times; 
(d) 4 times; (e) 5 times.
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the center of the pattern, indicating the presence of amorphous phases 
and amorphous carbon [54].

These results provide a detailed description of the effects of femto
second laser processing on the microstructure of diamond crystals and 
offer valuable insights for a deeper understanding of the underlying 
processing mechanisms.

4. Conclusion

In conclusion, this study systematically investigates the effects of 

energy density on groove morphology, stress state, and material crys
tallinity during microstructural processing of diamond surfaces using 
1026 nm and 513 nm femtosecond lasers. Experimental results 
demonstrate that the increase of energy density can lead to a significant 
increase in both the width and depth of grooves, accompanied by the 
formation of amorphous carbon and graphite. These changes result in 
increased tensile stress and reduced crystallinity in the groove region. 
The 513 nm laser, compared to the 1026 nm laser, exhibits superior 
processing accuracy, particularly under low-energy multiple processing 
conditions. This results in reduced stress and relatively higher 

Fig. 9. High-resolution TEM images following femtosecond laser processing: (a) Position of the diamond sample cut with FIB; (b) SEM top view image of the FIB cut 
surface; (c) Cross-sectional view of the FIB cut sample; (d) Elemental distribution at the interface after laser ablation; (e) TEM cross-sectional view; (f) Selected 
electron diffraction pattern; (g) and (j) High-resolution TEM and corresponding FFT images of region “g”, respectively; (h) and (k) High-resolution TEM and cor
responding FFT images of region “h”, respectively; (i) and (l) High-resolution TEM and corresponding FFT images of region “l”, respectively. Insets in panels (g)-(i) 
are magnified views of the localized areas in the high-resolution TEM images.
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crystallographic quality in the processed diamond regions. Molecular 
dynamics simulations further elucidate the mechanism of femtosecond 
laser processing of diamond, confirming that the generation of amor
phous carbon and graphite is crucial for achieving greater ablation 
depths. Additionally, the simulations reveal that anisotropy effects are 
minimal, facilitating the formation of diverse micro- and nanostructures. 
By optimizing processing parameters, high-quality diamond lattice 
structures were successfully achieved, providing valuable insights into 
the surface and internal micro-nano processing of other materials.
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