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A B S T R A C T

Diamond is an exceptional wide-bandgap semiconductor for electronics and quantum technologies. While 
femtosecond laser processing enables micro/nano fabrication of diamond, the dynamic atomic-level structural 
evolution during this process remains poorly understood, despite its critical impact on advanced applications. In 
this work, we investigate the multi-stage structural evolution of diamond under femtosecond laser irradiation, 
uncovering new scientific findings under laser-induced extreme conditions. The continuous input of pulse energy 
facilitates the rearrangement of local carbon atoms in the modified layer and partial phase transition layer, 
transitioning them from thermodynamically unstable to stable states. We introduce a sequential evolution 
pathway of nanocomposite carbon structures, and reinterpret the phenomenon previously broadly defined as 
“graphitization”. Specifically, the evolution of diaphite, diamond-OLC (onion-like carbon), and the transition 
from amorphous carbon to planar-oriented graphite are reported under femtosecond laser surface processing. 
These phase transitions are initiated by the rapid lattice heating, with their distribution influenced by near-field 
enhancement effects arisen from surface nanostructures. This work provides atomic-scale insights into diamond’s 
response in femtosecond laser processing, offering a theoretical foundation for ultra-precision micro/nano 
fabrication of diamond and the development of functional carbon materials.

1. Introduction

Defects at the atomic level significantly impact the properties of 
semiconductor materials, making their study essential for developing 
cutting-edge atomic-level manufacturing techniques. For instance, 
atomic-scale steps on a semiconductor substrate surface can affect the 
quality of wafer-scale single-crystal thin films during epitaxial growth 
[1], while crystal defects forming color centers impart unique optical 
and electrical properties, enabling applications in quantum technology 
[2]. Diamond is an ideal material choice for high-performance chips and 
quantum devices, earning the reputation of “ultimate semiconductor” 
due to its ultrawide bandgap, exceptional thermal conductivity, and 
high carrier mobility [3]. Femtosecond laser processing offers unparal
leled advantages for micro/nano fabrication of such traditionally 
difficult-to-machine diamond [4,5]. However, instantaneous energy 
deposition from femtosecond laser irradiation on materials creates 
localized extreme high-temperature and high-pressure environments, 
typically inducing irreversible changes in atomic structures (Fig. 1a). 
Although various experimental and simulation studies have explored 

surface ablation morphologies and subsurface defects, detailed under
standing of dynamic atomic-level structural changes induced by 
femtosecond laser in wide-bandgap semiconductors, particularly 
single-crystal diamond, remains limited.

These structural changes depend heavily on nonlinear absorption 
processes, such as multiphoton absorption and impact ionization [6], 
which rapidly elevate electron temperatures to approximately 104 K [7]. 
Subsequent energy transfer to lattice triggers melting, solidification, and 
solid-state transitions, which generally breaks the original lattice. 
Therefore, surface structures formed by laser irradiation, such as craters, 
laser-induced periodic surface structure (LIPSS), and pillar-like struc
tures, typically accompany subsurface defects [8,9]. A key characteristic 
of femtosecond laser processing of diamond is the nanoscale phase 
transition, which has been broadly defined as “graphitization” in pre
vious studies based on Raman spectroscopy. The immense energy pro
vided by femtosecond lasers can cause the tetrahedrally connected 
sp3-bonded diamond network to break and recombine, forming 
sp3-bonded amorphous carbon [10], sp2 clusters [11], and sp1 meta
stable phase [12]. Due to the diversity of carbon allotropes, even 
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identical carbon bonding can result in different phases with distinctive 
optical, electronic, and mechanical properties [13,14]. Transmission 
electron microscopy (TEM) is essential for identifying these phases. For 
instance, Hsu et al. [15] observed a tens-of-nanometer modified layer 
capping the irradiated diamond site, while Rehman et al. [16] identified 
a layer of amorphous carbon enclosing nanographite structures. Salter 
et al. [17] reported mixed sp³–sp2 bonded complexes termed “diaphite” 
in modified internal tracks. These studies highlight the complexity of 
phase transitions in diamond. Nevertheless, existing research has pre
dominantly focused on isolated carbon phases under specific experi
mental parameters, leaving gaps in understanding the multi-stage 
progression of phase transitions during femtosecond laser surface 
processing.

Femtosecond laser processing with varying equivalent pulse 
numbers is typically required to meet different manufacturing demands. 
For example, single or few pulses are used for applications requiring 
extremely high precision, such as surface nanopatterning [18], while 
moderate pulse numbers introduce LIPSS for surface functionalization 
[15]. High pulse number are enable deep material removal for fabri
cating microholes/grooves and complex 3D structures [19]. The ultra
fast dynamic process is repeated when laser pulses continuously act on 
the diamond surface [20]. The irreversible structural changes induced 
by early pulses fundamentally alter the material’s current state, influ
ence subsequent laser-materials interactions, and potentially leading to 
sequential evolution in surface and subsurface structures. As shown in 
Fig. 1b, the dynamic evolution of diamond structures under multi-pulse 
processing remains poorly understood but holds significant theoretical 
value for advancing the application of femtosecond lasers across 
different manufacturing demands.

In this work, we focus on the dynamic structural evolution in dia
mond during femtosecond laser multi-pulse processing, spanning from 
nanoscale material removal to LIPSS formation and deep materials 
removal. Using high-resolution transmission electron microscopy 
(HRTEM) and advanced analytical techniques, we uncover a novel 
sequential evolution mechanism of nanocomposite carbon structures. As 
laser pulse accumulation, the modified layer transitions from amor
phous to amorphous-nanographite to planar-oriented graphite (POG), 
while the partial phase transition layer evolves from diaphite to 
diamond-OLC (onion-like carbon) to diamond-POG. These nanocarbon 
structures’ distribution, unique phase transition pathways, and 

formation mechanisms are discussed by comprehensively considering 
ultrafast dynamics, electric field distribution, carbon material proper
ties, and the ablation process. This work lays a theoretical foundation for 
ultra-precision micro/nano fabrication of diamond and opens new 
possibilities for developing novel functional carbon materials.

2. Material and methods

2.1. Materials and laser processing

The single-crystal diamonds used in this work were synthesized via 
high-pressure and high-temperature techniques by Element Six, with 
dimensions of 3 × 3 × 1 mm. The sample surfaces have a {100} crystal 
orientation and were polished to a final roughness of around 1 nm by 
Shenzhen Xinjinquan Precision Technology Co., Ltd. Before and after 
laser irradiation, all samples were ultrasonically cleaned in alcohol for 
10 min to remove surface impurities.

The femtosecond laser processing equipment is shown in Fig. 2. A 
laser (SpOne-8-F2P-SHG, Spectra Physics) emits linearly polarized laser 
pulses with a central wavelength of 520 nm, a pulse duration of 300 fs, 
and a maximum output power of 5 W. A motorized half-wave plate and a 
Glan-laser polarizer are combined to precisely control the pulse energy. 
A beam expansion and collimation system, composed of a concave lens 
and a convex lens, is used to enlarge the laser beam diameter and 
optimize focusing performance. The laser beam is focused on a sample 
surface through a 20 × microscope objective (NA = 0.45, Nikon). An 
ultra-precision XYZ displacement platform (XMS100-S, Newport) with a 
minimum incremental motion of 10 nm in the X and Y directions ensures 
precise sample positioning and consistent laser pulse overlap. The waist 
radius ω0(at 1/e2) of the focused Gaussian beam was measured to be 
1.47 μm by analyzing the ablation crater sizes created at different pulse 
energies using the D-squared method (detailed description in Appendix 
1). The damage threshold pulse energy Eth was calculated to be 139.7 nJ, 
with the corresponding ablation threshold Fth = 2Eth/πω0

2 = 4.12 J 
cm− 2. The obtained ablation threshold is consistent with previously 
reported values for femtosecond laser ablation of diamond surfaces, 
ranging from 4 to 6.2 J cm⁻2 [21,22]. The reported differences are pri
marily attributed to variations in laser parameters, such as pulse dura
tion and wavelength, which influence energy absorption and ablation 
dynamics. The single-pulse energy used in the multi-pulse processing 

Fig. 1. Schematic representation of the key research issues in diamond phase transitions under femtosecond laser processing. (a) Femtosecond laser pulses create 
localized extreme conditions on single-crystal diamond. (b) The transition from sp³-bonded diamond to sp2-bonded graphite, with dynamic evolution stages induced 
by the multi-pulse energy input remaining unclear.

H. Han et al.                                                                                                                                                                                                                                     



International Journal of Machine Tools and Manufacture 206 (2025) 104247

3

experiment was fixed at 150 nJ, corresponding to a peak fluence of 4.42 
J cm− 2, slightly above the ablation threshold, was chosen to ensure 
stable material processing while allowing for a gradual and observable 
phase evolution under multi-pulse irradiation.

2.2. Characterization and simulations

The morphologies of the irradiated samples were characterized via a 
scanning electron microscope (SEM) (FEI, Apreo 2S) and an atomic force 
microscope (AFM) (Bruker, Dimension edge). Raman spectra were 
collected under ambient conditions using a confocal micro-Raman sys
tem (HORIBA, LabRAM HR Evolution) equipped with a 532 nm laser 
excitation source and a spectral resolution of 2 cm⁻1. A 100 × objective 
produced a focused laser spot of ~2 μm in diameter, delivering ~0.2 
mW of laser power to the sample to minimize possible local heating 
effects during measurement. The focused ion beam (FIB) (FEI, Helios 
600i) milling method was used to extract transmission electron micro
scopy (TEM) lamellas at fixed points (Fig. A2). To minimize the Ga-ion- 
induced damage and preserve the subsurface structure of the processed 
diamond, a ~9 nm Pt layer was sputtered onto the sample surface using 
a sputter coater (Quorum, Q150TES) prior to FIB coating and milling. 
The atomic structures and element distribution of subsurfaces were 
analyzed via TEM (FEI, Talos F200X G2).

The electric field intensity distributions for surface nanostructures 
were simulated using Finite-Difference Time-Domain (FDTD) commer
cial software (Lumerical 2020 R2, ANSYS). The simulation region, 
which includes an air layer and a diamond sample with surface nano
structures of various shapes, was enclosed by two perfectly matched 
layers (PML). Periodic boundary conditions were applied along the X 
and Y axes, with a plane wave source introduced in the simulation.

The ultrafast dynamic process of femtosecond laser interaction with 
single crystal diamond was numerically simulated using MATLAB 
R2022b academic software. We employed an improved Two- 
Temperature Model (TTM) optimized by previous researchers [23], 
which accounts for variations in carrier density and is suitable for 
simulating the interaction between femtosecond laser pulses and 
single-crystal diamonds, enabling the predicting of phase transitions: 
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where Te is the electron temperature, Tl is the lattice temperature, Ce is 
the electron heat capacity, Cl is the lattice heat capacity, ke is the elec
tron heat conductivity, kl is the lattice heat conductivity, g is the 

coupling coefficient between the electron and lattice, and Q is the heat 
source term. As a wide-bandgap material, diamond initially lacks suf
ficient free carriers in the conduction band. Upon instantaneous irradi
ation with femtosecond laser pulses, a large number of valence 
electrons, initially bound within covalent bonds, are excited and tran
sition to the conduction band, resulting in a dramatic increase in surface 
carrier density. Considering mechanisms such as single and two-photon 
absorption, impact ionization, carrier diffusion, and Auger recombina
tion, the evolution of the carrier density ne over time is governed by the 
following Equation [24]: 
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where D0 is the ambipolar diffusivity, γ is the Auger recombination 
coefficient, η is the impact ionization coefficient, α is the single-photon 
absorption coefficient, β is the two-photon absorption coefficient, I is the 
laser intensity, and hν is the photon energy. The specific calculation 
details are shown in Appendix 3.

3. Results

3.1. Surface micro/nano morphology

A series of multi-pulse femtosecond laser processing experiments 
were carried out on the diamond surface, and the resulting surface 
micro/nano morphologies are shown in Fig. 3. The equivalent pulse 
number for line scanning can be calculated by N = 2ω0f/v, where f is 
the laser repetition rate, and v represents the laser scanning speed. As 
pulse accumulation, the surface processed by laser line scanning tran
sitions from isolated shallow pits to LIPSS and then to microgrooves of 
increasing depth (Fig. 3a–d), exhibiting a consistent pattern with the 
changes observed in point processing (Fig. 3e–h). Line scanning can be 
considered as an extension of point processing in space, as the energy 
distribution of laser pulses within the material is essentially similar. 
Therefore, the interaction mechanisms between the laser and materials 
are often studied using point processing experiments. In the following 
sections, we further analyze the results of point processing to reveal the 
commonly observed structural evolution and its underlying causes. In 
the point processing results, after a single pulse irradiation, tiny nano- 
pits are observed within the pit morphology (Fig. 3e). As the pulse 
number increases, surface ripples gradually emerge, leading to the for
mation of distinct LIPSS perpendicular to the polarization direction after 
approximately 10 pulses (Fig. 3f). The detailed morphology evolution is 
shown in Fig. A4. The widely accepted explanation for the formation of 
LIPSS is the interference between the incident laser and surface plasmon 
polaritons (SPPs) [25]. In the initial stage of laser pulse irradiation, the 

Fig. 2. Schematic diagram and photograph of the laser processing equipment.
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mismatch in momentum—vertical for the incident light and horizontal 
for SPPs—prevents the direct generation of SPPs. However, as pulse 
accumulation reaches around 10 pulses, the uneven surface created by 
prior ablation provides the necessary scattering conditions, generating 
horizontal momentum that fulfills the conditions required for LIPSS 
formation. The morphology of LIPSS evolves continuously with 
increasing pulse numbers (Fig. 3g), with the central region deepening 
gradually into a microhole at around 100 pulses (Fig. 3h). In SEM images 
of the material surface within the 1-1,000 pulse range, there are some 
nanometer-sized particles (Fig. A4) generated from the redeposition of 
the ejected bulk materials [26].

The AFM characterization results in Fig. 3i show that the material is 
removed to a depth of approximately 40 nm from the surface after a 
single pulse. Subsequently, the material removal depth increases 
rapidly; at 10 pulses, the material removal depth reaches around 350 nm 
when LIPSS forms on the surface (Fig. 3j). At 50 pulses, the depth rea
ches approximately 1.3 μm for the formation of cavities (Fig. 3k), and at 
100 pulses, it deepens to 1.9 μm (Fig. 3l). According to the surface 

morphology and characteristic depth observed in both line scanning and 
point processing, the evolution of diamond surface structures with pulse 
accumulation can be divided into three regions, as shown in Fig. 3m. 
When the pulse number is less than 10, it can be classified into the 
nanoscale removal stage; at 10–100 pulses, it is the LIPSS stage; and 
after reaching 100 pulses, it enters the deep removal stage. It has to be 
mentioned that the LIPSS morphology continuously exists in strong 
ablation condition. The point processing morphology with different 
laser pulse intervals also exhibits a consistent change trend (see Ap
pendix 6). Statistical analysis in Fig. 3m reveals that regardless of the 
surface morphology induced by irradiation, the diameter/width of sur
face structures increases with the pulse number and exhibits an 
approximately linear relationship with the natural logarithm of the 
pulse number.

To analyze the phase transition characteristics associated with 
different surface structures, we first employed Raman spectroscopy to 
examine diamonds irradiated with varying pulse numbers. As depicted 
in Fig. 4a, all samples exhibit a distinct intrinsic sp3 tetrahedral diamond 

Fig. 3. Typical surface ablation morphologies by femtosecond laser irradiation. (a–d) SEM images of surface morphologies with 1, 10, 60, and 100 pulses in line 
scanning processing, respectively. (e–h) SEM images of surface morphologies with 1, 10, 50, and 100 pulses in point processing, respectively. The white dotted lines 
indicate the direction for subsequent FIB extraction of TEM samples. (i–l) AFM characterization of ablation structure and cross-sectional profile curves with different 
pulse numbers. (m) Dependence of the diamond ablation diameter/width on the pulse number.

H. Han et al.                                                                                                                                                                                                                                     



International Journal of Machine Tools and Manufacture 206 (2025) 104247

5

T2g stretching mode at ~1,329 cm− 1. In the early stages of pulse accu
mulation, the intensity of the diamond peak decreases, accompanied by 
an increase in the full width at half maximum (FWHM) (Fig. 4b). 
Simultaneously, the background signal shows a broad band emerging in 
the range of 1,350–1,700 cm⁻1 (Fig. 4c). This broadband feature formed 
by merging the D and G vibrational modes (~1,350 cm− 1 and ~1,582 
cm− 1, respectively), corresponding to the defective sp2 carbon structures 
[12,27] These spectral features suggest that the early stages of laser 
pulse accumulation disrupt the crystalline integrity of the diamond, 
introducing more lattice defects and triggering localized near-surface 
amorphization and the formation of graphitic-like phases.

However, when the pulse number reaches 100, the FWHM of the 
diamond peak begins to decrease, and the intensity of the broadband 
associated with sp2 carbon structures does not significantly increase 
(Fig. 4c). This indicates that at higher pulse numbers, the graphitization 
on the surface reaches a stable state, and the diamond structure contains 
fewer defects rather than experiencing further damage accumulation 
[28]. This trend may result from the removal of defective material via 
ablation or the reconstruction of surface carbon, which reduces the 
structural disorder.

Throughout the 1-1,000 pulses range, the intensity of the broadband 
associated with sp2 carbon structures is much weaker compared to the 
diamond peak, indicating that laser pulses only affect an extremely thin 
surface layer, with only a small portion of sp3 bonded carbon converted 
into sp2 bonded carbon. To further clarify the mixed sp2 and sp3 bonded 
carbon phases, as well as the subsurface defect distribution and evolu
tion of the thin irradiation-affected layer, an additional TEM analysis is 
essential.

3.2. Atomic-level subsurface structural characteristics

3.2.1. Graphite nucleation within diamond lattice in nanoscale removal 
stage

We selected samples from three distinct stages of surface structure 
evolution—nanoscale removal, LIPSS, and deep removal—for atomic- 
scale subsurface analysis, offering new insights into the phenomena 
accompanying pulse accumulation. After irradiation, three distinct 
layers were identified in the subsurface of the diamond: the modified 
layer, partial phase transition layer, and unaffected layer. Fig. 5a dem
onstrates the entire view of the subsurface features of the pit structure, 
and the inset shows a typical selected area electron diffraction (SAED) 
pattern viewed along the [001] zone axis of the diamond. Fig. 5b and c 
shows the magnified features of this pit morphology through the cross- 
section morphology and elemental distribution information, respec
tively. The topmost layer is a deposited Pt protective layer, followed by a 
modified layer with an average thickness of ~34 nm formed on the 
surface of the irradiated sample. Beneath the modified layer is a partial 

phase transition layer containing a few defects and an unaffected layer. 
The HRTEM observations revealed the atomic-resolution structures of 
irradiated diamonds and showed the diverse carbon structures during 
the femtosecond laser-induced phase transition. The modified layer 
consists of disordered arrangement of amorphous carbon (Fig. 5d). The 
inserted FFT image in Fig. 5d shows a diffuse ring pattern without 
distinct diffraction spots, indicating the absence of typical long-range 
order of crystalline structures. The material removal below the surface 
in the nanoscale removal stage may be due to the sublimation of 
amorphous diamond. Compared to crystalline diamond, the amorphous 
diamond on the surface lacks long-range order, making it less thermally 
stable and more prone to sublimation. The unaffected layer (Fig. 5e) 
displays a narrow lattice spacing of 0.13 nm, corresponding to the (220) 
plane of diamond.

Graphitization is generally believed to start from defects on the 
diamond surface. These defects which provide a lower energy barrier for 
the phase transition due to increased surface energy. It is worth noting 
that a small amount of sp3 bonds is broken at this stage due to the 
graphite nucleation within diamond lattice rather than surface, which is 
the formation of graphite nanocrystals with a size of 2.9–5.5 nm in the 
partial phase transition layer shown in Fig. 5f (marked with white cir
cles). The corresponding fast Fourier transform (FFT) image (inset in 
Fig. 5f) containing both diamond diffraction spots and diffraction rings 
from graphite planes, confirms this biphasic structure. Fig. 5g and h 
exhibit magnified features of the nanographite crystals and the interface 
characteristics with the diamond phase. Within the (220) crystal plane 
of diamond, layers with lattice spacing of 0.35 nm are formed, corre
sponding to the interlayer (002) plane of graphite. These nanosized 
(002) graphitic sheets are parallel to or at an angle to the diamond (220) 
plane; some are slightly curved. This composite carbon structure, known 
as “diaphite” [13], consists of graphitic/graphene-like sp2 layers inser
ted into sp3-bonded domains. It is a metastable phase that is difficult to 
synthesize, typically forming under extreme conditions such as extra
terrestrial impacts or high-temperature and high-pressure environ
ments. The combination of sp3 diamond and sp2 graphite nanodomains 
gives this phase unique mechanical, thermal, and optoelectronic prop
erties [13,14]. While diaphite has previously been observed in femto
second laser-written tracks within the interior of diamond [17], this is 
the first instance of its identification under surface processing condi
tions. This discovery offers new perspectives for re-interpreting and 
analyzing the initiation of graphitization during femtosecond laser 
irradiation.

3.2.2. Onion-like carbon formation beneath LIPSS
The cross-sectional features of the LIPSS are depicted in Fig. 6a. It 

can be observed that some defect features are distributed around the 
corners of LIPSS. The HRTEM image of LIPSS waist below the modified 

Fig. 4. Raman spectra at the center of the surface structures. (a) Raman peak characteristics of sp3-bonded carbon. (b) FWHM of the diamond peak obtained through 
Gaussian fitting. (c) Raman peak characteristics of sp2-bonded carbon.
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layer indicates that a diamond lattice structure is still maintained (as 
shown in the inset of Fig. 6b). The modified layer has an average 
thickness of 23 nm. Unlike the modified layer on the surface of pit 
morphology, which is composed of amorphous carbon, this layer con
tains some short incomplete graphitic crystalline planes embedded in 
amorphous (Fig. 6e). The plane spacing is approximately 0.34 nm, 
matching the (002) graphite plane. This composite structure is similar to 
the carbon structures observed by Rehman [16] in diamond after pro
cessing with a 40-fs laser at a fluence of 83 J cm− 2 and 10 pulses. 
Compared to the initial stage of pulse accumulation, this transition re
flects a tendency of disordered carbon atoms to reorganize into more 
stable, lower-energy ordered structures due to excess energy during 
processing. The transition of amorphous layer to graphite was also 
observed in annealed diamond after ion radiation damage, starting with 
the growth of sp2 hybrid nanoclusters [29,30].

Additionally, another interesting finding is that at the corners of the 
LIPSS, local shading differences are caused by localized plastic 

deformation (Fig. 6a–c). A significant phase transition occurs in this 
region, evident in the HRTEM image (Fig. 6d), where numerous bent 
graphite shells within the diamond lattice are observed. The magnified 
features in the rectangular region illustrate the typical morphology of 
this carbon structure (Fig. 6f and g). Dozens of curved graphite shells 
make up the onion-like carbon (OLC) phase. This highly curved shell 
structure is confirmed by the annular diffraction spots of the (002) 
graphite plane in the corresponding FFT image (Fig. 6h). It is worth 
noting that this OLC-diamond composite structure is observed for the 
first time in diamond processed by femtosecond laser. This structure 
originates from the growth, bending, and closing of the nanographite 
layer in the initial stage, a process that reduces the number of dangling 
bonds and significantly reduces the surface energy [31,32]. OLC has 
already been applied in fields such as nanotribology, photocatalysis, and 
energy storage [33]. The formation of OLC during processing will 
slightly reduce the hardness of diamond while improving its toughness 
[34], significantly increasing optical absorption [35] and electrical 

Fig. 5. Subsurface of pit formed after 1 pulse irradiation. (a) Overall subsurface landscape in bright-field mode; the inset shows the SAED pattern viewed along the 
[001] zone axis of diamond. (b) HRTEM image of the green area in (a). (c) Elements distribution in the orange area in (a), showing the boundary between the 
diamond and protective layer. (d) High magnification of modified layer characteristics in (b); the insert shows the corresponding FFT image, which indicates no 
crystalline structure. (e) High magnification of the unaffected layer in the yellow area in (b). (f) Enlarged image of the blue area in partial phase transition layer; the 
insert is the corresponding FFT image; the dashed circles show the graphite nucleation feature in diamond lattice. (g–h) High magnification of diaphite.
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conductivity [36].
Unlike the results from long-pulse diamond processing, the graphi

tization front does not exhibit a clear boundary. This unique phase 
transition distribution will be further analyzed in Section 3.3. Due to the 
different densities of graphite and diamond (2.265 and 3.515 g/cm3, 
respectively), the phase transition inside the diamond causes volume 
expansion and local stress concentration. Under lower fluence, this 
manifests as plastic deformation at nanoscale, while under higher flu
ence irradiation, the local stress exceeds the tensile strength of diamond, 
leading to crack initiation, and the cracks tend to spread along {111} 
planes (see Fig. A1).

3.2.3. Planar-oriented graphite formation in deep removal stage
The cross-sectional features of the microhole morphology irradiated 

by 100 pulses are depicted in Fig. 7a, with a modified layer thickness of 
approximately 17 nm (Fig. 7b and c). An enlarged view of the modified 
region in Fig. 7d demonstrates enlarged graphite layers within the 
amorphous, forming ordered and parallel (002) layers. Compared to the 
modified layer in the LIPSS stage, which is characterized by an amor
phous structure enveloping short, disordered graphite sheets, the accu
mulation of laser pulses further facilitates atomic rearrangement in more 
amorphous structures, transitioning the modified layer toward 

graphitization and forming an ordered POG structure. The correspond
ing inverse fast Fourier-transform (IFFT) image (Fig. 7e) reveals 
numerous lattice distortion defects within this POG structure. In the 
adjacent partial phase transition layer, the OLC present in LIPSS stage 
also evolves into POG after 100 pulses of irradiation (Fig. 7f and g). The 
graphite (002) planes merge to the diamond (220) planes. Due to the 
energy favorable of combining previously formed adjacent OLCs over 
independent OLCs generation, the curved graphite shells tend to expand 
and form parallel-oriented graphite bands [37]. This structure is ther
modynamically more stable and is a common phase transition product 
driven by thermal effects during nanosecond laser processing [38] or 
high-temperature annealing (1800–2100 K). The corresponding FFT 
image showing two separated and symmetric diffraction arcs of graphite 
layers further confirms this oriented structural characteristic (Fig. 7h). 
The TEM results reveal the gradual transition of the modified layer and 
partial phase transition layer into POG with the accumulation of 
femtosecond pulses, showcasing the potential of ultrafast dynamic 
cycling to regulate carbon structures along non-equilibrium pathways. 
Moreover, the POG phase recovers to the pristine diamond lattice within 
a very narrow range of about 4 nm (Fig. 7g), demonstrating the 
femtosecond laser’s minimal influence depth and the manufacturing 
capability of low subsurface damage under high pulse number 

Fig. 6. Subsurface of LIPSS formed after 10 pulses irradiation. (a) Overall subsurface landscape in bright-field mode. (b) HRTEM image of the yellow area in (a); the 
inset is a high magnification of unaffected diamond lattice. (c) Enlarged view of the bottom of the LIPSS in (a). (d) HRTEM image of the green area in (c). (e) High 
magnification of the modified layer. (f–g) High magnification of OLC in the partial phase transition layer. (h) FFT image corresponding to (g), shows the highly 
curved nanographite basal planes.
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Fig. 7. Subsurface of mircohole after 100 pulses irradiation. (a) Overall subsurface landscape in bright-field mode; the inset shows the SAED pattern viewed along 
the [001] zone axis of diamond. (b) False color image highlighting element distribution and interface information. (c) HRTEM image of blue area in (b). (d) High 
magnification of the modified layer. (e) IFFT image corresponding to (d), shows numerous lattice distortion features of the POG phase in the modified layer. (f) High 
magnification of POG in the partial phase transition layer in (c). (g) High magnification of POG in partial phase transition layer at the bottom of cavity. (h) FFT image 
corresponding to (g), shows the (002) plane POG and (220) plane diamond composite carbon structure.

Fig. 8. Irradiation response of diamond under femtosecond laser. (a) Temporal evolution of electron temperature Te. (b) Temporal evolution of lattice tempera
ture Tl.
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irradiation.

3.3. Physical origins of the defect evolution and distribution

Phase transition results from energy transfer during the interaction 
between femtosecond laser pulses and the material. The transfer of 
absorbed energy from electrons to the lattice provides the appropriate 
thermodynamic driving force for the phase transition to occur. Fig. 8
shows the TTM calculation results using the explicit finite difference 
method. The electron temperature (Te) rapidly increases to approxi
mately 5.7 × 104 K within the first 0.2 ps, followed by an exponential 
decay (Fig. 8a). The peak electron temperature indicates the intense 
energy absorption of the femtosecond laser pulse. The subsequent decay 
represents the cooling of the electron subsystem as energy is distributed 
to the lattice, leading to thermal equilibrium. This behavior aligns with 
the expected ultrafast dynamics in diamond, where high thermal con
ductivity facilitates rapid energy dissipation. The lattice temperature 
(Tl) shows a sharp rise, reaching around 1,710 K within 2 ps, and then 
plateaus to 1,730 K as it approaches thermal equilibrium with the 
electron subsystem at 4 ps (Fig. 8b). Due to the equilibrium temperature 
being higher than the graphitization temperature of diamond in atmo
spheric air, thermally activated graphitization is triggered. The 
nonlinear ionization process generates an electron density as high as 
1.39 × 1021 cm⁻³ (Fig. A3), leading to the weakening and breaking of sp³ 
carbon-carbon bonds, which destabilizes the local lattice and promotes 
its rearrangement into the thermodynamically more stable sp2 configu
ration. This transition initiates the formation of graphite nucleation 
sites. Different pulse numbers resulted in varying rapid heating and 
cooling cycles, preserving diverse carbon structures with various de
grees of graphitization at room temperature.

The changes in the thickness of the subsurface modified layer under 
multi-pulse processing, as shown in Fig. 9a, illustrate the trend from an 
unstable to a stable state. With an increase in the pulse number, the 
thickness of the modified layer tends to decrease, stabilizing after more 
than 100 pulses. The pulse interval used in the experiment was 1 ms, far 
exceeding the timescales of various electron and lattice processes in 
laser excitation (up to several microseconds), indicating that the crystal 
structures and surface micro/nanostructures formed by early pulses 
significantly affect subsequent laser pulses. Under laser irradiation of 
less than 100 pulses, the increased number of sp2 bonded nanoclusters in 

amorphous and diamond with pulse superposition significantly en
hances surface absorption. It limits the propagation of laser energy into 
the interior [39,40], leading to reduced modification depth. At the deep 
removal stage, the modified layer transitions into a thermodynamically 
stable POG layer, acting as a stable laser absorption layer. Consequently, 
the thickness of the modified layer no longer significantly decreases. 
Further laser pulses form deep and narrow nanostrips at the bottom of 
the microhole, with a depth of 2.3 μm and a width of only 60 nm, as 
shown in Fig. 9b and c. From the SAED pattern in Fig. 9c, this unique 
nanostructure still maintains a diamond lattice.

FDTD simulations complement the experimental studies and explain 
the unique phase distribution phenomenon associated with the pro
cessing. The results suggest that surface nanostructure features influence 
the distribution of electric field intensity, causing significant local 
enhancement. This near-field enhancement effect can lead to a sharp 
increase in temperature in localized regions, triggering phase transitions 
in specific areas. Shallow LIPSS formed around 10 pulses exhibit near- 
field enhancement effect at sharp tips (Fig. 10a–c). Compared to LIPSS 
with sharp bottom angles, the electric field intensity enhancement for 
smooth angles appears at the waist (Fig. 10d–f). This also aligns with 
observed defect distributions in Fig. 6, indicating a tendency for plastic 
deformation due to phase transition to concentrate at sharp corners of 
LIPSS structures. Surface nanostructures formed under high pulse 
number display enhanced electric field intensity at the middle and 
bottom of the nanostrips (Fig. 10g–i), which aid in intensifying sidewall 
and bottom ablation, further evolving into narrower and deeper nano
strips [41].

4. Discussion

Nanoscale phase transitions are a key feature of structural evolution 
under successive femtosecond laser pulse irradiation, significantly 
impacting diamond ablation and modification [4]. In this study, we 
focused on the dynamic, multi-stage structural evolution during 
femtosecond laser processing of diamond—a material with significant 
practical applications and diverse allotropes—and uncovered several 
novel scientific findings, including new phase transition pathways and 
mechanisms in the extreme environment induced by femtosecond lasers 
(Fig. 11). These findings also offer a re-interpretation of the initiation, 
evolution, and stabilization stages of laser-induced diamond phase 

Fig. 9. Defect evolution and distribution. (a) Variation of the thickness of the modified layer with pulse number. (b) Overview of the subsurface of microhole formed 
by 1,000 pulses. (c) The nanostrips at the bottom of microhole, with the pink color indicating the elemental distribution of carbon; the inset shows the SAED pattern 
of the circled area, demonstrating that the nanostructure still maintains a diamond lattice.
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transition, previously broadly categorized as “graphitization”.
In the initiation stage of pulse accumulation, extremely fast energy 

input disrupts the original crystal structure, causing amorphization and 
graphitization. The high inherent resistance of diamond to external 
impacts leads to rapid pressure decay with increasing material depth, 
creating a partial phase transition layer near the surface (Fig. 11a). This 
layer, a mixture of nanographite and diamond crystal, forms the dia
phite phase. The accumulative graphitization model proposed by 
Kononenko et al. [42], which suggests that graphitization initiates from 
photostimulated formation of graphite microparticles, also supports our 
experimental results. Our findings show that graphitization nucleates 
unusually from the region below the modified layer, rather than starting 
from the surface defects (Fig. 11c). This can be attributed to the high 
transmittance of diamond in the visible light range, allowing partial 
energy to be deposited within the bulk rather than just at the surface, 
thereby creating favorable conditions for the formation of nanographite 
crystals. The surrounding diamond matrix also provides a high-pressure 
environment for the low-density nanographite sheets concentrated at a 
tiny scale [17]. This growth environment is similar to that of diaphite 
formation in meteoritic diamonds.

In the intermediate evolution stage of pulse accumulation, newly 
formed structures are continuously “quenched” by the thermal effect of 
the subsequent laser pulses [43]. When new pulse energy is introduced, 

the ionized carbon atoms at the graphite-diamond composite structure 
boundary are much more distorted than those within a perfect diamond 
lattice. These atoms are more prone to rearrangement or breaking, 
leading to the conversion of sp³ bonds to sp2 bonds and promoting the 
expansion of graphite planes, resulting in their self-evolution. The 
sp2-bonded graphite layers formed within the laser-affected region and 
surface pits act as concave lenses, significantly reflecting and refocusing 
subsequent laser pulses [44]. These factors lead to enhanced absorption 
of the following pulse energy. Diamonds have very low fracture tough
ness, but the generation of sp2-bonded carbon in matrix can promote the 
local plastic flow, enhance the stability of the structure because of the 
ductile bridging effect, and prevent the occurrence of cracks under a 
series of laser pulses [34]. Insulating diamond internally forms 
conductive nanochannels, transforming two-photon absorption into 
single-photon absorption, exciting more free electrons. Nanoablation 
transforms into graphitization ablation, and the depth of material 
removal spans from the nanoscale to the microscale.

In the final stabilization stage, the irradiated region of diamond be
comes visibly black (Fig. A5), with the modified and partial transition 
layers composed of thermodynamically more stable planar-oriented 
graphite/graphene bands. As a semi-metal with absorption character
istics several orders of magnitude higher than diamond in the optical 
spectrum, POG confines laser energy to the surface, preventing deeper 

Fig. 10. FDTD simulations of the electric field distribution inside different surface nanostructures. (a) Schematic diagram of FDTD 3D simulation model for sharp 
corners LIPSS. The red arrow indicates both the polarization direction and the propagation direction of the wave. (b) The sectional electric field of LIPSS with sharp 
corners formed at low pulse number. (c) TEM of LIPSS with sharp corners. (d) Schematic diagram of FDTD 3D simulation model for smooth corners LIPSS. (e) The 
sectional electric field of LIPSS with smooth corners formed at low pulse number. (f) TEM of LIPSS with smooth corners. (g) Schematic diagram of FDTD 3D 
simulation model for deep nanostrips. (h) The sectional electric field of deep nanostrips formed at high pulse number. (i) TEM of deep nanostrips.
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penetration into the material. The ablation behavior at this stage re
sembles the graphite piston mode [45], where the surface graphite layer 
fully absorbs the laser energy and heats up. Subsequent pulses drive this 
graphite layer downward, acting like a “piston,” continuously sub
limating the surface material and generating new phase transition 
interfaces.

The nanocomposite carbon structures formed during irradiation 
possess lower energy barriers to phase transitions, providing a new 
pathway for the laser-induced graphitization reaction (Fig. 11b). The 
sequential evolution mechanism of nanocomposite carbon structures is 
driven by continuous adaptive restructuring under dynamic feedback 
from repeated laser pulses and localized thermal effects (as shown in 
Fig. 11c). These localized thermal effects result from lattice heating due 
to the diamond’s absorption of intense pulses and enhanced absorption 
from both ablation morphologies and the formed sp2 graphite layers. 
Interestingly, the sequential evolution pathway of carbon structures is 
similar to the structural adjustments observed in diamond during 
traditional annealing, where the material undergoes reorganization to 

reduce the system’s free energy. While annealing is typically a slow 
process, gradually achieving phase transitions through the cumulative 
effects of temperature and time, femtosecond laser significantly shortens 
this timescale and demonstrates the capability to construct cross-scale 
micro-nanostructures. These insights not only guide the prediction and 
control of defects in femtosecond laser processing for various applica
tions but also hold great potential to inspire efficient, precise, and 
controllable designs of functional carbon materials.

5. Conclusions

Femtosecond laser processing typically requires varying pulse 
numbers to meet different manufacturing needs. Through multi-pulse 
experiments and atomic-scale insights into the processed diamond, we 
have revealed, for the first time, the phase transition mechanism char
acterized by the sequential evolution of nanocomposite carbon struc
tures. The Two-Temperature Model (TTM) and Finite-Difference Time- 
Domain (FDTD) simulations further explain the physical origins of these 

Fig. 11. Schematic diagram of femtosecond laser-induced phase transition mechanisms in diamond. (a) Localized high-temperature and high-pressure environments 
induced by femtosecond laser processing and the resulting subsurface structures. (b) Reaction coordinate diagram: nanocomposite carbon structures as an inter
mediate transition pathway reduce the energy barrier for diamond graphitization. (c) Sequential evolution of nanocomposite carbon structures in the modified and 
partial phase transition layers, illustrating the role of continuous laser pulse energy input and thermal effects in driving the disorder and reorganization of sp3-carbon 
to sp2-carbon.
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phase transitions. The main conclusions are summarized as follows: 

• Femtosecond laser pulse accumulation leads to continuous structural 
evolution on the surface and subsurface. Laser-affected layers 
develop mixed sp³ and sp2 bonded nanocomposite carbon structures, 
characterized by graphite (002) planes merging with diamond (220) 
planes.

• The formation of diaphite, diamond-OLC (onion-like carbon) phases, 
along with the transition from amorphous carbon to planar-oriented 
graphite (POG), observed during sequential evolution, is reported for 
the first time under femtosecond laser surface processing diamond.

• Ultrafast dynamic cycles drive phase transitions from thermody
namically unstable to stable structures. The distribution of phase 
transitions is influenced by the near-field enhancement effects 
resulting from surface nanostructures.

• Graphite nucleation occurs within the diamond matrix rather than at 
surface defects, facilitated by energy deposition within the bulk and 
a high-pressure environment. Enhanced absorption by earlier abla
tion features and rapid lattice heating induced sequential restruc
turing of nanocarbon structures, leading to a layer of POG at the 
stable ablation stage.

• The self-evolving pathway of carbon structures shows similarities to 
the structural adjustments seen in traditional annealing, but the ul
trashort timescale of femtosecond laser-induced phase transitions, 
coupled with the creation of cross-scale surface micro- 
nanostructures, offers significant potential for designing new func
tional carbon materials.

• These findings provide a theoretical foundation for optimizing laser 
parameters to precisely control surface and subsurface structures of 
diamond, enabling the customization of processes from surface 
nanopatterning to functionalization and deep material removal.
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Appendix 1. Evolution of surface morphology with different pulse energy

The ablated diameter D using a single-pulse condition was measured under varying single-pulse energies Ep, and ω0 was determined from the linear 
fit of D2 versus ln(EP), based on the equation D2 = 2ω0

2[ln(EP) − ln(Eth)] [46]. As shown in Fig. A1, ω0 was extracted from the slope of the fit.

Fig. A1. Evolution of surface morphology under single-pulse irradiation with different pulse energy. (a-d) Single pulse energy is 0.487, 1.23, 7.53, and 12.71 μJ, 
respectively. Diamond surface fragmentation occurs under high pulse energy irradiation. (e) Functional relationship between the square of the ablation crater 
diameter and the natural logarithm of the single-pulse energy.

Appendix 2. Preparation of TEM samples by FIB technique

To ensure the consistency and reliability of the experimental results, each set of parameter variations in the laser processing experiments was 
repeated at least 15 times on three diamond samples. Initial analyses using CCD and optical microscopy were conducted to identify and exclude results 
potentially affected by laser processing instability. Subsequently, SEM and Raman spectroscopy were performed before FIB and TEM to ensure 
consistent microstructural evolution and phase transition results across all experimental groups. Multiple TEM lamellae were extracted from samples 
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processed under identical laser conditions using FIB. Gallium ion beam currents ranging from 9.3 nA to 23 pA, at operating voltage varying from 30 kV 
to 2 kV, were utilized throughout the initial Pt deposition to sample thinning and final amorphization cleaning.

Fig. A2. Preparation of TEM samples by FIB technique. (a, d) Deposition of protective Pt layer on the irradiated structures. (b, e) Location of the cross-section milled 
by FIB, (c, f) FIB-thinned TEM lamellas.

Appendix 3. Details of ultrafast dynamic process simulation

Considering photoionization and energy loss, the heat source term Q can be expressed as [47]: 

Q=

[
(
hυ − Eg

) αI
hν+

(
2hυ − Eg

) βI
2hν − ηEgne

]
n0 − ne

n0
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+Eg
ne
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3
2

κBTe
∂ne

∂t

(EqS1) 

where Eg is the bandgap energy, ξ is the free electron absorption coefficient, τm is the minimum Auger recombination time, κB is Boltzmann constant 
1.38 × 10− 23 J/K, n0 is the atomic density of diamond. The incident laser intensity, which is Gaussian distributed in both temporally and spatially, can 
be calculated as follows [7]: 
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(Eq.S2) 

where R is the reflectivity, F0 is the laser fluence, τ is the pulse duration, r is the radial distance to the center of laser spot, ω0 is the waist radius, t0 is the 
pulse peak time. When diamond is excited to generate a large number of free carriers, the surface optical properties undergo significant changes, 
affecting the light absorption. Therefore, here we modify the surface reflectance by introducing the Drude model [48], which describes the rela
tionship between optical properties and free electron concentration, to improve the TTM model: 

ε* = −
e2neωτD

ε0m0meω2(ωτD + i)
(Eq.S3) 

where ε* is the dielectric permittivity; ε0 is the vacuum permittivity, 8.854 × 10− 12 F/m; e is the electron charge, 1.6 × 10− 19 C; τD is the damping time 
constant; ω is the cyclic frequencies; m0 is the optical effective mass of the carriers (m0 = 0.33 for diamond); and me is the electron mass, 9.109 ×
10− 31 kg. The reflectivity of the material surface under normal incidence can be calculated using the Fresnel equation [49]: 

R =

⃒
⃒
⃒
⃒

̅̅̅̅̅
ε*

√
− 1

̅̅̅̅̅
ε*

√
+ 1

⃒
⃒
⃒
⃒ (Eq.S4) 

where n and k are the refractive index and extinction coefficient of diamond at 520 nm, defined by 5.89 + 0.00i. By substituting the reflectivity 
calculation formula into Eq. S(2), the modified TTM model is obtained.

Based on Eq. (3) and Eqs. S2–S4, the calculated electron density and reflectivity are shown in Fig. A3. The electron density (ne) peaks at 
approximately 1.39 × 1021 cm⁻³ within 0.3 ps and then decreases as recombination and diffusion processes dominate. The dynamic change of free 
carriers directly affects the transient optical properties of diamond under laser irradiation. As shown in Fig. A3b, the initial drop in reflectivity can be 
explained by the increased absorption due to free carriers. The subsequent energy dissipation decreases the free carrier density, which increases the 
reflectivity and stabilizes at a new equilibrium. 
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Fig. A3. Physical response of diamond under femtosecond laser irradiation. (a) Temporal evolution of electron density ne. (b) Temporal evolution of reflectivity R.

Table A1 
Initial boundary parameters of the simulation system.

Parameter Value Unit

Te 300 K
Tl 300 K
ne 1 × 1024 m− 3

dt 1 × 10− 16 s
dx 1 × 10− 6 m

Remark: dt (simulation time step), dx (simulation spatial step).

Table A2 
Parameters used in the simulation model [7,47,50,51].

Symbol Nomenclature Values Unit

Ce Electron heat capacity 3κBne J/(m3⋅K)
Cl Lattice heat capacity 1.978× 106 + 354Tl − 3.68× 106T− 2

l W/(m⋅K)
ke Electron thermal conductivity − 0.556+ 7.13× 10− 3Te W/(m⋅K)
kl Lattice thermal conductivity 1.585× 105T− 1.23

l J/(m3⋅K)
g Coupling coefficient Ce/τγ W/(m3⋅K)
τγ Electron-photon coupling time 6.5 × 10− 13 s
D0 Ambipolar diffusivity 1.8× 10− 3 × 300/Tl m2/s
γ Auger recombination coefficient 3.8× 10− 43 m6/s
η Impact ionization coefficient

3.6× 1010 × e
1.5E0
kBTl

s− 1

α One-photo absorption coefficient 1.021× 105 m− 1

β Two-photo absorption coefficient 1× 10− 10 m/W
ξ Free electron absorption coefficient 5× 10− 22T/300 m2

τm Minimum Auger recombination time 0.5 ps
Eg Bandgap energy 1.86× 10− 19 − 1.123× 10− 22T2

l /(Tl + 1108) − 2.4× 10− 29n− 1/3
e eV

τD Damping time constant 1.1 fs
hν Photon energy 2.38 eV
τ Pulse duration 300 fs
F0 Laser fluence 2.06 J/cm2

Appendix 4. Diamond surface structures evolution with multi-pulse femtosecond laser irradiation
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Fig. A4. SEM images of diamond surface structures evolution with multi-pulse femtosecond laser irradiation. The green arrow indicates the polarization direction. 
The number on each image represents the pulse number.

Appendix 5. Surface reflection state change under microscope illumination

Fig. A5. Surface reflection state changes under microscope illumination when the pulse number accumulates from 1 to 60.

Appendix 6. Surface morphology evolution with different pulse intervals

The surface morphology in point processing with pulse intervals ranging from 100 to 0.1 ms exhibits a consistent change trend as the pulse number 
accumulates. The single-pulse energy was fixed at 242.8 nJ, corresponding to a peak fluence of 7.16 J cm− 2. 
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Fig. A6. SEM images of surfaces irradiated with (a) 20, (b) 50, (c) 100, and (d) 500 pulses, 100 ms pulse interval.

Fig. A7. SEM images of surfaces irradiated with (a) 20, (b) 50, (c) 100, and (d) 500 pulses, 10 ms pulse interval.

Fig. A8. SEM images of surfaces irradiated with (a) 20, (b) 50, (c) 100, and (d) 500 pulses, 1 ms pulse interval.
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Fig. A9. SEM images of surfaces irradiated with (a) 20, (b) 50, (c) 100, and (d) 500 pulses, 0.1 ms pulse interval.

Appendix 7. Raman spectra with different pulse intervals

The Raman spectra with different pulse intervals consistently exhibit an sp³ diamond peak and a broad band resulting from merging the D and G 
peaks associated with sp2 carbon. The only variation is in the relative content of the graphite-like phase. This consistency demonstrates the broad 
applicability of the phase transition conclusions discussed in this work across a wide range of femtosecond laser processing conditions.

Fig. A10. Raman spectra with different pulse intervals. (a) 100 ms, (b) 0.1 ms.

Data availability

Data will be made available on request.
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