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Ultrafast femtosecond laser processing provides a versatile platform for precision micro- and nanoscale 
modification of wide-bandgap materials such as diamond. In this work, the formation of microscale and sub-
micron surface features on high-pressure high-temperature (HPHT) single-crystal diamond and chemical 
vapor deposition (CVD) diamond films is investigated using high-repetition-rate femtosecond laser pulses. 
Systematic experiments examined the influence of laser fluence, pulse energy, and spatial pulse overlap 
on ablation morphology, feature dimensions, and material response. Arrays of craters, microchannels, and 
reservoir structures were fabricated through localized ablation, demonstrating the capability of femtosecond 
laser processing for flexible surface microstructuring of diamond. Differences in ablation behavior between 
HPHT single-crystal and polycrystalline CVD diamond were analyzed in terms of structural and electronic 
properties. The depth of laser-machined features was determined using an acetate replication technique 
followed by scanning electron microscopy. Results show a strong dependence of feature geometry and 
ablation efficiency on processing conditions, with single-crystal diamond exhibiting deeper ablation and 
sharper features at comparable fluence. These findings highlight the role of nonlinear absorption and defect-
mediated carrier dynamics in ultrafast laser–diamond interactions and suggest applications in diamond-
based microfluidic devices, field-emission structures, and advanced electronic and photonic systems.

Keywords: femtosecond laser, laser ablation, diamond micromachining, laser nanomachining, ultrafast 
laser processing.

1. Introduction

Femtosecond laser micro- and nanomachining 
has emerged as a powerful technique for precision 
material processing due to its ability to deposit ener-
gy on timescales shorter than thermal diffusion with-
in the lattice. As a result, energy confinement within 
the focal volume enables highly localized structural 
modification and material removal with minimal 
heat-affected zones and excellent spatial precision 
[1-4]. These characteristics make ultrafast laser pro-
cessing particularly attractive for the fabrication of 
microscale and nanoscale structures in materials that 
are otherwise difficult to machine using conventional 
techniques. Recent studies have also investigated 
nanostructured materials and their optical proper-
ties in related contexts [5]. Wide range of materials 
including silicon nanostructures and carbon-based 
coating have been explored for technological appli-
cations [6].

Laser–matter interaction in wide-bandgap mate-
rials under ultrafast excitation is governed by strong-
field ionization processes including multiphoton ion-
ization, tunneling ionization described by Keldysh 
theory, and avalanche ionization driven by impact 
excitation [7-9]. Under sufficiently high intensities, 
these processes generate a dense electron plasma 
within the focal volume. Subsequent energy transfer 
from the excited electron system to the lattice can 
lead to a variety of material removal mechanisms, 
including Coulomb explosion, phase explosion, and 
rapid melting followed by vaporization [10, 4]. The 
relative contribution of these mechanisms depends 
on laser parameters such as pulse duration, fluence, 
and repetition rate, as well as on the electronic and 
structural properties of the material. 

Diamond is a particularly compelling platform 
for ultrafast laser processing due to its exceptional 
physical and electronic properties. The growth and 
structural properties of diamond films produced by 
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CVD methods have been widely investigated [11]. 
Diamond exhibits the highest known thermal con-
ductivity among bulk materials, extreme mechani-
cal hardness, chemical inertness, and a wide elec-
tronic bandgap of approximately 5.5 eV [12]. These 
properties make diamond attractive for a wide range 
of advanced technologies, including high-power 
electronics, quantum photonics, radiation detectors, 
field-emission devices, and microfluidic systems 
[13-17].

In this work, we investigate femtosecond laser 
microstructuring of high-pressure high-temperature 
(HPHT) single-crystal diamond and plasma-en-
hanced chemical vapor deposition (PE-CVD) dia-
mond films using high-repetition-rate femtosecond 
laser pulses. The influence of laser pulse energy, 
spatial overlap, and material structure on ablation 
morphology and feature formation is examined. 
Particular attention is given to the role of nonlinear 
absorption, incubation effects, and defect-mediated 
carrier dynamics in determining ablation efficiency 
and feature geometry.

2. Materials and methods

All surface features in this study were fabricat-
ed using a customized femtosecond laser ablation 
system. The system consisted of a diode-pumped, 
frequency-doubled Neodymium-doped Yttrium Or-
thovanadate (Nd:YVO₄) pump laser operating at 532 
nm (Verdi V18, Coherent, Inc.), which pumped a 
Ti:Sapphire laser oscillator (Tsunami, Spectra-Phys-
ics, Inc.) and a regenerative amplifier (RegA 9000, 
Coherent, Inc.). The system produced ultrafast laser 
pulses at a central wavelength of 800 nm with a pulse 
duration of approximately 200 fs, pulse energies up 
to 4 μJ, and repetition rates as high as 250 kHz. The 
repetition rates could be controlled by an external 
transistor-transistor logic (TTL) pulse generator, di-
rectly connected to the amplifier.

The ablation time during experiments was con-
trolled using an externally triggered mechanical shut-
ter. Laser power was controlled by a neutral density 
filter placed into the beam path. The laser beam was 
focused onto the front surface of the samples us-
ing microscope objectives with numerical apertures 
(NA) of 0.85 and 0.90. Under these focusing condi-
tions, the resulting focal spot diameter was approx-
imately 0.55 μm. The objective was mounted on a 
stage with adjustable Z-positioning to allow precise 
focusing on the sample surface. The optical delivery 
system also enabled direct observation of the ablation 
region through a 10× eyepiece and a high-resolution 
digital camera.

Precise sample positioning was achieved using 
a piezoelectric nanopositioning stage (Mad City 
Labs, Inc.) that provided nanometer-scale resolu-
tion with a travel range of 200 μm in the X–Y di-
rections and 100 μm in the Z direction. This stage 
was mounted on a larger-range X–Y microstage 
(McBain, Inc. precision stages equipped with Com-
pumotor, Inc. stepper motors and National Instru-
ments motor drivers). During the ablation process, 
the microstage remained fixed while the piezoelec-
tric stage translated the sample at a scanning speed 
of approximately 11 μm/s to generate the desired 
micropatterns. Both positioning stages, as well as 
the mechanical shutter, were controlled through 
LabVIEW™ software. In addition to enabling the 
fabrication of individual features on a variety of ma-
terials, this configuration allowed precise alignment 
and placement of microstructures through software-
controlled positioning with nanometer-scale accu-
racy. A He:Ne laser was introduced to the system 
for precise positioning purposes [18].

Figure 1 shows the experimental setup used for 
femtosecond laser ablation of diamond film surfaces 
[19]. Several corrective lenses were placed in the 
beam path to compensate for beam divergence and to 
match the beam size with the entrance aperture of the 
objective lens. The placement and optical configu-
ration of these lenses were optimized using Zemax 
software in order to minimize spherical aberrations 
and preserve beam quality at the focus. This optical 
arrangement enabled high precision during laser ab-
lation process and provided a flexible platform for 
performing parametric studies of laser ablation and 
micromachining across a broad range of operating 
conditions.

All experiments were performed in a controlled 
environment of a Class-1000 Clean Room. The sam-
ples were cleaned with acetone, methanol, and deion-
ized water in an ultrasonic bath prior to laser ablation. 

While the width of features, such as small holes, 
machined by femtosecond laser can be estimated 
from the numerical aperture of the focusing objec-
tive lens, the depth cannot be directly measured dur-
ing laser machining. After ablation, sample surfaces 
were cleaned again, and replicated with cellulose-
based acetate films. The acetate replication technique 
provides a cost-efficient, reliable, and nondestruc-
tive method for depth estimation. However, its fi-
delity depends on the aspect ratio of the replicated 
features. The reported depth values for high-aspect-
ratio features should be considered as approximate 
lower bounds. Extended acetate film application and 
drying times were used to maximize filling, and the 
consistency of replica morphology in SEM images 
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Figure 1. Schematic diagram of experimental setup for laser micro- and nanomachining.

In our experiments, we investigated two types of 
diamond materials: single-crystal diamond synthe-
sized by the high-pressure high-temperature (HPHT) 
process, and polycrystalline diamond films produced 
by plasma-enhanced chemical vapor deposition (PE-
CVD) [20, 21], a technique widely used for the fab-
rication of diamond-based and diamond-like carbon 
films for technological applications [22]. Ideal sin-
gle-crystal diamond is largely transparent at the la-
ser wavelength of 800 nm due to its wide electronic 
bandgap (~5.5 eV). Consequently, energy deposition 
under ultrafast irradiation occurs primarily through 
nonlinear absorption mechanisms such as multi-
photon ionization and avalanche ionization [23]. In 
contrast, polycrystalline CVD diamond films often 
contain grain boundaries, defect states, and regions 
of sp²-bonded carbon, which introduce sub-bandgap 
electronic states that can enhance linear and defect-
assisted absorption at near-infrared wavelengths. 
These structural differences significantly influence 
carrier generation dynamics and energy coupling 
during femtosecond laser irradiation, thereby affect-
ing the resulting ablation morphology and material 
removal efficiency [24-26]. 

At a repetition rate of 250 kHz, the interval be-
tween pulses is 4 µs. With the pulse width of 200 fs, 

the pulses are well-separated. Given the high thermal 
diffusivity of single-crystal diamond (~1200 mm²/s), 
the thermal diffusion length within this interval far 
exceeds the sub-micron focal spot, ensuring that heat 
dissipates between successive pulses and that ablation 
proceeds in a predominantly non-thermal regime. In 
polycrystalline CVD diamond, grain boundaries and 
sp²-bonded intergranular phases reduce the effective 
thermal conductivity; however, the thermal diffusion 
length during the 4 µs interpulse interval still sub-
stantially exceeds the focal volume dimensions. The 
clean feature morphology and minimal heat-affected 
zones observed in our SEM images (Figures 5, 6, 7 
below) confirm that non-thermal ablation conditions 
are maintained for both materials at this repetition 
rate, consistent with recent studies of femtosecond 
laser structuring of diamond at comparable repetition 
rates [27, 28].

Although sp²-bonded intergranular phases in 
CVD diamond enhance sub-bandgap optical absorp-
tion, these regions simultaneously function as carrier 
recombination centers and electron scattering sites 
that attenuate avalanche ionization buildup, thereby 
reducing the effective ablation efficiency relative to 
single-crystal diamond at comparable laser fluence 
[29, 30].

supports adequate, though potentially not complete, 
penetration of the acetate material into these features 
This technique and the validity of depth estimation 
are described in detail in our previous work [18]. 

The replicas and diamond samples were then sputter-
coated with carbon, platinum, or gold for conductiv-
ity and imaged with the Scanning Electron Micro-
scope (SEM). 
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3. Results and discussion

In this work, diamond surface micropatterning 
is performed by localized material removal through 
femtosecond laser ablation at a precisely defined 
position on the surface. When an ultrafast pulse is 
tightly focused on the target material, the extreme-
ly high peak intensity within the focal volume ini-
tiates nonlinear absorption processes, including 
multiphoton ionization and avalanche ionization. 
These processes generate a population of free elec-
trons that rapidly evolve into a dense microplasma 
near the surface. The subsequent expansion of this 
plasma results in the ejection of material from a 
highly confined region of the target. Because the 
energy deposition occurs on a timescale shorter 
than thermal diffusion in the lattice, the interac-
tion proceeds largely in a nonthermal regime, often 
referred to as “cold ablation,” which enables the 
fabrication of micron- and submicron-scale struc-
tures with minimal heat-affected zones and high 
edge fidelity [31-33].

A single ablation event typically produces an iso-
lated crater or hole at the location of the laser focus. 
By translating the sample relative to the focal spot 
or by sequentially triggering pulses at predefined co-
ordinates, multiple ablation sites can be arranged in 
desired patterns or arrays. Such arrays provide a con-
venient platform for evaluating the spatial precision 
and repeatability of the ablation process, as well as 
parametric studies of feature morphology, laser pulse 
energy, fluence, and repetition rate.

Figure 2(a) shows an array of ablation sites fab-
ricated on the surface of a chemical vapor deposition 
(CVD) diamond film using a laser pulse energy of 0.8 
μJ. Under these conditions, the resulting craters ex-
hibit diameters of approximately 750 nm with a cen-
ter-to-center spacing of about 3.5 μm. Increasing the 
pulse energy to 1.2 μJ produces the array shown in 
Figure 2(b). At this higher energy, the ablation sites 
expand significantly; to accommodate the expansion, 
the approximate spacing between adjacent features 
was kept at 4.5 μm. The resulting craters showed di-
ameters of approximately approaching 2 μm. Surface 
structure between craters is notably different from 
the original, indicating potential graphitization.

The altered surface texture between craters ob-
served in Figure 2(b) is attributed to partial sp³-to-
sp² phase transformation, commonly referred to as 
laser-induced graphitization. Recent studies indicate 
that under femtosecond irradiation near the ablation 
threshold, this conversion is confined to a nanoscale 
surface layer-typically tens to approximately 100 nm 
in depth—and retains predominantly sp³ character 
with localized sp² domains [34, 35]. At the fluences 
employed in the present work, the graphitized layer is 
expected to be superficial and should not significant-
ly affect the mechanical or chemical properties rel-
evant to microfluidic or field-emission applications. 
However, for electronic or photonic applications that 
depend on pristine diamond surface properties, post-
processing steps such as oxidative etching may be 
employed to selectively remove the sp² phase with-
out damaging the underlying sp³ lattice [36]. 

       

(a)                                                                                                      (b)

Figure 2. SEM scans of laser-machined CVD diamond surface at laser pulse repetition rate of 250 kHz: 
(a) Laser Pulse Energy = 0.8 μJ; (b) Laser Pulse Energy = 1.2 μJ.
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(a)                                                                                         (b)

Figure 3. SEM scans of laser-machined CVD diamond surface at laser pulse repetition rate of 250 kHz  
and Laser Pulse Energy of 1.2 μJ: (a) Pattern spacing = 3 μm; (b) Pattern spacing = 2.5 μm.

The observed increase in feature diameter and 
overlap with increasing pulse energy reflects the 
strong dependence of femtosecond laser ablation on 
deposited fluence. As the laser fluence exceeds the 
material ablation threshold, the radial region within 
the focal spot where the deposited energy surpasses 
the threshold expands, resulting in a corresponding 
increase in crater diameter. This behavior is consis-
tent with the logarithmic scaling of ablation diameter 
with laser fluence observed in ultrafast micromachin-
ing of dielectric materials [2, 4]. In addition, higher 
pulse energies generate denser plasma within the fo-
cal volume, leading to enhanced energy coupling and 
increased material removal. These effects collective-
ly contribute to the expansion and eventual overlap 
of adjacent ablation sites, enabling the formation of 
continuous surface structures.

Following the laser patterning, the surface fea-
tures were replicated to investigate the depth and 
structure of machined features. Figure 4 shows an 
array of nanowires replicated from a corresponding 
array of craters ablated on CVD diamond surface. 

The original array was produced using a laser pulse 
energy of 2.2 μJ with a spatial separation of 10 μm 
between ablation sites. The SEM images of replicat-
ed arrays were taken at 45 degree tilt for a better es-
timate of feature depth. The height of acetate replica 
nanowires indicates that the craters in the original ar-
ray reached a depth of approximately 6 μm.

The features of desired configurations can be 
fabricated by translating the sample through the fo-
cused laser beam incident on the surface. As men-
tioned above, arrays of holes or continuous patterns 
are produced through the controlled overlap of in-
dividual ablation sites. It is also possible to create 
other types of surface such as microchannels or res-
ervoir. Channels are formed by delivering multiple 
consecutive laser pulses along a single path, result-
ing in continuous, well-defined structures. Figure 5 
shows a microchannel fabricated on the surface of 
the CVD diamond at laser pulse energy of 0.8 μJ 
(a), and 2.2 μJ (b). The edges of the channel are 
well-defined, with minimal debris, and its width 
ranges between 1-2 μm. 

We next examine the effects of crater spacing on 
CVD diamond surface. In Figure 3, two patterns were 
machined a laser pulse energy of 1.2 μJ. The spacing 
between consecutive sites is approximately 3 μm for 

Figure 3(a) and 2.5 μm for Figure 3(b). The resulting 
patterns indicate that higher laser pulse energies and 
smaller hole spacing lead to feature overlap and form 
a continuous pattern.
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(a)                                                                                           (b)

Figure 4. CVD Diamond. (a) Surface machined at E=2.2 μJ, and (b) Replica of the surface (45 degree tilt).

      

(a)                                                                           (b)

Figure 5. Microchannel machined on CVD diamond surface at (a) E=0.8 μJ,  
and (b) E=2.2 μJ, with pulse repetition rate of 250 kHz.

Figure 6 shows a pattern of multiple vertical lines 
ablated on CVD diamond with a horizontal line spac-
ing of approximately 4 μm and a feature width rang-
ing from 0.8 to 1 μm. These structures were fabri-
cated using a laser pulse energy of 1.8 μJ.

The observed feature widths of 0.8–1 µm ex-
ceed the diffraction-limited focal spot diameter of 
approximately 0.55 µm. This broadening is attribut-
able to the extreme spatial pulse overlap achieved at 
the scanning speed of 11 µm/s and repetition rate of 
250 kHz, corresponding to a pulse-to-pulse displace-
ment of approximately 0.044 nm and an effective 
pulse overlap count on the order of ~12,500 pulses 
per spot diameter. Under these conditions, incuba-
tion effects progressively reduce the effective abla-
tion threshold, allowing material removal to occur 
across a wider region of the Gaussian beam profile 
where the fluence exceeds the modified threshold. 
Additionally, the above-threshold area of the beam 

naturally extends beyond the 1/e² spot radius at the 
pulse energy of 1.8 µJ employed. The combined ef-
fects of incubation-enhanced peripheral ablation and 
above-threshold fluence widening are consistent with 
established models of multipulse femtosecond laser 
machining [37, 38].

The variation of laser processing parameters al-
lows fabrication of a wide range of structural designs 
with specific properties on the surface or in the bulk of 
a diamond. Careful selection of laser machining pa-
rameters produces well-defined microstructures, and is 
directed towards micromachining of fully-integrated 
assemblies, such as diamond emitters and fluidic de-
vices. Figure 7 shows a reservoir structure on the CVD 
diamond surface. The reservoir was formed by trans-
lating the sample through the focused laser beam in a 
pre-programmed square pattern at a laser pulse energy 
of 3 μJ. The length of the sides of the feature is about 
40 μm and the depth is approximately 8.8 μm. 
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Figure 6. An array of microchannels  
on CVD diamond surface machined at E=1.8 μJ.

The formation of surface features on single-crys-
tal diamond is examined next. Figure 8 shows an ar-
ray of craters machined at the laser pulse energy of 
0.8 μJ and repetition rate of 250 kHz on the surface of 

single-crystal diamond, and its acetate surface replica 
with the length of nanowires of approximately 5-7. 
This length is achieved at considerable lower laser 
pulse energies than in CVD diamond (Fig. 4).

Figure 7. A reservoir structure  
on CVD diamond surface machined at E=3  μJ.

      

(a)                                                                                   (b)

Figure 8. Single-Crystal Diamond surface. (a) Machined with incident energy of 0.8 μJ per pulse 
and repetition rate of 250 kHz, and (b) Array of nanowires from surface replication by acetate film.

Various surface features can be machined by 
translating a nanostage with a mounted sample 
through the focused laser beam. With the goal of 
device fabrication, we generated a curved pattern 
with sharp edges. The structure shown in Figure 
9(a) was machined on HPHT single crystal dia-
mond at laser pulse energy of 0.8 μJ, producing 
features with an estimated depth of 16-19 μm. 

This is considerably higher than the depth of fea-
tures of 12-13 μm, observed for CVD diamond at 
similar laser pulse energies (Fig. 9(b)). The result-
ing structure exhibits well-defined morphology 
and shows that the process enables fabrication of 
curved features with high repeatability and spatial 
precision. SEM images were taken at 45-degree tilt 
for depth estimation. 
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The plasma dynamics underlying femtosecond 
laser ablation of wide-bandgap materials proceed 
through several distinct stages. During the laser 
pulse, nonlinear photoionization–including multi-
photon ionization and tunneling ionization–generates 
seed free electrons in the conduction band. These 
electrons gain kinetic energy from the laser field 
through inverse bremsstrahlung absorption and, 
once they exceed the ionization energy of the lat-
tice, trigger avalanche ionization that exponentially 
multiplies the free electron density. Within hundreds 
of femtoseconds, this process produces a dense, 
transient electron plasma confined to the focal vol-
ume. Following the termination of the laser pulse, 
the electron plasma transfers its energy to the lattice 
on a picosecond timescale through electron-phonon 
coupling. At fluences above the ablation threshold, 
two primary material removal mechanisms may con-
tribute: Coulomb explosion, in which rapid electron 
ejection leaves behind a positively charged surface 
layer that undergoes electrostatic disintegration, and 
phase explosion, in which rapid lattice superheat-
ing drives explosive decomposition of the material 
into a mixture of vapor and nanoscale fragments [39, 
40]. The subsequent expansion of the ablation plume 
carries ejected material away from the surface, leav-
ing behind a well-defined crater. In single-crystal 
diamond, the highly ordered sp³ lattice supports effi-
cient avalanche ionization and dense plasma buildup, 
leading to strong energy confinement and rapid, di-
rectional plume expansion. In polycrystalline CVD 
diamond, grain boundaries and sp²-rich intergranular 
regions act as carrier recombination centers and scat-
tering sites, attenuating the buildup of the electron 

plasma and reducing the efficiency of energy cou-
pling into the lattice. This results in lower ablation 
rates and less sharply defined features compared to 
single-crystal material [29, 41].

The features produced on single-crystal dia-
mond are consistently deeper and exhibit sharper 
morphology than those generated on polycrystalline 
diamond under comparable irradiation conditions. 
This behavior arises from fundamental differences 
in the microstructure and electronic defect density 
of the two materials. Single-crystal diamond con-
sists of a highly ordered sp³-bonded lattice with 
minimal grain boundaries or impurity phases. In 
contrast, polycrystalline CVD diamond films typi-
cally contain grain boundaries, structural defects, 
and regions of graphitic or amorphous carbon. 
These features can act as carrier recombination cen-
ters and scattering sites that reduce the efficiency 
of avalanche ionization and limit the buildup of the 
electron plasma responsible for material removal. In 
single-crystal diamond, however, plasma expansion 
and reduced defect-mediated energy dissipation, as 
compared to polycrystalline material, contributes to 
increased ablation efficiency and improved feature 
quality. These findings further explain the deeper 
and more well-defined structures observed in sin-
gle-crystal diamond [41].

The differences in bonding uniformity, defect 
density, and nonlinear ionization pathways lead to 
distinct ablation mechanisms in single-crystal and 
polycrystalline diamond. These material-dependent 
interaction processes directly influence feature mor-
phology, depth, and reproducibility during femtosec-
ond laser micromachining.

      

(a)                                                                                                  (b)

Figure 9. A curved structure machined on the diamond surface at E= 0.8 μJ.  
(a) HPHT Single Crystal Diamond, and (b) CVD Diamond.
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4. Conclusion

This work demonstrates that femtosecond laser 
ablation at 800 nm and 250 kHz repetition rate enables 
precise, non-thermal microstructuring of both HPHT 
single-crystal diamond and polycrystalline CVD dia-
mond films, producing well-defined craters, micro-
channels, and reservoir structures. Both CVD and 
single-crystal diamond exhibit a strong dependence 
of ablation behavior on laser pulse energy; however, 
significant differences in feature size, depth, and mor-
phology were observed between the two materials. 
Single-crystal diamond consistently produced deeper 
and more well-defined structures, reflecting differ-
ences in nonlinear absorption mechanisms, defect 
density, and plasma dynamics. These findings are con-
sistent with recent reports demonstrating that ultrafast 
laser–diamond interactions are strongly influenced by 
crystal structure and impurity content.

Surface graphitization observed between abla-
tion sites at higher pulse energies is confined to a 
nanoscale surface layer and does not compromise 

the structural integrity of the fabricated features for 
microfluidic or field-emission applications. Feature 
broadening beyond the diffraction-limited focal spot 
results from extreme pulse overlap and incubation-
driven threshold reduction, offering a controllable 
mechanism for tuning channel width through scan-
ning speed adjustment.

These results show that femtosecond laser micro-
machining is a viable single-step fabrication method 
for diamond-based microfluidic devices, field-emis-
sion structures, and photonic components, with ma-
terial selection between single-crystal and polycrys-
talline diamond providing an additional degree of 
control over feature geometry and surface quality.
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