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Abstract Femtosecond pulsed laser (800 nm, 120 fs)
micromachining of thin films of 3C-SiC (β-SiC) semicon-
ductor deposited on silicon substrate was investigated as a
function of pulse energy (0.5 μJ to 750 μJ). The purpose is
to establish suitable laser parametric regime for the
fabrication of high accuracy, high spatial resolution and
thin diaphragms for high-temperature MEMS pressure
sensor applications. Etch rate, ablation threshold and
quality of micromachined features were evaluated. The
governing ablation mechanisms, such as thermal vaporiza-
tion, phase explosion, Coulomb explosion and photome-
chanical fragmentation, were correlated with the effects of
pulse energy. The results show that the etch rate is higher
and the ablation threshold is lower than those obtained with
nanosecond pulsed excimer laser ablation, suggesting
femtosecond laser’s potential for rapid manufacturing. In
addition, the etch rates were substantially higher than those
achievable in various reactive ion and electrochemical
etching methods. Excellent quality of machined features
with little collateral thermal damage was obtained in the
pulse energy range (1–10 μJ). The leading material removal
mechanisms under these conditions were photomechanical
fragmentation, ultrafast melting and vaporization. At very
low pulse energies (<1 μJ), nanoscale material removal has
occurred with the formation of nanoparticles that is
attributed to Coulomb explosion mechanism. The effect of
assist gas on the process performance at low and high
energy fluences is also presented.
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1 Introduction

Silicon is the current material dominating the microelec-
tronics and MEMS industries today. Silicon carbide (SiC),
however, has superior properties compared to silicon in
terms of bandgap, high-temperature resistance, thermal
conductivity, mechanical strength and stiffness, all of which
strongly favor it for its utility as sensors, actuators and
power devices. SiC exists in over 170 different polytypes
and each type has its own distinct set of electronic
properties. However, only three polytypes, namely 3C, 4H
and 6H, are acceptable for use as semiconductors because
they can be grown as single crystal wafers. 3C-SiC is
preferred for its ability to provide the highest speed of
electron and hole transport in the crystal while 6H-SiC and
4H-SiC are desired for their wide bandgaps. All polytypes
are extremely hard, chemically inert and have high thermal
conductivity. For MEMS devices, 3C-SiC serves as the best
mechanical substrate due to its extreme hardness and
stiffness. However, there are formidable challenges in the
crystal growth of high quality, bulk wafers of 3C-SiC that
prevents its commercial production. Hence thin films of
3C-SiC are widely used for fabricating MEMS devices. The
3C polytype, also known as β-SiC, exhibits cubic structure,
crystallizes in ZnS-type structure and epitaxially grows as
thin film on silicon substrate. It also requires much lower
substrate temperature (1,500°C or less) than other polytypes
in chemical vapor deposition (CVD). In contrast, the
6H-SiC (hexagonal) and 4H-SiC (tetragonal) would not
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grow as thin film on any substrate except on its own and
also requires very high temperature (2,000°C) for growth.

CVD, sputtering, metal-organic CVD, atomic layer
epitaxy, molecular beam epitaxy, and pulsed laser deposi-
tion are the current techniques used to grow amorphous,
single and polycrystalline forms of 3C-SiC thin films [1, 2].
MEMS devices, such as pressure sensors, accelerometers,
lateral resonators, gas sensors and micromotors for use in
harsh environments, are fabricated by surface micromachin-
ing of 3C-SiC thin films [3–5]. Conventional surface
micromachining of single crystalline SiC film on silicon is
difficult to accomplish in contrast to polycrystalline and
amorphous SiC layers. Poly-SiC is generally grown on
poly-Si layer or deposited on SiO2 layer. The SiC is the
structural layer while the poly-Si or SiO2 is the sacrificial
layer. KOH and HF are used to release the SiC micro-
structures from poly-Si and oxide layers, respectively. One
critical microfabrication issue is that the traditional wet
etching does not work well for SiC. Patterning techniques
based on photolithography and reactive-ion-etching (RIE)
with SF6/O2 plasma, SF6/O2 inductively coupled plasma
(ICP) and deep reactive ion etching (DRIE) processes were
customarily used to etch SiC thin films, however, at the
expense of very slow etch rates (few nm per second).
Photo- and electro-chemical etching processes can also be
used where SiC is first anodized to form a deep porous
layer and subsequently removed through thermal oxidation
followed by a dip in HF; however, these processes suffer
from poor etch selectivity, low etch rates and cumbersome
process steps [4].

In the micro-manufacturing industry, the laser is being
established as an indispensable tool because of the benefits
such as higher etch rates, easier automation and better
quality features. Excimer lasers are extensively used for
micromachining polymers and ceramics while Nd:YAG
lasers are used for microdrilling and marking of semi-
conductors and metals. However, these lasers (nanosecond
to millisecond pulses) are not well suited for precise
microstructuring due to thermal or mechanical damages
(recast layers, burrs and cracks, etc.), limiting the achiev-
able precision and quality. These shortcomings have
spurred the development of ultrafast (pico- and femtosec-
ond) lasers, which deliver enhanced precision and cleanli-
ness of machined features by minimizing collateral damage,
plasma effects and thermal diffusion [6–9].

Femtosecond (fs) pulsed lasers are emerging as tools for
microfabrication of all types of materials that are used in
biomedical, micoelectronics, photonics and MEMS indus-
tries. The unique characteristics of ultrafast lasers over
longer-pulsed lasers are multiphoton ionization and absence
of energy transfer from electrons to the lattice, leading to
deterministic and reproducible ablation; negligible thermal
damage; and high etch rates (0.01 to 1 μm/pulse). These

unique advantages make femtosecond lasers promising for
the fabrication of a variety of materials, such as low melting
point polymers, high thermal conductivity metals, wide
bandgap dielectrics, and semiconductors that are otherwise
difficult to perform by conventional tools.

Applications of femtosecond laser micro-structuring of
channels and trenches have been demonstrated in materials
such as fused silica, silicon, and pyrex [10]. Microfluidic
channels as deep as 50 microns were successfully machined
in Si(100) at 395 nm with a fluence of 0.6 J/cm2 [10].
Micro-structures on alumina ceramic, which is typically
affected by tool wear, were machined up to 150 μm deep
using a scanned intensity in the range of 7–50 W/cm2 and
only a 2 μm thick recast layer was observed at the bottom
of the structure [11]. Femtosecond lasers with their minimal
thermal effects have been successfully used to create micro-
structures in aluminum with quality side walls despite its
high thermal conductivity and low melting point [12, 13].
Damaging fs-laser effects on metals were also shown to be
mitigated with the use of helium as an assist gas [12–14]
The fs-laser has already been demonstrated to have a “non-
thermal” ablation mechanism for micro-structuring of 3C-
SiC thin film [5]. Reported use of femtosecond pulses to
successfully drill holes in 3C-SiC bulk wafers [15] and
trenches up to 60 μm deep in 6H-SiC [16] suggests that
ultra-short pulses are well suited for machining bulk silicon
carbide as well as 3C-SiC thin film [5]. In this paper, we
present the results of a systematic study of the effects of
pulse energy on etch depth, quality of machined features
and material removal mechanisms in 3C-SiC thin films on
Si(100) substrate using a Ti:sapphire femtosecond pulsed
laser.

2 Experimental details

Atmospheric pressure chemical vapor deposition (AP-
CVD) system was employed to grow 1-μm thin films of
3C-SiC on 100-mm diameter, 500-μm thick (100) silicon
substrates in a cold-wall, vertical-geometry, RF induction-
heated, atmospheric pressure CVD reactor. Prior to depo-
sition, the reaction chamber was pumped down to a
pressure of 200 mtorr and then backfilled with ultra-high
purity argon to 760 torr to remove the oxide impurities.
Ultra-high purity hydrogen (carrier gas), propane (15%
hydrogen) and silane (5% hydrogen) were then introduced
into the chamber. The chemical reaction took place at
1,360°C. A three-step deposition process was used,
beginning with an in situ hydrogen etch of oxides and
contaminants, followed by the formation of a carbonized
layer on the substrate surface, and ending with the film
growth. The film growth rate was about one μm per hour.
Details of this technique are described elsewhere [17].
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A Ti:sapphire laser (Spectra Physics, Hurricane X),
based on the chirped pulse amplification (CPA) technique,
was used to create microholes and microchannels in 3C-SiC
thin films. The output beam has the specifications of
wavelength of 800-nm, repetition rate of 1-kHz, and pulse
width of 120-fs. The 6-mm diameter laser beam with a
Gaussian energy distribution was circularly polarized,
expanded to twice the size using an up collimator, and
steered by a 45° mirror. The beam was then transmitted
through neutral density filter to reduce the pulse energy and
then focused by a reflective objective lens to a spot size of
4±1 μm. In experiments with higher pulse energies
(>100 μJ), a plano-convex lens (50 mm focal length) was
us,ed giving rise to a spot size of 40±5 μm. The pulse
energy was varied from 1 μJ to 750 μJ. For ablation rate
studies, single-shot mode was used with energy fluence in
the range 0.1 to 20 J/cm2.

3C-SiC thin film deposited samples were cleaned with
tricholorethylene, acetone and deionized water consecu-
tively and then mounted on a computer controlled x-y stage
(Coherent Lab Motion Series), which has a resolution of 1
μm. The movement of the stage was programmed in the lab
motion software to produce the desired laser path. The
beam was used in the direct-writing mode to follow the
program. Helium was used as a shield/assist gas to eject
vaporized material, produce clean cuts and protect the lens.
In some experiments, air was also used as the assist gas to
identify the effects of self-focusing. After laser micro-
machining, a few samples were etched in KOH solution for
about 5–10 minutes to remove the recast layers. Scanning
electron microscope, atomic force microscope and surface
profilometer were then used to examine the ablated regions
and measure the etch depths.

3 Results and discussion

Etch rate and ablation threshold Etch rate is an overriding
consideration in SiC micromachining because of its
chemical inertness and extreme hardness. Figure 1 shows
the etch depth per pulse as a function of energy fluence
based on experiments using 50 mm focal length lens

(40 μm spot size). The non-linear dependence of ablation
rate with fluence is attributed to multiphoton ionization.
These etch rates are much higher than those obtained with
nanosecond-pulsed excimer (193 nm, 248 nm) lasers and
comparable to 400-fs (1026 nm) laser in the ablation of 3C-
SiC bulk wafers [15]. Similarly, the etch rates are greater
than maximum achievable (7 nm/s) in RIE, electron
cyclotron resonance and magnetron-enhanced RIE [18,
19]. Higher etch rates observed in ultrafast laser ablation
are attributed to multiphoton absorption and reduced
thermal diffusion. In the ns-laser pulse regime, photon
energy must exceed the summation of band gap (3 eV for
SiC) and electron affinity (4.5 eV for SiC) to excite the
electrons and cause bond scission. Although 800-nm
photons cannot meet such energy requirements, the multi-
photon absorption associated with extreme intensity of
femtosecond pulse and the presence of lattice defects in 3C-
SiC thin films are responsible for bond breaking and
subsequent emission of electrons and ions.

Threshold ablation is a characteristic dependent on the
wavelength, pulse width and type of material. It is ideally
defined as the energy fluence at which irreversible damage
occurs in the material by removing a monolayer of material.
It is actually determined by visual examination, ablation
depth measurement, plasma radiation monitoring etc.
However in this study the ablation threshold was estimated
by recording the diameter (D) and the depth of single-shot
ablated craters using atomic force microscope and
then using the following linear relationship between the
square of the crater diameter and the logarithm of the laser
fluence [20]:

D2 ¼ 2w2
01n Fo=Fthð Þ ð1Þ

where Fth = ablation threshold and 2wo = spot size. A plot
of the square of damage diameter, D2, against the logarithm
of energy fluence was made to obtain both the spot size
(slope of line) and ablation threshold (the extrapolation of
D2 to zero value). The spot size, 2wo, was 40 μm and
ablation threshold was 0.7 J/cm2. For comparison, the
ablation threshold of bulk 3C-SiC by 400-fs (1026 nm) and
34 ns (248 nm) lasers were 0.55 J/cm2 and 1.5 J/cm2

respectively. The lower threshold in ultrafast laser com-
pared to 248 nm excimer laser is a consequence of
multiphoton absorption effect.

Effect of pulse width Figure 2 shows the scanning electron
microscope (SEM) images of microchannels produced in
3C-SiC thin films using the 120-fs pulsed Ti:sapphire
(800 nm) and 90-ns pulsed Nd:YAG (1064 nm) lasers.
There were large amounts of debris and recast layer in the
ns-pulsed laser micromachined region. The coating seems
to have discolored and also delaminated away from the
kerf. The laser beam has cut through the silicon substrate
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Fig. 1 Single-shot ablation rates of 3C-SiC thin films
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and made significant collateral thermal damages. In
addition, a rough surface morphology, characterized by
jagged protrusions, can be seen. In contrast, the fs-laser
machined region exhibits narrow kerf, relatively small
amount of recast layer and almost no spatter. Thus, rapid
energy deposition and its localization lead to fabrication of
microstructures with high quality and reproducibility.

Laser-material interactions The physical mechanisms of
femtosecond laser ablation of wide bandgap semiconduc-
tors such as SiC remains poorly understood. For example,
the roles played by defects and impurities on the energy
absorption and dissipation are not yet made clear. In
general, at high intensities (>1013 W/cm2) of femtosecond
lasers, multiphoton absorption becomes considerably strong
and seed electrons are not required to begin ionization.
Multiphoton ionization and free electron heating occur in
SiC during the femtosecond pulse duration and hence the
lattice temperature remains unchanged. Laser energy is
deposited much faster than the ability of the material to
dissipate energy, thus a state of extreme non-equilibrium is
reached and free electrons are generated ionizing the
material into dense plasma. These plasmas have been
shown to have highly reflective, metal-like properties
[21]. Even plasmas formed on optically transparent materi-
als have been shown to exhibit reflective properties [22].
Subsequent laser-plasma interaction causes phase change
and material ejection (ablation). Additionally the free
electrons associated with the ionization of the material are
responsible for absorption of photons and defocusing of the
beam [23]. Ionization of the gases used as a propagation
medium in laser processing also result in a number of
unfavorable consequences due competing phenomena, such
as self-focusing and de-focusing [23]. Ionization-induced
defocusing occurs when the gas medium results in plasma
at the leading edge of the beam [24, 25]. A higher degree of
ionization occurs at the center of the beam due to Gaussian

beam energy distribution resulting in a larger index of
refraction on the axial center [24, 26]. This type of
ionization takes place when the beam energy is at the
ionization potential of the gas. When the laser intensity is
increased to higher values than the plasma threshold, the
plasma becomes more uniform and the non-linear index of
refraction generates self-focusing [26]. Gases with a high
ionization potential such as helium have been used at
ambient pressures in beam propagation [12] to avoid self-
focusing effects and as an assist gas to aid in plasma
shielding resulting in a lower level of debris and diminished
heat-affected-zone [12–14].

There are several mechanisms proposed for material
removal in femtosecond laser ablation, which include
normal melting [21], thermal vaporization [27], ultrafast
laser melting [28–34], phase explosion [31–35], Coulomb
explosion [36, 37] and photomechanical fragmentation
[38–41] depending on laser intensity, pulse width, wave-
length, number of pulses and material properties. Coulomb
explosion, ultrafast melting and free electron heating arise
in fast pace (femtosecond), while thermal vaporization and
fragmentation occur at slow pace (nanoseconds) [21]. Phase
explosion, normal melting and electron-lattice relaxation
take place in the intermediate picosecond scale. In the case
of wide bandgap semiconductors such as SiC, one or more
of these mechanisms could be operative depending on
energy fluence. In this work, the observations of machined
features are grouped in three regimes on the basis of pulse
energy and then used to identify the underpinning physical
mechanisms of micromachining of 3C-SiC thin films.

High energy ablation Figures 3 and 4 show the micro-
channels and microholes produced by the femtosecond
laser at much higher pulse energies (50 μJ to 750 μJ). The
presence of large amounts of recast layer and spatter as well
as sub-μm/pulse etch depth and rough surface suggests that
thermal effects caused by phase explosion and vaporization

Fig. 2 Microchannels generated
by (a) 120-fs laser (b) 90-ns
laser under identical conditions:
pulse energy 60 μJ, spot size
4 μm, speed 1000 μm/s
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mechanisms control the ablation. Phase explosion (PE),
also known as explosive boiling or homogeneous nucle-
ation of gas bubbles, precedes thermal vaporization. PE is a
mechanism where the laser-irradiated matter enters the
metastable region of the phase diagram (binodal or
spinodal) by reaching the limit of thermodynamic stability
and approaching the critical temperatures [42, 43]. When
the temperature of the liquid approaches the critical point,
the superheated liquid transforms into a mixture of liquid
and vapor and undergoes evaporation at an excessive rate
[44, 45]. Violent ejection of the mixture of vapor and liquid
droplets occur from the sample surface due to the recoil
force created by the momentum transfer. Evidence for the
phase explosion mechanism in Fig. 4 is the presence of
splashed material around the holes and high density of
redeposited particulates. PE, accompanied by melt expul-
sion and collateral thermal damage, has been validated in
femtosecond pulsed laser ablation of semiconductors [36].
PE generally removes small amount of material by

vaporization. Thermal vaporization continues after phase
explosion, causing large amount of material removal and
forming the kerf. Although ultrafast lasers are expected to
minimize such thermal effects, it appears that explosive
vaporization accompanied by substantial melt formation
does occur at high pulse energies, leading to poor quality
cuts.

Low energy ablation Figure 5 a to c show the channels
micromachined in 3C-SiC using low pulse energies (2–
10 μJ). There are material fragments indicative of mechan-
ical fracture and kerf pinpointing material loss through
vaporization. In this regime, the mechanisms of material
removal are believed to be a combination of ultrafast laser
melting, vaporization, photomechanical fragmentation and
Coulomb explosion (CE). Ultrafast melting of semiconduc-
tors at fluences above the damage threshold is theoretically
proven as a non-thermal phase transition on a sub-ps time
scale for semiconductors [21]. It begins with the develop-

Fig. 3 Femtosecond laser micromachined channels in 3C-SiC thin films deposited on silicon at a speed of 1000 μm/s; (a) 750 μJ; (b) 500 μJ; (c)
250 μJ

Fig. 4 Femtosecond laser micro-
machined holes in 3C-SiC
thin films deposited on silicon
with 30 pulses; (a) 50 μJ;
(b) 200 μJ
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ment of metal-like phase due to the dense electron-hole
plasma followed by bond softening and lattice destabiliza-
tion due to a significant fraction of electrons jumping from
valence band to conduction band. For example, steep
gradients of the free electron density account for the depth
of the non-thermally melted layer as 20–40 nm in Si [21].
Thermal melting, which takes place after ultrafast melting,
produces much thicker melt layers. Thus ultrafast melting
followed by normal melting and vaporization seems to be
responsible for the formation of small kerf in Fig. 5.
However the most dominant mechanism appears to be
photomechanical fragmentation where the material disinte-
grates into large clusters as a result of mechanical stress
imposed by the rapid thermal expansion of the surface. In
this mechanism, thermoelastic stresses are developed by the
rapid thermal expansion of the surface layers due to
constant-volume heating; the relaxation of these stresses
cause large values of non-uniform strain rates, leading to a

strong increase in elastic energy that breaks the material
into an ensemble of clusters [27]. This strain-induced
fragmentation does neither require any phase change nor
the crossing of metastability limits as in phase explosion. It
differs from other photomechanical mechanisms, such as
spallation and cavitation because it does not involve tensile
stresses. Another intriguing feature in Fig. 5 is the presence
of significant amounts of nanoscale/sub-μm particles near
the lateral edges of the microchannels that are attributed
to CE mechanism (see the next section for complete
discussion).

Figure 6 shows the scanning electron microscope (SEM)
images of 120 μm size micromotor-rotors processed at two
pulse energies. The hole at the center is meant for
assembling 25 μm diameter shafts. It may be noted that
higher pulse energy ablation ruined the rotor structure by
thermal damage, while the lower pulse energy ablation
produced a reasonably well-defined profile with improved

Fig. 5 Femtosecond laser micromachined channels in 3C-SiC thin films deposited on silicon at a speed of 20 μm/s; (a) 5 μJ; (b) 2.5 μJ; (c) 1.5 μJ

Fig. 6 Femtosecond laser micro-
machined rotor in 3C-SiC thin
films deposited on silicon (a)
60 μJ; (b) 8 μJ
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resolution, little contamination and minimal thermal dam-
age. There is no evidence of typical thermal damages, such
as recast layer, ripple, column and crack. Instead, a large
number of loose fragments and tiny holes were noted in the
center section of rotor (Fig. 7) probably caused by
photomechanical fragmentation and vaporization respec-
tively. Figure 8 shows an SEM micrograph of a salient-pole
micromotor with stator and rotor having a gap of 2 μm
between them. KOH etchant was used to remove the loose
fragments and release the rotor part. Caution must be
exercised during the etching process because the central
portion (shaft) may also be etched out as it is much smaller
in area than each arm of the rotor.

Very low energy ablation When the pulse energy was
further reduced to less than 1.5 μJ, the ablation mechanisms
appears to be exclusively of Coulomb explosion and
photomechanical fragmentation. Figures 9 and 10 are the
SEM images showing the effects of very low energy on the
channel profiles. There is also evidence of the formation of
nanoparticles on the sidewalls of etched profile. Figure 11
is a rotor fabricated using 1.2 μJ that shows much improved
resolution and accuracy over the one fabricated at 8 μJ
(Fig. 6 (b)). Actually the size of this rotor is even smaller
than the one shown in Fig. 6 (b), inferring that low-energy
processing is appropriate for fine structures with high
resolution.

We contemplate Coulomb explosion (CE) as a possible
mechanism for material removal in this regime because of
the following characteristics: 1) time-of-flight analysis
showed that the ions move at faster rate than in thermal
vaporization; 2) etch rate is on the order of nanometer per
pulse; 3) ablated surface contains a high density of
nanoparticles. CE involves charge localization unlike phase
explosion. Due to the capability of femtosecond laser in
dumping large amounts of energy in short time, the laser
pulse will excite the electrons through multiphoton and
impact ionizations and emit the electrons from the surface
and underlying regions, inducing strong ionization and
leaving a high concentration of uncompensated ions.
Essentially, the femtosecond laser creates a track of
electron-hole pair excitations with a charge imbalance
(because the mobility of holes is much smaller than that
of the electrons). Hence the surface becomes electro
statically unstable and electric field is generated. If the
electric field strength exceeds that of the binding energy of
atoms in the target, CE takes place. Intrinsically a non-
thermal process, CE dominates at low pulse energy and
usually removes a small fraction of the mass.

Fig. 7 High-magnification views of the center section of rotor
displayed in Fig. 6 (b)

Fig. 8 Femtosecond laser micro-
machined micromotor in 3C-SiC
thin films deposited on silicon
(a) After laser ablation;
(b) Subsequent etching in
KOH
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CE has been experimentally proven to occur in alumi-
num oxide dielectrics under femtosecond laser irradiation
with 800-nm laser wavelength at laser fluences only
slightly above the ablation threshold [21, 46, 47]. However,
the applicability of CE in ultrafast laser ablation of
semiconductors remains controversial. For example, the
electron dynamics calculations of surface charging profiles
of dielectric Al2O3 (induced by 100-fs laser) provided a net
surface charge (ni-ne) density of 7×1021 /cm3 in contrast to
silicon where the net accumulated positive charges during
the 100-fs laser pulse is 200 times lower [48]. This
difference was attributed to the higher electron mobility
and higher density of available free electrons for semi-
conductors, causing effective screening. Stoian et al. [48]
hypothesized that effective quenching of surface charging
by bulk electrons do not permit CE to occur in semi-
conductors. However, recent experimental evidence sug-
gests the occurrence of CE for Si (111) after 800-nm,

fs-laser ablation at a higher energy fluence of 1.2 J/cm2

because at lower fluences efficient electronic transport from
the bulk counteracts the laser-induced charges [49].

Nanoparticle formation Figure 12 is a single-shot laser
irradiated zone at very low pulse energy of 0.5 μJ showing
the formation of nanoparticles. X-ray diffraction was used
to characterize the crystalline structure and orientation
while and Auger electron spectroscopy was used to identify
the composition of nanoparticles. Figure 13 shows XRD
patterns of both CVD and laser nanostructured 3C-SiC
films exhibiting cubic (zinc-blende) structure. The (111),
(200) and (400) reflection peaks are identified in the CVD
deposited 3C-SiC thin films (Fig. 13 a). However after laser
nanostructuring, the ratio of intensity of (111) to (200)
peaks was sharply reduced while the FWHM of (200)
became narrower. A strong preferred orientation along the
<100> direction was observed, indicating the more stable

Fig. 9 Femtosecond laser micro-
machined channel at pulse energy
of 1.2 μJ. Note the formation
of 50–100 nm diameter
nanoparticles at the edge.
(a) Microchannel; (b) Edge of
channel

Fig. 10 Femtosecond laser
micromachined channel at a
pulse energy of 0.6 μJ. (a)
Microchannel; (b) Structure
within the channel
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structure. The modification of crystalline orientation in
nanoparticles is attributed to lattice arrangement resulted
from increased lattice vibration due to lattice heating
accompanying Coulomb explosion. Auger electron spec-
trometry (AES) was utilized to determine the CVD
(un-irradiated) and nanoparticle (laser-irradiated) SiC films.
Figure 14 shows the results. For the laser-irradiated film, an
oxygen contamination was present, but it was rapidly
reduced to trace amounts after 35 seconds of Ar ion
etching. The CVD and post Ar-ion etched films were
comparable in binding energy and intensity implying that
the composition was unchanged.

Nanostructuring presented in this work has also been
observed in ion sputtering of materials with highly charged
ions at low impact energies [50, 51]. Molecular dynamics

simulations of highly-charged-ion collisions on silicon
surfaces have shown that CE accounts for the production
of nanoscale structures and is in agreement with experi-
mental findings [47]. Molecular simulations of ultrafast
laser ablation of silicon at low fluences exhibit many
similarities to the ion beam bombardment [52, 53]. The
time scale for Coulomb explosion is found to be <1 ps. For
laser pulse durations longer than 1 ps, ion emission can still
occur but thermal excitation of the lattice will cause a phase
explosion mechanism, leading to large amount of material
removal and nanoscale structuring will be destroyed. In
contrast to the nanosecond laser pulses, ultrafast pulses
have an advantage of not interacting with the plume of
ablated material since the pulse has ceased prior to the laser
damage. Consequently, plume heating and shock-wave
mechanisms do not account for nanoparticle formation.

Another possible mechanism of nanoparticle formation
on the solid surfaces subjected to laser ablation is the

Fig. 11 Femtosecond laser
micromachined rotor in 3C-SiC
thin films deposited on silicon
using a pulse energy of 1.2 μJ;
(a) Rotor; (b) Magnified view
of central portion

Fig. 12 Single-shot, femtosecond laser micromachined region in 3C-
SiC thin films deposited on silicon (pulse energy=0.5 μJ)
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Fig. 13 X-ray diffraction spectra of 3C-SiC films of (a) CVD thin
film and (b) Laser nanostructured thin film
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interference phenomenon leading to spatial periodic struc-
tures, known as ripples (also known as laser-induced
periodic surface structure, LIPSS); this is believed to
produce nanoparticles and nanopatterns on the surfaces
[54–57]. Ripples emanate when incident or reflected or
refracted laser light interferes with the scattered light from
defects, roughness, or some sort of surface disturbance.
Laser polarization plays a key role in the formation of
ripple structure. Although the spacing between fringes is
equal to the wavelength, recent experiments proved that the
periods are substantially shorter than the wavelengths,
leading to development of nanostructures in materials like
TiN, InP, GaP and GaAs. The process begins with
production of surface relief with shallow depressions and
elevations and then continues with the formation of
periodic nanochannels if linear polarization were used and
the formation of self-organized array of nanoparticles if
circular polarization were applied. Recent work showed
the nanosecond pulsed 248-nm laser irradiation of Si at
<1 J/cm2 using a background of ultra-high pure helium
generated the formation of nanoparticles in the form of
linear arrays or strings depending on the type of polariza-
tion [57]. It is interesting to note the formation of such
nanoparticles despite the use of high-energy fluence and
long pulse, both of which tend to produce plasma and
suppress the interference effects. Since these nanoparticles
were created with a background of ultra-high pure helium,
it could be an effect ascribed to gas phase condensation.

Effect of assist gases Experimental works that involve laser
beam interaction with its propagation medium have shown
the defocusing effects when the propagation medium
(gas) is ionized by the leading edge of the beam [24,

25]. Researchers investigating femtosecond laser micro-
machining have emphasized the use of an inert gas to
prevent the harmful effects of defocusing [12–14]. Micro-
machining of holes in copper showed that helium was a
better gas medium for beam propagation than air, neon, and
nitrogen. Use of helium as an assist gas resulted in
improved sidewall quality, lower debris redeposition, and
minimal thermal damage [14]. Similar studies on the effects
of laser micro-structuring of trenches in aluminum revealed
that helium markedly improved the quality as compared to
ambient atmosphere [12], argon and nitrogen [13]. The
exact mechanism by which helium prevents the redeposi-
tion of debris is not fully understood; however, it has been
suggested that the recoil pressure caused by the hot plasma
prevents debris from leaving the ablated area [14]. For near-
infrared femtosecond pulses, use of helium as an assist gas
for aluminum is more effective at lower fluences [12].
When the energy fluence was reduced to near threshold,
nanometer-sized aluminum single crystal spheres were
formed and carried away by the assist gas [12].

In the present work, ultrafast laser interactions with 3C-
SiC were evaluated with the aid of helium as an assist gas
and compared to those of ambient atmosphere. At low pulse
energy of 0.2 μJ the formation of nanoparticles within
the irradiated area has occurred; this was independent of the
type of assist gas being ambient or helium assist gas. The
implication is that the formation of nanoparticles at low
fluence is not caused by oxidation. In low pulse energy
regime that corresponds to a fluence much lower than the
ionization fluence of air, the assist gases did not play a
significant role. This was in agreement with the previous
work [14]. However it was found at higher pulse energies,
where thermal effects were significant, that the use of
helium showed significant improvement in quality such as
minimal recast layer over ambient atmospheric conditions.

4 Conclusion

Ultrafast laser micromachining of CVD-deposited single
crystalline 3C-SiC thin film on silicon substrate was
investigated as a function of pulse energy for the purpose
of determining the optimum pulse energy for the fabrication
of MEMS devices. The results were correlated with the
underlying physical mechanisms. Higher pulse energies
generated significant amount of recast layer and damaged
fragments while lower pulse energies (<0.5 μJ) are not
sufficient to ablate the material to the desired depth. High
resolution, damage-free features were produced at low
pulse energy (1–10 μJ). This study demonstrates that the
femtosecond pulsed laser ablation has excellent potential
for SiC micromachining and has a superior edge over
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traditional reactive ion etching and electrochemical etching
methods.
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