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ABSTRACT
Femtosecond laser ablation of silicon in air was studied and compared with nanosecond laser ablation at ultraviolet
wavelength (266 nm). Laser ablation efficiency was studied by measuring crater depth as a function of pulse number.
For the same number of laser pulses, the fs-ablated crater was about two times deeper than the ns-crater. The
temperature and electron number density of the pulsed laser-induced plasma were determined from spectroscopic
measurements. The electron number density and temperature of fs-pulse plasmas decreased faster than ns-pulse plasmas
due to different energy deposition mechanisms. Images of the laser-induced plasma were obtained with femtosecond
time-resolved laser shadowgraph imaging. Plasma expansion in both the perpendicular and the lateral directions to the
laser beam were compared for femtosecond and nanosecond laser ablation.
Keywords: Laser ablation, Laser-induced plasma, Shock wave, Laser-induced breakdown spectroscopy

1. INTRODUCTION
The interaction of a high power laser beam with material has many applications including chemical analysis,
micromachining and pulse laser deposition of thin films. The laser-material interaction involves complex processes of
heating, melting, vaporization, ejection of atoms, ions and molecules, shock waves, plasma initiation and plasma
expansion. The resulting crater and laser-induced plasma are dependent on the laser beam parameters (pulse duration,
energy, and wavelength), the solid target properties and the surrounding environment’s condition1.
Lasers with femtosecond pulse duration are of particular interest for ablation as the pulse duration is less than the typical
thermalization characteristic time of a few picoseconds. Due to a much smaller thermal diffusion depth, high-precision
ablation and minimal damage can be obtained with femtosecond lasers2,3. Because of its very short pulse duration, the
laser beam does not interact with the laser-induced plasma. A shorter plasma lifetime was reported for infrared
femtosecond laser induced plasma than in the case of longer laser pulses4,5. Absorbed laser energy is fully deposited into
the target and higher efficiency of material ablation can be obtained6.
The interaction of a high-energy ultraviolet (UV) pulsed laser beam with solid materials has been studied extensively at
nanosecond time scales7-10. However, there only are few reports about UV femtosecond laser ablation of solids. With
small absorption and thermal diffusion lengths, UV femtosecond laser pulses can minimize thermal effects and be
applied to direct fabrication of microstructures11.
In this study, UV femtosecond laser ablation of silicon in air was performed and compared with UV nanosecond laser
ablation. Laser ablation efficiency was compared by measuring crater depth as a function of pulse number. The laserinduced plasma properties were determined from spectroscopic measurements. Images of plasma expansion were
recorded with the laser shadowgraph imaging technique.
*Correspondence: Email: rerusso@lbl.gov

2. EXPERIMENTAL SYSTEM
A diagram of the spectroscopic experimental system is shown in Fig. 1. A quadrupled Nd:YAG laser (Coherent,
Infinity) operating at 266 nm with a 3-ns pulse-width and a Ti: sapphire femtosecond laser (Spectra-Physics, TSA) with
a 100-fs pulse-width were used as the ablation lasers. The femtosecond laser beam at its fundamental wavelength (800
nm) passed a Third Harmonic Generator (Spectra-Physics, TP-1A) to form the 266 nm beam that was focused on the
silicon sample with a quartz lens to a spot diameter of ~50 µm. The ambient air was at 1 atm. pressure. The laser energy
was 220 µJ per pulse or ~11 J/cm2 for both the femtosecond and nanosecond laser tests. Single pulse laser ablation was
performed on silicon samples. A second lens was used to image the laser-induced plasma onto the entrance slit of a
Czerny-Turner spectrometer (Spex Industries Model 270M). Spectral emission was detected by an Intensified ChargeCoupled Device (ICCD) system which consisted of a thermoelectrically cooled CCD (EG&G Princeton Applied
Research Model OMA VISION) with 512×512 pixels and a Microchannel Plate (MCP) image intensifier. This detection
system provided a spectral window of ~13 nm and resolution of typically 0.125 nm, using an entrance slit width of 20
micron and grating with 1800 grooves/mm. The spatial resolution of the ICCD spectrometer plus lens arrangements was
11 microns per pixel. The dark current background of the ICCD detector was subtracted from the measured
spectroscopic data for each measurement.
Gating the ICCD and changing the delay time enabled the spectra to be temporally resolved. The gate width and time
delay were controlled by the OMA SPEC 4000 software (EG&G Princeton Applied Research), and synchronously
triggered from the Nd:YAG laser. The gate width was set at 30 ns. A photo diode and a digitizing oscilloscope were
used to calibrate the time delay.

Fig. 1. Experimental system for spectroscopic measurements
of laser-induced plasma.

Fig. 2. Schematic of the experimental setup of the pumpprobe technique for imaging of laser-induced plasma.

The imaging experimental system is shown in Fig. 2. The nanosecond laser was used as the pump (ablation) beam and
the femtosecond laser was used as the probe beam. The 800 nm beam of the femtosecond laser passes a potassium
dihydrogen phosphate (KDP) crystal, forming a probe beam at 400 nm that is perpendicular to the ablation laser beam.
The probe beam is directed to a CCD camera (Photometrics, AT200) after passing through a narrowband 400 nm filter.
The time delay between the fs probe beam and ns ablation beam was controlled using a delay generator (Stanford
Research, DG 535). The actual delay time was measured using photodiodes. To obtain shadowgraphs of the
femtosecond laser-induced plasma, a beam splitter and an optical delay stage were used. One femtosecond laser beam
(266 nm) was used as the pump beam, and the other one (400 nm) was used as the probe beam which passed through
the optical delay stage before being directed to the CCD camera. By moving the delay stage, the optical path of the
probe beam was varied, which changed the time delay between the pump and probe beams. The time resolution
achieved with the optical delay stage can be as small as 100 fs.

3. RESULTS AND DISCUSSION

3.1 Ablation depth
Fig.3 shows the dependence of crater depth on the laser pulse number. For both fs and ns laser ablation, the crater depth
increases linearly with the pulse number for this low number of pulses. For the same number of laser pulses, however,
the fs-crater is about two times deeper than the ns-crater using the same fluence. The nanosecond laser generated a
significant raised rim caused by resolidification of molten silicon. The rim around the fs-crater is much smaller than that
of the ns-crater, indicating that melting was reduced using femtosecond pulses. Scanning Electron Microscopy (SEM)
images of the laser generated particles were shown in Fig. 4. Particles from nanosecond laser ablation were mostly
single large droplets ejected from the melted surface with diameters ranging from several hundreds nanometers to
several microns. Primary particles generated using femtosecond laser ablation were small nano-sized spheres and
agglomerates from these spheres, again suggesting that melting and ejection of molten mass is less for femtosecond
laser ablation. In the femtosecond regime, the laser pulse terminates before any material escapes from the surface. The
laser energy is deposited in the sample target without a laser-plasma interaction. For nanosecond laser ablation, plasma
shielding results in a decrease in the laser energy reaching the surface. Thus, the ablation efficiency decreases for
nanosecond laser ablation4.

Fig. 3. Ablation depth vs. pulse number for femtosecond and nanosecond laser ablation. The
insets show the fs and ns crater profile after five laser pulses.

(A)

(B)

Fig. 4. SEM images of laser generated particles for (A) nanosecond and (B) femtosecond laser ablation of silicon.
Particles were collected on a silicon substrate.

3.2 Plasma temperature and electron number density
The silicon emission line Si(Ι) at 288.16 nm was measured for diagnosing plasma properties (plasma temperature and
electron number density). Fig. 5 shows the time dependence of the Si line intensity measured with fs- and ns-pulses at a
distance of 0.6 mm above the sample surface. After 30 ns, the emission intensities of both fs- and ns-plasma decrease
exponentially. For small time (<30 ns), the emission intensity of the ns-plasma increases with time while the emission
intensity of the fs-plasma decreases. At the beginning of the plasma expansion the ns-plasma becomes hotter because of
absorption of the trailing part of the laser pulse via electron-neutral, electron-ion inverse bremsstrahlung and
photoionization12. For the fs-pulse, the plasma expands without any other heating process and its emission intensity
decreases.

Fig. 5. Peak intensity of Si (I) 288.16 nm emission line as a function of time for femtosecond
and nanosecond laser ablation at a distance of 0.6 mm above the target surface.

Assuming local thermal equilibrium (LTE), the electron temperature Te is assumed to be equal to the excitation
temperature Texc. The plasma temperature T can be determined by the relative line-to-continuum intensity ratio13. Stark
line broadening from collisions of charged species is the primary mechanism influencing the emission spectra in these
experiments14, 15. A Lorentz function was used to fit the spectra and the Full Width Half Maximum (FWHM) of Stark
broadened lines and the line to continuum emission ratio were obtained and were used to determine the electron number
density and temperature of the plasmas16.
The lower limit for the electron number density needed to collisionally maintain the energy-level populations to within
10% of LTE while competing with radiative decay is given by the McWhirter criterion17:

ne (cm −3 ) ≥ 1.4 × 1014 (kT )

1/ 2

∆E 3 ,

(1)

where T is the temperature and ∆E is the energy difference between the upper and lower states. For the Si(Ι) transition at
288.16 nm, ∆E = 4.3 eV, and at the highest temperature kT = 3.4 eV, the lower limit for ne is 2.1×1016 cm-3, which is
approximately two orders of magnitude lower than the value of ne deduced from Stark broadening. Therefore, the
validity of the LTE assumption is supported. However, it should be noted that the McWhirter’s criterion is a necessary
but not sufficient condition for LTE.
Fig. 6 shows the temporal behavior of the electron number density and temperature of the fs-plasma and the ns-plasma.
The density and temperature of the fs-plasma were less and decrease faster compared with ns-plasma due to different
energy deposition mechanisms. At the femtosecond time scale, no laser-plasma interactions take place. Thus, the plasma
cools quickly since no further energy is being supplied to the plasma. In contrast, a fraction of the laser energy is
absorbed by the ns-plasma, which leads to greater plasma temperature and electron density. These results are consistent
with ref. 6 which used femtosecond laser with 800 nm wavelength.

Fig. 6. Plasma temperature (A) and electron number density (B) as a function of time for femtosecond and nanosecond
laser ablation at a distance of 0.6 mm above the target surface.

3.3 Plasma expansion
The propagation of the laser-generated shock wave is approximated as resulting from an instantaneous, massless point
explosion (blast wave). The expansion distance R between the surface of the target and the position of a blast wave
depends on the energy converted into the plasma state E. A relation between R and E is obtained from the Sedov–Taylor
scaling18,19:

⎛E⎞
R = λ ⎜⎜ ⎟⎟
⎝ρ⎠

1 / (2+ β )

t 2 / (2+ β ) ,

(2)

where λ is a constant approximately equal to unity, ρ is the mass density of the undisturbed air and t is the time of
propagation. The assumptions for the validity of this relation are that the pulse duration is shorter than t and the
diameter of the spot area of the laser radiation is smaller than R. The parameter β represents the dimensionality of
propagation (for spherical propagation β = 3, for cylindrical propagation β = 2 and for planar propagation β = 1).
Fig. 7 shows shadowgraphs of the shock waves generated by femtosecond and nanosecond lasers 10 ns after the laser
pulse. Due to edge diffraction of the probe laser beam, there are weak fringes close to the target surface. The structure
of the shock waves in air is similar to that reported by Salleo, et al.20. A thin layer of shocked air separates the shock
front from the ionization front. Between the ionization front and contact front is the shocked and ionized air. Laserinduced air breakdown was seen for femtosecond laser ablation due to the much larger laser irradiance of 112 TW/cm2,
compared with the irradiance of 3.7 GW/cm2 for the ns laser.
Fig. 8 shows shadowgraphs of the shock waves generated by femtosecond and nanosecond lasers at different times. The
spatial and temporal scales of the images are different because of the different expansion properties for fs and ns laserinduced plasmas. The shock wave generated by the nanosecond laser expands spherically (Fig. 8 e-h). Fig. 9 (A) shows
that the perpendicular expansion distance of the shock wave generated by the nanosecond laser is proportional to t2/5, as
predicted by Sedov’s blast wave theory for spherical propagation; while the perpendicular location of the shock wave
generated by the femtosecond laser is proportional to t2/3, corresponding to one dimensional expansion. Lateral
expansion distance of the shock wave as a function of time is shown in Fig. 9 (B). At small times (less than 1 ns), the fsplasma expanded primarily in the direction perpendicular to the target surface. After several nanoseconds the fs-plasma

expands in both the lateral and perpendicular directions. The expansion in the perpendicular direction was faster than in
the lateral direction. For the ns laser, the laser-induced plasma expanded in both directions at similar velocities.
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Fig. 7. Plasma images obtained by laser shadowgraphy for femtosecond (a) and nanosecond (b) laser ablation at 10 ns after
laser shot. The shock front (S), ionization front (I), contact front (C) and air breakdown plasma (A) are labeled in the figures.

The shock wave front velocity was obtained by differentiating equation (2). At 5 ns the perpendicular expansion
velocities were 13.6 × 10 5 cm / s and 7.9 × 10 5 cm / s for fs- and ns-plasmas, respectively. The fs-plasma kinetic energy is
therefore higher than the ns-plasma at small times. According to the shock wave equations18,21, the pressure and
temperature of the shocked air behind the shock front were calculated also to be higher for the fs case. As shown in Fig.
5, the plasma temperature of fs-plasma is approximately the same with the ns-plasma temperature at ~15 ns. Since the
temperature of the fs-plasma decreases faster than for the ns-plasma, the plasma temperature of fs-plasma would be
higher at times earlier than ~15 ns, which is consistent with the above velocity measurement.

4. CONCLUSIONS
Laser ablation efficiency and laser-induced plasma properties were studied for UV femtosecond and nanosecond laser
ablation of silicon. Crater depth measurements showed that ablation efficiency was enhanced for UV femtosecond laser
pulses. The electron number density and temperature were obtained from spectroscopic measurements and showed that
the fs-plasma decreases faster than the ns-plasma. Laser shadowgraphy measurements of plasma expansion showed that
the femtosecond laser induced plasma expanded in one dimension at early times whereas the nanosecond laser induced
plasma expanded in three dimensions.
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Fig. 8. Sequence of shock wave images obtained by laser shadowgraphy
for femtosecond (a-d) and nanosecond (e-h) laser ablation.

Fig. 9. Perpendicular (A) and lateral (B) expansion distance of shock wave as a function of time for femtosecond and
nanosecond laser ablation.
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