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We study the femtosecond laser ablation properties of borosilicate glass using atomic force
microscopy and laser pulses of 200 fs duration, centered at 780 nm wavelength. We show that both
single-shot and multishot ablation threshold fluences can be determined by studying the diameter
and the depth of single-shot ablated craters. The linear relationship between the square of the crater
diameter and the logarithm of the laser fluence in the form ofD2=2w0

2lnsF0/Fth
N=1d provides the

single-shot ablation threshold,Fth
N=1, whereas the linear relationship between the ablation depth and

the logarithm of laser fluence in the form ofha=aeff
−1lnsF0/Fth

N.1d provides the multishot ablation
threshold,Fth

N.1. The results depict a multishot ablation threshold of<1.7 J/cm2 independent of the
atmospheric conditions. The slopes of the linear fits also provide a precise estimate of the beam
radius at the surface,w0<5.9 mm, and the “effective optical penetration depth,”aeff

−1<238 nm in
air. The method is systematic, provides results that are consistent with the literature, and eliminates
uncertainties because of instrument sensitivities. We also show that threshold measurement based on
the extrapolation of volume to zero, a method used often in previous studies, is somewhat
questionable. Finally, the measured dimensions of ablated craters reveal that the ablation volume
per unit input energy is about 1.3–1.5mm3/mJ at an intermediate fluence regime of
10,F0

av,40 J/cm2. This value represents an order of magnitude larger ablation efficiency when
compared to the ablation of glass with nanosecond ultraviolet laser pulses. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1787145]

I. INTRODUCTION

A well-controlled femtosecond laser micromachining
process requires a thorough characterization of the ablation
properties of the substrate, such as the ablation threshold and
the ablation rate. We present a detailed examination of the
femtosecond laser ablation properties of borosilicate glass.
This wide band gap dielectric material is advantageous for
microfluidic devices because of its high thermal and chemi-
cal stability, low conductivity, and low transmission loss in
optical detection.

Micromachining of wide band gap dielectrics using fem-
tosecond lasers is a nearly wavelength independent ablation
process. High peak intensities associated with ultrashort laser
pulses provide large photon fluxes necessary to initiate non-
linear absorption processes(multiphoton initiated avalanche
ionization).1 Ablation takes place when the density of free
conduction band electrons(CBE) reaches a critical density.
This happens above a certain laser fluence threshold at which
point the electrostatic forces are high enough to break down
the material and to eject the ionized nuclei. The minimum
laser fluence below which ablation cannot be initiated is de-
fined as the ablation threshold or optical breakdown thresh-
old.

Several studies have measured the optical breakdown
threshold of various dielectric materials such as fused

silica,1–5 calcium fluoridesCaF2d,2,4 and barium aluminum
borosilicate glass3,6 when exposed to ultrashort laser pulses.
The most significant observation was deviation from theÎt
dependence of the damage threshold, wheret is the pulse
duration. In the long-pulse regimest.10 psd, the process is
controlled by the rate of thermal conduction through the
atomic lattice7 that scales withÎt. In the short-pulse regime
st,10 psd, the optical breakdown is a nonthermal process
and various nonlinear ionization mechanisms(multiphoton,
avalanche, tunneling) become important. Damage threshold
still shows a decreasing trend witht, however, with a weaker
dependence.2,3 Below 100 fs, multiphoton ionization is pri-
marily responsible for optical breakdown where a steeper
decrease of the threshold fluence witht has been reported.3

Some groups have examined the effect of material band-
gap and laser wavelength on damage threshold.2,3,8 Stuart
et al.,2 for example, showed that short pulse(400 fs) damage
thresholds in various fluorides scale with band gap energy, as
expected from multiphoton initiated avalanche ionization.
They also observed a decrease by roughly a factor of 2 in the
damage threshold in fused silica for 526 nm pulses compared
to 1053 nm pulses for pulse durations of 300 fs and longer.2

Atmospheric pressure and gas conditions at which the
material is ablated have an effect on damage threshold.
When irradiated in vacuum, certain dielectrics showed a re-
duction in multishot damage threshold. This effect has been
observed in fused silica exposed to 355 nm, 10 ns laser
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pulses9 as well as in crystalline quartz10 and is attributed to
the reduction of SiO2 in the vacuum environment.

Many different criteria have been used to define damage
threshold. Lenzeret al.3 measured the volume of material
ablated with 50 laser pulses and extrapolated to zero ablated
volume to obtain a threshold. In contrast, Rosenfeldet al.4

used anin situ scattering light technique to detect the surface
damage. Kauteket al.6 used bothin situ and ex situ tech-
niques including observation of visible damage by speckle
formation in the transmitted He-Ne laser beam and extrapo-
lation of volume of multishot ablated material to zero. The
damage threshold results varied between different methods
and groups. The measurements were influenced by instru-
ment sensitivity and by the precision of threshold fluence
(beam radius) quantification at the surface.

Here, we present a consistent and systematic way of de-
termining a variety of parameters by measuring only the di-
mensions of craters ablated with a single femtosecond laser
pulse. These parameters include the ablation threshold, the
effective absorption coefficient, and the beam diameter at the
laser/material interaction plane.

II. EXPERIMENTAL DETAILS

We carried out the experiments on a 1.1 mm thick boro-
silicate glass sample(Precision Glass and Optics, Ltd.). The
chemical composition of borosilicate glass(also known as
Corning 7740) is 81% SiO2, 13% B2O3, 2% Al2O3, and 4%
Na2O and its band gap energy is aboutEb<4 eV.3 The glass
substrates were cleaned ultrasonically with methanol before
and after the experiments.

The laser pulses with at=200 fs pulse duration and a
l=780 nm center wavelength were generated using a regen-
eratively amplified Ti:sapphire laser. We measured the laser
beam quality at the amplifier output in terms of the
“M-squared” parameter11 and found thatM2=1.8±0.2. The
experiments were performed both in air at atmospheric pres-
sure and in vacuum at pressures below 10−4 mbar. The sur-
face of the samples was positioned to be normal to the di-
rection of the incident beam. We measured the energy losses
along the beam path including the losses through the glass
window of the vacuum chamber. Owing to the long working
distance of the objective lens the window of the vacuum
chamber could be placed far from the sample surface. This
way, we did not observe any significant deposition of the
ablated material on the windows.

A linearly polarized laser beam with a 1/e2 radius of
w0=5.9±0.1mm was delivered to the surface by a long
working distance objective lens(Mitutoya, 5x, NA=0.14)
attached to a microscope. To obtain a homogeneous and
well-defined distribution on the target, a circular aperture
(5.5 mm in diameter) was placed in the beam path just before
the objective lens. We verified that the truncation of the laser
beam, originally 7 mm in diameter, did not cause any signifi-
cant modulation of the spatial beam profile at the sample
surface. To do this, we calculated the energy density of the
modulated Gaussian beam at the focal plane of the objective
lens using8,12

Fsrd =
2Epulsek

2

p
E

0

a/w0

r exps− r2dJ0skrrddr, s1d

whereEpulse is the total pulse energy,k=2pw0/ fl is defined
as a characteristic inverse length,a is the radius of the trun-
cated aperture,f is the focal length of the lens,r is the radial
distance from the center of the pulse, andJ0 is the zero-order
Bessel function. We found that the calculated energy density
in the sidebands of the distribution was less than 1% of the
maximum fluence. Therefore, we could assume that the fo-
cused beam on the target surface had a Gaussian spatial
beam profile with a negligible energy density fluctuations.

Following the ablation, we measured the three-
dimensional profile(depth and diameter) of the single-shot
craters using an atomic force microscope(AFM), which is
shown to be an excellent tool to investigate craters with
depths less than 6µm.

III. RESULTS AND DISCUSSION

Figure 1(a) presents three AFM images of craters ablated
in vacuum with a single laser pulse of different energies;
13.8, 18.8, and 30µJ. The images show a smooth center
surrounded with an elevated rim from which thin strips of
melted material are extending away. This rim is the origin of
the rough laser micromachined surfaces. In a detailed study
of the formation mechanism of the rim,13 we have shown
that a thin molten region forms during the ablation process.
An elevated rim seems to form as a result of a pressure
driven flow of the melt from the center to the edge of the
crater followed by resolidification at the rim.

The cross-sectional profiles at the centerline of the cra-
ters are plotted in Fig. 1(b). To show the details of the shal-
low profiles, we present they axis (depth) in nanometers and
the x axis (radial position) in micrometers. When defined in
terms of the laser wavelengthl, the craters are,l /2 deep
and,15l wide in diameter for the laser energies and focus-
ing conditions used in current experiments. Both widening
and deepening of the craters appear for increasing laser flu-
ences. The rim surrounding the crater is higher than the sur-
face by,l /10 and becomes slightly higher with increasing
laser fluences.

Figures 2 and 3 present the measured values of the ab-
lation diameterD and the ablation depthha of craters ex-
posed to different laser fluences. The figures include two sets
of data from experiments performed in air and in vacuum. In
the experiments performed in air, the last four experimental
points in the high-fluence regime show a divergence from the
expected linear increase. This indicates the nonlinear beam
distortion in air due to the air breakdown at high laser flu-
ences. The formation of an air plasma blocks the energy
reaching the ablation surface and therefore reduces the abla-
tion rate. In the calculation of ablation parameters, we ex-
cluded these last four data points to avoid the effect of the
beam distortion in air.

We next discuss how to determine the ablation param-
eters by measuring the dimensions of single-shot craters.

J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 A. Ben-Yakar and R. L. Byer 5317

Downloaded 11 Nov 2004 to 146.6.84.58. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



A. Single-shot ablation threshold

The “single-shot ablation threshold”Fth
N=1 represents the

minimum average laser fluence required to initiate ablation
with the first laser pulse. We determineFth

N=1 by measuring
the crater diameterD for different average laser fluencesF0

av

and by using the linear relationship betweenD2 and lnsF0
avd

that can be derived as follows.
For a Gaussian spatial beam profile with a 1/e2 laser

beam radiusw0 the radial distribution of the laser fluence is
presented by

Fsrd = F0
peakexpS−

2r2

w0
2 D , s2d

where F0
peak is the peak laser fluence. Substitutingr =D /2

and recognizing that the material cannot be ablated for laser

fluences lower than the threshold(namely, D=0 at the
threshold laser fluence,F0

peak=Fth), we obtain14

D2 = 2w0
2 lnSF0

peak

Fth
D . s3d

The peak laser fluenceF0
peak is related to the total pulse en-

ergy Epulse according to

F0
peak=

2Epulse

pw0
2 , s4d

becauseEpulse is the integrated value of the Gaussian profile
of laser fluence over the irradiated area with a radiusw0. In
the literature, most studies report the fluence in terms of an
average value defined by

FIG. 1. Quantitative evaluation of single-shot laser ab-
lated craters using an atomic force microscope.(a)
Three-dimensional AFM images of single-shot craters
ablated in vacuum with three different laser pulse ener-
gies, Epulse=13.8, 18.8, and 30.0µJ corresponding to
laser fluences ofF0

av=13.1, 17.9, and 28.6 J/cm2, re-
spectively. The diameter of the craters increases with
laser energy.(b) Center-line profiles of the ablated cra-
ters. The crater diameterD and the crater depthha were
measured from data similar to the profiles presented
here. The diameter is taken as the distance across the
highest points of the rim and the ablation depth is mea-
sured from the surface to the bottom of the crater as
illustrated in the graph. Note that the scale in the lateral
direction is 10 times larger than in the direction normal
to the target surface.

FIG. 2. The single-shot ablation threshold measurements of borosilicate
glass with laser pulses ofl=780 nm andt=200 fs. The squared diameter
D2 of the ablated areas is plotted as a function of the laser fluenceF0

av. The
slope of the linear fit[Eq. (6)] yields the beam radius at the surface,w0, and
the extrapolation to zero provides the single-shot ablation thresholdFth

N=1.

FIG. 3. The multishot ablation threshold measurements of borosilicate glass
with laser pulses ofl=780 nm andt=200 fs. The plots present the loga-
rithmic dependence of the ablation rateha on the laser fluenceF0

av. The slope
of the linear fit[Eq. (10)] can be interpreted as the effective optical penetra-
tion depthaeff

−1. The extrapolation to zero provides the multishot ablation
thresholdFth

N.1.
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F0
av =

Epulse

pw0
2 . s5d

Note that there is a factor of 2 difference between peak and
average laser fluences for a Gaussian beam. To be consistent
with the literature, we usedF0

av in describing the laser flu-
ence. The slope of Eq.(3) remains unchanged ifF0

av is used
instead ofF0

peak and we obtain

D2 = 2w0
2 lnS F0

av

Fth
N=1D , s6d

whereN is the number of laser pulses. Figure 2 shows this
linear relation between the squared diameter and the loga-
rithm of the average laser fluence in our measurements. The
extrapolation of the linear fit[Eq. (6)] to D2=0 results in a
single-shot ablation threshold ofFth

N=1=4.06±0.06 J/cm2 in
vacuum and a lower value ofFth

N=1=2.55±0.04 J/cm2 in air.
The other parameter that can precisely be obtained from

D2 measurements is the beam radiusw0 at the interaction
surface. In order to estimate the average fluence, the precise
knowledge ofw0 is required. Since it is easier to measure
Epulse experimentally, we replace the fluence ratio in Eq.(6)
by the ratio of the pulse energies, yielding

D2 = 2w0
2 lnSEpulse

Eth
D . s7d

The beam radius focused on the surface can now be deter-
mined by estimating the slope of this linear fit to data points.
We obtain a 1/e2 Gaussian beam radius ofw0=5.78 and 5.92
µm for the experiments in vacuum and in air, respectively,
for the 53 objective lens. Because the measured Gaussian
spot size on the surface is not necessarily equal to the calcu-
lated spot size at the focal point of the objective, this tech-
nique provides a convenient means for determining the exact
Gaussian beam spot size at the interaction surface.

B. Multishot ablation threshold

The ablation threshold is expected to decrease for in-
creasing number of overlapping pulses due to material de-
pendent “incubation effect”.4,5,15 The incubation effect is at-
tributed to surface defects generated by the interaction of
multiple laser pulses with fluences lower than the single-shot
ablation threshold. These defects are the results of the
changes in the mechanical and/or chemical properties of the
material and can lead to ablation at lower threshold values.
The most dramatic decrease in the ablation threshold is ob-
served typically during the first 20 laser shots. Rosenfeldet
al.,4 for example, obtained a 75% decrease in the damage
threshold of fused silica: a single-shot damage threshold of
3.7 J/cm2 reduced to 0.9 J/cm2 when 20 laser pulses were
used.

To take into account the incubation effect, multishot ab-
lation threshold is usually determined by analyzing the diam-
eter of ablation craters generated with multiple laser pulses
(usually N=50 pulses). It has been shown that the linear
relationship between the square of the crater diameter and
the logarithm of the laser fluence given in Eq.(6) is valid in
the case of multishot craters as well.16 However, it has also

been showed that the accuracy ofD2 measurement in the
multishot experiments is substantially diminished due to
cracks appearing around the craters.17 When exposed to a
certain number of laser pulses, the mechanical properties of
glass are modified by the low fluence laser beam around the
ablated area and relatively large cracks may appear even
when using pulses as short as 100 fs.

Another way of calculating the multishot ablation
threshold is to use the logarithmic dependence of the ablation
rated on the laser fluence as described by18,19

d = aeff
−1lnS F0

av

Fth
N.1D . s8d

Here,aeff
−1 can be interpreted as the “effective optical penetra-

tion depth” as expected from theBeer-Lambert law.Once the
steady state material removal is established after a few incu-
bation pulses, the depth of the ablated material,ha, increases
linearly with the number of laser pulses according to6,15,20

ha = dsN − Nthd. s9d

Here, the number of incubation pulsesNth represents the
minimum number of laser pulses to initiate ablation and its
value depends on the laser fluence, close to the threshold
Nth=50 and well above the thresholdNth=0.

The ablation rated is usually determined by measuring
the ablation depth of multishot craters and dividing it by the
number of pulses according to Eq.(9). However, it might be
difficult to measure the ablation depth of multishot craters
with high precision because multiple pulses can create deep
craterss.6 mmd beyond the working range of AFM. Also,
the validity of Eq. (9) is questionable when using a laser
beam with a small diameters2w0,10 mmd because high as-
pect ratios(beyond the 1:1 ratio) can be achieved within the
first 10–15 pulses. The difficulty in removing material from
deep craters due to the plasma confinement reduces the ab-
lation rate with increasing number of pulses. Hence, the de-
pendence ofha on N begins to depart from the linear law
given in Eq.(9).

An easier and more precise way of determining the mul-
tishot ablation threshold is to measure the depth of single-
shot craters ablated with laser fluences well above the thresh-
old for which Nth=0.4 This means that the steady state
material removal begins with the first pulse and the ablation
rate will thus be equal to the single-shot ablation depth,d
=ha

N=1.
In the current paper, we therefore propose to use the

depth of the single-shot ablated craters in estimating the mul-
tishot ablation threshold. Since we use laser fluences well
above the threshold,Nth=0, we can substituted=ha in Eq.
(8) resulting in,

ha = aeff
−1lnS F0

av

Fth
N.1D . s10d

Figure 3 shows this linear relationship between the single-
shot ablation depth and the logarithm of laser fluence. The
extrapolation of the linear fit to zero provides a multishot
ablation threshold ofFth

N.1=1.68±0.03 J/cm2 in vacuum and
Fth

N.1=1.74±0.02 J/cm2 in air. These values are in good
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agreement with previous multishot damage threshold mea-
surements for borosilicate glass.6,16 This consistency sug-
gests that the simple technique proposed here is a valid tech-
nique for measuring the multishot ablation threshold.

C. Optical absorption coefficient

The optical absorption coefficientaeff of a material de-
termines the vertical(depth) precision of the ablation pro-
cess. In general, a largeraeff results in a smaller optical pen-
etration depth and thus better control of the ablation depth.
The nonthermal ablation process with femtosecond laser
pulses takes place in a volume primarily determined by this
parameter.

As discussed in the preceding section, the slope of the
linear relation given in Eq.(10) can be interpreted as the
effective optical penetration depth,aeff

−1=1/aeff. The slope of
the linear fit to data points providesaeff

−1=224 nm in vacuum
and 238 nm in air which corresponds to an effective absorp-
tion coefficient of aeff=4.53104 and 4.23104 cm−1 in
vacuum and in air, respectively.

These measured optical absorption coefficients are about
30 times larger than the effective absorption coefficient of
borosilicate glass when exposed to a 10 ns, 266 nm laser
pulsessaeff=1.53103 cm−1,aeff

−1=6.7 mmd.16 However, it is
comparable to the effective absorption coefficient of fused
silica when exposed to 15 ns, 157 nm F2-laser pulsessaeff

=1.73105 cm−1,aeff
−1=59 nmd.21 This suggests that the com-

bination of ultrashort pulsesstø1 psd with near-infrared
(NIR) / visible wavelengths(780 nm) results in a comparable
absorption properties to those obtained with the application
of long pulsesst.1 nsd with vacuum-ultraviolet(VUV )
wavelengths(157–196 nm).

The similarity in the absorption properties between NIR
femtosecond lasers and VUV nanosecond lasers indicates
that both lasers can provide the depth control necessary for
high precision in micromachining of wide band gap dielec-
trics. Among those, femtosecond lasers might demonstrate an
advantage with their well-controlled Gaussian beam shape
for direct writing and high-aspect ratio etching applications.
However, VUV nanosecond lasers seem to provide a better
control of the surface roughness.21

These unique absorption properties of borosilicate glass
at the NIR/visible wavelengths could be explained in terms
of the density of the free electrons. Borosilicate glass has a
very weak linear absorption coefficient at the NIR/visible
wavelengths. In the femtosecond regime, however, high peak
intensities can initiate nonlinear absorption processes(multi-
photon initiated avalanche ionization) generating a high den-
sity of free electrons in the conduction band within a thin
surface layer.1,2 The optical penetration depth mainly de-
pends on the diffusion length of these CBE. CBE velocity is
of the order of 1 nm/fs.22 Considering the CBE diffusion
happens in the time range that is the sum of the pulse dura-
tion st=200 fsd and the CBE lifetime[tlife =150 fs(Ref. 23)],
we obtain CBE diffusion length of the order of 350 nm.20

This value is a bit higher than the measured optical penetra-
tion depth. On the other hand, it has been shown that when
the incident intensity is high enough, main absorption occurs

early in the pulse and the rest of the incoming energy is
reflected back due to the critical density plasma that serves as
a mirror.1 Since the critical density plasma for the laser in-
tensities used in our experiments is formed in the first half of
the pulsest /2=100 fsd, we obtain a CBE diffusion length of
the order of 250 nmst /2+tlifed. Thus, we can conclude that
the aeff

−1 can be related to the CBE diffusion length.

D. Ablation volume and efficiency

Most previous studies estimate the ablation volumeV by
assuming a flat bottom for the ablated crater so thatV
=pD2/4ha. However, because of the Gaussian beam profile,
the actual ablation profile has a curvature as shown in Fig.
1(b). In this paper, we calculate the single-shot ablated crater
volume by integrating the volume elements enclosed by the
measured crater profile and the undisturbed plane:

V = 2pE
0

D/2

rhasrddr, s11d

wherer is the radial distance from the center of the crater.
Figures 4(a) and 4(b) present the actual ablation volume

estimated using Eq.(11) and the one estimated simply by
usingV=pD2/4ha as a function of laser fluence. The results
show that the actual volume is about 50%–60% of the vol-
ume estimated usingV=pD2/4ha. The data also show a non-
linear dependence of the ablation volume on the logarithm of
the laser fluence. This nonlinearity is particularly clear in
Fig. 4(a) where the data points are spread out on a broader
fluence range.

The ablation volume is expected to scale linearly with
the squared logarithm of the laser fluence because it consists
of two parameters,D2 andha, each separately depending on
the logarithm of the fluence. Figure 4(c) demonstrates this
linearity between the volume and the squared logarithm of
the laser fluence. It is surprising that most of the earlier in-
vestigators determined the threshold fluence by assuming a
linear relationship between the ablation volume and the loga-
rithm of the laser fluence and that they achieved reasonable
values by extrapolating the linear fit to zero.3,5,6,16

From micromachining point of view, it is important to
know how much volume is ablated per unit input energy.
Figure 5 (right axis) shows the ratio of the ablated volume
per incident total pulse energy as a function of laser fluence.
The results indicate that the amount of material removal per
unit energy is nearly constant at an intermediate fluence re-
gime of 10,F0

av,40 J/cm2 and is about 1.3mm3/mJ in
vacuum and 1.5mm3/mJ in air. Namely, a volume of
1.3–1.5mm3 can be ablated with a 1µJ of 200 fs laser pulse
energy. This value represents an order of magnitude higher
efficiency when compared to the energy consumption of
borosilicate glass ablation with 10 ns, 266 nm laser pulses.16

Femtosecond laser pulses provide optimum energy deposi-
tion in the volume of the target material because energy dis-
sipation from the absorption zone occurs on a time scale
significantly longer than laser pulse duration.

We can now define an ablation efficiencyh in terms of
the ratio of the energy required to heat a unit volume to
melting point to the energy required to ablate a unit volume,
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h =
rCpsTm − T0d

Epulse/V
, s12d

where r=2.233103 kg/m3 (Ref. 24) is the density,Cp

=1250 J/kg K (Ref. 25) is the specific heat at an average
temperature ofT=900 K, T0=300 K is the initial tempera-
ture, andTm=1500 K (Ref. 24) is the working point of glass,
defined as the melting temperature at which the glass can be
easily formed and sealed. As Fig. 5(left axis) shows, these
values yield an ablation efficiency ofh<0.51% in air and
h<0.43% in vacuum for intermediate laser fluences.

Namely, in average only<0.47% of the input energy is used
to melt the ablation volume. Most of the absorbed energy is
actually used to remove the ablated material from the surface
by the hydrodynamic expansion26 of the plasma.

The ablation efficiency could also be defined in compari-
son to heat of vaporization of silica instead of heat of melt-
ing. The energy required to melt 1 cm3 of silica is approxi-
mately 3.4 kJ(using the values given above), while the
energy required to vaporize 1 cm3 of silica is about 18.3 kJ.27

Thus, the ablation efficiency described in terms of heat of
vaporization would be five times lower than the one de-
scribed in terms of heat of melting.

The results show that the ablation is less efficient when
the incident laser fluence is close to the threshold. This con-
tradicts the fact that the reflectivity of dielectrics decreases at
low laser fluences. The measurements of Perryet al.1 showed
that when glass is exposed to fluences well above threshold
sF0.5–10Fthd, a large portion of the incident energy is re-
flected back from the sample. Consequently, an increased
ablation efficiency is expected when using low laser flu-
ences, as shown in the case of the ablation of metals.28 How-
ever, in glass materials, the decrease in reflectivity at low
fluences does not necessarily indicate that the absorptivity is
increased, because it may be possible that the transmissivity
of near-IR light through glass is increased. The reduced ab-
lation efficiency at low laser fluences may be attributed to a
decrease of the glass surface absorptivity within the ablation
layer.

E. Effect of processing environment: Air vs vacuum

Little is known about the influence of the processing
environment on the properties of femtosecond laser ablation
of glass. Our study indicates that there is a slight dependence
on the processing environment when using single-shots(a
lower fluence is required to initiate ablation in air) and there
is not any significant dependence when using multiple shots.

The lower single-shot ablation threshold in air can pos-
sibly be attributed to the modified absorption process. First,
the reactive environment(air) could accelerate the ablation

FIG. 4. The volume of the ablated craters(a) as a function of the average
laser fluence in air and(b) in vacuum and(c) as a function of the squared
logarithm of the laser fluence.

FIG. 5. The right axis of the plot shows the ablation volume per unit input
energy sV/Epulsed. The left axis of the plot shows the ablation efficiency
fh=rCpsTm−T0dV/Epulseg, described in Eq.(12) in terms of the ratio of the
energy required to heat the ablation volume to the melting point to the
incident pulse energy. Note that the left and right axes are proportional.
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chemistry. Second, the hot plasma in air expands at a slower
speed than in vacuum due to air resistance. Slow expansion
provides a longer time for the energy to couple from plasma
radiation into the target. Both of these reasons could lead to
a modified absorption and thus a reduced threshold fluence to
initiate ablation in air when using a single laser pulse.

When multiple pulses overlap, the resulting incubation
effect apparently reduces the dependence on the processing
environment. A supporting and independent experiment was
performed by Plettner29 who observed no difference between
multishot damage threshold in air and in vacuum for boro-
silicate glass and also for fluorides(CaF2 and BaF2). How-
ever, for fused silica exposed to 355 nm, 10 ns laser pulses9

as well as for crystalline quartz,10 the multishot ablation
threshold was found to drop in vacuum. The mechanism for
this phenomena was investigated previously and attributed to
the reduction of SiO2, namely to the formation of SiOx where
x,2, in vacuum conditions. Laser irradiation in air appar-
ently drives the photochemical oxidation reaction back to
SiO2. However, neither our study nor the study of Plettner29

showed any indication for the existence of this phenomena in
borosilicate glass. Another reason for this phenomena might
be related to the formation of a hydrated(water) layer on the
surface and to the difficulty in removing it from borosilicate
glass. It is possible that if we leave the samples in vacuum
for an extended period of time, we can remove the hydrated
layer from the surface. In this case, borosilicate glass might
demonstrate properties similar to fused silica.

The ablation rate of borosilicate glass was also found to
be independent of the processing environment. The energy
deposition is governed by the optical penetration depth that
is mainly dependent on the diffusion length of the CBE. This
is however valid only for the surface ablation. When ablating
deep holes, the ablation rate might drop due to nonlinear
effects in air. For example, ablation products that cannot es-
cape the holes can cause self-focusing of incoming laser
pulses even at powers lower than the critical power for self-
focusing in ambient air.30 A similar phenomena was observed
for metals having greatly reduced ablation rates in air.31

A combined effect of the above factors leads to a slightly
higher ablation efficiency in air(0.51% in air vs 0.43% in
vacuum). One might have expected a higher efficiency in
vacuum because of the less work required for the hydrody-
namic expansion of plasma in a nonresistant environment.
However, since the single-shot ablation threshold is lower in
air, a larger diameter can be ablated in air. On the other hand,
the ablation depth is independent of the processing environ-
ment since it is mainly determined by the optical penetration
depth. Therefore, the resulting ablation volume is slightly
higher in air. This indicates that the efficiency is mainly de-
termined by the way energy is deposited into the material,
and not by how the material is removed from the ablated
target.

IV. CONCLUSIONS

We have investigated the femtosecond laser ablation
properties of borosilicate glass by examining the single pulse
craters using AFM. We determined both single-shotsN=1d

and multishotsN.1d ablation thresholds from the measure-
ments of diameter and depth of the craters ablated with a
single laser pulse. The extrapolation of the linear relationship
between the square of crater diameter and the logarithm of
laser fluence[Eq. (6)] to zero provides the single-shot abla-
tion threshold,Fth

N=1. Whereas the extrapolation of the linear
relationship between the ablation depth and the logarithm of
laser fluence[Eq. (10)] to zero provides the multishot abla-
tion threshold,Fth

N.1. The beam diameter at the interaction
surface,w0, and the effective optical penetration depth,aeff

−1,
can also be determined precisely from the slope of these
linear relationships.

The results showed that ablation of borosilicate glass in
air requires a lower threshold fluence than ablation in
vacuum (about 2.6 J/cm2 in air vs 4.1 J/cm2 in vacuum)
when using a single laser pulse. In the case of multiple
pulses, however, no difference was observed(about
1.7 J/cm2 both in air and vacuum). A modified absorption
process could be responsible for the lower threshold when
using single pulses. Since the multishot ablation threshold is
already reduced due to the incubation effect, the processing
environment has a minimal effect on the threshold value.

The proposed technique relies on the use of fluences
well above threshold and on the fact that once steady state
material removal is established, the depth of the ablated ma-
terial increases linearly with the number of laser pulses at a
given laser fluence. The method is systematic, provides re-
sults that are consistent with the literature, and eliminates
uncertainties resulting from instrument sensitivities. The
knowledge of exact beam diameter at the surface also pro-
vides a precise estimate of the laser fluence at the laser/
material interaction surface.

Finally, we have calculated the volume of the ablated
craters and the energy efficiency of femtosecond laser abla-
tion of glass. The amount of material removal per unit energy
is about 1.3–1.5mm3/mJ at an intermediate fluence regime
of 10,F0

av,40 J/cm2. This value represents an order of
magnitude higher efficiency when compared to the energy
required to ablate borosilicate glass with nanosecond UV la-
ser pulses.
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