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Femtosecond laser ablation properties of borosilicate glass

Adela Ben-Yakar®
Mechanical Engineering Department, The University of Texas at Austin, Austin, Texas 78712; and Applied
Physics Department, Ginzton Lab, Stanford University, Stanford, California 94305

Robert L. Byer
Applied Physics Department, Ginzton Lab, Stanford University, Stanford, California 94305

(Received 29 June 2004; accepted 6 July 2004

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 fornD&£ 2wain(Fo/Fi-Y) provides the
single-shot ablation thresholﬁ{ﬁzl, whereas the linear relationship between the ablation depth and
the logarithm of laser fluence in the form bf=a_tin(Fo/F). ) provides the multishot ablation
threshold,Ft’\,‘fl. The results depict a multishot ablation threshold=df.7 J/cn? independent of the
atmospheric conditions. The slopes of the linear fits also provide a precise estimate of the beam
radius at the surfacey,~5.9 um, and the “effective optical penetration dept "%z238 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
guestionable. Finally, the measured dimensions of ablated craters reveal that the ablation volume
per unit input energy is about 1.3-1&n%/uJ at an intermediate fluence regime of
10<F§Y<40 J/cnf. This value represents an order of magnitude larger ablation efficiency when
compared to the ablation of glass with nanosecond ultraviolet laser puls280® American
Institute of Physics[DOI: 10.1063/1.1787145

I. INTRODUCTION silica™ calcium fluoride(CaF,),>* and barium aluminum
borosilicate glas336 when exposed to ultrashort laser pulses.

A weII—cqntroIIed femtosecond Ias_er .mlcromachmmg The most significant observation was deviation from the
process requires a thorough characterization of the abIatlo(_[j\ pendence of the damage threshold, wheis the pulse

roperti fth r h h lation threshold an . . .
properties of the substrate, such as the ablation threshold a uration. In the long-pulse regime> 10 p9, the process is

the ablation rate. We present a detailed examination of th lied by th f th | ducti h h th
femtosecond laser ablation properties of borosilicate glasé:.Ontro ed by the rate of thermal conduction through the

This wide band gap dielectric material is advantageous foR{omic latticé that scales with(r. In the short-pulse regime
microfluidic devices because of its high thermal and chemi{7<10 p3, the optical breakdown is a nonthermal process
cal stability, low conductivity, and low transmission loss in and various nonlinear ionization mechanismsultiphoton,
optical detection. avalanche, tunnelingopecome important. Damage threshold
Micromachining of wide band gap dielectrics using fem- still shows a decreasing trend withhowever, with a weaker
tosecond lasers is a nearly wavelength independent ablatiatependencé?® Below 100 fs, multiphoton ionization is pri-
process. High peak intensities associated with ultrashort laséfarily responsible for optical breakdown where a steeper
pulses provide large photon fluxes necessary to initiate norjecrease of the threshold fluence withas been reported.
linear absorption processésultiphoton initiated avalanche Some groups have examined the effect of material band-

ionizatior).1 Ablation takes place when the density of free gap and laser wavelength on damage threshdfiStuart
conduction band electron€BE) reaches a critical density. et al,? for example, showed that short pulgi0 f§ damage

Th_|s happens abovg a certain 'asef fluence threshold at Wh'(fnresholds in various fluorides scale with band gap energy, as
point the electrostatic forces are high enough to break down

the material and to eject the ionized nuclei. The minimumexpected from multiphoton initiated avalanche ionization.

laser fluence below which ablation cannot be initiated is dej’hey also observed a decrease by roughly a factor of 2 in the

fined as the ablation threshold or optical breakdown threshd@mage threshold in fused silica for 526 nm pulses compared
old. to 1053 nm pulses for pulse durations of 300 fs and loAger.
Several studies have measured the optical breakdown Atmospheric pressure and gas conditions at which the

threshold of various dielectric materials such as fusednaterial is ablated have an effect on damage threshold.
When irradiated in vacuum, certain dielectrics showed a re-

3Author to whom correspondence should be addressed: electronic maif:iUCtlon in _muItlshot d_e_lmage threshold. This effect has been

ben-yakar@mail.utexas.edu observed in fused silica exposed to 355 nm, 10 ns laser
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pulsed as well as in crystalline quartzand is attributed to DE, b [0

the reduction of Si@in the vacuum environment. F(r)= _pw_f p expl- p?)Jo(krp)dp, 1)
Many different criteria have been used to define damage 0

threshold. Lenzeet al® measured the volume of material whereE,seis the total pulse energy=2mwy/f\ is defined

ablated with 50 laser pulses and extrapolated to zero ablategs a characteristic inverse lengthis the radius of the trun-

volume to obtain a threshold. In contrast, Rosenfeicl’  cated aperturd, is the focal length of the leng, is the radial

used arin situ scattering light technique to detect the surfacedistance from the center of the pulse, algds the zero-order

damage. Kautelet al® used bothin situ and ex situtech-  Bessel function. We found that the calculated energy density

niques including observation of visible damage by specklén the sidebands of the distribution was less than 1% of the

formation in the transmitted He-Ne laser beam and extrapomaximum fluence. Therefore, we could assume that the fo-

lation of volume of multishot ablated material to zero. Thecused beam on the target surface had a Gaussian spatial

damage threshold results varied between different methodseam profile with a negligible energy density fluctuations.

and groups. The measurements were influenced by instru- Following the ablation, we measured the three-

ment sensitivity and by the precision of threshold fluencedimensional profiledepth and diametgof the single-shot

(beam radiugquantification at the surface. craters using an atomic force microsco@edM), which is
Here, we present a consistent and systematic way of dghown to be an excellent tool to investigate craters with

termining a variety of parameters by measuring only the didepths less than gm.

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. Il RESULTS AND DISCUSSION

Figure Xa) presents three AFM images of craters ablated
Il. EXPERIMENTAL DETAILS in vacuum with a single laser pulse of different energies;
13.8, 18.8, and 3QJ. The images show a smooth center
We carried out the experiments on a 1.1 mm thick boro-surrounded with an elevated rim from which thin strips of
silicate glass sampl@recision Glass and Optics, LidThe  melted material are extending away. This rim is the origin of
chemical composition of borosilicate glaggso known as the rough laser micromachined surfaces. In a detailed study
Corning 7740 is 81% SiQ, 13% B,03, 2% Al,O,, and 4%  of the formation mechanism of the rifl,we have shown
N&aO and its band gap energy is abd&yt~= 4 eV3The glass that a thin molten region forms during the ablation process.
substrates were cleaned ultrasonically with methanol befor&n elevated rim seems to form as a result of a pressure
and after the experiments. driven flow of the melt from the center to the edge of the
The laser pulses with @=200 fs pulse duration and a crater followed by resolidification at the rim.
N=780 nm center wavelength were generated using a regen- The cross-sectional profiles at the centerline of the cra-
eratively amplified Ti:sapphire laser. We measured the lasders are plotted in Fig.(b). To show the details of the shal-
beam quality at the amplifier output in terms of the low profiles, we present theaxis(depth in nanometers and
“M-squared” paramet&rand found thatM2=1.8+0.2. The thex axis (radial position in micrometers. When defined in
experiments were performed both in air at atmospheric prederms of the laser wavelengi the craters are-A/2 deep
sure and in vacuum at pressures below*Ifibar. The sur- and~15\ wide in diameter for the laser energies and focus-
face of the samples was positioned to be normal to the ding conditions used in current experiments. Both widening
rection of the incident beam. We measured the energy lossesd deepening of the craters appear for increasing laser flu-
along the beam path including the losses through the glasnces. The rim surrounding the crater is higher than the sur-
window of the vacuum chamber. Owing to the long working face by~\/10 and becomes slightly higher with increasing
distance of the objective lens the window of the vacuumlaser fluences.
chamber could be placed far from the sample surface. This Figures 2 and 3 present the measured values of the ab-
way, we did not observe any significant deposition of thelation diameterD and the ablation depth, of craters ex-
ablated material on the windows. posed to different laser fluences. The figures include two sets
A linearly polarized laser beam with a &7/ radius of  of data from experiments performed in air and in vacuum. In
w=5.9+0.1um was delivered to the surface by a long the experiments performed in air, the last four experimental
working distance objective len@Mitutoya, 5x, NA=0.14 points in the high-fluence regime show a divergence from the
attached to a microscope. To obtain a homogeneous arekpected linear increase. This indicates the nonlinear beam
well-defined distribution on the target, a circular aperturedistortion in air due to the air breakdown at high laser flu-
(5.5 mm in diametgrwas placed in the beam path just beforeences. The formation of an air plasma blocks the energy
the objective lens. We verified that the truncation of the lasereaching the ablation surface and therefore reduces the abla-
beam, originally 7 mm in diameter, did not cause any signifi-tion rate. In the calculation of ablation parameters, we ex-
cant modulation of the spatial beam profile at the sampleluded these last four data points to avoid the effect of the
surface. To do this, we calculated the energy density of thé@eam distortion in air.
modulated Gaussian beam at the focal plane of the objective We next discuss how to determine the ablation param-
lens usin§*? eters by measuring the dimensions of single-shot craters.
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A. Single-shot ablation threshold

The “single-shot ablation threshold)-* represents the
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FIG. 1. Quantitative evaluation of single-shot laser ab-
lated craters using an atomic force microscops.
Three-dimensional AFM images of single-shot craters
ablated in vacuum with three different laser pulse ener-
gies, Eps=13.8, 18.8, and 30.QJ corresponding to
laser fluences of3'=13.1, 17.9, and 28.6 J/&nre-
spectively. The diameter of the craters increases with
laser energy(b) Center-line profiles of the ablated cra-
ters. The crater diameté&r and the crater depth, 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.

fluences lower than the thresholghamely, D=0 at the

minimum average laser fluence required to initiate ablation

with the first laser pulse. We determiiig™! by measuring
the crater diameteD for different average laser fluenceg’
and by using the linear relationship betweBfand In(Fg")

that can be derived as follows.

For a Gaussian spatial beam profile with ae? Jaser

threshold laser fluenc&}¥<F,,), we obtairl*

Fpeak
D? = 2wZ |n< Ig )

3)

th

The peak laser fluende}®®is related to the total pulse en-
ergy Epuise according to

beam radiusv, the radial distribution of the laser fluence is

presented by

2
F(r)= Fgea“exp<— %)

0

where F§® is the peak laser fluence. SubstitutingD/2

2
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D? of the ablated areas is plotted as a function of the laser flugficdhe
slope of the linear fifEq. (6)] yields the beam radius at the surfaag, and
the extrapolation to zero provides the single-shot ablation thresk-ﬂﬁd
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becauseE, . is the integrated value of the Gaussian profile
of laser fluence over the irradiated area with a radigsin

the literature, most studies report the fluence in terms of an
average value defined by

and recognizing that the material cannot be ablated for laser

Ablation Rate, h_ [nm/pulse]

1000

2

2

8

g

o

Multi-shot ablation threshold

Inair:
F,"'=1.74 Jfent |
-1 ~
Oy 2238 7M In vacuum:
F,*'=1.68 Jient
o, '=224nm |

o inair
®  invacuum

10
Laser Fluence, F,™ [Jemf]

100

FIG. 3. The multishot ablation threshold measurements of borosilicate glass
FIG. 2. The single-shot ablation threshold measurements of borosilicateith laser pulses oh =780 nm andr=200 fs. The plots present the loga-
glass with laser pulses of=780 nm andr=200 fs. The squared diameter rithmic dependence of the ablation rétgon the laser fluencg}". The slope

of the linear fit[Eq. (10)] can be interpreted as the effective optical penetra-
tion depth a;flf. The extrapolation to zero provides the multishot ablation

thresholdFj~2.
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E been showed that the accuracy Df measurement in the
av _ —pulse ( . . . . Lo
0~ m/vg multishot experiments is substantially diminished due to

cracks appearing around the crat€raVhen exposed to a
Note that there is a factor of 2 difference between peak andertain number of laser pulses, the mechanical properties of
average laser fluences for a Gaussian beam. To be consistejtss are modified by the low fluence laser beam around the
with the literature, we use&’ in describing the laser flu- ablated area and relatively large cracks may appear even
ence. The slope of E¢3) remains unchanged K{' is used  when using pulses as short as 100 fs.

instead ofF§** and we obtain Another way of calculating the multishot ablation
Fav threshold is to use the logarithmic dependence of the ablation
D2=2w2 In< FNO:l)’ (6) rated on the laser fluence as described®y
th Fav
whereN is the number of laser pulses. Figure 2 shows this d= a;flfln< N°>1). (8)
th

linear relation between the squared diameter and the loga-
rithm of the average laser fluence in our measurements. Thgare
extrapolation of the linear fitEq. (6)] to D=0 results in a

. . =1_ i
single-shot ablation thresh%zﬁ =4.06+0.06 J/ ,Cﬁ‘ N steady state material removal is established after a few incu-
vacuum and a lower value &;=2.55+0.04 J/cin ait.  pation pulses, the depth of the ablated matetiglincreases

The other parameter that can precisely be obtained frorﬁnearly with the number of laser pulses aCCOI’din@lPOzO
D? measurements is the beam radiug at the interaction

surface. In order to estimate the average fluence, the precise hy=d(N—Ny,). (9)
knowledge ofw, is required. Since it is easier to measure
Eouise €xperimentally, we replace the fluence ratio in Eg).

by the ratio of the pulse energies, yielding

;flf can be interpreted as the “effective optical penetra-
tion depth” as expected from tligeer-Lambert lanOnce the

Here, the number of incubation pulsé, represents the
minimum number of laser pulses to initiate ablation and its
value depends on the laser fluence, close to the threshold
D2 = 2p2 ln(E@) ) Nn=50 and well above the threshallj,=0. _

0 ) The ablation ratel is usually determined by measuring

the ablation depth of multishot craters and dividing it by the

The beam radius focused on the surface can now be det§ly, e of pulses according to E@). However, it might be
mined by estimating the slope of this linear fit to data points.igsic it to measure the ablation depth of multishot craters

We obtain a 1¢* Gaussian beam radius @h=5.78 and 5.92 high precision because multiple pulses can create deep
um for the experiments in vacuum and in air, reSpeCt'Vely'craters(>6 «m) beyond the working range of AFM. Also,

for the 5X objective lens. Because the measured Gaussiafy, o validity of Eq.(9) is questionable when using a laser

spot size on the surface is not necessarily equal to the Calc'tﬂ'eam with a small diameté2w, < 10 um) because high as-

lated spot size at the focal point of the objective, this tech—$ect ratiogbeyond the 1:1 ratiocan be achieved within the

frst 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-
B. Multishot ablation threshold pendence oh, on N begins to depart from the linear law

. : ._given in Eq.(9).

The ablation threshold is expected to decrease for in="" ' o0 more precise way of determining the mul-

creasing number of overlapping pulses due to material det'ishot ablation threshold is to measure the depth of single-

; 5,15 ; ; ; _

pgndent incubation effect">*The incubation eﬁect 'S gt hot craters ablated with laser fluences well above the thresh-

tributed to surface defects generated by the interaction o Id for which Ny,=0* This means that the steady state
th— Y-

multiple laser pulses with fluences lower than the single-sho}n . : . : :
' aterial removal begins with the first pulse and the ablation
ablation threshold. These defects are the results of th 9 b

changes in the mechanical and/or chemical properties of th%ltﬁ=\1/VII| thus be equal to the single-shot ablation depth,

material and can lead to ablation at lower threshold values. 2

The rr(;otst qlralrlnaélc _dectrE asf_e 'tn ztgel ablatlﬁntthr;sholdéls dObdepth of the single-shot ablated craters in estimating the mul-
seryed typically during the firs aser shots. Rosen tishot ablation threshold. Since we use laser fluences well

al.* for example, obtained a 75% decrease in the damag _ . h
threshold of fused silica: a single-shot damage threshold Oigt;or\éessnﬁ]éhirnesholaxlth—o, we can substitutd=h, in Eg.

3.7 J/cnt reduced to 0.9 J/cfrwhen 20 laser pulses were
used. . i

To take into account the incubation effect, multishot ab- ha = aegln EN>1 ) (10
lation threshold is usually determined by analyzing the diam- g

eter of ablation craters generated with multiple laser pulsefigure 3 shows this linear relationship between the single-
(usually N=50 pulses It has been shown that the linear shot ablation depth and the logarithm of laser fluence. The
relationship between the square of the crater diameter angktrapolation of the linear fit to zero provides a multishot
the logarithm of the laser fluence given in K§) is valid in  ablation threshold oIFR‘]>1=1.68w_LO.O3 J/crhin vacuum and

the case of multishot craters as wellHowever, it has also F)"1=1.74+0.02 J/crh in air. These values are in good

nique provides a convenient means for determining the exa
Gaussian beam spot size at the interaction surface.

In the current paper, we therefore propose to use the
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agreement with previous multishot damage threshold meaearly in the pulse and the rest of the incoming energy is

surements for borosilicate gla?‘»éef This consistency sug- reflected back due to the critical density plasma that serves as

gests that the simple technique proposed here is a valid tech-mirror® Since the critical density plasma for the laser in-

nigue for measuring the multishot ablation threshold. tensities used in our experiments is formed in the first half of
the pulse(7/2=100 f9, we obtain a CBE diffusion length of
the order of 250 nnir/2+ty;.). Thus, we can conclude that

C. Optical absorption coefficient the a_} can be related to the CBE diffusion length.

The optical absorption coefficient,; of a material de-
termines the vertica{depth precision of the ablation pro- D. Ablation volume and efficiency
cess. In general, a largegs results in a smaller optical pen- . . , .
etration depth and thus better control of the ablation depth. MOSt prev]:lc)usbstud|es fest|rrr1]ate tg:e a(tj)latlon voluult@m
The nonthermal ablation process with femtosecond lasefSSUMIng a flat bottom for the ablated crater so tvat

— N2 i ;
pulses takes place in a volume primarily determined by this’ 7D/ 4h,. However, because of the Gaussian beam profile,

parameter. the actual ablation profile has a curvature as shown in Fig.

As discussed in the preceding section, the slope of thé(b)' In this.paper, we calculate the single-shot ablated crater
linear relation given in Eq(10) can be interpreted as the volume by integrating the volume elements enclosed by the

effective optical penetration depth;fllelaeﬁ. The slope of measured crater profile and the undisturbed plane:
the linear fit to data points providegfflf:224 nm in vacuum D/2
and 238 nm in air which corresponds to an effective absorp- V= wa rhy(r)dr, (11)
tion coefficient of a.z=4.5X10* and 4.2<10* cm™? in
vacuum and in air, respectively. wherer is the radial distance from the center of the crater.
These measured optical absorption coefficients are about Figures 4a) and 4b) present the actual ablation volume
30 times larger than the effective absorption coefficient ofestimated using Eq.11) and the one estimated simply by
borosilicate glass when exposed to a 10 ns, 266 nm lasersingV=x7D?/4h, as a function of laser fluence. The results
pulses(agr=1.5X 10° cm™, o 3=6.7 um).*® However, it is  show that the actual volume is about 50%-60% of the vol-
comparable to the effective absorption coefficient of fusedume estimated using=D?/4h,. The data also show a non-
silica when exposed to 15 ns, 157 nrg-l&ser pulsesae  linear dependence of the ablation volume on the logarithm of
=1.7x10° cm™, =59 nm.?! This suggests that the com- the laser fluence. This nonlinearity is particularly clear in
bination of ultrashort pulse$r<1 p9 with near-infrared Fig. 4(a@) where the data points are spread out on a broader
(NIR) / visible wavelength$780 nm) results in a comparable fluence range.
absorption properties to those obtained with the application The ablation volume is expected to scale linearly with
of long pulses(7>1 ng with vacuum-ultraviolet(VUV)  the squared logarithm of the laser fluence because it consists
wavelengthg157-196 nm of two parametersD? andh,, each separately depending on
The similarity in the absorption properties between NIRthe logarithm of the fluence. Figurgc} demonstrates this
femtosecond lasers and VUV nanosecond lasers indicatdimearity between the volume and the squared logarithm of
that both lasers can provide the depth control necessary fdhe laser fluence. It is surprising that most of the earlier in-
high precision in micromachining of wide band gap dielec-vestigators determined the threshold fluence by assuming a
trics. Among those, femtosecond lasers might demonstrate dimear relationship between the ablation volume and the loga-
advantage with their well-controlled Gaussian beam shapdthm of the laser fluence and that they achieved reasonable
for direct writing and high-aspect ratio etching applications.values by extrapolating the linear fit to 26rp®16
However, VUV nanosecond lasers seem to provide a better From micromachining point of view, it is important to
control of the surface roughne@s. know how much volume is ablated per unit input energy.
These unique absorption properties of borosilicate glasgigure 5(right axis shows the ratio of the ablated volume
at the NIR/visible wavelengths could be explained in termsper incident total pulse energy as a function of laser fluence.
of the density of the free electrons. Borosilicate glass has &he results indicate that the amount of material removal per
very weak linear absorption coefficient at the NIR/visible unit energy is nearly constant at an intermediate fluence re-
wavelengths. In the femtosecond regime, however, high peagime of 10<F§'<40 J/cn? and is about 1.3im3/ uJ in
intensities can initiate nonlinear absorption procegsedti-  vacuum and 1.um3/uJ in air. Namely, a volume of
photon initiated avalanche ionizatipgenerating a high den- 1.3-1.5um? can be ablated with a L) of 200 fs laser pulse
sity of free electrons in the conduction band within a thinenergy. This value represents an order of magnitude higher
surface layet:? The optical penetration depth mainly de- efficiency when compared to the energy consumption of
pends on the diffusion length of these CBE. CBE velocity isborosilicate glass ablation with 10 ns, 266 nm laser pLi'1§es.
of the order of 1 nm/f&? Considering the CBE diffusion Femtosecond laser pulses provide optimum energy deposi-
happens in the time range that is the sum of the pulse durdion in the volume of the target material because energy dis-
tion (7=200 f9 and the CBE lifetimdt;. =150 fs(Ref. 23], sipation from the absorption zone occurs on a time scale
we obtain CBE diffusion length of the order of 350 fM. significantly longer than laser pulse duration.
This value is a bit higher than the measured optical penetra- We can now define an ablation efficiengyin terms of
tion depth. On the other hand, it has been shown that whethe ratio of the energy required to heat a unit volume to
the incident intensity is high enough, main absorption occursnelting point to the energy required to ablate a unit volume,

0
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: T 700 Laser Fluence, F,™ [Jicnt)

| aser ag C '1'|F]
Fluence, FO [/ FIG. 5. The right axis of the plot shows the ablation volume per unit input
(b) energy (V/Eyysd- The left axis of the plot shows the ablation efficiency

! [7=pCy(Tm=To)V/Epusel, described in Eq(12) in terms of the ratio of the
g 1004 Invacuum . energy required to heat the ablation volume to the melting point to the
2 incident pulse energy. Note that the left and right axes are proportional.
& 80 .
g nD? } Namely, in average only0.47% of the input energy is used
> 60 V= 4 ke ~o # . to melt the ablation volume. Most of the absorbed energy is
g { actually used to remove the ablated material from the surface
?>:5 404 % } § - by the hydrodynamic expansi%?nof the plasma.
. . . , . -
s ﬁ}: . The ablation eff|c.|enf:y coulq .alsq be defined in compari
B 204 i o2 son to heat of vaporization of silica instead of heat of melt-
Q V=2n I rh,(r)dr ing. The energy required to melt 1 érof silica is approxi-
0 r 2 mately 3.4 kJ(using the values given aboyewhile the
1 10 100 energy required to vaporize 1 érmf silica is about 18.3 k3’
Laser Fluence, £, [Jcnt] Thus, the ablation efficiency described in terms of heat of
(c) 70 . . . ' ' ' vaporization would be five times lower than the one de-
_ L. scribed in terms of heat of melting.
8 o0 : in arr % . The results show that the ablation is less efficient when
§ in vacum the incident laser fluence is close to the threshold. This con-
E % ,,=2an oh, (r)dr i ] tradicts the fact that the reflectivity of dielectrics decreases at
S 404 0 % { [ low laser fluences. The measurements of Pemjd.l showed
g’ s 3 } that when glass is exposed to fluences well above threshold
2 30+ 1 (Fo>5-1Cy,), a large portion of the incident energy is re-
> ) 5 uii § ] flected back from the sample. Consequently, an increased
§ ablation efficiency is expected when using low laser flu-
§ 10 o - ences, as shown in the case of the ablation of m&taisw-
ol_a®® 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

0 2 4 6 8 10 12 14

In%(F.*, [Jlor?))

FIG. 4. The volume of the ablated cratées as a function of the average
laser fluence in air angb) in vacuum andc) as a function of the squared
logarithm of the laser fluence.

layer.
_ PC(Tm=To) (12)  E. Effect of processing environment: Air vs vacuum
EpusdV
puls

Little is known about the influence of the processing
where p=2.23x 10° kg/m® (Ref. 24 is the density, C, environment on the properties of femtosecond laser ablation
=1250 J/kg K(Ref. 25 is the specific heat at an average of glass. Our study indicates that there is a slight dependence
temperature off=900 K, T;=300 K is the initial tempera- on the processing environment when using single-slets
ture, andT,=1500 K(Ref. 24 is the working point of glass, lower fluence is required to initiate ablation in)aénd there
defined as the melting temperature at which the glass can be not any significant dependence when using multiple shots.
easily formed and sealed. As Fig.(eft axis) shows, these The lower single-shot ablation threshold in air can pos-
values yield an ablation efficiency 0j=0.51% in air and sibly be attributed to the modified absorption process. First,
n~0.43% in vacuum for intermediate laser fluences.the reactive environmenrir) could accelerate the ablation
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chemistry. Second, the hot plasma in air expands at a slowand multishot N> 1) ablation thresholds from the measure-
speed than in vacuum due to air resistance. Slow expansianents of diameter and depth of the craters ablated with a
provides a longer time for the energy to couple from plasmaingle laser pulse. The extrapolation of the linear relationship
radiation into the target. Both of these reasons could lead tbetween the square of crater diameter and the logarithm of
a modified absorption and thus a reduced threshold fluence taser fluencdEq. (6)] to zero provides the single-shot abla-
initiate ablation in air when using a single laser pulse. tion threshold F)"*. Whereas the extrapolation of the linear
When multiple pulses overlap, the resulting incubationrelationship between the ablation depth and the logarithm of
effect apparently reduces the dependence on the processitager fluencdEq. (10)] to zero provides the multishot abla-
environment. A supporting and independent experiment wason threshold,F{fﬁl. The beam diameter at the interaction
performed by Plettné? who observed no difference between surfacewy, and the effective optical penetration depil,
multishot damage threshold in air and in vacuum for boro-can also be determined precisely from the slope of these
silicate glass and also for fluorid¢€aF, and Bak). How- linear relationships.
ever, for fused silica exposed to 355 nm, 10 ns laser psblses The results showed that ablation of borosilicate glass in
as well as for crystalline quart?, the multishot ablation air requires a lower threshold fluence than ablation in
threshold was found to drop in vacuum. The mechanism fovacuum (about 2.6 J/crhin air vs 4.1 J/crh in vacuum)
this phenomena was investigated previously and attributed twhen using a single laser pulse. In the case of multiple
the reduction of SiQ) namely to the formation of SiQwhere  pulses, however, no difference was observéabout
x<2, in vacuum conditions. Laser irradiation in air appar-1.7 J/cn? both in air and vacuujn A modified absorption
ently drives the photochemical oxidation reaction back toprocess could be responsible for the lower threshold when
SiO,. However, neither our study nor the study of Pletfier using single pulses. Since the multishot ablation threshold is
showed any indication for the existence of this phenomena ialready reduced due to the incubation effect, the processing
borosilicate glass. Another reason for this phenomena mighgnvironment has a minimal effect on the threshold value.
be related to the formation of a hydratedaten layer on the The proposed technique relies on the use of fluences
surface and to the difficulty in removing it from borosilicate well above threshold and on the fact that once steady state
glass. It is possible that if we leave the samples in vacuunmaterial removal is established, the depth of the ablated ma-
for an extended period of time, we can remove the hydrateterial increases linearly with the number of laser pulses at a
layer from the surface. In this case, borosilicate glass mighgiven laser fluence. The method is systematic, provides re-
demonstrate properties similar to fused silica. sults that are consistent with the literature, and eliminates
The ablation rate of borosilicate glass was also found taincertainties resulting from instrument sensitivities. The
be independent of the processing environment. The energgnowledge of exact beam diameter at the surface also pro-
deposition is governed by the optical penetration depth thatides a precise estimate of the laser fluence at the laser/
is mainly dependent on the diffusion length of the CBE. Thismaterial interaction surface.
is however valid only for the surface ablation. When ablating  Finally, we have calculated the volume of the ablated
deep holes, the ablation rate might drop due to nonlineacraters and the energy efficiency of femtosecond laser abla-
effects in air. For example, ablation products that cannot egion of glass. The amount of material removal per unit energy
cape the holes can cause self-focusing of incoming lasds about 1.3—1.5:m%/uJ at an intermediate fluence regime
pulses even at powers lower than the critical power for selfof 10<F§'<40 J/cnf. This value represents an order of
focusing in ambient aff’ A similar phenomena was observed magnitude higher efficiency when compared to the energy
for metals having greatly reduced ablation rates irtair. required to ablate borosilicate glass with nanosecond UV la-
A combined effect of the above factors leads to a slightlyser pulses.
higher ablation efficiency in aif0.51% in air vs 0.43% in
vacuum. One might have expected a higher efficiency in
vacuum because of the less work required for the hydrod)/-ACKNOWLEDGMENTS
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