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Morphology of femtosecond-laser-ablated borosilicate glass surfaces
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We study the morphology of borosilicate glass surface machined by femtosecond laser pulses. Our
observations show that a thin rim is formed around ablated craters after a single laser pulse. When
multiple laser pulses are overlapped, the crater rims also overlap and produce a surface roughness.
The rim appears to be a resolidified splash from a molten layer generated during the ablation
process. We estimate that this molten layer is a few micrometers thick and exists for a few
microseconds. During this melt lifetime, forces acting on the molten layer move it from the center

to the edge of the crater. @003 American Institute of Physic§DOI: 10.1063/1.1619560

Microchannels fabricated on glass have a growing im-beam. Following irradiation, the samples were analyzed with
portance in the miniaturization of microfluidic devices for a scanning electron microscop@EM).
chemical and biological micrototal-analysis systérisin Figure 1 shows the surface morphology of a microchan-
most cases, chips are fabricated using traditional multilayefel produced with 200 fs pulses at an average laser fluence of
and multistep photolithographic techniques. Laser microma0-12 J/mm. The laser beam was delivered to the surface by
chining using ultrashort pulses offers a single-step metho@ '0Ng working distance objective lerislitutoya, 5, nu-

for direct writing of microchannels in glass® Using this merical aperature0.14) attached to a microscope. The fo-

. . . . 2
laser ablation technique, it is possible to fabricate geometriegysed beam has a Gaussian spatial beam profile witea 1/

with variable depth and high aspect ratio that cannot be%(;?nT:éetrhgfeil'&fm att t.he surface of rt]he :)argett. We per-
achieved through traditional microlithographic techniques. b 4 periment in a vacuum chamber at a pressure
elow 10 * mbar. The channel was produced by moving the
Recently, ultrashort laser pulses have been used to m%’ample with a scanning speed of 1.5 mn/ad kHz laser
o Hépetition rate, so that the average number of pulses overlap-
cate glass and fused siliéd. However, the authors report ing on the same spot was about 6. The resulting channel has
that micrometer-size features are formed inside the channels 9.6 ,m width and about 2.5um depth. The most pro-
and that the walls of the ablated surfaces are not sm@oth nounced feature of the microchannel surface morphology
example is shown in Fig.)1To better control the microma- shown in Fig. 1 is the micrometer-scale roughness.
chining process using ultrashort laser pulses it is necessary to To better understand the source of this surface roughness
understand the formation mechanism of these small surfacse studied how the glass surface responds to irradiation with
features. In this letter, we investigate the surface morphologgparsely overlapped single laser pulses. Figure 2 shows SEM
of single shot ablated craters and show how the interaction of
multiple overlapping craters leads to surface roughness.
We carried out experiments on borosilicate glassl
mm thick, Precision Glass and Optics, Dtdalso known as
Borofloat™ and Corning 7740, whose chemical composition
is 81% SiQ, 13% B,03, 2% Al,03, 4% NagO. The sub-
strates were cleaned ultrasonically with alcohol before the
experiments. After laser ablation, the debris was removed by
placing the sample in an ultrasonic bath with a 0.5 M sodium
hydroxide (NaOH) solution (a very weak etchanffor about
20 min.
We irradiated the glass samples with near-infra#&@D—
800 nn) femtosecond100-200 f$ laser pulses from a re-
generatively amplified Ti:sapphire laser. The surface of the

sample was positioned normal to the direction of the inciden€IG. 1. Surface morphology of a microchannel fabricated on borosilicate
glass using 780 nm and 200 fs laser pulses. The channel jg9®ide and
about 2.5um deep. The number of overlapping pulses was abbub and
¥Electronic mail: adela@stanford.edu the average laser fluence Wag=0.12 J/mm.
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FIG. 3. SEM images of a crater generated with a single 800 nm and 100 fs
FIG. 2. SEM images of crater rims generated by overlapping laser pialses |aser pulse(a) The whole crater at 3000magnification andb) a higher
two pulses andb) three pulses of 800 nm and 100 fs. The laser fluence wasesolution SEM image (30 000magnification) focused on the rim formed
Fo=0.34 J/mm. The numbers correspond to the order of the incident laseraround the crater. The laser fluence Was=0.34 J/mm.
pulses.

images of overlapping craters produced by single 100 fs Iasépe -surface and .that surroupds a sr-noof[h cente_r. _Part of the
pulses at an average laser fluence of 0.34 Jnithe laser 'IM is shown at higher magnification in Fig(t8. This image

was focused with a 250 mm focal length lens to a spot size ofuggests that t_he rimis a rgsolldlfled splash of a molten layer
about 30m. We performed these experiments in air at at-9enerated during the ablation process. -
mospheric pressure. Two features stand out in this figure, [N ultrafast laser ablation, the rapid energy deposition in
First, a thin rim surrounds the craters. Second, when anothéh€ material allows material removal before significant heat-
pulse irradiates a previously formed crater, a new rim isng Of the bulk material occurs. Nevertheless, as we demon-

diffraction of light plays a role in the formation of multiple the ablated area. If the melt lifetime is long enough, forces
rims.’ acting on the fluid can drive molten material from the center

Figure 2a) clearly shows that the second rim continu- t0 the edges of the crat2ifo estimate the thickness and the
ously follows the first one on the ablated side of the firstlifetime of the molten layer, we next analyze the absorption
crater. The second laser beam diffracts through the edges oftd the laser energy and its dissipation through a one-
previously formed crater and therefore creates a modulatedimensional heat conduction calculation.
light intensity at the bottom of the crater due to the interfer-  In dielectric materials, incident laser energy is absorbed
ence of the diffracted light in the near field. The second rimthrough nonlinear processesnultiphoton and avalanche
may therefore be a result of the modulated intensity distribuionization.>*® Perry etal® showed that far above the
tion of the second laser pulse near the edges. ablation threshold fluence F&5-10y, where Fy,

When a third pulse irradiates two previously overlapping= 0.02 J/mn for fused silica, a large portion of the energy
craters, as shown in Fig.(®, micrometer-scale organized is reflected back from the sample. At a laser irradiance of
features appear along the rim. As the number of overlapping 0" W/mn? they calculate the reflectance of a fused silica
pulses increases, the interplay between rim formation andurface to be around 70%. We used a similar laser irradiance,
diffraction results in the surface microfeatures observed irand therefore we assume that on average 30% of the incident
Fig. 1. Let us next examine the formation of a single rimenergy is absorbed by the borosilicate glass.
surrounding an ablation crater. The laser energy is absorbed by electrons and then trans-

Figure 3 shows a SEM image of a crater generated witlierred to the lattice on the time scale of a few picoseconds,
a single 100 fs laser pulse at a fluence of 0.34 Fifine  after which heat diffusion into the material begins. Simulta-

image shows a circular rim that is raised 50—100 nm abovaeously, the ionized material is removed away from the sur-
Downloaded 13 Feb 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



3032 Appl. Phys. Lett., Vol. 83, No. 15, 13 October 2003 Ben-Yakar et al.

face in the form of an expanding high pressure plasma. Nuvery high, typically millions of atmospheres and drops to
merical simulation® of the fluid and thermal dynamics of a ~10 atm during the first microsecond of its expansidfihe
laser-induced plasma on an aluminum target irradiated witlpressure gradients are particularly large at the edges of the
100 ps laser pulses show that a few microseconds after irrablated crater because of the plasma/air interface. Because of
diation, about 70% of the absorbed energy is used by théhese large pressure gradients, we might expect a very fast
expanding plasma to move the ambient gas. About 20% ofise of a thin rim at the edges of the melted surface. The very
the absorbed energy is lost in radiation and only 10% of ithin tendrils emanating from the outside of the rim might
remains in the target as thermal energy. therefore be a result of a very fast rising rim, which became

Assuming a similar energy partition in our experimentsunstable and subsequently resolidified on the surface. In a
we can estimate that less than 3% of the incident laser enerdgllow-up study, we performed a theoretical analysis to
(i.e., 10% of the absorbed enejgig available to heat the model the free-surface evolution of the molten matéfial.
undamaged material. Therefore, at an incident laser fluendeor the conditions indicated earlier, the results predict that
of 0.34 J/mn (Figs. 2 and Bless than 0.01 J/mhgoes into  the time necessary for a pressure-driven flow to form a rim is
heating of the material. Because glass does not have a lateoit the same order of magnitude as the melt lifetime.
heat of melting, all of this energy goes into melting. We can  In conclusion, we investigated the origin of the surface
calculate the average melting depth,, from h,  roughness of femtosecond laser ablated borosilicate glass mi-
~F,/TwpC,, whereF,=0.01 J/mn is the portion of the crochannels. We find that an interplay between light diffrac-
absorbed laser fluence that goes into heatipg;2.23  tion and flow of molten material cause the surface roughness.
X 10° kg/m?*? is the densityC,=1250 J/kg K® is the spe-  The morphology of the single-pulse ablated areas reveals the
cific heat at an average temperatureTef 900 K, andT,,  existence of an elevated rim surrounding smooth craters.
=1500 K!? s the working point of glass, defined as the tem-From these observations, we suggest that a very thin melt
perature at which the glass can be easily formed and sealezone(a few microns thickexists during the ablation process
This calculation yields a molten layer of thickness,  and that during the melt lifetimé few micronsecondsthe
~2.4um at the irradiated surface below the expandingmolten fluid moves from the center of the crater to the edge
plasma. depositing a thin rim around the ablated area.

The lifetime of this molten region depends on how .
quickly the energy dissipates into the bulk. For one- The work is supported by the TRW research fund and the
dimensional heat conduction, the heat diffusion depth is aptarvard NSEC. The authors gratefully acknowledge the con-
proximately given byt ~ /Dt, whereD=k/pC, is the ther- tributions of Dr. Catherine Crouch to this investigation.
mal diffusivity. For an average temperature around 900 K,
D=1.6x10"® m?s' and we estimate that it takes about *J. Voldman, M. L. Gray, and M. A. Schmidt, Annu. Rev. Biomed. Ehg.
hrzn/D.ANJ.S'B 'L.Ls o m.elt the 2.4um-thick layer, after WhICh. . 2Llil)c.)lJ.({BG)(-*.?eQbIe, G. A. Mensing, and G. M. Walker, Annu. Rev. Biomed. Eng.
resolidification begins. Therefore, we expect a characteristic 4 61 (2002,
melt lifetime of the order of several microseconds, including 3s. Ameer-Beg, W. Perrie, S. Rathbone, W. Wright, J. Weaver, and H.
the melting and resolidification processes. A detailed calcu- Champoux, Appl. Surface Phy$27-129, 875(1998.

; ; ; : ; 4Y. Li, K. Itoh, W. Watanabe, Y. Kazuhiro, D. Kuroda, J. Nishii, and V.
lation yields results consistent with these order-of-magnitude Jiang, Opt, Lett26, 1912(2001.

; 4
eStlmat(_aé' . o ) SA. Marcinkevicius, S. Juodkazis, M. Watanabe, M. Miwa, S. Matsuo, H.
During this melt lifetime, forces acting on the ablated Misawa, and J. Nishii, Opt. Let26, 277 (2001.
. 6
surface move the molten material from the center of the cra-A- Ben-Yakar and R. L. Byer, Proc. SPHB37, 212 (2002.

. " M. Born and E. Wolf Principles of Optics7th ed.(Cambridge University
ter to the edge depositing a thin rim around the ablated ared.procs Cambridge, 1999

Two forces affect the surface of the molten layg) ther- 8A. Ben-Yakar, A. Harkin, J. Ashmore, M. Shen, E. Mazur, R. L. Byer, and
y
mocapillary forces(Marangoni flow!® and (2) hydrody- H. A. Stone, Proc. SPIB977, 335(2003.
. 9 i
namic forces exerted by the plasma above the sufface. '\R"- bD- Pf]r,rkvaB-AC- ISt‘;?]”é% %-8 ‘gg?i‘;ég"- D. Feit, V. Yanovsky, and A. M.
. .. ubenchik, J. Appl. Phys35, .

. Thermocapillary flow is _mduced by the temperatl_Jre gra-0c g schaffer, A. Brodeur, and E. Mazur, Meas. Sci. Techti2).1784
dient on the surface following the Gaussian beam intensity (2007.
profile of the laser. This temperature gradient creates surfacér. Vidal, S. Laville, B. Le Drogoff, T. W. Johnston, M. Chaker, O. Bar-
tension gradients that drives material from the hot center to thdemy, J. Margot, and M. Sabsabi, Annual meeting of OSA—Optical
the cold periphery. This is true in most materials where the,o c o o America, 2001.

P p y- X 2R. H. Doremus@Glass Science2nd ed.(Wiley, New York, 1994.
surface tension,y, decreases as the fluid gets hotter:3g. w. McLellan and E. B. Shandslass Engineering HandbopRrd ed.
(dy/dT<0). However, in the case of borosilicate glassl4(McGraW-Hill, New York, 1984.
dy/dT is positivel” This means that the thermocapillary S(Jt?ii?{etjakar' A. Harkin, J. Ashmore, R. L. Byer, and H. A. Stdue-
floyv in laser |rrad|ated_glass surfaces would actually drivest gchyarz-selinger, D. G. Cahill, S. C. Chen, S. J. Moon, and C. P.
fluid from the cold periphery to the hot center of the melt Grigoropoulos, Phys. Rev. B4, 155323(1999.
contrary to what is observed in our experiments. »°V. N. Tokarev and A. F. H. Kaplan, J. Phys. 32, 1526(1999.
The flow is most likely caused by hydrodynamic forces 18\2"\2&;'”39?’5\3{”2m+ ?;r%”;hf;fﬁ' %ugizhelemy M. Chaker B. Le

due to pressure gradients caused by the plasma that is formeghogoff, 3. Margot, and M. Sabsabi, Spectrochim. Acta, PaBEB973

above the molten surface. The plasma pressure initially is (2002.

Downloaded 13 Feb 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



