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Teflon, polytetrafluorethylengPTFE), is an important material in bioscience and medical
application due to its special characteristib®-compatible, nonflammable, antiadhesive, and heat
resistant. The advantages of ultrashort laser processing of Teflon include a minimal thermal
penetration region and low processing temperatures, precision removal of material, and
good-quality feature definition. In this paper, laser processing of PTFE in ambient air by a
Ti:sapphire femtosecond laséf80 nm, 110 fsis investigated. It is found that the pulse number on
each irradiated surface area must be large enough for a clear edge definition and the ablated depth
increases with the pulse number. The air ionization effect at high laser fluences not only degrades
the ablated structures quality but also reduces the ablation efficiency. High quality microstructures
are demonstrated with controlling laser fluence below a critical fluence to exclude the air ionization
effect. The ablated microstructures show strong adhesion property to liquids and clear edges that are
suitable for bio-implantation applications. Theoretical calculation is used to analyze the evolution of
the ablated width and depth at various laser fluences2083 American Institute of Physics.

[DOI: 10.1063/1.1568154

I. INTRODUCTION red (IR) to ultraviolet (UV) spectrum with its first linear
PolytetrafiuoroethylendPTFD (—CF,—), has a wide absorption peak at 160 nmConventional nanosecond laser

range of unique physical and chemical properties such a§yst§ms _are thus _n_ot the ideal irradiation source.for high
biocompatible, low frictional resistance, low dielectric con- duality micromachining of PTFE Clean laser ablation of
stant, low surface adhesion, thermal and chemical stabilityy TFE can only be achieved by vacuum-ultraviof¢V,
which make it essential for numerous applications. Due tol60 nm or lesg"® lasers or ultrashort pulse lasers on a fem-
the compatibility with biological tissues, it has recently at-tosecond(fs) time scalex*® In general, fs laser ablation of-
tracted special attention in bioscience and medical applicafers advantages over long pulse laser because there is little or
tions. The implantation of PTFE pieces with desired func-no collateral damage due to shock waves and heat conduc-
tional structures into human body is a routine job for surgerttion produced in the material being processed. Recent
in nowadays. Micromachining of PTFE is, however, a diffi- work,}* however, shows that there are two completely differ-
cult task. First, conventional micromachining technolbly ~ent ablation phases for most dielectric materials by fs laser
cannot be applied to PTFE due to the low fluidity after it is gpjation: a gentle and smooth sputtering phase followed by a
melted. Second, PTFE is not sensitive to the attacks Ofongly violent explosive ablation phase. The latter phase is

3g?nts and tlhere |sPr_1roFEo_lvent to d|s_sotl)\|feMoreoye|r],c as ? identified as the result of a thermal mechanism responsible
lelectric polymer, IS not a suitable material for elec-¢,. 1 iarial removal. To exclude effects arising from the

Igghilisir;rgsu(Tr:cggn;aﬁzmgfnefzgitzi (;%nzngromigg heating of the sample as well as the surrounding medium,
ques, y b many authors selected a low repetition rate of 1 Hz or a high

laser ablatior?;® have been successfully applied to make mi- ith below 10 Torr in their i )
croparts of PTFE. In SR etching process, the sample is pre.acutim with a pressure below orr in their investiga-

processed by electron beaiB) method and then exposed tions on fs Iqser gblatlon of PTFE? Fast str.ucturlng of
to SR through a mask with desired absorber pattern. ThETFE in ambient air by ultrashort lasers remains a challenge
sample temperature is required to be a constant during irrflue to the sensitivity of the temporal and spatial dependence
diation. In contrast, pulsed laser ablation is more simple an@f the laser intensity. Several studies have already shown the
versatile since it is a mask-free etching proctemder laser  important role of ambient pressdfeand ambient gas
irradiation, PTFE exhibits almost no absorption from infra- compositiod® on the ablated structure quality for ultrashort
laser irradiation. The screening effect of the plasma, on the
dAuthor to whom correspondence should be addressed; electronic maiPther han_d' exerts a S|gn'f'cam 'nﬂu.ence on the ablation pro-
hong_minghui@dsi.a-star.edu.sg cess at high laser fluenc¥sMeanwhile, the plasma dynam-
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ics is strongly affected by the ambient pressure during its
expansion, which in turn makes the laser ablation more com-

plicated.

In this paper, fast structuring of PTFE in ambient air /\
with ultrashort pulses at a high repetition rate is investigated.
Morphology of the irradiated surface by single pulse and f

multiple pulse irradiation is compared. Ablated structure
quality is analyzed to check the reproducibility of cross sec-
tion profile and groove edge quality. Ablated width and depth
are measured and compared with theoretical calculations.
This technique is finally applied to fabricate high quality
microstructures on PTFE in ambient air and two biological
microstructures are demonstrated. The ablated structures are
tested with sessile liquid drops to characterize its hydrophilic

Ti:Sapphire Laser Beam
780 nm,110 fs, 1000 Hz

Aperture

BK7 Plano-convex Lens

property. Focus Length: 40.6 mm
Teflon PTFE
Il. EXPERIMENT [ T W
The laser system consisting of a Ti:sapphire oscillator <«
(Spectra-Physics Tsunamiand a regenerative amplifier X-Y-Z Stage
(Spectra-Physics Spitfireprovides high-intensity fs laser _ _
pulses for the study. A self-mode-locked Ti:sapphire laser FIG. 1. Femtosecond laser ablation experimental setup.

oscillator produces-80 fs pulses at a wavelength of 780 nm
and a repetition rate of 80 MHz. The oscillator provides seed
pulses into the regenerative amplifier, which is based omnergy. This process is repeated until a side-view inspection
chirped pulse amplificatio@CPA) technique. The pulse du- shows that the white-dot position is below the sample sur-
ration of the output beam from amplifier is 110 fs with nomi- face. The final grooves are then evaluated under an optical
nal wavelength at 780 nm. The repetition rate can be set tmicroscope to measure their grooved width. Brexis posi-
either 1 or 1000 Hz and the beam profile emitted from thetion relating to the smallest groove is corresponding to the
regenerative amplifier is approximately Gaussian shapebest focus position. Treated PTFE sample is examined with
Beam diameter at the laser exiting window is elliptical with an optical microscope and a scanning electron microscopy
an average diameter ef5 mm. The laser beam is redirected (SEM: Hitachi S-4100 The ablated profile is analyzed by an
with a 45° high reflectivity dielectric mirror through an ad- Alpha-Step 500 profilometefTencor Instrumenis Since fs
justable aperture placed in front of a BK7 Plano-convex lendaser ablation of dielectrics materials at high laser fluences or
with a focal length of 40.6 mm, as shown in Fig. 1. The large pulse numbers could produce deep charéshould
focused spot is around 1Q@m on the substrate surface. The be noted that these narrow channels would prevent the prob-
aperture diameter can be varied from 1 to 10 mm and is useithg tip of a profilometer dipping into the groove bottom and
to minimize the effects of spherical aberrations. It provides aherefore calibration of an accurate measurement of ablated
round beam at the workpiece and improves the final featuredepth is necessary. In the experiment, the ablated depth are
quality. The whole system is turned on and kept continuousirst measured by an Alpha-Step 500 profilometer and then
working for more than 30 minutes to have a stable lasecompared with SEM cross-section observation results. In hy-
energy output before the fs laser processing of PTFE. drophilic tests, Bromonaphthalene, doubly distilled water,
The 1 mm thick commercial Teflon PTRBuPon} with  and aqueous solutions of different Pisepared by adding
a density of approximately 2.15 g/éris used as the sample. NaOH or HCI in water according to Ref. 1&re used. The
The surface is polished and cleaned with methanol beforeontact angles are measured using a Rama—Hart contact
laser ablation. A three-axis precision translation stage is usegingle measuring systeiiModel: 100-00 equipped with a
to change the laser irradiation spot on sample surface. Resoamera and an image processing system. This allows us to
lution of the stage is Jum with a total travel range of 25 determine the adhesion properties of ablated surface with the
mm. Translation speed of the stage can be adjusted from liquid and to investigate the acidic and basic properties of the
um/s to 3.5 mm/s. A series of experiments are carried out tgurfaces®
ensure that the system is well focused. Since high fs laser
fluences can induce the ionization of ambient air that in turn
presents a bright plasma dot at the focus position, the samplg. RESULTS AND DISCUSSION
is first placed slightly below but very near to the white dot
position from a side-view inspection. Then a 10 mm long
groove is engraved onto the sample surface at a speed of 1 In our experiment, there are two controllable laser pa-
mm/s and a laser fluence of 4.0 Jfcrfter that, the sample rameters: pulse numbét and laser fluenc€. The quantity
is moved towards the focal lens by 1fn by thez stage. N is determined by the setting of laser repetition rate and
Another 10 mm long groove is engraved at the same pulssample scanning speed as

A. Influence of pulse number on fs ablation
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FIG. 3. Ablated depth versus pulse number for laser fluences of 0.5, 1.0, 2.0,
and 4.0 J/crh

eficial to high-quality microstructuring process and therefore
a high repetition rate is recommended for the fast structuring
of PTFE.

Figure 3 presents the ablated depth as a function of pulse
number at a repetition rate of 1000 Hz and a laser fluence of
0.5, 1.0, 2.0, and 4.0 J/¢mrespectively. The ablated depth
increases linearly with the pulse number when the applied
pulse number is smaller than 100. At high laser fluences, the
slope of the ablated depth versus pulse number decreases due
to the beam divergence at the depth over 108 The linear
FIG. 2. (a) and (b) SEM images of craters formed on PTFE by fs laser dependence makes it possible to calculate the ablated depth
ablation at a Iasel_’ fluence of 1.0 Jkeand different pulse numbers () 1 by multiplying the ablation rate and the irradiated pulse num-
and(b) 5, respectively. ber. In order to meet a good linear dependence condition, the
following experiments are carried out at a scanning speed of
1 mm/s, which corresponds to a number of 100 shots on each

30.0kV X3.00K 10.0m¢m

RXS irradiated surface area.
Ty @ B. Ablated groove quality
where R represents repetition rateither 1 or 1000 Hg S In most cases, the pulse number on each irradiated sur-

spot size(~100 um), and» scanning speetfrom 1 um/sto  face area can be fixed as a constant. In the following study
3500 um/s). It is found that the ablated surface shows dif- the sample scanning speed is set as 1 nfoolsesponding to
ferent morphologies for different pulse numbers. Figure 2100 pulses/spotand 10 mm long grooves are engraved on
shows the SEM images of craters formed on PTFE with fPTFE with different laser fluences in the range from 0.4
laser ablation at a laser fluence of 1.0 Jcamnd a pulse J/cn? to 5.0 J/cm. Optical microscope examination reveals
number of(a) 1 and(b) 5, respectively. It can be observed that the debris depositions become observable for those
from Fig. Aa) that laser ablation by one pulse induces thegrooves ablated at laser fluences above 1.2 2/Eigures
growth of microcones with 3—4m diameter inside the cra- 4(a) and 4b) give the top view of the grooves formed on
ter. This phenomenon has been reported for many other polf®TFE by fs laser ablation at a laser fluence of 1.0 3/and
mers and the fundamental physics is still under2.0 Jicni, respectively. There is no clear debris deposited
investigationt’~'° However, it is clear that one pulse laser along the groove edges in Fig(a# while the edges quality
ablation cannot produce clear ablation edge and its shape sightly degrade and deposited debris can be observed along
highly inhomogeneous. Compared with original PTFE sur-the groove edges in Fig.(d). It may be due to the plasma
face, the ablated crater surface presents different absorptigeneration from multiphoton ionization of the ambient air
properties to the consecutive laser pulses and in turn changesgen laser intensity goes higher than™®/cn?, which

its morphology?® In our experiment, as pulse number in- corresponds to 1.1 J/énfior 7p=110 fs. We found that the
creases to 5, the crater becomes a little bit wide and microdebris is stick very stubborn around the groove edges and it
cones are disappeared. The accompanying phenomenondannot be easily removed by methanol cleaning. It is there-
the formation of many micrograins with submicron diameterfore suggested to use a low laser fluence below 1.2%J%em
inside the crater. The improvement in crater quality is benfast microstructuring of PTFE in ambient air.
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FIG. 4. (a) and (b) Top view of the grooves ablated by fs laser at laser

fluences of(a) 1.0 J/cnt and (b) 2.0 J/cr.

Wang et al.

at laser fluences of 0.5, 1.0, and 5.0 Jcihis found that
deep channels would be formed when high laser fluences are
applied. It is also found that, for grooves ablated with laser
fluences below 1.2 J/ciprofiles at five different positions
are almost the same and there is no thermal-induced shoulder
along the groove edges. As laser fluence increases, the
thermal-induced shoulder emerges due to the enhancement
of heating process. At a laser fluence of 5.0 F/dime shoul-
der height can be up to gm. Meanwhile, when the laser
fluence is higher than 1.2 J/énprofiles at different positions
show poor reproducibility. It can be attributed to fact that the
debris deposition inside the grooves ablated with high laser
fluences. Another possible reason is that, at high laser flu-
ence, multiphoton ionization becomes stronger that in turn
causes the fs pulses undergoing strong spatial and temporal
reshaping. In the experiment, “bright-plasma-dathite-
light continuum” at the focus position due to the air ioniza-
tion is observed when laser fluence is higher than 1.22)/cm
(the sample is temporally taken away from the focus position
for the observation

To get high quality microstructures by fs laser ablation in
ambient air, it is now clear that we need to control the laser
fluence below a critical value of 1.2 J/énTwo high quality
biological microstructures, as shown in Figsa)6and Gb),
are fabricated by fs laser ablation at a laser fluence of 1.0
Jlcnt and a scanning speed of 1 mm/s. These devices are in
a size range of several hundred micrometers and feature their
clear edge definitions and contamination-free surfaces. The
hydrophilic tests of theses devices are based on the contact
angle measurements by using prepared neutral, acidic and
base solutions and the reversible work of adhesion which
indicated the variation of the polar component of the work of
adhesion are automatically given by the measurement system
(no significant modification of the dispersive component is

Furthermore examination of the ablated grooves in term&ver observed after the treatmerithe total work of adhe-
of the cross section quality is carried out. Cross sectior$ion of the untreated PTFE surface with neutral water is
analysis is repeated five times for each groove at differen@round 90 mJ/f The ablated surfaces show big increase in
positions by the prof”ometer and the results are Comparea'le work of adhesion with all test solutions. The measured
with SEM cross-section observation results. Figure 5 show¥alues are 243, 243, and 255 md/for neutral, acidic and
the typical cross sections of the grooves by fs laser ablatioRase solutions respectively; this indicates a weak acidic char-
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acter of the ablated surface that makes these devices suitable
for bio-implantation application&: The improvements in the
surface adhesion properties could be due to the surface mor-
phology modification as well as the photochemical modifi-
cation of the ablated surface. After laser irradiation of PTFE
in ambient air, it may result in defluorination of the irradiated
surface with surface oxidatiéhand substitution of F atoms

by different functional group$>*

C. Ablated depth and width versus laser fluence

For laser fluences above the threshold fluence, the mul-
tiphoton absorption dominates and absorbs laser energy effi-
ciently into the material. Figure 7 shows the ablated groove
depth and width as a function of laser fluence. The wigdth
can be calculated by assuming that Gaussian-shape laser in-

FIG. 5. Cross-section profiles of the grooves ablated by fs laser at lasd€nsity at the ablated groove edge should be higher than the
fluences of 0.5, 1.0, and 5.0 J/&m

threshold intensity for material removal, which is giverfby
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the characteristic time for the laser pulse, andthe effec-

tive n-photon absorption cross section. Since the ablated
depth increases linearly with the pulse number in a range
from 1 to 100 pulses, the ablated depth can therefore be
calculated as the product of the ablation rate and the pulse
number ad ,=Ny,sd, . The laser fluence is related to pho-
ton densityS by F=hvS, where hv is the single photon
energy. The following equation can be substituted for @By.

as

N F dF
D, ()~ =B [

npohc Jr, 1—exp(— o, Kn(N/he)"F")’

4
whereX is the laser wavelengthh is the Planck’s constant,
andc is the speed of light in the medium.

30.0kV XS0.0 600sm Using Eq.(4), the dependence of the ablated depth of
PTFE on laser fluence is calculated for 5, i.e., five-photon
. . . : absorption that is the dominant multiphoton absorption chan-
it concentic sructure ablated by 1 Inse at a faser fuence of 16 icnfiel for IR fs laser ablation of PTFE. The threshold of the
and a scanning speed of 1 mm/s. laser fluenceFy,=0.40 J/cm is taken from the experiment
and the density of chromophorgg=2.75x10?2cm 3 is
assumed to be the same in Ref. 10. The unknown pulse-

[(W/crm?) shape-dependent constanK 5 for five-photon absorption is

o(um) = @o(um)x \/In T (Wien?)" (2)  estimated as 1410 %2 cm'® by solving Eq.(4) for one se-

0 lected experimental data poinE,=0.8J/cni and D,
whereg, andl, are ablated groove width and laser intensity =32 um. The calculated ablated depth for the laser fluence
at ablation threshold. The theoretical fitting curve is repre4n a range from 0.40 J/chio 5.0 J/crd is shown in Fig. 7 by
sented in Fig. 7 by the dashed line and it is in good agreethe solid line. The fitting work reveals two important points:
ment with the experimental results. (1) when the laser fluence is below the critical value of 1.2

In the case of fs laser ablation of PTFE in vacuum,J/cn?, the ablated depth in ambient air is almost the same as
Kumagaiet al. have shown both experimentally and theoreti-that in vacuum. The air influence on the ablation process is
cally that the ablation rate of fs laser ablation of polymernegligible.(2) However, when the laser fluence goes beyond
materials follows$%26:27 the critical fluence, the ablated depth in vacuum is higher

S ds than that in ambient air at a same laser fluence, and this
fs[ T—exp— o K9’ (3)  deviation increases as the laser fluence increases. The differ-

h men ence comes from the employment of different processing en-
wheren represents-photon simultaneous absorptign, the  vironment (in ambient air or in vacuuim According to
density of ground-state chromophor&s, the threshold pho-  Akozbek et al,?® when a strong fs laser pulse propagates
ton density forn-photon ablation,S, the incident photon through the air, self-focusing, and plasma generation process
density,K,=A, /7" ! the pulse-shape-dependent constant, take place and complete with each other. Self-focusing is the

1
d(um/pulse = v
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