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Abstract Picosecond laser single pulse ablation of Au, Al
and Ti alloy (Ti6Al4V) was experimentally investigated
with a laser pulse width of 10 ps at a wavelength of 1064 nm
for potential industrial micromachining applications. The
diameters, depths and morphologies of the drilled craters
were studied. Two novel phenomena were found: as hole
diameters decreased with fluence, a change of slope of the
trend line indicated a change in ablation mechanism for Al
and Ti alloy, metallic materials with short electron-phonon
coupling times (<10 ps), while Au showed no such transi-
tion: an isolated island structure was also observed on Au
due to significant melt expulsion. A one-dimensional two-
temperature model has been used to discriminate different
ablation phenomena. It is shown that metallic materials with
different electron—phonon coupling constant have different
ablation characteristics in the ps regime. This study could
be very helpful for metallic material micromachining with
high repetition rate ps lasers pulses which indicates that
high throughput may be achieved as well as good machining
quality.
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1 Introduction

Micromachining using femtosecond laser pulses has been
widely investigated in recent years because of its potential
for high precision and almost melt-free processing of ma-
terials. While the observed processing quality meets indus-
trial demands, processing speed is, however, still far from
adequate for industrial use [1]. Ultrafast pulse lasers with
significantly higher average power and repetition rate than
currently available will be required to overcome this limi-
tation [2]. Compared to complex and expensive femtosec-
ond laser systems requiring Chirped Pulse Amplification,
picosecond laser systems with compact scale, high average
power output and repetition rate may show significant ad-
vantages over femtosecond lasers. From a laser-materials
interaction point of view, Dausinger argued that the mere
reduction of pulse duration does not guarantee good ma-
chining quality and suggested that a pulse duration of 5 to
10 ps appears to be optimal for micromachining, especially
for metals [3]. A number of research groups has shown that
picosecond laser micromachining can produce high machin-
ing quality combined with efficiency [4-7].

According to the one-dimensional two-temperature
model, metals with different electron—phonon coupling con-
stants should have their own corresponding coupling time
ranges. Hence, for micro-structuring a metal with coupling
time in the ps regime, which is the timescale required for
the lattice to reach thermal equilibrium, the temporal pulse
width, whether fs or ps, should play only a minor role. In
this article, experimental results of single pulse drilling of
three metallic materials are presented: Au, Al and Ti alloy
(Ti6Al4V), with widely varying electron—phonon coupling
constants (see Table 1) by using a single 10 ps laser pulse
at 1064 nm wavelength. This is very useful to reveal aspects
of ps laser metallic material micro-structuring mechanism
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Table 1 Physical properties of

the three selected metals Metals
Au? Al* Ti6Al4V®

Heat Capacity, C;(x 10°Tm3 K1) 2.5 2.43 2.33
Electron-Phonon Coupling Constant, g(x10'6 Wm™3 K1) 2.1 56.9 40
Melting Temperature, T, (K) 1337 933 1941
Vaporization Temperature, 7}, (K) 3081 2740 3560
Heat Conductivity, K (Wm~!'K~1) 318 238 6.7

a .

Data are from literature 8, 9] Latent Heat of Melting, L, Jg~") 64.9 388 390
PPart of data are referred from Latent Heat of Evaporation, L, Jg~!) 1738 10800 8854
element Ti
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Fig. 1 Schematic illustration of the experimental set-up for single-pulse picosecond laser drilling. The laser beam goes along the path of the red

arrows as shown and finally focuses at the sample surface

without the complication of multipulse incubation effects.
Finally, the response of the materials after the laser pulse
drilling is investigated, by studying the morphologies of the
machined features which may be relevant to industrial ap-
plication.

2 Experimental setup

The laser used in this work was a custom made seeded
Nd:VAN regenerative amplifier laser system (High Q, Pho-
tonics Solutions) capable of running at up to 50 kHz rep-
etition rate with output wavelengths at 1064 nm, 532 nm
and 355 nm. Maximum pulse energy at 1064 nm was mea-
sured to be >250 uJ and temporal pulse width 7, = 10 ps
(FWHM), confirmed with an autocorrelator, while mea-
sured pulse-to-pulse stability was excellent, <0.5%. A pulse
picker followed the regenerative amplifier output hence al-
lowing single pulse to be selected by applying an appropri-
ate TTL signal to the controller. In addition, an internal at-
tenuator, software controlled, was used to vary the output
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pulse energy. Figure 1 shows the schematic of the experi-
mental set-up. The output beam traversed a beam expander
[M = 3] and was then directed to a scanning galvanome-
ter with f = 100 mm f-theta lens (Nutfield). Focused spot
size was observed to be ~22 pm, almost diffraction lim-
ited. Metallic material samples of Au, Al and Ti alloy were
mounted on a 5-axis Aerotech precision motion control sys-
tem running under NView MMI, which has a resolution of
0.5 pum. For these three metallic materials, the pulse energy
was increased from 0.2 pJ to 100 pJ and a series of holes
drilled by single pulse.

The micro-machining dimensions were observed with
a Nikon optical microscope with CCD camera and resid-
ual surface features and ablation depths determined using a
WYKO NT1100 optical surface profiling system.

3 Results

The expected 1/e? focused spot size (2wp) at the substrate
surface can be calculated from the following equation [10]:
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Fig. 2 Plot of Diameter Squared of single-pulse drilled holes against
logarithmic fluence. The data fit D?= 2a)(2) In(¢o/¢wm) reasonably well

when fluence is above 1 Jcm™2. The slopes indicate the spot diameter
is about 22 + 0.2 um. The solid line represents the least-squares fit
according to (2)

4
200 = — AL M?, 1)
T

where oy is the radius of beam waist, A (1.064 um) is the
wavelength, f (100 mm) is the focal length of the f-theta
lens, d (6.3 mm) is the diameter of expanded laser beam and
M? (1.1) is the beam quality factor. Using these values, the
focused waist diameter 2wp = 23.8 um.

Since the beam is near Gaussian, the ablated hole diam-
eter D, as a function of fluence ¢, should follow the equa-
tion [11]:

D* = 20§ In(¢/ ). ©)

where ¢y, is the ablation threshold. Figure 2 shows a plot of
the measured diameter squared versus fluence on a logarith-
mic scale for the three metals indicating satisfactory agree-
ment with (2) under median laser fluence between 1 J cm—2
and 30 Jcm™2. The slopes 2a)g are similar and infer a fo-
cused spot size of 22 + 0.2 um, close to the theoretical value
of 23.8 um indicating excellent beam quality. By extrap-
olation of D? to zero, the values for the ablation thresh-
old fluence, ¢ Ablation can be inferred to be 0.24 J cm~2,
0.37Jcm ™2 and 1.1 Jem ™2 for Ti6A14V, Al and Au, respec-
tively. These values should be higher than those of multishot
experiments due to the lack of incubation effect.

From Fig. 2, it can be seen that in the case of Al and Ti al-
loy, there is clear change of slope below fluence <1 Jcm™2,
indicating a change in the ablation mechanism, while for Au
no such regime exists. This may well be due to the relative
contribution of evaporation versus melting as peak intensity
is reduced and supported by the observed small burrs around
the irradiated areas (see Figs. 5a and 6a). By extrapolation
of D? to zero again, the values for the melting threshold
fluence, ¢n-Melting can be inferred to be 0.09 J cm~2 and
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Fig. 3 Variation of ablation rate with laser fluence for 10 ps pulse
duration laser ablation. The plot shows that a two-stage ablation mech-
anism applies. The solid line represents the least-squares fit according
to (3) and (4)

0.01 Jem™2 for Ti alloy and Al, respectively. Allowing for
the significant difference in melting points of Ti alloy and
Al (1649 K and 933 K, respectively, Table 1), the lower indi-
cated melting threshold of Al from Fig. 2 can be understood.

By measuring the holes depth with the WYKO NT1100
optical surface profiling system, the ablation rate could be
deduced. For single-pulse drilled holes, a spread in mea-
sured depth was observed; hence hole depths were estimated
by averaging over five drilled holes at each fluence, indi-
cated by the error bars in Fig. 3. Hole depth and hence the
ablation rate are shown as functions of laser fluence.

These results also indicate two stages of ablation, similar
to that observed with femtosecond pulses [12, 13]: for low
laser influence, the ablation rate per pulse can be described
by the expression:

L=a "In(p/8%), (©)

where L is the ablation rate per pulse, o~! is the optical

penetration depth, and ¢ is the threshold fluence. For high
laser influence, the ablation rate per pulse can be described
by the expression:

L=¢tIn(¢/¢f). 4

where L is the ablation rate per pulse, £ is the electron heat
diffusion depth, and ¢fh is the threshold fluence.

The slopes for fluence <3 Jem™2 in Ti alloy and Al in-
dicate optical penetration depths of 39 and 42 nm, respec-
tively, and increasing to 128 and 258 nm for higher fluence.
The optical penetration depths for Al of 42 nm and 258 nm
coincide with the value Le Harzic has reported of 40 nm and
260 nm, respectively [14]. In Au, the low fluence regime in-
dicates an optical penetration depth of 30 nm and increasing
to 190 nm when fluence was above 5 J cm™2 due to electron
diffusion.
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Fig. 4 Cross section profiles (upper) and 3-D images (lower) of single-pulse drilling of Ti alloy sample under varied laser fluence:
(a) F =1Jcm™2, ~4 times ablation threshold; (b) F =5 Jcm™2, ~20 times ablation threshold; (¢) F =20 Jcm™2, ~80 times ablation threshold
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Fig. 5 Cross section profiles (upper) and 3-D images (lower) of single-pulse drilling of Al sample under varied laser fluence: (a) F =1 Jem™2,
~3 times ablation threshold; (b) F =5 Jecm ™2, ~14 times ablation threshold; (¢) F =20 Jcm™2, ~54 times ablation threshold

Figures 4, 5 and 6 show cross section profiles of single  the hole depth is greatest for Al at about 100 nm at the
shot ablation of these three metallic materials with an in-  centre of the hole. The depths for Ti alloy and for Au are
creasing laser fluence of 1, 5 and 20 Jem™2 and their re-  approximately 40 nm and 25 nm, respectively. There is a
spective 3D surface features. Under a fluence of 1 Jem™2,  much deeper 200 nm circular slot along the edge area for
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Fig. 6 Cross section profiles (upper) and 3-D images (lower)
of single-pulse drilling of Au sample under varied laser fluence:
(a) F =1 Jem™2, ~ablation threshold; (b) F =5 Jem™2, ~5 times
ablation threshold; (¢) F =20 Jcm™2, ~20 times ablation threshold.

Au. When the fluence is increased above 5 Jcm™2, Ti alloy
and Al come into the second stage of ablation: the hole depth
of Ti alloy is 150 nm and 250 nm for Al. Meanwhile, Au is
still at the end of the first ablation stage with hole depth of
50 nm in the central area and 200 nm for the circular slot
in the outside edge area. When fluence rises to 20 Jcm™2,
all three metallic materials are in the second ablation stage.
Indications of shock wave effects on the Ti alloy sample
were observed with hole depth of 400 nm. Hole depth on
Al was 600 nm due to evaporation followed by significant
phase explosion. In the case of Au, the observed residual
micro-structure is quite different from Al and Ti alloy: there
is evidence of evaporation and melt expulsion, shown by the
smooth central area surrounded by a circular burr.

4 Discussion

Single-pulse 10 ps ablation experiments on three metallic
materials selected here for the wide variation in electron—
phonon coupling constant, g, demonstrate quite different ab-
lation characteristics. The one-dimensional two-temperature
model is considered to explain the observed phenomena.
This model describes temperature dynamics [15-17] as fol-
lows:

T2
¢ ot

oT, B kaTe
ot 9z

)—g(Te—Tz)+S(z, 1, (&)

b F=5Jcm?

¢ F=20Jcm?

The depths of red arrows pointed at (blue colour circled areas) showed
almost the same average value of 200 nm no matter what the laser flu-
ence were

o7,

C——=¢T.-T), (6)

ot

where C, and C; are the electronic and phonon heat ca-
pacities, respectively. The first equation describes (i) elec-
tron diffusion (k is the electron thermal conductivity),
(i1) electron—phonon coupling (coupling constant g), and
(iii) heating of the electrons by the laser pulse (the source
term S(z,t) is the absorbed laser energy density per unit
time). The diffusive term is absent in the second equation,
because heat diffusion occurs much more rapidly through
the electron gas than through lattice phonons.

From (5), one must compare results at the same ab-
sorbed energy density. For 1064 nm wavelength, reflectiv-
ity is strongly dependent on electrical conductivity. Metallic
materials with high electrical conductivity have higher val-
ues of infrared reflectivity [18]. For example, Au has about 3
times higher reflectivity than Al at room temperature. How-
ever, reflectivity decreases, as a rule, with rising tempera-
ture [19]. Wang et al. measured the time-resolved electron-
temperature of Au suggesting the electron system could get
to a high temperature of 0.3 eV in less than 1 ps [20]. There-
fore, it can be assumed for the first ps, these metallic mate-
rials have different reflectivity and after that, because of the
high electron temperature, the real absorbed laser energy is
approximately the same on each metallic material.

In this experiment, electron—phonon coupling time for
Au is about 119 ps, 4.3 ps for Al and 5.8 ps for Ti alloy ac-
cording to Chichkov’s method of 7ep = C;/g [21] and data

@ Springer



744

J. Cheng et al.

from Table 1, which means that the lattice will essentially
reach thermal equilibrium during the temporal pulse length
for Al and Ti alloy but certainly not for Au until much later
at time ¢ > 100 ps. The different electron—phonon coupling
times can also be used to explain the slope changes observed
in Fig. 2 for Al and Ti alloy, while none is observed for Au
under low fluence of 1 Jcm™2. Both Ti alloy and Al have
electron—phonon coupling time less than 10 ps, which means
stronger energy transfer ability from electron subsystem to
lattice and then large lattice temperature gradients. Figure 7
shows that for a Gaussian beam, there should be a melt-
ing threshold, @¢h-Melting, an ablation threshold, ¢h-avlation,
and their respective laser-irradiated diameters Dyelting and
Dablation- When the laser fluence rises to above approxi-
mately >1J cm™2, the high fluence regime, then Dpelting
and Daplation are similar, and the slopes with higher gradi-
ent (Fig. 2) are determined by the ablation diameter from
which the focused spot diameter is deduced. As fluence and
hence peak intensity is reduced, the relative contribution of
melting becomes more important, determining the surface
morphology. The observed slopes in the case of Al and Ti
alloy when extrapolated to zero may well indicate the melt
threshold. In the case of Au, which has such a long electron—
phonon coupling time leading to melting, the single thresh-
old corresponds to this melting threshold.

Referring to Fig. 3 on the measured ablation rates with
fluence, the low threshold regimes below a fluence of about
1-3 Jcm~2, demonstrate laser pulse coupling determined by
the optical penetration depth in the metallic materials and
emphasises the effect of electron—phonon coupling without
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Melting Area

Ablation Area
Fluence

$o

- th - Ablation

i & Qﬂf - Melting

>
Dabfation X

>
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Fig. 7 Schematic illustration of melting regime and ablation regime

for metallic materials with short electron—phonon coupling time. Note:
part of this figure is referred from [22]
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the complication of significant surface plasma. Then, the
melting threshold can be roughly estimated as

(Cl T + Lm)h

1-R @

Dth-Melting =
where R is the reflectivity, and % is the melting layer thick-
ness. Taking the optical penetration depths of 42 and 39 nm
for Al and Ti alloy, respectively, as 2 and R = 0.7 (an es-
timated value for mild laser intensity) into (7), the melting
thresholds of 0.03 Jem™2 and 0.07 Jcm ™2 for Al and Ti al-
loy are estimated respectively, in reasonable agreement with
experimental values.

From Figs. 4, 5 and 6, it can be seen that under 1J cm™2,
Al and Ti alloy have approximately the same diameter since
their electron—phonon coupling times are similar, while Au
has much smaller diameter because of its long electron—
phonon coupling time and hence larger ablation threshold.
Surface profiles of the holes for Al and Ti alloy look much
rougher and deeper than Au, which suggests much stronger
electron—phonon coupling and hence more ablation in these
two metallic materials.

From Fig. 6, it can be seen that, for Au, the deepest area
was not in the centre of the hole according to the laser in-
tensity profile but along the circular edge, generating an iso-
lated island independent of laser fluence. The depth of these
circular slots varied from 200—400 nm. For this phenom-
enon, according to Sparks et al. [23], heat diffusion length
can be described as follows:

£ =2 /KT, ®)

where ¢ is the heat diffusion length, « is the heat diffu-
sivity of the material, and T}, is the electron—phonon cou-
pling time. For Au, x = 1.28 cm?s™!, 7o, = 119 ps, hence
the heat diffusion depth is 240 nm, coincident with the slot
depth shown on Fig. 6. Therefore it is clear that it is the
electron—phonon coupling time, not the pulse width, which
determines the ablation in Au. Figure 8, for comparison,
shows the single-pulse ablation results on Au with a 180 fs
pulse width at a wavelength of 775 nm (Clark-MXR 2010).
Clearly, circular slots still occur along the irradiated area
boundary with depths measured again to be ~200—400 nm,
as with 10 ps pulses. The observed surface structure on Au is
clearly determined by heat diffusion since ¢ (heat diffusion
length) > optical penetration depth and almost independent
of temporal pulse width.

As for the burr edges, the long electron—phonon coupling
time combined with the high thermal conductivity in Au al-
lows the lattice to transfer heat more evenly in the irradiated
area. Just above ablation threshold, the liquid phase domi-
nates, and melt expulsion generates the circular burr edge as
molten material gets drawn from the central region. Even-
tually, the material cools and solidifies to create the island
structure.



Single-pulse drilling study on Au, Al and Ti alloy by using a picosecond laser 745

X Profile

. v

o n V

a F=1Jem? b

Fig. 8 Cross section profiles (upper) and 3-D images (lower) of
single-pulse drilling of Au sample by using a 180 fs laser at a wave-
length of 775 nm under varied laser fluence: (a) F = 1 Jem™2,(b) F =

5 Conclusions

Picosecond laser single-pulse drilling of Au, Al and Ti al-
loy was experimentally studied with laser pulse duration of
10 ps for potential micromachining applications. This work
demonstrates that two ablation regimes occur on Al and Ti
alloy during single pulse 10 ps ablation. Melting thresholds
of 0.09 Jem™ and 0.01 Jcm™ and ablation threshold of
0.24 Jem™2 and 0.37 Jem™2 for Ti alloy and Al, respec-
tively, were found. Al and Ti alloy, with strong electron—
phonon coupling, ablate easily and above 1 Jecm™2 show
evidence of strong phase explosion, while Au shows signifi-
cant melting, melt expulsion and consequent burr formation,
expected because of its long electron—phonon coupling time.
Comparative ablation on Au with fs pulses demonstrates
near identical surface geometry with burrs. Further experi-
ments of multipulse drilling and micro structuring are under-
way to evaluate 10 ps laser ablation quality and throughput
for industrial applications.
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