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length. A transition pulse length is defined as the point at
which the laser affected material goes from being mainly
vaporized to mainly melted. This transition occurs near
∼10 ps which corresponds approximately to the electronphonon relaxation time for copper.
PACS 62.20.Mk;62.25.+g;79.20.Ds
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Introduction

Although a significant amount of work has been done on
laser-induced surface damage resulting in the formation
of shallow holes [1, 2, 3, 4, 5], the production of high aspect ratio holes is also scientifically and technologically
relevant (see, e.g., [1, 6, 7, 8, 9, 10]). Previous work on
high aspect ratio holes has shown that ablated material
is redeposited on the side of the holes [9]. Liquid ejection and nanoparticle formation can also occur and have
an important impact on laser drilling [10, 11, 12]. It has
been shown that lower pulse lengths lead to cleaner holes
[1] and that at high fluences drilling rate is higher when
the holes are drilled in vacuum versus air [13]. However,
systematic quantitative studies are lacking on the effect of
parameters such as pulse length and environment on the
morphologies obtained inside the laser drilled hole.
Here we present a detailed study of high aspect ratio
holes drilled in copper sheets. For the first part of this paper, the hole formation was monitored in-situ with a photodiode placed under the sample and we systematically
varied the pulse energy and number of pulses per hole.
Then the effect of pulse lengths, from 150 fs to 7 ns, on
the entrance and inside hole morphology and on the photodiode signal was investigated. Finally, the differences
between drilling in air versus vacuum are presented.

Abstract
Deep laser holes were drilled in copper sheets using various pulse lengths and environments. By recording the
intensity on a photodiode placed under the sample while
drilling the holes, the number of pulses to drill through
the sheet was obtained as a function of pulse length and
energy. The entrance diameter of the holes was successfully predicted using a Gaussian approximation and a material removal fluence threshold of 0.39 J/cm2 for a pulse
length of 150 fs. From cross sections of the holes, the
morphology of the inside walls was observed and shows
an increase in the amount of molten material with pulse
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(a)

600 fs, 1 ps, 3 ps, 10 ps and 35 ps were obtained by varying the pulse compression in the compression stage. A
pulse length of ∼220 ps was obtained when by-passing
the compressor stage and one of ∼7 ns by blocking the
entry of seeded pulses into the amplifier. A non-collinear
second-order autocorrelator with a 500 µm thick KDP
crystal was used to determine pulse lengths except for the
7 ns case. In the latter case, a communications signal analyzer and an InGaAs photodiode with a manufacturerquoted 18.5 ps FWHM impulse response were used.
In order to quantify the laser drilling process, a reversebiased Si photodiode with an area of ∼1 cm2 was placed
under the sample. This photodiode was connected to a
boxcar integrator which outputs to a data acquisition computer. As long as the laser hole does not reach the bottom
of the sheet, the intensity on the photodiode is zero. An intensity increase from zero on the photodiode corresponds
exactly to the point at which the laser just reached the
bottom of the sheet. Furthermore, by recording the photodiode signal as the hole is being drilled, information on
the hole broadening on the exit side and on the drilling
process can also be obtained.
Finally, in order to obtain information on the morphology inside the hole, the laser holes were cut as shown in
figure 1 using a microtome which consists of an extremely
sharp diamond knife. This ensures a clean cut without introducing damage in the material. The cut was done without lubricant in order to preserve the interior of the hole
as-drilled. The hole cross section was then observed in a
scanning electron microscope as shown in figure 1(c).

(b)

(c)
Figure 1: Schematic drawing showing (a) a 100 µm thick
sheet containing 10 µm diameter through holes and (b)
the results of a microtome cut. (c) Cross section of a laser
hole drilled in air with 30000 pulses per holes and with a
pulse length of 35 ps.

2

Experimental procedure

The material used is high purity copper (99.999%). It was
received in the form of a 100 µm thick sheet and was
annealed in order to achieve a grain size of the order of
300 µm. As the final laser holes are ∼10 µm in diameter,
the laser holes drilled though the thickness of the sheet are
drilled almost in a single crystal and we can neglect grain
boundary effects. The laser set-up, which includes a vacuum chamber placed on a translation stage, is described
elsewhere ([14]). Several parameters were varied, namely
environment (air, and rough vacuum of ∼0.1 mbar), number of pulses per hole (from 1 to 30000 pulses) and incident pulse energy (from 0.89 to 20 µJ). Pulse energies were measured using a semiconductor power-meter
with a quoted accuracy of ±5%. For all experiments presented here, we used a rotating polarization obtained with
a spinning zero order half wave plate (rotating ∼15◦ /ms).
The same focusing element (5× microscope objective)
was used in all cases providing a ∼5 µm spot radius.
Pulses at 1 kHz repetition rate were obtained from a regeneratively amplified Ti:Sapphire laser system employing chirped pulse amplification. Pulse lengths (full-width
half-maximum, FWHM) of approximately 150 fs, 300 fs,

3

Pulse energy and number of
pulses per hole

3.1 Photodiode results
The parameters investigated in this section are the energy per pulse and the number of pulses per hole to drill
through a 100 µm thick copper sheet. A pulse length of
150 fs and a spinning polarization were used while the
drilling was done in air. Holes were drilled using several
energies and 30000 pulses per hole. The signal from the
photodiode placed under the sample is presented in figure 2 where arrows are relating the incoming laser pulse
energy to the corresponding curves. A similar labelling
2
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Figure 2: Results from the photodiode under the sample
while drilling holes at 150 fs in air with various pulse energies.
scheme is used for the other graphs in this paper, whereby
decreasing pulse energies correspond to decreasing final
intensities on the photodiode. In figure 2(b) the first deviation from zero photodiode signal corresponds to the
point at which the laser just drilled through the sample.
One can see that the higher the pulse energy, the lower
the number of pulses required to drill through the sheet.
The number of pulses to breakthrough as a function of
the incoming energy can be extracted from figure 2(b)
and is shown in figure 3. The increase in intensity after
breakthrough is related to the increasing diameter of the
exit hole. A steady state can be defined as the number of
pulses at which the intensity on the photodiode does not
vary significantly with number of pulses.

3.2

Figure 3: Number of pulses to go through the 100 µm
thick copper sheet at 150 fs in air.
of the Gaussian using the general equation for the fluence
of a Gaussian beam:


−2r2
φ(r) = φ◦ exp
(1)
ω◦2
where φ(r) is the fluence at a distance r from the Gaussian
middle axis and φ◦ the fluence on the middle axis. This
peak fluence is calculated from the incoming pulse energy
E by φ◦ = 2E/πω◦2 . The parameter ω◦ is defined as the
radius at which the intensity has decreased to 1/e2 of its
middle axis value. For the focusing objective used here,
ω◦ ≈ 5 µm.
In order to predict the steady state entrance hole diameters, a threshold fluence φth is defined as the fluence below which material removal does not occur. In the early
stages of drilling, when φ(r) ≥ φth on the rim of the hole,
the hole diameter is expected to increase until φ(r) < φth .
Therefore, the predicted steady state entrance radii rin of
the holes are defined for φ(rin ) = φth as:



φ◦
ω◦2
ln
rin =
.
(2)
2
φth

Entrance and exit hole diameters

The entrance and exit hole diameters were measured under an optical microscope after drilling with 30000 pulses,
reaching an approximately steady state configuration. The
evolution of the diameters as a function of incoming laser
energy is shown in figure 4. It can be seen that the higher
the energy, the larger the hole diameter and that the entrance hole diameters are larger than the exit hole diameters at a given energy. The higher the energy, the smaller
the difference between the entrance and exit hole diameters. In the following, we attempt to predict the entrance
hole diameters using a simple Gaussian approximation. A value of φth ≈ 0.39 J/cm2 was found to best fit the
Assuming that the laser beam has a Gaussian intensity experimental results and the evolution of rin with incomprofile, it is possible to calculate the fluence in the wings ing laser energy is plotted in figure 4. Although the fit is
3
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4

Pulse length

4.1 Expected effects of pulse length
During laser micromachining of metals, the laser beam
transfers first almost exclusively its energy to the conduction band electrons. Because the electron-electron energy
transfer occurs over very short times, it is the electronphonon relaxation time that controls material vaporization and/or melting when drilling with ultrashort laser
pulses. For copper, the electron-phonon relaxation time
is of the order of a few picoseconds [17, 18]. In the twotemperature model used to describe short pulse laser irradiation of metals, the nature of the material evolution
process is affected by the laser pulse length with shorter
pulses producing less molten material [1]. We expect a
transition in the material removal mechanism and drilling
efficiency for pulse lengths close to the electron-phonon
relaxation time. However, this transition could be affected
by various mechanisms such as plasma formation, material redeposition in the hole, and ejected material which
could interfere with the incoming laser pulse. In the following sections, we investigate the effect of pulse length
on hole morphology and photodiode signal.

Figure 4: Experimentally measured entrance and exit hole
diameters for laser holes drilled with 150 fs, 30000 pulses,
in air for various energies. The predicted entrance hole diameter assumes a Gaussian beam profile with an ablation
threshold φth =0.39 J/cm2 . The uncertainty on the experimental hole diameters measurement is ±0.5 µm. Also
shown is the pulse energy lost by the laser pulses passing through the hole after 30000 pulses as a function of
incoming pulse energy.

4.2 Photodiode signal
restricted to data corresponding to the wings of the beam
spatial profile, one can see that the prediction using a simple Gaussian approximation is in good agreement with
the experimental results. The value of φth ≈0.39 J/cm2
is however somewhat larger than the values found in the
literature for the fluence threshold of copper for comparable multiple pulse irradiation conditions [2, 15, 16] in the
low-fluence ablation regime. The prediction of the exit
hole diameter has not been attempted here due to the complexity of laser beam propagation within the hole which
is difficult to precisely quantify.
The maximum photodiode signal at a given energy in
figure 2(a) can be compared to the signal obtained using the same pulse energy but without the copper sheet
present. The difference between these two voltages at
steady state can be converted into absolute value of energy lost in the hole which is around 1 µJ (figure 4). Interestingly, this value is fairly independent of the energy
of the laser beam.

The results obtained from the photodiode placed under
the sample during the laser drilling process are presented
in figure 5 and give more insight into the mechanisms
of laser micromachining with ultrashort pulses. Up to a
pulse length of 1 ps, the curves are very similar. However,
for pulse lengths of 10 ps and 35 ps, the curves are much
noisier, while for the 220 ps and 7 ns cases, the curves
are less noisy again. This behavior might be attributed to
plasma formation. Plasma effects associated with ultrashort pulse irradiation of solids are well known (see, e.g.,
[6, 19]). Mao et al. [20, 21] have discussed early-stage
plasma effects associated with picosecond laser irradiation of a copper target, and concluded that laser-target-air
interactions can be important for plasma initiation. The
fluctuations in photodiode signal observed in the present
work are most evident for pulses of intermediate duration,
and under conditions where the hole size is not changing
significantly. Further investigation will be required to elucidate the mechanisms.
4
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5: Photodiode results for holes drilled in air using 30000 pulses per hole. The pulse lengths presented here are
(a) 150 fs, (b) 1 ps, (c) 10 ps, (d) 35 ps, (e) 220 ps and (f) 7 ns.
Another interesting feature is found in figure 5(c), (d)
and (e). Early in the drilling process, a “spike” is sometimes observed in which the photodiode signal increases,
then decreases with further irradiation (see figure 6). This
may occur multiple times before the signal rises permanently for the rest of the drilling. This behavior suggests
that the laser beam drilled through the whole sheet followed by the closure of the hole. We attribute the closure
of the hole to the deposition of material into the hole. This
rise and drop in photodiode signal occurred at approximately the same number of pulses in multiple trials. To
confirm that the spikes are not an artefact, additional tests
were performed in which the drilling was stopped within
the spike. A transmission light microscope was then used
to confirm the complete drilling through the sheet.
Finally, from the curves presented in figure 5, the number of pulses to go through the 100 µm thick sheet can
be extracted and is plotted in figure 7 as a function of
Figure 6: Close-up of figure 5(d) showing spikes in the pulse length for various laser energies. The number of
early stages of drilling.
pulses to go through the sheet is defined as the point at
which an increase in the photodiode signal leads to a permanent opening of the hole (the spikes described earlier
are not taken into account here). One can see in figure 7
that the number of pulses required to go through the sheet
generally increases with increasing pulse length. As the
5
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7 ns. For pulse lengths between 150 fs and 1 ps (including 300 fs and 600 fs), regular ripples are seen on the wall
of the holes. However, for a pulse length of 10 ps and
35 ps, in addition to areas of ripples, smoother sections
are present, suggesting that large quantities of material
were molten. The ripple spacing does not significantly
change with pulse length and is around 300 nm. A previous investigation has suggested that these ripples are the
result of light interference effects [22]. For pulse lengths
of 220 ps and 7 ns, only smooth material is seen indicating substantial melting and resolidification. When the
holes are drilled in vacuum (figure 9), the rippled structure does not form but instead the surface appears as if
liquid droplets impinged on the surface and resolidified
rapidly. The size of these features is relatively constant
up to 10 ps and is about 200 nm. However when increasing the pulse length beyond 10 ps, the size increases significantly (from 350 nm for 35 ps to more than 3 µm for
7 ns). This suggests again that for pulse lengths larger
than ∼10 ps, longer pulses produce more molten material.
Similar conclusions can be drawn when examining
SEM images of the entrance of laser holes drilled using
various pulse lengths in air (figure 10). For pulse lengths
between 150 fs and 1 ps, fine debris is redeposited on the
sample surface. A magnified view of such debris (figure 11) shows its nanoscale structure which mainly consists of vaporized material containing nanoparticles. The
amount of vaporized debris decreases in the 10 ps and
35 ps cases and minimal debris can be seen in the 220 ps
and 7 ns cases. However, in the latter cases, a tall rim of
molten material is forming around the hole and above the
sample surface. This again suggests that a transition takes
place after few picoseconds between an ablation regime
where the material is mainly vaporized to one where it is
mainly melted.

Figure 7: Number of pulses needed to go through a
100µm thick copper sheet as a function of the pulse length
for different pulse energies in air.
pulse duration is increased, a sharp increase in the number of pulses is observed for high energies. This increase
occurs at longer pulse lengths for higher energies. This
could be explained by material redeposition in the hole
and could be related to the spike formation. In the 220 ps
case, the number of pulses to go through the sheet is relatively high for all energies and for this pulse length, spikes
are observed for almost all energies. In the 35 ps case, the
two highest energies require relatively few pulses to go
through whereas the remaining energies need many more
pulses. Interestingly, the two highest energies do not have
spikes but the following energies do. In the 10 ps case,
the four highest energies require relatively few pulses to
go through and spikes start to form only at the fifth highest
energy. At 7 ns, the number of pulses to go through is relatively low again and no spikes are observed on the photodiode signal. This suggests that after a spike formed,
many more pulses are then required to drill through the
hole. These results suggest the importance of material redeposition and hole closure on the drilling efficiency.

4.3

5

Hole morphology

The wall morphology of the holes has been investigated
by cross sectioning the holes along their length using a
microtome. Figure 8 shows selected SEM micrographs
from near the middle of hole cross sections for samples
machined in air with an energy of 10 µJ, 30000 pulses
and pulse lengths of 150 fs, 1 ps, 10 ps, 35 ps, 220 ps and

Atmosphere

Figure 12 shows two holes drilled with a pulse length of
150 fs, a pulse energy of 0.89 µJ and 1000 pulses per hole.
One was drilled in air (figure 12(a)) and the other in a vacuum of ∼0.1 mbar (figure 12(b)). It is clearly seen that
when air is present, material is redeposited on the sample
surface but when the hole is drilled in vacuum, the sample
6
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8: SEM images taken from the middle of laser-produced holes drilled in air using a rotating laser polarization,
an energy of 10 µJ and 30000 pulses per hole. The pulse lengths presented here are (a) 150 fs, (b) 1 ps, (c) 10 ps, (d)
35 ps, (e) 220 ps and (f) 7 ns.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 9: SEM images taken from the middle of laser-produced holes drilled in vacuum using a rotating laser polarization, an energy of 10 µJ and 30000 pulses per hole. The pulse lengths presented here are (a) 150 fs, (b) 1 ps, (c)
10 ps, (d) 35 ps, (e) 220 ps and (f) 7 ns.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 10: SEM images taken from the entrance of laser holes drilled in air using a rotating polarization, an energy of
6.8 µJ and 30000 pulses per hole. The pulse lengths presented here are (a) 150 fs, (b) 1 ps, (c) 10 ps, (d) 35 ps, (e)
220 ps and (f) 7 ns.
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Figure 11: SEM image of the debris deposited close to a
10 ps laser hole drilled in air showing the small copper
Figure 13: Signal from the photodiode while drilling in
particles trapped in a much finer nanostructured foam.
vacuum with 10 ps pulses.

(a)

(b)

Figure 12: SEM micrograph of the entrance of a laser hole
drilled with a pulse length of 150 fs, an energy of 0.89 µJ
and 1000 pulses (a) in air and (b) in vacuum.
surface is much cleaner. A difference between drilling in
air versus vacuum is also seen by comparing the photodiode results shown in figure 13 to those in figure 5(c). One
can see that for holes drilled in air, the photodiode results
are much noisier than when the holes are drilled in vacuum. Furthermore, the number of pulses to drill through
a copper sheet (figure 14) shows variations in drilling efficiency when drilling in air or vacuum environments. The
results show that drilling in air leads to higher ablation
rates at low energies. However, for high energies, the ab- Figure 14: Number of pulses to go through a 100 µm thick
lation rate is higher in vacuum. We observed this behavior copper sheet as a function of laser pulse energy for two
for the two pulse lengths investigated (150 fs and 10 ps). pulse lengths in air and vacuum.
These results are consistent with those of Wynne and Stuart [13] for holes drilled in aluminum and stainless steel.

10
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6

Summary and conclusions

It has been shown that the number of pulses to drill
through a metallic sheet can be accurately determined by
recording the energy going through the hole on a photodiode placed under the sample. A steady state is defined
when the hole is fully formed and corresponds to the number of pulses at which the intensity on the photodiode no
longer varies appreciably. It was found that the entrance
hole diameter can be predicted using a simple Gaussian
approximation and assuming a material removal fluence
threshold of 0.39 J/cm2 for a pulse length of 150 fs. It
was also shown that the energy lost in the hole once the
hole is fully formed is almost independent of pulse energy
and is on the order of 1 µJ.
At a pulse length of several picoseconds (1-10 ps) there
appears to be a transition from the material being mainly
vaporized to being mainly melted. The morphology of
the walls of laser holes drilled in air with 30000 pulses
show that below 10 ps, ripples can be seen and that at
10 ps and above, larger quantities of material have been
melted. When holes are drilled in vacuum, the typical
size of impacted molten droplets on the wall surface is
approximately constant below 10 ps and increases above
that pulse length. Finally, observations of the entrance
surface of laser holes reveal large quantities of vaporized
material for pulse length smaller than 10 ps, while less
vaporized and more molten material are seen above 10 ps.
This transition pulse length of a several picoseconds is
similar to the electron-phonon relaxation time which is
on the order of a few picoseconds in copper.
It was shown that at pulse length near a few tens of picoseconds, the laser drilling is perturbed, leading to a fluctuating signal on the photodiode. This perturbation of the
transmitted laser beam could be due to plasma formation
in the hole. Furthermore, the “spikes” on the photodiode
signal suggest that material is redeposited in the hole and
causes a significant decrease in the drilling efficiency.
We can conclude that pulse lengths of a few picoseconds (∼1-10 ps) are almost as efficient as their femtosecond counterpart and lead to the same morphologies inside
the hole. However, short picosecond systems can have
several advantages compared to their femtosecond counterpart such as lower complexity and lower cost (see, eg.
[23]). Furthermore, increasing the pulse length to a few
picoseconds would greatly reduce the intensity and thus
11

x-ray yield [24], reducing possible health hazards without substantially affecting the final material morphology.
Therefore, a few picoseconds would be a pulse time scale
of choice in the micromachining of metals.
In a more practical point of view, we showed that a variety of microstructural formations can be obtained in and
on the surface of laser drilled holes. Smooth surfaces are
generally preferred for precision machining and microfluidics whereas rippled structures can find applications in
grating fabrication and adhesion of deposited materials.
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[18] C. Schäfer, H. M. Urbassek, L. V. Zhigilei, Physical
Review B, 66, 115404, 2002
[19] M.M. Murnane, H.C. Kapteyn, M.D. Rosen, R.W.
Falcone, Science, 251, 531-536, 1991
12

