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Abstract

Lead-magnesium niobate lead titanate (PMN-PT) has been proven as an excellent material for sensing and actuating applica-
tions. The fabrication of advanced ultra-small PMN-PT-based devices relies on the availability of sophisticated procedures
for the micro-machining of PMN-PT thin films or bulk substrates. Approaches reported up to date include chemical etching,
excimer laser ablation, and ion milling. To ensure an excellent device performance, a key mandatory feature for a micro-
machining process is to preserve as far as possible the crystalline quality of the substrates; in other words, the fabrication
method must induce a low density of cracks and other kind of defects. In this work, we demonstrate a relatively fast proce-
dure for the fabrication of high-quality PMN-PT micro-machined actuators employing green femtosecond laser pulses. The
fabricated devices feature the absence of extended cracks and well-defined edges with relatively low roughness, which is
advantageous for the further integration of nanomaterials onto the piezoelectric actuators.

1 Introduction

Piezoelectric materials offer interesting properties for micro-
electro-mechanical systems (MEMS) including sensing
and actuating applications, as they provide wide dynamic
ranges, low power consumption, and low hysteresis values
[1]. Among them, lead—magnesium niobate lead titanate
(PMN-PT) crystals represent an ideal material for the fabri-
cation of actuators due to its giant piezoelectric response [2,
3]. In particular, piezoelectric actuators fabricated by fem-
tosecond laser cutting have been recently demonstrated for
tailoring the optical properties of nanomaterials [4, 5]; these
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devices are based on the inverse piezoelectric effect, where
the in-plane deformation state (strain) of a piezoelectric sub-
strate upon application of an out-of-plane electric field is
transferred to a medium bonded onto it. The practical imple-
mentation of such devices depends on the development of
adequate procedures to machine PMN-PT thin films or sub-
strates with strict requirements like spatial resolution within
the micrometric range, sharp edges, relatively low roughness
to allow fine control of small gaps between features, cleanli-
ness to allow for subsequent bonding and metallization steps
and quick fabrication to allow for repeated device develop-
ment/testing cycles. The patterning of PMN-PT substrates
has been performed by different means like wet etching [6],
dry etching [7], reactive ion etching [8], ion milling [3, 9],
and nanosecond UV laser ablation [7, 10].

The latter introduces roughening of the edges on the
scale of about 10 pm and consequently low definition in
their shapes. The rest of the approaches are based on the
use of lithography techniques involving the use of masks or
relatively complicated processes that make the whole pro-
cess slow; this is especially remarkable when relatively thick
substrates (200 pm to 300 pm) have to be cut through; for
this kind of substrates, wet-etching processes in particular
achieve limited steepness of the side walls, which in turn
limits the ability to fabricate devices with small gaps of high
aspect ratio. Moreover, since PMN-PT substrates are brittle,
simple and maskless fabrication procedures are desirable.
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Laser microfabrication with ultrashort pulses has been
established in the last 10 years as a reliable technique which
allows precise material ablation with very small effects on
the material surrounding the ablation zone [11]. Several
characteristics of ultrashort-pulse microfabrication are rel-
evant to the preparation of PMN-PT devices. The smooth-
ness of cut edges will prevent crack propagation and the low
angle and smoothness of cut walls will allow the prepara-
tion of devices with small gaps between features. In addi-
tion, the fabrication does not involve chemical substances,
whose residuals could be too aggressive for materials used
in further processing steps, and the process is flexible so
that devices with complex shapes can be easily fabricated.
In this work, we study the micro-machining of 300-microm-
eter-thick PMN-PT substrates by employing amplified laser
systems providing pulses with an energy of several pJ and
pulse duration of about 380 fs at the wavelength of 520 nm.
The processing parameters are optimized to obtain micro-
machined PMN-PT substrates with well-defined edges and
arbitrary shapes. We measure ablation rates for a range of
parameters and delimit the parameter region in which no
heat effects occur; we examine the formation of cracks at
the cut edges and the smoothness and angle of the cut walls.

2 Materials and experimental setup

500 micron-thick PMN,, ;; — PT, 54 crystals were purchased
from TRS Technologies, State College, Pennsylvania, U.S.A
(from now on referred to as TRS crystals). They were lapped
down to the thickness of 300 pum and mechanically polished.
For the ablation and cutting tests, we used a femtosecond
laser (Spirit®, Spectra-Physics) with a nominal pulse dura-
tion of 380fs and a pulse repetition rate settable to either
100 kHz or 200 kHz, further adjustable with the use of an
acusto-optical pulse picker. The laser was operated at its
second harmonic with a wavelength of 520 nm and was
focused by a 100 mm f-theta telecentric objective onto the
sample surface to a spot with a 7 pm radius (measured at
1/€? intensity). For most of the experiments presented in
this article, we used the base repetition rate of 100 kHz; we
performed some experiments using the 200 kHz base set-
ting obtaining modest but reproducible differences with
respect to the same experiments performed with the base
setting of 100 kHz (with the laser set so as to deliver pulses
with the same nominal parameters). We comment further
on this aspect that may indicate a sensitive dependence of
surface quality on pulse parameters, in our discussion of the
experiments below. For X-ray diffraction (XRD) analysis,
a PANalytical X’Pert Pro MRD diffractometer was used.
The high-resolution omega-2theta line scans were performed
with a hybrid monochromator in the primary beam path and
a Ge[220] analyser crystal in combination with a Xenon
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proportional counter in the secondary beam path. For recip-
rocal space mapping, the diffractometer was equipped with
a 1D PIXcel detector in combination with a Soller slit in the
secondary beam path. For all measurements, we used copper
k-alpha radiation, 8048 eV, with a corresponding wavelength
of 1.5406A.

3 Results and discussion
3.1 XRD characterization

Figure 1a shows a high-resolution omega-2theta scan per-
formed on a single crystalline [001]-oriented PMN-PT sub-
strate. The scan shows, as expected, a series of [00I] Bragg
reflections due to the fact that this set of lattice planes is ori-
ented parallel to the sample surface. In the zoomed-in region
around the individual Bragg reflections, [panel (b) of the
same figure], one can see a relatively large full-width at half-
maximum (FWHM) of the individual Bragg peaks in the
range of about 0.5° that is attributed to a more domain-like
structure of the PMN-PT substrate than expected for a per-
fect single crystal. A reciprocal space map (RSM) around the
(002) reflection is shown in panel (c) of Fig. 1, where a clear
broadening of the peak along the Q| direction indicates the
presence of domains with a tilt distribution (=~ 0.7°), whereas
the broadening along the Q, direction accounts for domains
with slightly different lattice parameters. These results dem-
onstrate that the PMN-PT substrates are not perfectly single
crystalline but rather a distribution of domains with different
tilt angles with respect to the [001] direction. This has an
impact on the mechanical stability of the substrates, since
the presence of possible defects at domain boundaries can
make the crystal more fragile and difficult to process. More
details about the substrates used in this work can be found
in [12].

3.2 Ablation threshold, ablation rate and heating
effects

We measured the ablation threshold for the PMN-PT crystals
using the method of Liu [13].

In this method, one plots the square of the radii of the
ablation craters generated by laser pulses versus the loga-
rithm of the pulse fluence; from these plots, one obtains
both beam radius and ablation thresholds with a linear fit.
Liu plots for single-pulse ablation of PMN-PT are shown in
Fig. 2; the measured value of the ablation threshold for the
TRS crystals is 1.10 + 0.07J cm~2 when using the 100 kHz
base rate setting and slightly lower, 0.9 + 0.1J cm~2, when
using the 200 kHz base rate setting.
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Fig.1 a High-resolution omega-2theta line scan of a

PMN, ;; — PT|,,9 [001] substrate; several (O0I)-PMN-PT Bragg peaks
can be identified in the scan. b Zoomed-in region around the (002)
Bragg reflections scan. A broadening of the individual Bragg peaks
(~ 0.5°) indicates a domain-like structure of the measured substrate
with a certain distribution of lattice spacings (with a relative variation

This ablation threshold for PMN-PT is higher than the
one found by Di Maio and co-authors for PZT ceramic for
120 fs pulses at the wavelength of 800 nm (0.38J cm™2) [14].

For both ablation and cutting, we move the laser beam in
sequence along parallel lines (see Fig. 3); in the following,
we will refer to the distance at which subsequent pulses hit
the surface of the material as “pulse spacing” and to the
separation between parallel lines as “line spacing”.

The ablation rate per unit energy varies as a function of
pulse energy, pulse spacing and repetition rate. The energy
dependence is due to physical processes which are especially

314 . : — log(Int) (cps)

Qy (A7)

of the lattice constant of &~ 1%). ¢ Reciprocal space map around the
(002) reflection. The broadening in O, can be attributed to a tilt distri-
bution of the individual domains with respect to the [001] crystalline
direction (at Q, = 0) and the broadening along Q, can again attributed
to slightly different lattice parameters present in the material

complicated for the case of dielectrics (see [15] and [16]);
for metals, where a considerable part of the absorption of the
light pulses is realized through linear processes, it has been
modelled by several authors [17, 18] by simply considering
that an optical pulse attenuates as it propagates inside the
material and causes ablation if the fluence is larger than the
ablation threshold; this model (which we call in the follow-
ing “logarithmic model”) predicts that there is an energy
at which the ablation is most efficient and has been used
for the modelling of ablation of glass as well [19]. Despite
its simplicity, the logarithmic model fits reasonably well
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Fig.2 Liu plot for the TRS crystals; a representative error bar is
shown on one of the experimental data points. The value of the
ablation threshold resulting from the fit is 1.10 +0.07 Jem=2. For
this plot, we used the 100kHz base rate setting of our laser; the
result with the 200 kHz base rate setting was slightly lower, equal to
0.9+0.1Jcm™2
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Fig.3 Illustration of the laser cutting procedure. Each circle rep-
resents a laser pulse incident on the sample surface; the laser beam
moves in sequence along parallel lines; we refer to the distance at
which subsequent pulses hit the surface of the material as “pulse
spacing” and to the separation between parallel lines as “line spacing”

our experimental ablation rate for acceptable values of the
parameters, as we will discuss in the next paragraphs.

The pulse spacing and repetition rate dependencies, in
general terms, result from a combination of heating and
incubation effects. Placing pulses closer to each other both
in time and space causes the sample to heat uniformly, as
each of the pulses releases some heat into the material and
the dissipation is not fast enough to cool the material down
before the arrival of the subsequent pulse (see, for example,
the review of Finger et al. [20]); the heating of the material
lowers the energy that must be deposited into it to reach
evaporation and, as a consequence, lowers the ablation
threshold and raises the ablation rate (see [21] for an exam-
ple of ablation rate increase in metals). An estimate of the
cooling time precise enough to be useful is made difficult
by the lack of an estimate of the energy penetration depth at
fluences below the ablation threshold; the knowledge that the
cooling time is of the order of microseconds (e.g., [22]) is
insufficient to predict whether the onset of heat effects will
be reached at, for example, 10 or 50 kHz.
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Incubation is the decrease in the ablation threshold of a
material with the increase of the number of laser pulses that
are applied to a given spot [23]; it can result in either an
increase [24] or a decrease [25] in the ablation rate depend-
ing on the mechanism and on the values of the related
changes of the physical properties of the material. We did
not perform any experiment to quantify the effect of incu-
bation in our case; however, it is sensible to expect it to be
similar for all parameter sets: in our experiments, differ-
ent parameter sets are not distinguished by the number of
pulses per unit area, what varies is the sequence of the pulse
placement.

We studied ablation as a function of the pulse energy/
pulse spacing/repetition parameters in the following way.
We ablated two grids of 0.5 mm-diameter circular pits using
the ablation strategy illustrated in Fig. 3. In the first grid,
we held the repetition rate fixed at 25 kHz and varied energy
(from about 0.4 to 5.8 pJ) and pulse spacing (from 2 to
10 pm), while in the second one we held the pulse spacing
fixed (at 5 pm) and varied energy (again from about 0.4 to
5.8 pJ) and repetition rate (from 12.5 to 100 kHZ); in both
cases, we set the line spacing equal to the pulse spacing,
so to have the surface uniformly covered with pulses after
each pass of the laser. For each pit, we chose the number of
passes to reach a depth in the range 10—40pm (obtaining a
number of passes between 3 and 60); for each pass, we chose
randomly the direction of the laser beam movement.

We measured the depth of the pits using a profilometer
(Dektak 8 Advanced Development Profiler); Fig. 4 shows the
ablated volume (calculated from the measured pit depths) per
unit energy as a function of pulse fluence. We obtained these
data with the laser base repetition rate fixed at 100 kHz (and
further adjusted with the help of the pulse picker). Ablation
rate measurements performed on different days differed by
about 10 % for pulse energies above approximately 2.5 uJ,
while were reproducible to a few percent for pulse energies
below this value; the variability might be due exclusively
to difference in laser parameters (e.g., small differences in
focusing), as different PMN-PT substrates measured on the
same day gave results in good accord with each other. The
larger variability at higher energies might as well be a sign
of a physical effect, which we were not able to identify and
might deserve further analysis. Ablation rate measurements
performed with the laser base repetition rate fixed at 200 kHz
(and corresponding adjustments to the pulse picker to obtain
the desired repetition rates) give results consistently lower
by about 30 % for pulse energies above 1 pJ, while they give
similar results for lower energies. A small difference in the
pulse radius between the two settings (the beam radius is of
about 6.4 pm when the laser is set at the base repetition rate
of 200kHz) is not sufficient to explain the difference using
simple models, such as the linear model that we discuss in the
following paragraph or a simple nonlinear absorption model.
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Fig.4 Ablation rate for PMN-PT crystals with a beam radius of 7 pm.
Upper panel: pulse spacing dependence; lower panel: repetition rate
dependence. Superimposed onto the experimental data is a qualita-
tive fit to the logarithmic model for ablation; the parameters for both
curves are fluence ablation threshold ¢, = 0.24Jcm™! and energy
penetration depth 6 = 0.10 pm. The threshold fluence found by the
model fit is marked in the abscissa as F,;, and the corresponding pre-
dicted optimal pulse fluence as e?F,,. The absolute error on the abla-
tion rate is relatively large (we estimate it to around 30 %), due to the
imprecise knowledge of the pulse length

We attribute then this difference to the only parameter we do
not have a direct measurement of, that is the pulse duration.
We add more detail about this issue in the discussion of the
surface quality, where we observed as well some differences
in the results obtained with the two laser settings.
Superimposed on the data, there is a qualitative fit to the
logarithmic model, according to the following equation that
takes into account the Gaussian profile of the laser beam [18]:

AV = %ﬂwozﬁlogz <;;::1>%, D
where AV}, is the volume ablated per unit energy, w,, is the
Gaussian beam radius, 6 is the energy penetration depth,
¢, and ¢y, are the fluence at the center of the beam and the
ablation threshold fluence, respectively, and E is the pulse
energy; one notices the sharp increase of the ablation effi-
ciency next to the ablation threshold, the slower decrease for
high pulse energy and the highest efficiency reached for an
energy of approximately e? times the threshold for ablation.
The parameters for both qualitative fits are ¢, = 0.24Jcm™1

and 6 = 0.10 pm; the fluence threshold is lower than the one
measured with the method of Liu for single-pulse ablation
and the energy penetration depth results from nonlinear
absorption, as PMN-PT is transparent in the visible spec-
trum [26]; the lower ablation threshold can be explained
by the phenomenon of incubation (discussed in the preced-
ing paragraphs). Despite the nonlinearity in the physical
processes of the ablation, the simple logarithmic model fits
reasonably well the shape of the curve of ablation rate ver-
sus energy using just two parameters. The character of the
ablation rate curve and the presence of an optimum energy
are thus at least approximately explained by the logarithmic
dependence of the ablation depth on the pulse fluence and
on the Gaussian beam profile; the ablation rate grows as the
square of the logarithm of the pulse fluence, because both
the ablation depths at points at which the fluence is above
threshold and the area of the points which are above thresh-
old grow as the logarithm of the pulse fluence.

Scanning electron micrographs of ablated surfaces are
shown in Fig. 5; ablation with 2 pm and 5 pm pulse spac-
ing result in an approximately smooth surface topography,
while the topography of the surface prepared with 10 pm
pulse spacing shows individual ablation craters and is for
this reason rougher. The smoothness of the surfaces prepared
with the 2 pm and 5 pm spacings is due to a molten layer
appearing on the surface itself.

The molten layer is evident in images at high magnifica-
tion (Fig. 6 is an example). The surface appearance did not
prove to be completely reproducible. We observed small dif-
ferences in the appearance of the molten material between
different experiments (which could be due to differences in
the material); in addition to this, in a group of two experi-
ments made with the 200 kHz base repetition rate setting the
molten material was not visible, and in its place flat hexago-
nal crystals (nanoplatelets) appear at the bottom of many of
the ablated pits for all processing parameters. We show them
in Fig. 7 for the case of 2 pm pulse spacing, 5.5 pJ energy,
and 25 kHz laser repetition rate. The origin of this interesting
phenomenon is at present unknown and may deserve further
investigation also in view of the apparent sensitive depend-
ence on laser parameters. We complete the discussion of
this issue repeating the remark that the only pulse parameter
of which we do not have a direct measurement is the pulse
duration (nominally equal to 380 fs for all laser settings);
the reason for the different duration could be in the different
conversion of the infrared laser pulses (which have differ-
ent energy in the two cases) in the nonlinear crystal. We
hypothesize, therefore, that the differences in ablation results
observed with different laser settings (and same nominal
output) should be due to differences in pulse duration.

The edges of the ablated pits (shown in Fig. 8 for the
100 kHz base repetition rate setting—case of molten layer—
and Fig. 9 for the 200 kHz setting—case of nanoplatelets) are
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Fig.5 Scanning electron microscope micrograph of ablated surfaces
for various ablation parameters. a Pulse spacing 2 um, energy 5.8 pJ;
b pulse spacing 5 pm, energy 5.8 pJ; ¢ pulse spacing 10 pm, energy
5.8 pJ. Repetition rate is 25 kHz for all images

generally good both for the 200kHz and the 100 kHz base
repetition rates, except for the case of base repetition rate
equal to 200 kHz and pulse spacing equal to 2 um, where
they are irregular; the jagged borders appear to result from
redeposition of ablated material, although the debris might
hide minor chipping (that is, separation of small fragments
of materials) of the edges. A good edge quality is more
difficult to achieve for cutting than for the ablation of an
extended region, as cutting is performed by moving the laser
in sequence along a few parallel lines; in the case of surface
ablation, we arranged the path of the laser so that there is

@ Springer

Fig.6 High-magnification scanning electron microscope micrograph
of an ablated surfaces obtained with pulse spacing 5 pm and energy
5.8 pJ. Repetition rate is 25 kHz. Molten material is apparent

Fig. 7 Electron microscope micrograph of pit bottom showing hex-
agonal crystals: pulse spacing 2 pm, energy 5.5 pJ, and repetition rate
25kHz

only one pulse per laser line next to the edge, so the edges
have more time to cool down between subsequent pulses,
while for the cuts all of the pulses are next to the edge. We
examine this case more in detail in Sect. 3.3.

In conclusion, with green pulses of the duration of 380 fs
and a beam radius of 7 pm it is possible to ablate approxi-
mately 0.4 mm? min~'W~! of PMN-PT without heat effects
and with limited redeposition of ablated material on the
surface; heating starts to affect ablation strongly with pulse
spacing below 5 um and with pulse repetition rate above
25kHz.

3.3 Edge and wall quality

The cutting of crystals is realized by placing several rows of
pulses next to each other (Fig. 3); repeating this procedure
with a Gaussian beam results in a V-shaped groove that,
when deep enough, separates two parts of the crystal. Two
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Fig.8 Scanning electron microscope micrograph of pit edges
obtained with laser base repetition rate of 100kHz. a Pulse spacing
2 um, energy 5.8 uJ; b Pulse spacing 5 pm, energy 5.8 pJ. Repetition
rate is 25 kHz for both images

issues arise. The first issue is that cracks appear more eas-
ily than in the case of surface ablation; the second issue is
that for a Gaussian beam the groove walls are inclined and
become steeper as the pulse energy grows.

Cracking in the ablation with ultrashort (ps) laser pulses
has been studied by Sun and co-authors for the case of glass
[27]. According to their study, cracks are caused by the
thermal shock of cooling; high temperatures in the case of
ultrashort pulses are caused by the accumulation of energy
released in the material by each of the pulses in a pulse train.

It is reasonable that in our experiments cracks should
appear in cutting rather than surface ablation, since cutting
and ablation are realized with different scanning strategies;
in the case of cutting, one is placing several lines of pulses
adjacent to each other, so that all of the pulses are close to
the edge, while in the case of ablation, as illustrated in the
previous section, laser scanning proceeds in random direc-
tions with respect to the edges so that usually just a few
consecutive pulses are placed next to an edge. In our experi-
ments, as we will discuss in the following paragraphs, we
have seen that cracking appears at the relatively low repeti-
tion rate of 25 kHz if the pulse energy is too high. As an
additional note, in the mechanism of cracking there may

Fig.9 Scanning electron microscope micrograph of pit edges
obtained with laser base repetition rate of 200 kHz. a Pulse spacing
2 um, energy 6.6 uJ; b Pulse spacing 5 pm, energy 6.6 pJ. Repetition
rate is 25 kHz for both images

be other components in addition to cooling shocks: cracks
have been observed in glass after three ps pulses delivered
at the frequency of 1 Hz [28] and under these conditions heat
accumulation can be excluded.

A qualitative explanation for the V-shape of the groove
(as, for example, discussed in [29]) is that after the first laser
pass the ablation is not uniform, but is deeper at the center
of the beam, where the fluence is higher; subsequent passes
of the laser ablate on an inclined surface, so that the pulse
fluence projected onto the surface becomes lower. Ablation
stops when the projected fluence is equal to the threshold
fluence, resulting in V-shaped grooves [see panel (a) of
Fig. 10 for examples of grooves cut in PMN-PT crystals];
an attempt to explain quantitatively the steepening of the
walls and the consequent stopping of ablation has been made
by Vazquez de Aldana and coworkers for the case of fused
silica including the details of propagation of the light pulses
in the developing groove [30]. In the following, we refer to
the stopping of ablation when the groove walls have reached
a limit angle as “saturation”. A steep wall allows narrower
cuts (fewer rows of pulses need to be placed alongside each
other to cut through the crystal thickness), so that cutting
is quicker and smaller features can be cut. Improving edge
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Fig. 10 a, b Wall angle as a function of pulse fluence for p- and
s-polarized light. ¢ groove depth as a function of pulse energy for
p- and s-polarized light. The grooves were cut till saturation; beam
radius is 6.5 pm, pulse spacing is 5pum and laser repetition rate is
25kHz. The cuts are realized by placing 5 parallel lines of pulse at
the distance of 5 pm from each other

quality by lowering the fluence then is achieved at expense
of the wall steepness.

To investigate these issues, we carried out a cutting
experiment. On a PMN-PT crystal, we placed five paral-
lel lines of pulses, each approximately 3.5 mm long, at the
distance of 5 pm from each other (as in the usual cutting
procedure) and we varied the pulse energy for two differ-
ent polarizations: perpendicular to the cutting lines (and so
p-polarized with respect to the walls of the resulting groove)
and parallel to the cutting line (and so s-polarized); the beam
waist was placed at the crystal surface.

Since from our ablation experiments (Sect. 3.2), we deter-
mined that heating effects are limited for pulse spacings of
5pum and higher and laser repetition rates of 25kHz and
smaller, we fixed 5 pm pulse spacing and 25 kHz repetition
rate as processing parameters for all cutting experiments.
We executed 500 passes to be sure that in all cases we cut
till saturation; with five cutting lines none of the grooves cut
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through the 300 pm-thick crystal, so that for each parameter
set it is possible to measure the maximum cutting depth.
For most of these experiments we used the 200 kHz base
repetition rate setting of our laser; we used the 100 kHz base
repetition rate for an examination of the quality of the full
wall (see the following for details) as well as a qualitative
check of edge quality, which did not result in evident differ-
ences with respect to the 200 kHz setting.

We measured the resulting cut depth, and we examined
the cut edge quality both at the optical and the scanning
electron microscope. For the measurement of the cut depth,
we embedded the processed crystal in resin and we sectioned
them, so that the measurements could be carried out with
an optical microscope. For this data set and the following
data set on surface cracks, the uncertainty on the knowledge
of the beam radius is larger than in the case of the abla-
tion rate experiments; this could possibly lead, in addition
to a relatively high uncertainty on the cutting depths, to an
overestimation of the maximum energy at which no cracks
appear (an underestimation of the beam radius is more likely
as an overestimation, as any imprecision in the placement of
the focus can only lead to larger beam radii).

A graph of the groove depths is shown in panel (c) of
Fig. 10. For a given energy, p-polarized light generates
deeper cuts than s-polarized light (a known fact in general,
see, for example, [31]). This can be explained with a larger
absorption of p-polarized with respect to s-polarized light
at the inclined walls; the price to pay is that with p-polar-
ized light cracks and chipping form more readily than with
s-polarized light. We do not possess a statistics on this very
time-consuming experiment, but we can assume that the
scatter of the results would be at least as high as the one
observed for the ablation rates.

The angles that the groove walls form with the horizontal
plane (in the following “wall angles”) are shown in panel
(b) of Fig. 10 (with the accompanying panel (a) showing
representative grooves) as a function of pulse fluence (the
most relevant parameter for the wall angle).

A high pulse fluence leads to steeper walls for both light
polarizations (advantageous, as smaller details can be cut
in the piezocrystals) but too high a fluence results in chip-
ping and cracking of the cut edges (see Figs. 11 and 13).
The walls of the cut are smooth in this material next to the
top (see Fig. 11). We analysed the full wall by cutting com-
pletely a 300 um-thick substrate with pulses of 5.5 pJ energy
using the repetition rate of 25 kHz and the pulse and line
spacing of 5 pJ for 30 parallel lines and 500 laser passes;
we placed the focus below the surface to avoid cracking (as
we discuss in more detail in the following paragraphs). The
resulting walls, shown in Fig. 12, are smooth with a small
amount of chipping at the wall bottom.

The edge quality has a strong dependence on the polariza-
tion of the incident light. Cuts performed with s-polarized
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Fig. 11 Scanning electron micrographs of cut edge (top row) and cut
wall (bottom row) for cuts performed with p-polarized light. Beam
radius at waist is 6.5 pm, pulse spacing is 5 pm and laser repetition
rate is 25kHz; the cuts are realized by placing 5 parallel lines of
pulses at the distance of 5 pum from each other; pulse energy is 3.5 pJ
(left column) and 5.7 pJ (right column); the beam waist is set at the
surface. The cut edge at 5.7 pJ is cracked and chipped, while at 3.5 pJ
the cracking is minimal; the cut walls are smooth in both cases

(a) e
upper edge 100 ym

lower edge

Fig. 12 Side walls of a complete cut of a 300 pm-thick PMN-PT
substrate realized with pulses of 5.5 pJ, repetition rate of 25 kHz and
the pulse and line spacing of 5 um for 30 parallel lines and 500 laser
passes; the laser focus is placed in the middle of the substrate. Left
column, s-polarization, right column, p-polarization; a, b Overview,
¢, d detail of upper edge, e, f detail of lower edge. The walls are
smooth with a small amount of chipping at the wall bottom

light chip and crack only at the highest pulse energy which
we used in the experiments (about 6.3 pJ) while cutting with
p-polarized light results in cracking already at 3.5 pJ; Fig. 13

(a)

Fig. 13 Optical microscope images of cuts performed in PMN-
PT crystals under different conditions. a Beam waist at the surface,
p-polarized light; b beam waist at the surface, s-polarized light. For
all images, the beam radius at waist is 6.5 pm, the pulse spacing is
5pm and the laser repetition rate is 25 kHz; the cuts are realized by
placing 5 parallel lines of pulse at the distance of 5pm from each
other; pulse energy is in each panel 4.5, 5.5 and 6.3 pJ for left, mid-
dle and right cut, respectively. For s-polarized light and the energy of
6.3 pJ cracks are observed only in some of the cuts (not shown in the
figure)

shows a comparison of edge quality for p- and s-polarization
cutting. Combining the data on the edge quality with the
data on the cut depth it would seem that cutting with s-polar-
ized light is more convenient than cutting with p-polarized
light, as it is possible to cut deeper given an acceptable edge
quality; with a fixed waveplate the polarization with respect
to the cut walls cannot be chosen if one is cutting a closed
contour and one could attempt to cut with circularly polar-
ized light as a compromise. In the literature several meth-
ods to tailor the light polarization, which in our case would
afford more control on the quality of cuts with different ori-
entations, have been studied; [32, 33] pursued the road of
dynamically changing the polarization, while [34] experi-
mented with circular, radial and azimuthal polarization,
which are insensitive to the direction of the cut (radial and
azimuthal polarizations approximate for a cutting process,

@ Springer
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Fig. 14 Optical images of
micro-machined 300 and

200 pm thick PMN-PT sub-
strates. a Design featuring three
legs with features in the micro-
metric scale fabricated in a

300 pm thick substrate. b Mag-
nified picture of (a), where the
gaps between the fabricated legs
are as small as 10 pm. ¢, d Opti-
cal microscope images obtained
in transmitted illumination of a
H-shape feature, fabricated in a
200 pm substrate, with gaps of
the order of 15 pm. Note that the
size of the gaps decreases from
top to bottom due to the inclina-
tion of the cut walls

respectively, p- and s-polarization states). A practical solu-
tion for a 300 pm-thick crystal with our 7 pm radius at the
waist, that allows us to circumvent the issue of polarization,
is placing the beam waist at approximately the bottom of
the crystal (a precise placement is irrelevant and is made
impossible by the fact that the substrates are coated with
photoresist to protect the surface from the fabrication dust);
in this case the quality of the edges is good up to relatively
high pulse energy independently of polarization, allowing
one to disregard polarization issues in practical fabrication.
Using this placement of the focus we were able to use a
pulse energy of 5.5 uJ and still obtain a good edge quality;
as an added advantage, with this placement of the focus one
avoids the readjustment of the beam focus with the progres-
sion of cutting. Note that when ablating with pulse energies
sufficiently higher than the threshold small focal shifts influ-
ence just weakly the ablation rate and may even lead to its
increase [35]. We summarize practical device fabrication
further in Sect. 4.

In conclusion, a good compromise between processing
speed and surface/edge quality is a pulse energy of 5.5 uJ
with a beam waist of 7 pm, a repetition frequency of 25 kHz
and the placement of the beam waist below the surface of a
thick substrate; with these parameters one is able to ablate
approximately 0.06 mm® min~' of PMN-PT. With these
parameters it is necessary to place the beam waist under the
surface of the PMN-PT substrate to obtain crack-free edges.
As a compensation for the reduced fluence at the surface,
one is able to cut substrates of 300 pm (and over) of thick-
ness without adjustment of the beam focus.

@ Springer

In Fig. 14, we show optical images of 300- and
200-micrometer-thick PMN-PT substrates cut with complex
shapes. These substrates were cut with the optimized condi-
tions described in the preceding paragraph to have sharp and
well-defined edges. Electrical contacts have been fabricated
on both sides of the piezoelectric substrate and a voltage
ramp was applied in several cycles to further check the per-
formance of the fabricated micro-machined substrates. We
did not observe any evolution of cracks and we found that
the electrical response of the devices was stable. We believe
that the fabrication method presented in this work opens up
new possibilities for the development of advanced piezoelec-
tric devices, where precise micro-scale feature definition is
mandatory.

4 Conclusions

Ultrafast laser microfabrication is a flexible and rapid way to
obtain devices from PMN-PT crystals. A good compromise
between processing speed and surface/edge quality is a pulse
energy of 5.5 pJ with a beam waist of 7 pm, a repetition fre-
quency of 25 kHz and the placement of the beam waist below
the surface of a thick substrate; with these parameters one
is able to ablate approximately 0.06 mm? min~ 1 of PMN-PT
and mm-sized devices with deep (300 um) structures and
gaps smaller than 50 pm can be obtained in under 30 min-
utes. The fabricated devices were tested after evaporation of
gold electrodes by cycling 10 times voltage ramps from 0 V
to 200 V. No visible degradation (evolution of cracks) was
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observed on the machined crystals after this process. Hence,
such micro-machined crystals can be successfully employed
for actuating applications as demonstrated in some of our
recent works [4, 5, 36-38].
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