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Abstract

Due to its outstanding piezoelectrical properties, single-crystal PMN-PT has proven to be a very promising material for
actuator applications. However, PMN-PT is very difficult to process by conventional technological methods since it is very
sensitive to thermal and mechanical load. In this work we demonstrate that surface structuring as well as high aspect-ratio
cutting is possible using a femtosecond laser. We realised a laser generated actuator platform for tuning the optical
emission of an entangled photon source by introducing biaxial strain. The strain-tuning device with a size of 5x5 mm? is
realized in a two-step laser process where the electrical contacts for individual control of six actuator legs are structured
by selective laser removal of a thin gold layer, followed by the PMN-PT structuring and cutting process. This method is to
our knowledge unique for realizing complex and miniaturized actuators based on single crystal piezoelectrical materials.
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1. Introduction

In the field of novel actuators, single-crystal PMN-PT has proven to be a very promising piezoelectric
material. However, the possibility of using this material with high innovation potential depends essentially
on the extent to which it can be processed with the necessary precision and quality. Previous approaches
are chemical etching (Peng et al., 2008), reactive ion etching (Zhang et al., 2015), UV laser ablation (lvan et
al., 2012; Lam et al., 2013) or ion milling (Chen et al., 2017). With the chosen method, the crystalline quality
of the substrate must be preserved as much as possible during processing. Furthermore, the weakening of
the strength through the introduction of cracks must be minimised as far as possible. The mentioned
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methods have disadvantages like the long processing time, the introduction of too much damage to the
substrate material or the limited flexibility.

We show in this work that processing with the fs-laser is a promising method for the creation of complex
and miniaturized actuators based on PMN-PT single crystals. It allows the realisation of arbitrary geometries
with minimal mechanical as well as thermal stress. In addition, the non-thermal ablation process does not
affect the crystalline structure near the processed edges, which allows the realisation of actuators without
limiting the material performance. An additional advantage of processing with the femtosecond laser is the
mask-free processing in the micrometre range. Since the substrates are usually not in wafer form, the
implementation of standard technology processes is more difficult. We demonstrate the realization of a six-
leg piezo actuator based on PMN-PT, a configuration used for biaxial strain-tuning of quantum dot entangled
photon emitters (Lehner et al., 2023; Lettner et al., 2021; Martin-Sanchez et al., 2018; Martin-Sanchez et al.,
2016; Rota et al., 2022).

2. Material and Methods

For this work single crystal PMINO.71 - PT0.29 (TRS crystals) with a thickness of 500 um and a size of 10x10
mm? was used. The piezo substrates were lapped down to the thickness of 300 um and mechanically polished.
Subsequent physical vapor deposition of thin metallic layers (10 nm Ti/100 nm Au) on both sides forms the
electrical contacts of the piezo actuator.
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Fig. 1. Process chain for the fabrication of a piezo actuator device using femtosecond-laser structuring and cutting.

The process chain for the laser fabrication of the piezo actuators is shown schematical in Fig. 1. In a first
step, the gold layer is patterned by selective laser structuring (see Fig. 1 (a)). This allows the actuator leg
contacts to be created. As a next step the piezo substrate is covered with a thick layer of PVA (poly vinyl
alcohol) (see Fig.1 (b)). Following this, the actuator legs are generated by laser cutting (see Fig.1 (c)). In the
same process step the substrate is separated into four identical actuator chips. The debris, deposited in the
vicinity of the cutting paths, is then removed by a washing step where the water solvable PVA layer is removed.
This allows a complete fabrication of four actuator chips with a fast and flexible process and is advantageous
for further integration to realise a complete platform.

For the selective structuring step as well as the cutting task we used a femtosecond laser (Spirit®, Spectra-
Physics) with a pulse duration of 380 fs and a pulse repetition rate of up to 1 MHz. For the selective structuring
of the gold layer the laser was operated at a repetition rate of 1 MHz which was reduced to a frequency of 100
kHz by means of an acousto-optic modulator. In this laser operation regime, the low pulse energy levels
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required for selective ablation of thin metal films can be set with the needed accuracy. Higher values of pulse
energy are necessary for cutting the actuators. For this reason, the repetition rate was set to a value of 200
kHz where the laser offers its maximum pulse energy. Due to the high thermal sensitivity of the material and
the tendency to form cracks and chippings, it was necessary to reduce the frequency to 25 kHz by using the

acousto-optic modulator.
The laser was operated at its second harmonic with a wavelength of 520 nm and was focused by a 170 mm

f-theta objective onto the sample surface to a spot with a 21 um diameter.

3. Results and Discussion

3.1. Selective ablation of thin metal layer

Due to the temporal decoupling of energy input and material removal, machining with ultrashort laser
pulses shows precisely defined values of the ablation threshold. A well established procedure for determining
the ablation threshold as well as the beam diameter when using lasers with Gaussian beam profiles is Liu's

method (Liu, 1982) .
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Fig. 2. Liu plot of the single pulse ablation thresholds ¢ of gold as well as PMN-PT. The gold layer shows a significantly lower ablation
threshold compared to PMN-PT enabling selective gold removal.

In this method, one plots the ablated circular area generated by laser pulses versus the logarithm of the
pulse fluence; from these plots, one obtains both beam radius and ablation threshold with a linear fit. Liu plots
for single-pulse ablation of PMN-PT and the gold layer are shown in Fig. 2; the measured value of the ablation
threshold for PMN-PT is 0.45 J cm™2 and for gold is 0.14 J cm™2. This offers a process window for structuring the
gold layer without any material removal of the underlying substrate.
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Fig. 3. The schematic image shows the design of the piezo actuator. The yellow part represents the substrate with the gold layer and
the grey part is the area where the metal layer will be removed to form the electrical contacts. The blue lines show the cutting paths for
the subsequent laser cutting of the final piezo actuators and the chip separation. The microscope image on the right shows the central
part of the actuator after removing of the gold layer.

For the thin film removal, the contact geometry (grey area in Fig. 3 left) was filled with a line pattern with
a pulse spacing of 5 micrometres. The pulse repetition rate was 100 kHz and the pulse energy was set to 0.8
). The fluence used for layer removal is with a value of 0.13 J cm? outside the previously determined process
window. This can be explained by the fact that the ablation thresholds are determined for single pulses.
However, the ablation threshold decreases when machining with multiple pulses due to accumulation effects.
This is the case with a pulse overlap of 75% as in our case. After two repetitions of the hatch pattern, the gold
layer was completely removed as can be seen in the optical microscope image of Fig. 3 on the right.

3.2. Piezo cutting

We perform experiments with laser polarization perpendicular and parallel to the direction of the cut (and
therefore respectively p and s with respect to the cut walls) as well as with circular polarized light.

QD membrane

Leg contacts

Fig. 4. SEM images of the central part of the actuator after the cutting with linear (images on the left) and circular polarized (images
second column) light. The upper row shows the laser entrance side, the pictures below the laser exit side. The optical microscope image
on the right shows the final actuator (design variation) as it is integrated into the strain tuning device shown in the schematic drawing
above (Rota et al., 2022).
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Cracks are formed at the edge of the cuts in the case of p-polarized laser light starting from about the
fluence of 2.2 J cm2, while s-polarized light does not cause cracks up to our maximum fluence of 3.1 J cm™.
The different crack formation between s- and p-polarized light can be due to a higher absorption of p-polarized
light at the inclined walls.

For the given actuator geometry, the polarization cannot be chosen as the devices have complex contours
that lead to a position-dependent polarization. In addition, the different side-wall coupling of the laser
polarization results in a slightly distorted geometry at the laser exit side (see SEM images in Fig. 4). For this
reason, experiments were done using circular polarized light. Given these observations, for the fabrication of
the final devices we select the following set of parameters: 2.2 J cm? fluence, 25 kHz repetition rate, 5 um
pulse spacing and circular polarized light. At this fluence value the wall angle is approximately of 85°; since we
perform our fabrication on 300 um-thick crystals, we need to place 10-15 parallel laser cuts to cut through the
crystal consistently. With a cutting pattern repetition of up to 400, guaranteed cutting through with high edge
definition on the laser exit side is ensured. The laser focus is positioned 100 um below the sample surface.
Since the substrate thickness is far below the Rayleigh length of 600 um, changing the focus position during
cutting was not necessary.
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