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Abstract

In this work, we present a laser-based process for fabricating a cell electrostimulator. The
fabrication methodology comprises two laser processes: a pulse laser deposition (PLD) of an
aluminum thin film on soda-lime glass and a laser-based selectively removal of the thin film.
The laser set-up for PLD consist of Nd:YVO, Rofin Power line 20E (1064 nm wavelength, 20
ns pulse width) focused by a lens of 160 mm focal length inside a vacuum chamber to strike
a target of the deposited material. The same laser is used for selectively removing the thin
film but focused by a lens of 100 mm focal length. The geometry design is made in CAD-like
software. Before microfabrication, a thin aluminum layer (1 pum thickness) is deposited on
soda-lime glass using the PLD method. In order to assemble the device, the electrical
stimulator is placed between two polycarbonate sheets of 1.5 mm thickness. To prevent
any contact with the electric circuit, a thin silicate glass (100 um) is placed over the
electrostimulator. Simulations were performed using ANSYS Maxwell software, verifying
that the induced electrical field achieves the minimum for cell stimulation.

Keywords: electrical stimulator, PLD, thin film removal, laser ablation, thin film

1. Introduction

Electrostimulation is an electric current application method used for excitation and activation
of certain organs and systems of the human body [1]. Although many organs and systems can
be stimulated by electric currents by adequate methods and techniques applied, the most
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widely practiced application is heart electrostimulation, being a specific section of medicine,
and electrostimulation of motor nerves and muscles [2].

For electrostimulation, direct impulse currents of different impulse shapes are applied at differ-
ent duration and frequency. This method is widely used for therapeutic purposes, where the
electrical stimulation is used to restore the function of damaged motor nerve, to treat paralysis or
muscles restoration while causing motor excitation and contraction of the muscles [3].

Aside from these therapies, where the electric pulses are applied directly to the patient,
electrostimulators are used in medical investigation as a tool to induce electric signals in cell
cultures simulating different body conditions [4]. In this method, electrostimulators must be
carefully designed to work in very specific circumstances. Usually, the device consists of two
electrodes in direct contact with the cell culture, where the electric stimulus is induced by
applying a voltage between them [5]. In this situation, it is necessary to choose the right
material for the electrodes. They must be biocompatible to avoid toxic reactions in the culture
and they also must efficiently transfer the charge to the medium in order to minimize the
electrode degradation [6].

All these circumstances significantly limit the choice of the materials used in the device [7].
With the purpose of avoiding this problem, we present a design of an electrostimulator in
which the electrodes are not in contact with the cell culture, solving the biocompatibility issue,
and the stimulation is applied by inducing electric fields, avoiding degradation by electro-
chemical phenomena. Applications study the growth and information processing of neurons
[8], capillary electrophoresis chips for the separation of biochemicals such as amino acids and
nucleotides [9], and microstructures for the analysis of DNA [10]. Depending on which types
of cells are needed to stimulate, the electrical forces induced can be classified into electropho-
resis (EP) or dielectrophoresis (DEP) depending on whether they act on a particle’s fixed or
induced charge, respectively. In both cases, the electrical field needed to induce notable forces
in the cell culture depends on the type of cell, but is usually about 10* V/m [11].

Different techniques have been used in the fabrication of microelectrodes. Most of them are
fabricated using standard photolithography [12] because this technique is more versatile and
allows the preparation of electrodes with a broad range of shapes and sizes, both single
electrodes and the electrode arrays. However, photolithography technique needs usually
about 3 h to fabricate planar electrodes, and it demands the use of several components in
various steps and the final use of chemical components to remove the additional film.

But in the past decades, pulse laser deposition (PLD) has emerged as one of the most popular,
flexible, and simple technique for depositing a wide range of materials [13]. Because of its
inherent versatility, flexibility, and speed, this method can be applied to almost any material,
from simple metals to multicomponent high-quality single crystals [14].

The PLD technique is a physical vapor deposition process where a pulsed laser is focused on
the surface of the material to be deposited as a thin film over a substrate. During the interaction
between a laser beam with enough energy density and a target, each laser pulse ablates a small
amount of the target, creating a plasma plume where particles of different sizes (form single
atoms to clusters) are extracted at high energies from the material. These ejected particles
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usually have an initial speed that could reach values of tens of kilometers per second, decreasing
gradually while interacting with the ambient atmosphere, providing a material flux for film
growth. In order to optimize this flux, the interaction must happen inside a vacuum chamber
to avoid dispersion between the particles and the ambient air [15]. For some applications, it
might be interested to collect these ablated particles on a particular surface. By doing this, the
coating surface can have different properties from the original material: the object surface
could become harder, noncorrosive, or conductive, while the rest of the object properties will
remain practically the same [16-18].

Pulse laser deposition presents some serious advantages comparing to other techniques. First,
it is very easy to implement, and the flexibility in terms of wavelength and power density
allows the ablation of almost any material. Second, almost any geometry of the set-up can be
chosen with a high degree of freedom because the laser beam is not part of the vacuum system
[19]. Third, the use of a pulse laser enables a very precise control over the growth rate. Besides,
due to the fact that this technique does not include impurities from the holder or the environ-
ment, it is a very clean technique [20]. And finally, the high kinetic energy of the ejected
particles in comparison with other methods leads to an increase in the density of the layer
and its adherence to the substrate [21]. However, the high laser energy involved in the process
(which makes that microscopic or macroscopic particles can be ejected from the target) and an
inhomogeneous distribution in the laser beam profile (and, in consequence, in the angular
energy distribution) can cause an inhomogeneous layer with slightly different local densities in
detriment to the desired properties of the film [22].

The attractive characteristics of PLD in the synthesis of multicomponent thin-film materials
make it the perfect technique for a lot of applications [23, 24]. In some cases, it could be the
synthesis of a thin-film material or structure [25]. In other cases, the research focused in the
development of specific devices, such as in the growth of nitride films in the development of
LED devices or in the fabrication of thin waveguiding films [26, 27]. PLD has also proven to be
very effective in the growth of crystalline oxides, [28] or PLD-grown of high-temperature
superconducting films (HTS), whose applications include high-frequency electronics for radio
frequency, microwave communications, and superconducting quantum interference devices
(SQUIDs) for the detection of magnetic fields [29]. In the area of wireless communication, radio
frequency filters based on HTS thin films presents excellent results by reducing interference
from out-of-band signals due to the low loss in the microwave frequency range for epitaxial
oxide superconducting films in which PLD is extremely effective at production [30, 31]. Pulsed
laser deposition has also played a key role in exploring more radical oxide device concepts,
including various electric field-effect devices based on semiconducting oxide materials [32].

Selective laser elimination of thin materials from glass substrates presents some advantages in
terms of time and material by being a relatively accessible and nonexpensive technique. While
photolithography needs hours to fully fabricate the electrostimulator circuit, laser ablation can
fully mark the same surface in a few minutes. Moreover, once the thin film of material is
available, only the laser interaction is needed in order to fabricate the electrode, instead of all
the chemical components. This technique uses the process of laser ablation, where the interac-
tion of the laser energy with the sample leads to material removal. Usually, this phenomenon
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depends on the absorption of laser photons by the sample material, which means that the
wavelength of the laser has to be chosen carefully for the maximum absorption. However, the
use of ultrafast lasers avoids this approach since ablation takes place as a result of multi-
photon absorption at high peak intensities, which means that even materials normally trans-
parent to the laser wavelength, which can be processed. In summary, laser ablation is a simple
technique, which can be achieved with inexpensive optics and only requires any kind of beam
or sample motion which can interface with CAD programs in order to mark complex patterns.
The main problem presented is that the marked is limited to a small area, which is not even an
issue if the goal is to work in a surface of a few square millimeters.

In this paper, we present a laser-based fabrication process for fabricating an electrostimulator
on a 1 micron aluminum film deposited by PLD over a soda-lime glass. By using laser
techniques, the aluminum is selectively removed to obtain a pre-designed electric circuit. In
order to avoid direct contact between the circuit and the cell culture, a 100 pum glass is placed
between them. Section 2 introduces materials and methods. In Section 3, we describe the
electrical stimulator fabrication procedure and results, and Section 4 is devoted to discussion
and conclusions.

2. Materials and methods

2.1. Laser set-up

The laser used in this experiment was a Rofin Power Line 20E operating at the fundamental
wavelength of 1064 nm and a pulse with of 20 ns. The experimental set-up consists of a
galvanometer system coupled to the laser source, with a flat field lens at the output with a
spot size at focus of 15 pm. During the PLD process, the lens used has an effective focal length
of 160 mm, providing a uniform distribution of irradiance in an area of 120 x 120 mm?®. For the
ablation process, the selected lens has 100 mm of effective focal length, with an area of uniform
distribution of irradiance of 80 x 80 mm?®.

2.2. Materials

The glass used as a substrate for fabricating the electrostimulator was a commercial soda-lime
glass, provided by a local supplier. The composition of this glass (O 50.25%, Na 9.08%, Mg
2.19%, Al 0.54%, Si 33.08% and, Ca 4.87%) was determined by EDX analysis using a scanning
electron microscope (SEM) Zeiss FESEM-ULTRA Plus. The material used for pulsed laser
deposition of the thin film was an aluminum target of dimensions (10 cm x 10 cm x 1 mm)
with a purity of 99.98%, provided by Goodfellow.

2.3. Thin layer deposition

Before PLD deposition, a six-step cleaning process was used for cleaning glass substrates. The
samples were first brush-scrubbed in an aqueous and soap bath. They were then ultrasonically
pulsed in a second deionized water and soap bath heated to 35°C for 30 minutes. Then, the
water was changed and the process repeated. The fourth and fifth baths contained isopropyl
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alcohol, heated to 35°C for 30 minutes. Finally, the samples were dried using air pressure. Once
the cleaning process of the glass substrate was finalized, aluminum layers in the range of
600 nm to 1 m were deposited by PLD on the soda-lime substrate.

2.4. Characterization methods

The chemical composition of the soda-lime glass was determined by using a scanning
electron microscope (SEM) Zeiss FESEM-ULTRA Plus issued with EDX analysis. The optical
transmission of glass substrate was measured using a Perkin Elmer Spectrometer (type
Lambda 950 UV/Vis). Fabricated samples were examined using an optical microscope Nikon
MM-400. The characterization of the transmission spectrum across the sample was made
using a BLUE-Wave Miniature Spectrometer, from Stellarnet Inc., which can measure in the
range from 250 to 1150 nm. The characterization of the topographic profile was made using a
Dektak3 profilometer from Veeco.

The electrical characterization of the electrostimulator is made using a Tektronix MSO 1 GHz
5GS/s oscilloscope. The oscilloscope was connected to a coil placed on a 100 um glass over the
surface of the circuit, in order to check if the electrical field is strong enough to pass through
the glass to induce an electrical current in the coil.

2.5. Software control and simulation

In order to estimate the intensity and the homogeneity of the electrical field above the
electrostimulator, we used the software ANSYS Maxwell. This program was used to simulate
the parameters of the circuit and measure the electrical field in different planes over the surface
of the circuit. The hardware selected for applying electrical signals to the electrostimulator is
the NI USB-6501 portable digital I/O device, from National Instruments. It provides 5 V by
default and up to 8.5 mA. The hardware was programmed using LabVIEW, from National
Instruments, to apply a square signal whose parameters can be chosen by the final user to
stimulate cells.

3. Results

The soda-lime glass samples were covered with an aluminum layer using a PLD process, and
then the electrical tracks were fabricated by selective elimination of the thin metal film. Figure 1
shows the diagram of the PLD process used in this work. The vacuum chamber was custom
fabricated by Trinos Vacuum-Projects. It has a primary pump, which can provide a simple
vacuum of 10~* mbar and a secondary turbomolecular pump, which can achieve a high
vacuum of 10~° mbar.

Figure 1 illustrates the vacuum chamber experimental set-up. The laser source is coupled to a
source galvanometer head, with a flat field lens at the output of effective focal length 160 mm
and a spot size at focus of 15 pum. The laser beam is focused on the surface of an aluminum
layer placed at 45° (see Figure 1a). The glass substrate is placed in front of the target, parallel to
it, and separated by 1 cm. The optimal pressure inside the vacuum chamber is 4 x 10~° mbar.
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One of the most significant characteristics of the PLD technique is the high kinetic energy of the
ejected particles. By raising this energy, the density of the layer increases and the adherence
between the particles and the substrate improves. However, one of its problems is the high
directionality of the ejected particles, which leads to an inhomogeneous density of the layer.
This deposition, in the case of the PLD technique, follows a distribution with the form of cos™0,
where 0 is the angle between the direction of the ejected particles and the normal to the surface
of the target, and n is a number depending on the conditions of the experiment, which can
achieve values higher than 30 [20]. To solve this, inconvenient small area of the target (28 x
2 mm) were scanned with the laser beam instead of focussing it in a fixed point.

As consequence of these issues, rising the distance between the target and the substrate the
homogeneity of the layer increases, so it is necessary to find the optimal separation in order to
have a dense but homogeneous layer. After performing experiments over 60 samples, we have
identified the optimal deposition parameters for laser operating at a fluence of 121 J/em?, while
marking rectangles of 28 x 2 mm, with a separation between the target and the substrate of
1 cm, and with a combination of frequency and scan speed according to Table 1.

Figure 2 shows the microscope images of the samples selected in Table 1 illustrating the edge
between the base glass material and the aluminum tracks deposited using PLD.

As it can be seen in Figure 2, the homogeneity of the layers, in terms of aluminum particles
covering, vary according to the frequency and scan speed. We can observe that the samples
2 and 4 are the most homogeneous and present a uniform distribution of aluminum particles

~ (b)

Figure 1. (a) Diagram of the PLD set-up for the fabrication process and (b) image of the PLD system.

Sample 1 2 3 4
Repetition rate (KHz) 1 5 7 3
Scan speed (mm/s) 50 250 350 150

Table 1. Ratio of frequency and scan speed.
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sample 3 sample 4

Figure 2. Microscope images of the deposited layers obtained with an objective 20x. (Each image corresponds with the
laser parameters showed in Table 1).

along the surface. Conversely, Figure 2a, ¢ shows spaces not covered by aluminum particles.
The characterization of the transmission spectrum and the topographic profile of samples
2 and 4 are shown in Figure 3.

The percentage of light transmitted across the layer is shown in Figure 3a, c. In both cases, the
percentage increases from the center to the borders of the aluminum layer due to the inhomo-
geneity of the deposition. In the central region, the layer is thicker than in the borders and
reflects all the light. In Figure 3b, d, the topographic profile of the aluminum layer along a
distance of 600 pum can be observed. The layer in the sample 2 shows an average height value
of 1274 nm and a roughness average of 514 nm. The layer in the sample 4 shows an average
height value of 653 nm and a roughness average of 389 nm. From now, the parameters of the
sample 4 will be used, due to its less roughness: laser fluence of 121 J/cm?, frequency of 3 KHz,
scan speed of 150 mm/s, while marking rectangles of 28 x 2 mm, and with a separation
between the target and the substrate of 1 cm.

3.1. Laser selective thin film removal

The laser direct-write technique for fabricating the electrostimulator system is based on the
ablation of an aluminum layer deposited over the soda-lime glass substrate using a physical
vapor deposition method. The laser set-up for selective aluminum layer removal is
described in Section 2.1. The beam spot size was estimated to be 15 um. For fabricating the
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Figure 3. (a) Spectrum of the transmitted light across the layer in sample 2, (b) topographic profile of the surface of the
layer in sample 2, (c) spectrum of the transmitted light across the layer in sample 4, and (b) topographic profile of the
surface of the layer in sample 4.

electrical stimulator, the laser beam is focused on the top of the 1 micron aluminum layer
deposited at the top of the glass substrate. Figure 4a shows the laser set-up for fabricating
the electrostimulator. Figure 4b shows the CAD design used to fabricate the electrical
stimulator. The laser parameters used were: average power 1.3 W, repetition rate 16 kHz,
and scan speed 60 mm/s.

At laser fluence value below the damaged threshold of glass (920 J/cm?) and above the ablation
threshold of the target (2.4 J/cm?), we were able to eliminate the aluminum layer selectively,
according with the electrostimulator design (see Figure 4b). Strong interactions between the
laser beam, the plasma, and the aluminum layer take place below the ablation threshold of
soda-lime glass, resulting in high-quality elimination of the aluminum layer.

The calculations for determining applied threshold fluence (py) and (¢) are obtained according
to the method of Liu et al. [27]. The spatial fluence, ({(r)) for a Gaussian beam is given by:
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B(r) = ye 27/ (1)

where ¢y is the peak fluence in the beam, r is the distance from the centre of the beam, and wy is
the Gaussian spot radius (1/e”). The maximum fluence and the pulse energy, E,, are related by:

2E,
bo = o (2)
The peak fluence is related to the diameter of the ablated spot
D? = 2wjln (ﬂ) 3)
Guy

where D? is the maximum diameter of the damaged region zone. It is possible to determine the
beam radius using the value for wy from the plot of D* versus the logarithm of the pulse
energy. Once wy is calculated, fluence values can then be found using Eq. (3). By plotting D?
versus the natural log of the applied laser fluence and extrapolating the D* line to zero, ¢, can
be calculated.

Due to the thinness of the aluminum layer, it is necessary to determinate the appropriate laser
parameters, which allow to ablate the aluminum without causing damage in the glass sub-
strate. These parameters are the fluence of the beam, the frequency of the pulses, and the speed
of the spot along the sample. In order to determinate the ratio between the frequency and the
speed, we calculated the degree of pulse overlap between the consecutive spots. This factor is
set in the next equation

v
O;=1—-— 4
d 20f (4)
where v and f are the speed and frequency, and w is the width of the spot, in this case 15 um.
Pulse overlapping is a crucial parameter for fabricating a homogeneous electrical track. Too

Galvanometer system

Laszer source

Flat-Field lens

ARRRRRRRIRANRR

24,40

11,70

a)

All units are in mm

Figure 4. (a) Laser set-up for aluminum layer ablation, (b) electrostimulator design, and (c) extended view of the tracks
dimensions.
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overlapping will deliver too much energy over the glass, resulting on damage at surface, while
low overlapping will result on inefficient material removal. In Figure 5 are presented some
samples of tracks of a 200 nm aluminum layer ablated with different frequencies (10, 12, and
14 KHz) and scan speeds (60 and 100 mmy/s), and therefore with different pulse overlapping.

In Figure 5, we can observe different tracks created by the laser at different pulse over-
lapping. All of them were made with a power of 700 mW. Results show how the ratio of 12
KHz and 60 mm/s is the one with the most regular track in terms of width, with an overlap
degree of 0.66. In other cases, the pulses are either too separated or too overlapped. Based on
the above mentioned results, electrical tracks were fabricated using an overlapping factor
of 0.66.

In order to adjust the optimal ratio between power and frequency, different tracks were made
with different values of these parameters. We measured the diameter of the tracks related to
the energy of each pulse (Figure 6).

Figure 6 shows the diameter of the mark after ablation of a single line related to the energy per
pulse, obtained by using different combinations of frequency (6-20 KHz) and power (700-
2000 mW), where it can be observed the linear relation between the width of the line and the
energy per pulse. This width will be taking into account during the aluminum layer removal
process. Selected parameters were: Pulse energy: 90 uJ (which correspond to a frequency of
12 KHz, a power of 1.05 W) and a scan speed of 60 mm/s.

In Figure 7, you can see microscope images with the result of fabricating the electrostimulator
with the previous parameters. The desired aluminum was successfully removed, without
interferences between the tracks. Besides, the glass substrate has not been damaged. Tracks
have an average length of 60.4 um and are separated by a distance of 135 pm.

10 KHz 12 KHz 14 KHz
o - - -
o - - -
50 pm

Figure 5. Aluminum layer ablated with different frequencies and scan speeds (thickness: 600 nm).
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Figure 6. Diameter of the laser mark related to the energy per pulse.

Figure 7. Microscope image of the electrical tracks after selective laser removal.

Motivated to maintain a lab-on-a-chip configuration for medical applications, we have created
a culture chamber where performing the electrical characterization of fabricated electrical
tracks. A polydimethylsiloxane layer (PDMS, Sigma-Aldrich, Saint Louis, MO) was cut from
a PDMS-casted layer and placed on the top of the electrical stimulator (Figure 8a). Layer
dimensions are 40 x 30 x 10 mm, with a hole of 10 x 8 mm. The glass cover slip (thickness:
100 pum) was placed on the top of the electrical tracks to avoid any contamination. Finally, these
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elements are set between two polycarbonate layers, which will keep the device compact
(Figure 8b).

Over the electrostimulator and the 100 um glass is placed on a coil connected to an oscillo-
scope. In the terminals of the electrostimulator is induced a square signal with 5 V and 1 Hz,
which should induce another signal in the coil (Figure 9).

Figure 9a shows a peak voltage induced during the rise time from the low to the high level of
the square signal. Figure 9b shows an upper view of the set-up. The LED on the right is
connected to the margins of the electrostimulator to check that there are no cuts in the circuit.
The linear dependence of the voltage peak induced in the coil on the voltage applied to the
electrostimulator is presented in Figure 9c.

The electrical field induced by the electrostimulator was simulated using the ANSYS Maxwell
software. In this simulation, a model of the aluminum circuit in which 5 V was applied
between the two terminals was introduced. In order to compare the induced electrical field
with and without the glass cover, a second simulation was made keeping the same design of

Vin (V)

Figure 9. Set-up for checking the presence of an electric field generated above the glass.
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Figure 10. Simulation of the electric field generated above the electrostimulator with 5 V: (a) simulation with a 100 pm glass
placed on the circuit, (b) simulation without 100 um glass, and (c) cross sectional simulation of electrical tracks and glass.

the stimulator and parameters than the first one, but with a 100 um glass over the electro-
stimulator. Results are shown in Figure 10.

In Figure 10a, b, the results show the electric field in a plane parallel to the electrostimulator,
105 um above. In Figure 10a, a 100 um glass is placed on the circuit, while in Figure 10b there
is no glass at all. By comparing both results it can be observed that the mean value of the field
when the glass is placed is about 1.4 x 10* V/m, while in the case without the glass this value
varies from 8 x 10° V/m to 2 x 10* V/m. The presence of the glass makes the electric field
slightly weaker but much more homogeneous. As it was previously said, about 10* V/m are
needed to induce forces in the cell culture, so these results show that the electrical field
generated is strong enough to interact with the cells.

4. Conclusions

By combining laser ablation techniques and pulse laser deposition, it fabricated an electro-
stimulator for medical applications. The layers resulting in the PLD process have been charac-
terized by measuring transmission spectrum, by a profilometer, and by optical microscopy.
Results show rough and homogeneous aluminum layers in the central region of the glass
substrate. The circuit marked in the laser ablation process was characterized by an optical
microscope, verifying that the aluminum was selectively removed without interference
between the tracks and without damage in the substrate.

The electrical field generated by the device was simulated using ANSYS Maxwell, verifying
that the field is able to pass through the glass with enough intensity to interact with the cells.
The presence of the electrical field across the glass was also measured in an experimental way.
As distinction regarding to other similar electrostimulator devices, the electrodes have been
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isolated from the cell culture by using a thin soda-lime glass, solving biocompatibility issues
between the material of the tracks and the cell culture.
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