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Abstract: We print a tunable photopolymer (photopolymer dispersed liquid crystal -PDLC),
using the laser-induced direct transfer technique without absorber layer, which was a challenge
for this technique given the low absorption and high viscosity of PDLC, and which had not been
achieved so far to our knowledge. This makes the LIFT printing process faster and cleaner and
achieves a high-quality printed droplet (aspheric profile and low roughness). A femtosecond
laser was needed to reach sufficiently peak energies to induce nonlinear absorption and eject
the polymer onto a substrate. Only a narrow energy window allows the material to be ejected
without spattering.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The constant development of the small and compact vision systems for use in areas such as
medicine, security or digital devices also implies the development of the elements that compose
them. In this respect, the manufacturing of miniaturized optical elements such as waveguides or
lenses is posing a challenge [1,2]. Initially, planar processing techniques such as sol-gel [3,4] or
photolithography [5,6], which requires expensive instrumentation, were used. In the case of lens,
to fabricate lens arrays for high field-of-view (FOV) devices, complex techniques are needed that
allow precise alignment of the lens with the rest of the optical system and be manufactured on
flexible surfaces. This was achieved with the reconfigurable soft lithography technique [7,8] that
uses elastomeric polymers such as polydimethylsiloxane (PDMS) as a mask. Nevertheless, the
low quality of lens arrays created by using PDMS membranes with a poorly controllable profile,
low fill factor (FF= 30-90%) and macroscopic size, led to the search for alternative techniques
such as multiphoton polymerization [9] suitable for the fabrication of three-dimensional and
arbitrary designed microstructures. The manufacturing time with this technique is considerably
longer than the previous ones (tens of hours), which limits the size of the lens arrays that can be
manufactured. For this reason, Wu et all. [10] proposed high-speed voxel (pixel) modulation
laser scanning technique (HVLS) that reduces the matrix manufacturing process to a few hours
yet without losing surface texture quality.
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The long manufacturing time, typical for these multistep techniques, is incompatible with
mass production processes. In this sense, a two-step manufacturing method based on droplets
deposition by laser-induced forward transfer (LIFT), which had previously been used for printing
polymers [11], and the UV exposure to cross-link the droplets was proposed that reduces
manufacturing time while maintaining a good quality of the planoconvex microlenses [12]. LIFT
has also been used to fabricate titanium-in-diffused lithium niobate waveguide mode filters [13],
opening the use of this direct laser writing technique in the fabrication of photonic devices.
Although recent advances in inkjet printing technology have made it possible to print a wide
variety of polymeric devices with a high degree of control over the print position [14,15], LIFT,
unlike inkjet printing [16,17], can be used with photopolymers with viscosities even higher than
50 mPa s [18] and allows better control over print position and smaller droplet size [11]. However,
full control of the droplet geometry is still not achieved following this technique, being limited
to circular profiles, which does not allow a precise control of the fill factor (FF) in the case of
lens arrays. Therefore, Duocastella et al. [19] proposed an evolution of the LIFT technique,
called Laser Catapulting (LCP), which transfers solid polymeric microdisks in the first step and
then through a thermal reflux process converts the microdisks into microdroplets. They achieve
to produce arrays of circular, triangular, and cylindrical microdroplets with a radius between
50–250 µm and 100% fill-factor [20].

The main problem with both techniques is the low laser absorption and high viscosity of
the polymers used for the fabrication of flexible photonic devices, which makes their transfer
difficult and therefore limits the type of materials to be used. To overcome this limitation, a thin
layer (few nanometers) of absorbent material (e.g. titanium), which is called dynamic release
layer (DRL) or sacrificial layer [21], is usually used [22]. This layer absorbs the energy of the
laser, and in its expulsion process, it propels the deposited material (polymer) on it, favouring its
transfer. The main disadvantage of metallic DRLs is related to contamination of the transferred
material with removed DRL metallic particles, as these can affect the performance of printed
devices. This effect can be mitigated by using a thin layer of highly absorbent polymer like
DRL, which is known as Blister-Actuated Laser-Induced Forward Transfer (BA-LIFT) [23]. In
addition, this polymer DRL absorbs a large part of the laser energy, preventing damage to the
material to be printed. The transfer mechanism is based on the formation of a rapidly expanding
blister that deforms plastically, propelling the material to transfer, which continues to move
toward the receiving substrate. Below critical laser energy, the blister remains sealed, preventing
contamination with DRL ablation particles in the transfer process. However, in many cases, it is
necessary to overcome this critical energy in order to transfer the donor polymer due to its high
viscosity or a greater thickness of the donor layer. In these cases, some DRL ablation particles
can contaminate the printed devices.

The low absorption of polymers has led to the use of femtosecond laser pulses to induce
multiphoton absorption of the material and to eject the polymer in LIFT printing [11]. However,
as Banks et al. show [24], printing without DRL has poor quality because it does not print the
entire pixel. Another more successful attempt with femtosecond laser and without DRL layer was
made by Duocastella et al. [25], who managed to print water and glycerol 20% (v/v) droplets. For
this they had to focus the laser with a beam waist at the focus of about 1.2 µm, taking advantage
of the self-focusing of the beam inside the liquid. In this way they manage to generate a plasma
inside the low absorber liquid that induces the formation of the cavitation bubble. However, the
printing process of this technique, known as film-free laser forward printing, depends on the
focus depth [26], since micrometre variations in this induces changes of the same order in the
diameter of the droplet. Therefore, this technique is not compatible with the mass production of
optical elements of the same characteristics and properties.

In this work, we demonstrate how it is possible to print a low laser absorption and high viscosity
tunable polymer (PDLC, photopolymer dispersed liquid crystal [27]) by using the LIFT technique,
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without metallic or polymeric DRL, in a simpler and cleaner direct transfer process. We achieve
this goal by controlling the printing parameters such as laser energy, pulse duration, or donor
layer thickness. In this way, we fabricate microdroplets and characterize their morphology. The
use of a dynamic liquid crystal photopolymer opens the door to creating tunable micro-devices.

2. Material and methods

LIFT system (Fig. 1(a)) has been performed with a femtosecond laser (CARBIDE, LIGHT
CONVERSION; wavelength= 1030 nm; pulse duration 190 fs – 20 ps; max. repetition
rate= single shot to 2 MHz; maximum output pulse energy of 2 mJ). A wave plate and a
polarizing beam-splitter cube control the pulse energy (Figure 1(a)). The laser beam is scanned by
a galvanometric mirror (SCANLAB laserDESK) and focused by an F-theta telecentric objective
(LINOS F-Theta-Ronar telecentric, focal length =70 mm, lambda= 1030 - 1080 nm). The
diameter of the Gaussian beam is ∼50 µm (at 1/e2), obtained with a representation of the diameter
of the ablation crater as a function of the natural logarithm of the laser pulse energy, proposed
by Liu et al. [28]. However, preliminary tests with DRL layer have been carried out by using a
Léopard (Continuum) laser system with a pulse duration of 50 ps, 10 Hz and a wavelength of
1064 nm. In both systems, a camera is used to have a precise control of the distances between
the donor and the substrate, which is called gap. After the printing process a light-curing of the
polymer droplets are made using an ultra-intense white light lamp, allowing the process to be
carried out with only 2 minutes of irradiation.

Fig. 1. a) Schematic of the experimental system used in polymer printing. It includes a
laser with a variable pulse duration between 210 fs and 10 ps, a wavelength of 1030 nm and
a repetition frequency of up to 1 MHz. In addition, it includes a scanner and an F-theta lens
that allows you to move the position of the focus of the laser along a 5× 5 cm2 surface. b)
Schematic of the printing process.

The donor consisted of a glass slide with a thin (∼µm) photopolymer layer (PDLC). The
PDLC is composed of the nematic liquid crystal (Licristal BL036) purchased from Merck, and
dipentaerythritol penta-/hexaacrylate (DPHPA) with a refractive index n= 1.490 as monomer.
N-Vinyl-2-pyrrolidone was used as crosslinker (NVP), N-phenyl glycine (NPG) as radical
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generator, and octanoic acid (OA) as cosolvent [24,29]. We used ethyl eosin (Yet) as dye due to
the wide experience of our research team in hydrophilic photopolymers with yellowish eosin
[30]. N-Methyl-2-pyrrolidone acts as a solvent in this formulation, allowing the dye to dissolve
easily, and is also used in combination with NVP to control the overmodulation during the
photopolymerization process. Furthermore, it allows to reduce the viscosity of the formulation,
since NMP has a low viscosity in relation to the monomer. This material is tunable by applying a
voltage, even after the photopolymerization [31]. The PDLC has a measured viscosity of 600
mPa s (Anton Paar modular compact rheometer, model MCR 102), not only well above the
limit for regular inkjet printing [15], but also higher than most other polymers that have been
previously used to print droplets [11,21,22].

The topography of micro-droplets has been measured with an interferometric confocal
microscope (model DCM3D from Leica, objectives 5x, 20x, 50x, 150x) and an atomic force
microscope (Advanced Scanning Probe Microscope, model XE-100, from Park Systems).

The glass slide is treated on the surface by a plasma torch to achieve better adherence and
homogeneous surface coverage. The homogeneous PDLC layer was created by using a simple
spin coating system. A parametric study carried out to determine the optimal thickness of the
polymer layer in such a way that it was thin enough to be expelled with the laser and, in turn,
thick enough so that the ejection was stable and generated the droplets. Due to the small window
of optimal results (maximum two energies for each layer thickness), we do not show these results.
However, ensuing this parametric study, a thickness of around 4 µm was found to be optimal,
with spin coater (Laurel Technologies Corporation, model WS-400A-8NPP/LITE) deposition
parameters of 3000 revolutions per minute (RPM), ramp of 500 RPM per second, and 30 seconds
of continuous spinning.

We used two types of substrates; on the one hand we used glass slides for the first tests and
to find the optimal printing parameters. This glass produces a contact angle of 26.5° with
PDLC, statistically measured in the laboratory. The second type of substrate is a glass slide
coated with a thin layer (25 nm) of indium tin oxide (ITO, resistance of 80 ∼ 100 Ω/sq and
transmittance> 87%), that induces a contact angle of 22.5°, statistically measured. This type of
substrate will receive the propelled polymer and will be used to induce an electric field in the
PDLC liquid crystal molecules and modify the optical properties of photonic devices fabricated
with this material.

3. Results and discussion

Given that this is the first time PDLC has been printed, that it has high viscosity (600 mPa.s) and
low absorption at the wavelengths of the lasers used in the study (IR), and that the literature shows
that, in general, even with ultraviolet lasers [32,33] or ultrashort pulses (femtosecond [11,21]) a
DRL layer is used to print low absorption polymers by LIFT, we started the study by employing a
thin DRL layer to try to print PDLC. Therefore, we deposited a thin DRL of highly absorbent
titanium (50 nm) on the slide, which absorb the laser energy (50 ps; 1064 nm) and volatilizes,
inducing the ejection of the PDLC, as shown in figure 2(a). At high energies, i.e. 400–1100 µJ,
the ejected material generates splashes around the main droplet which does not have a circular
profile. However, as we reduce the energy, the spattering disappears, the droplet takes on a more
circular profile and with a smaller radius. At 95 µJ, we observe that not all irradiations generate
the ejection of a polymer droplet, this value being the energy limit (threshold) for printing this
material.

Generally, LIFT printing of liquid materials process occurs after the formation of a cavitation
bubble that collapses, forming a jet of fluid that, after breaking away from the donor, reaches the
substrate located at a certain distance (gap) [34,35]. In the case of materials with high viscosity
and plasticity, the printing process can be carried out without breakup the jet from the donor
layer [36] (Fig. 1(b)). In these cases, the distance between the donor and the substrate is critical
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Fig. 2. Images of the photopolymer droplets deposited on the substrate with a picosecond
laser: a) at different laser energies and a distance (gap) between donor and substrate of 50
µm; b) at different distance (gap) between donor and substrate and an energy of 215 µJ. All
the images were obtained with an optical microscope by using a 5x objective and are sharing
the same scale bar.

(gap), since, as shown in [11], for very small distances the expelled material adheres to the
substrate without separating from the donor and both remain attached indefinitely. On the other
hand, when the distance is very large, an intense splashing process is observed. Only a small
gap distance range allows the printing of a clean droplet, probably created by the contact of the
cavitation bubble with the substrate, since the bubble size is of the order of these gaps. Studying
this parameter (Fig. 2(b)), we found that between 20 and 100 µm we were able to print with an
adequate droplet size and profile for an energy of 215 µJ without splashing process, a sufficiently
wide range that does not make this parameter so critical.

The quality (aspheric profile, surface roughness, etc.) of these droplets can be observed in the
microscope image in figure 3.a, i.e. droplets have a circular profile, ∼80 µm of diameter. It is
important to note that in the upper area of the lens there are some titanium microparticles that
were deposited as an effect of the titanium ejection process. These particles affect the optical
performance and quality of the droplets. By using a confocal microscope, we measured the
three-dimensional profile of the droplets before (Fig. 3(b)) and after (Fig. 3(c)) the light-curing
process.

Fig. 3. a) Microscope image of the photopolymer droplet deposited with a picosecond laser
at an energy of 215 µJ and a gap of 70 µm. 3D topographic profile of a printed photopolymer
droplet by using a distance (gap) between donor and recipient of 50 µm and a picosecond
laser energy of 115 µJ, before b) and after c) the photopolymerization process, taken with a
confocal microscope by using a 50x objective.

As it can be seen, the diameter of this droplet is ∼80 µm, while its height is 2.2 µm. Because
titanium is highly absorbent when we illuminate the material with a powerful white light source
to induce its photopolymerization, it has a temperature increasing effect that melts this material,
as we see in the upper part of the droplet in figure 3(c), but also evaporates part of the polymer.
This worsens the profile of the droplet, and also affects its optical quality. Therefore, one of the
challenges is to print polymer droplets without the need for a thin absorption layer.

To address the challenge of printing without using a DRL layer, we first tested the feasibility of
printing PDLC using two different picosecond infrared lasers (pulse duration of 10 and 50 ps)
and found that the material cannot be transferred at these pulse durations without using a DRL
layer, as the material does not absorb enough energy. Therefore, the laser pulse duration was
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reduced to the femtosecond range (213 fs) to increase the peak power and favour the non-linear
absorption of the photons by the material. Preserving the previously obtained donor-substrate
distance conditions (75 µm), in figure 4 we study the printing at different energies (2.25–1 µJ).
These energies are below the ablation threshold of the glass slides, avoiding their deterioration,
which have been verified after the irradiation processes. Different droplets are shown for each
energy to demonstrate the repeatability of the process. The most remarkable fact is that we were
able to print a low absorbing polymer such as PDLC by using femtosecond laser pulses at lower
energies than those used with the picosecond laser and DRL-layer, showing the effectiveness
of multiphoton absorption at this pulse duration. At high energies (>2 µJ) a spattering process
occurs at each irradiation, which fouls the area without forming a specific single droplet. For
energy values between 1.9 and 1.6 µJ, this spattering is reduced and only a single polymer droplet
is printed. Only at 1.5 µJ there is a clean surface observed with a single droplet. For energy
values below 1.5 µJ, no material is ejected. We also note the different size of the droplets. While
the droplets generated with 1.5 µJ have a size of 10 µm, those produced with 1.66 µJ have a size
of 25 µm and those with 1.88 µJ have a size of 33 µm, which are smaller than those generated
with picosecond laser and DRL layer (80 µm, Fig. 3). The small black dots in the 1.66 µJ and 1.5
µJ images are defects on the glass surface.

Fig. 4. Microscope image of the photopolymer droplet deposited on the substrate with a
femtosecond laser at different laser energies and a gap of 75 µm. The images were obtained
with an optical microscope using a 50x objective.

Since the laser spot size is the same for picosecond and femtosecond irradiations, the large
difference in droplets size indicates that the absorption area of the laser energy is much smaller
when we do not use the DRL layer with the femtosecond pulse, even though the peak power is
almost double for this case (7 MW vs. 4.3 MW). The small window that allows the printing of
droplets without spattering (1.42-1.58 µJ) is also associated with the small area of absorption of
the laser energy. Since only the peak energy on the Gaussian profile, that corresponds to the
highest energy region, can induce a cavitation bubble, the resulting bubble size will be quite small.
This means that an increase of the pulse energy will noticeably increase the local temperature
and the internal gas pressure inside the bubble, increasing the likelihood of liquid instabilities
that result in violent bubble collapse, producing unwanted liquid splash. This small window of
energies is also observed for irradiations that generate a droplet, without or with splashes in its
surroundings, being more stable in the picosecond with DRL-layer case due to the larger size of
the cavitation bubble.

Figure 5 shows the topographic profile of the droplets generated at 1.5 µJ obtained with a
confocal microscope. Here, we can see that the diameter of the droplets is 10 µm, while the
height of the droplets is about 300 nm, about eight times smaller than the droplet made with
DRL layer. That means a volume three orders of magnitude smaller (15.7 fL) than drops printed
with DRL layer (5.5 pL), which gives us an idea of the small cavitation bubble created and the
minimal contact of the droplet with the substrate sample, which makes this printing process very
complex compared to other more absorbent materials.

Having achieved the goal of printing a low-absorbent polymer without using a DRL layer, the
next objective is to be able to print this polymer with liquid crystal on a conductive material
that allows its use for the manufacture of tunable devices. A glass slide coated with a thin
layer (25 nm) of indium tin oxide (ITO), which is both conductive and transparent in the visible
spectrum, was used as the substrate. Therefore, the printing is done on the ITO layer. Since the
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Fig. 5. 3D image of the polymer droplets deposited on a glass sample holder with a
femtosecond laser under conditions of a 75 µm gap and an energy of 1.5 µJ obtained with a
confocal microscope with a 50x objective.

contact angle (surface tension) of ITO and glass show a small difference, several tests had to
be carried out to adjust the irradiation parameters to the ITO surface (Fig. 6). The figure 6(a)
shows a printed droplet array with an energy of 1.5 µJ and a gap of 60 µm, demonstrating the
reproducibility of the technique with a 98% success rate in printing drops with good quality
profile and no spattering. It is found that the energy window for splash-free printing is the same
as in the case of glass, i.e. printing is only possible with an energy around 1.5 µJ (Fig. 6(b)) and
less energy it is not possible to print.

However, the effect of the small surface tension difference is observed with the range of gap
values for which splash-free printing is possible (60 µm Fig. 6(b) and 75 µm 6c), where it is
observed that for gap of 75 µm (Fig. 6(c)) or higher and an energy of 1.5 µJ it is not possible to
print on the ITO surface. In these cases, since the jet of material is formed, as it collapses, a
splashing process occurs as seen with the small droplets on the surface in Figure 6(c). Despite
the small energy window and Gap, making the printing process even more difficult, the quality of
the droplets is still good, as we can see in figure 6(b), presenting a better circular profile than that
achieved with glass. Furthermore, it is interesting to note an additional modification induced on
the surface of the ITO. It occurs when the laser beam that is not absorbed by the polymer in the
printing process passes through the ITO surface, inducing its modification. This modification is a
phase change as observed in previous investigations [37] and forms that dark circle surrounded by
a curious ring of a reflection greater than that of the ITO itself. These phase changes induce small
variations in material resistivity [38]. Since the confocal microscope measurement is based on
an interference process, this phase shift on the surface of the ITO masks the actual measurement
of the topography of the polymer droplets.

In order to measure the topography of the droplets on ITO and to validate the results obtained
with the confocal microscope of the droplets printed on the glass, we have used an atomic force
microscope (AFM, Fig. 6(d) and 6(e)). In these results we can observe that the drops deposited
on the slide with ITO (Fig. 6(e)) have a more spherical profile than those deposited on glass
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Fig. 6. Optical microscope images of droplets deposited on a glass slide with ITO generated
with 1.5 µJ and a gap of 60 µm (a, array) and (b, single droplet) and 75 µm (c). The
images were obtained with an optical microscope using a 100x objective. 3D image of the
topographical profile of polymer droplets deposited with an energy of 1.5 µJ on a glass slide
at a gap of 75 µm (d) and on an ITO at a gap of 60 µm (e) obtained with an atomic force
microscope after solidification.

(Fig. 6(d)), which demonstrates the different adhesion behaviour of the polymer depending on
the substrate surface (adhesion/surface tension), being more adherent on the ITO which has a
lower contact angle (surface tension), which makes the optical properties of the droplets on ITO
a priori better than those made on glass. Furthermore, it can be observed that the droplets on
ITO have a larger diameter, 15 µm compared to 10 µm on glass, and a smaller height, 350 nm
compared to 400 nm. This shows that the amount of material ejected is of the same order of
magnitude in both cases, 15.7 fL in glass and 31 fL in ITO, although it is about twice as much
in ITO, where the greater adhesion of the material to the surface allows for a more spherical
profile. The interaction of forces between substrate adhesion and jet pulling force determine the
amount of material deposited on the substrate [11]. Due to the droplet size (∼µm) the effects of
gravity on droplet formation (sphericity) are omitted. Therefore, the greater amount of material
deposited on ITO confirms its greater adherence, just as its lower height confirms its smaller
contact angle. In the same sense, although the contact angle in ITO is 22.5° and in glass is 26.5°,
the contact angles of the droplets generated with LIFT are 2.7° and 4.6° respectively, being the
double in glass, which shows its lower adherence, given that the force with which the polymer jet
impacts on the substrate surface must be the same as in ITO, since both the laser energy and
thickness are the same. The very low value of the contact angle of the droplets deposited by LIFT
is due to the speed at which the droplets reach the surface, which causes the pressure to reduce
their vertical size. This affects the aspect ratio between diameter and height, which is quite small,
and is a challenge we must overcome in the near future if we want to create tunable lenses or
waveguides with controllable aspect ratio.

4. Conclusion

In conclusion, we have succeeded for the first time in printing a low absorption and high viscosity
liquid crystal doped photopolymer, such as PDLC, without using a DRL layer, which makes the
printing process faster and cleaner. This required the use of a femtosecond laser, which made
it possible to achieve sufficiently high peak energies to induce multiphoton absorption of the
polymer and ejection onto a substrate. It has been found that the energy window that allows
this ejection process without causing spattering around the main droplet is very small (around
1.5 µJ). Moreover, as already observed by other authors, it has been confirmed that given the
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high density and plasticity of the polymer, only a cavitation bubble is formed and not a jet of
material, so the distance between the donor and the substrate must be very small (<100 µm). In
this regard, we have also found that this distance is much more critical for the case of a substrate
with ITO, where printing is achieved for distances of 60 µm or less, indicating the importance of
the surface properties of the material to achieve printing, as well as to control the volume of the
printed material. Since PDLC is a tunable material with liquid crystal molecules, the ability to
be printed on ITO is key for the fabrication of tunable devices, from lenses with variable focal
lengths to optical switches.
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