aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Subthreshold laser jetting via flow-focusing in laser-induced
forward transfer
Emre Turkoz, SeungYeon Kang, Luc Deike, and Craig B. Arnold
Phys. Rev. Fluids 3, 082201 — Published 15 August 2018
DOI: 10.1103/PhysRevFluids.3.082201


http://dx.doi.org/10.1103/PhysRevFluids.3.082201

Sub-threshold laser jetting via flow-focusing in laser-induced forward transfer

Emre Turkoz,' SeungYeon Kang,! Luc Deike,""? and Craig B. Arnold" [
! Department of Mechanical and Aerospace Engineering,

Princeton University, Princeton, NJ, 08544, USA
2 Princeton Environmental Institute, Princeton University, Princeton, NJ, 08544, USA

Increasing the printing resolution of drop-on-demand printing and deposition techniques is im-
portant for many industrial applications. In this study, we present a technique to minimize the jet
size and reduce the laser threshold energy of a variant of the laser-induced forward transfer (LIFT)
process called blister-actuated LIFT. We fabricate micrometer-sized holes onto the solid polyimide
thin film substrate which hosts the donor liquid ink film to be printed. Due to the micrometer size
of holes, surface tension effects are enhanced, a meniscus is formed at the air-ink interface, and the
resulting focused jets are thinner and faster than regular jets.

Flow-focusing has been used in microfluidics to generate droplets that are smaller than the size of the orifice
structure used to form jets [T, [2]. It has recently been shown that it is possible to generate very thin, fast jets and
eject smaller droplets from capillary tubes by introducing a pressure impulse using a laser pulse [3, 4] or the impact
resulting from the free fall of a capillary tube onto a rigid surface [5] [6]. In these applications, the meniscus at the
air-liquid interface plays a crucial role. The flow-focusing phenomenon is due to the rapid reduction in the effective
surface area of the meniscus during the initial phases of the flow [7]. The reducing effective surface area leads to
additional acceleration for the jet formation which results in formation of thinner and faster jets.

The resolution of the jet-based drop-on-demand printing techniques depends on the ejected droplet volume at each
deposition step [§]. Laser-induced forward transfer (LIFT) is a technique where a controlled amount of material is
transferred from a donor thin film to a receiving substrate by means of a laser pulse [9]. LIFT has been shown to have
a superior resolution compared to the conventional ink jet printing technique during the printing of various simple
[10] and complex inks [IT],[I2]. This technique has been used in the fabrication of various structures such as graphene
oxide films [I3], polymeric lenses [14], alkaline and lithium-based microbatteries [15], and biomaterials such as DNA
[16]. In all of these applications, the printing resolution is dictated by the flat ink film thickness, the laser spot size
and the laser energy.

In order to combine the advantages of the flow-focusing and LIFT, we use a LIFT-variant called blister-actuated
LIFT (BA-LIFT) [17, 18] with a structured surface. BA-LIFT is a LIFT technique in which a laser pulse is absorbed
by a solid polyimide interfacial layer that forms a rapidly growing blister, where the blister results from the plastic
deformation on the polyimide layer [19] as shown in Fig. . We introduce flow-focusing into the BA-LIFT process by
creating holes on top of the polyimide surface to create a meniscus between the ink and the air interface. As shown
in Fig. [Ip, a photoresist layer is coated on top of the polyimide layer and patterned to generate the holes. We show
in this Letter that the formed jets are faster and thinner compared to the regular BA-LIFT jets, and this technique
enables the sub-threshold jetting which increases the resolution of the BA-LIFT process.

The fabrication of the micrometer-sized holes is performed in a clean room. We first salinize 2.5 x 2.5 cm glass
slides by spin coating adhesion promoter (diluted VM-651, HD Microsystems) at 4000 rpm. Next, the interfacial
polyimide layer is formed by spin coating polyimide resin (P12525, HD Microsystems) at 500 rpm for 10 s followed by
a faster spin at 3000 rpm for 40 s. This yields approximately 7 um-thick polyimide film. To complete the imidization
process the slides are baked at 160°C for 20 min followed by another 20 min at 360°C. To add the microscale hole
structures that can hold the ink, we spin coat photoresist (AZ 4330-RS, Merck KGaA) at 1000 rpm for 40 s on to
the polyimide layer followed by a soft baking step at 110°C for 60 s. This gives approximately 7 pm-thick photoresist
film on top of the polyimide layer. The photoresist layer was patterned in various dimensions using a high-resolution
laser lithography system (DWL 66+, Heidelberg Instruments). As shown in Fig. , the hole walls are made of the
photoresist layer which helps creating the meniscus structure. The hole and meniscus profiles are measured using
confocal microscopy.

The ink (deionized water with 0.1 wt.% Triton X-100 surfactant (surface tension v = 30.4 mN/m)) is coated by
injecting a few drops on the substrate using a syringe. The excessive ink is cleared using a doctor blade. The laser
pulse with 355 nm is generated using a frequency-tripled Nd:YVO4 laser (Coherent AVIA, 20 ns). The laser beam is
focused on the polyimide layer with a spot size of approximately 20 um using a 10x objective (NA = 0.25). The jet
formation is captured using a time-resolved imaging setup whose details are presented in our previous study [20].

We investigate the effects of flow-focusing on BA-LIFT using five different laser pulse energies in two differently
sized holes. Figure [2h presents a 3D image of a sample of holes on the polyimide surface with an image of the filled
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FIG. 1. Schematic of blister-actuated laser-induced forward transfer (BA-LIFT) with and without flow-focusing. (a) The
conventional BA-LIFT technique. The laser pulse is absorbed by the polyimide (PI) layer which leads to the rapid formation of
a blister. This leads to the deformation of the ink film and jet formation. (b) BA-LIFT with flow-focusing. The ink inside the
hole of the photoresist (PR) layer forms a meniscus at the liquid-air interface. The curved interface leads to the flow-focusing
with the pressure impulse from the blister.

and empty holes. An example meniscus profile is given in Fig 2b. In this figure, we also plot the profiles of the
two different-sized holes used in this study (R; = 45 um and Ry = 35 pm). We measure the minimum distance
between the hole bottom surface and the air-ink interface, .y, as 3.8 pm £+ 0.9 pym. We evaluate the meniscus
angle, 0,,, using this mean value and the formula 6,,, = tan=*(Ry/(ho — hmin)) = 85.2° , where hg = 7.5 um is the
hole depth. This meniscus angle implies the existence of a rather weak meniscus, which we show to be sufficient
to create flow-focusing. The meniscus angle value is preserved with the hole radius as long as the Bond number,
Bo = ApgR? /v =~ 0.0004 stays below 1, where Ap is the density difference between air and ink, g is the gravity and R
is the hole radius. Figure 2k shows an example of a blister generated using a 6.47 pJ laser pulse inside a 45 pm-radius
hole overlayed with the contour plot showing the height as a parameter. Figure 2d shows the blister profiles measured
using confocal microscopy with the five different laser energies. The generated blisters have a Gaussian profile as the
laser pulse.

A set of time-resolved images of the regular and focused BA-LIFT jets generated with the same laser pulse energy
of 5.95 1J has been presented in Fig. |3, We show that the focused jets (Fig. ) look qualitatively different compared
to the regular BA-LIFT jets (Fig. ) as focused jets are thinner and get longer in a given time. The regular BA-LIFT
jet shown in Fig. is created from a 7.8 pum flat film while the hole depth, hg, for the flow focusing jet shown in Fig.
is hg = 7.5 pm. The focused jet, which is approximately 5 pm-thick at 7 us, has an average value of 145 m/s while
the regular jet has an average value of 18 m/s. Figure 3¢ and [3d show the examples of single drop ejections from a
jet induced from a 8.1 um flat film and the smaller hole with Ry = 35 pm, respectively. The jet length for the five
laser pulse energies and resulting blisters as a function of time is shown in Fig. [fh for ¢ > 2 ps. This plot is generated
after the post-processing of 460 time-resolved images corresponding to approximately 8 images per time-step for each
hole and laser pulse energy. We do not plot the values for ¢ < 2 us because the standard deviations are comparable
to the measured average jet length values, and it is therefore not possible to make a good distinction between profiles
obtained at different laser pulse energies.

The average jet velocities are obtained by fitting a linear curve (L; = V;(t — o)) onto the data points presented
in Fig. fh. We note that higher energies lead to longer jets which breakup into more droplets and result in larger
deposition volume. Therefore, lower energies that are closer to the threshold energy are more suitable for printing
[21]. The average jet velocities are plotted as a function of the laser pulse energy in Fig. @3 In this figure, the
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FIG. 2. Profiles of machined holes, blisters generated by the laser pulse and meniscus on the air-ink interface. (a) A 3D image
of the hole pattern fabcricated on the polyimide substrate along with the confocal image showing the filled and empty holes
together. (b) Profiles of the two types of holes used in this study (R1 = 45 pm and Rs = 35 pum). The ink layer follows a
parabolic-like profile with a measured hAmin = 3.8 um £ 0.9 pm value that defines the minimum distance between the hole
bottom surface and the air-ink interface. (¢) A 3D image and variation in height as a contour plot of a blister generated inside
a 45 pm-radius hole. (d) Blister profiles as the result of the five different laser pulse energy levels used in this study. The
profiles of the blisters and the holes are measured using confocal microscopy.

average jet velocities of focused jets from two holes (H1 and H2) having different radius (R; = 45 pym and Ry = 35
pm) values are compared with two regular BA-LIFT jets from flat films having different ink thickness (Hy) values
(6.6 pm and 8.1 pum). We see that the jets created from the smaller hole are consistenly faster than the jets created
from the larger hole at a given energy, and the jet velocity increases with the laser pulse energy, as expected. The
reason for the difference between the focused and regular jets is the flow-focusing phenomenon resulting from the
meniscus at the air-ink interface. For focused jets, the total acceleration of the jet asotq; at the initial phases of the
flow can be expressed as the sum of the acceleration caused by the rapid blister formation a; and the acceleration
due to flow focusing ay: atorar = ap + ay. The acceleration due to blister formation a; is a function of laser energy,
spot size, ink thickness and material properties as explained in our previous studies [21I] 22]. On the other hand,
the acceleration due to flow-focusing ay can be related to the configuration parameters as ay o< cos 6, /R, which is
derived from the flux conservation around a shrinking effective surface area at the interface during the initial phases
of the jet formation [7]. This relation implies that the acceleration due to flow focusing is larger if the ink wets the
hole surface more or the radius of the hole is smaller. Even with a shallow meniscus as in our case, the flow focusing
takes place because the holes have the radii of Ry = 45 um and R, = 35 pum as stated above.

Flow-focusing allows jetting and deposition of droplets with lower energies that are not achievable with the flat
film configuration. With flow-focusing, we were able to generate a jet with energies as low as 3.05 uJ, while with
the conventional flat-film configuration, we were able to generate a jet with 4.15 pJ for the Hy = 6.6 pm thick film
and with 5.25 pJ for the Hy = 8.1 um thick film. This sub-threshold jetting allows for the creation of jets that
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FIG. 3. Examples of time-resolved images of the BA-LIFT process. Jet formation is shown without (a) and with flow-focusing
(b). The flat film thickness is measured as 7.8 pum, which is very close to the hole depth ho = 7.5 pum. The laser pulse energy
in both cases (a) and (b) is 5.95 uJ. The focused jet has an average velocity of 145 m/s while the regular BA-LIFT jet has an

average velocity of 18 m/s. Examples of single drop ejections are shown in (¢) from a flat film of 8.1 pm using the laser transfer
threshold energy Fip = 4.15 pJ and in (d) from the smaller hole (Rz = 35 pm) using Ey, = 3.05 pJ.
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FIG. 4. Analysis of time resolved imaging results. (a) The jet length L; as a function of time ¢ — to, where ¢ is the time when
the laser pulse is shot. Higher laser pulse energy and smaller hole diameter yield faster jets. (b) The change of the average jet
velocity V; as a function of the laser pulse energy E. The empty circle (o) markers denote the jet velocities from the larger
holes with Ry = 45 pum and the filled circle (o) markers denote the jet velocities for the smaller holes with Ry = 35 pm. The
empty (A) and filled triangle (») markers show the regular BA-LIFT jets induced from flat films with the ink thickness of
Hy = 8.1 pm and Hy = 6.6 pum, respectiely. With flow-focusing, it is possible to generate sub-threshold jets with energies
below 4.15 pJ, which is the laser transfer threshold energy for flat 6.6 pm films.



TABLE I. Ejected droplet radius at laser transfer threshold energy Ey; for each configuration. Flow-focusing configuration
holes (Hole 1 and Hole 2) have 7.5 ym depth.

Configuration Average droplet radius| FEip

Hy =8.1 ym flat film|Ry = 9.0 £ 1.8 pym 5.25 uJ
Hy =6.6 um flat film|Ry = 7.1 £2.1 pm 4.15 pJ
Hole 1 (Ry =45 pum) |Rqg = 4.5+ 1.0 um 3.67 uJ
Hole 2 (R2 = 35 pum) |Rg = 3.8 £ 0.6 um 3.05 pJ

results in smaller transfer volumes as the deposited droplet radius Ry also decreases with flow-focusing. When we use
laser transfer threshold pulse energy at a given configuration, it is possible to induce jets that result in single droplet
deposition. The droplet radius values evaluated from time-resolved images are presented in Table[] As studied before
[20, 21], the single drops ejected from thin films with the BA-LIFT technique have a radius approximately equal to
the film thickness Ry ~ H;. With flow focusing, we observe that the ejected droplet radius can be as low as 3.8 um,
which is approximately the half of the hole depth 7.5 yum. We note that this corresponds to an improvement of 50%
in resolution with single drop deposition.

We show in this Rapid Communications that it is possible to lower the threshold energy required to transfer ink using
blister-actuated laser-induced forward transfer by introducing the flow-focusing into the system. Flow-focusing further
reduces the jet and the subsequently ejected droplet diameter. In this study, we introduce the first experiments to
include the flow-focusing effect into BA-LIFT. A future study should investigate the experimental parameters affecting
the ejected droplet size such as the machined hole diameter, hole depth and blister size to optimize the technique
according to the properties of the ink to be printed. This technique can be extended to other laser-direct write
techniques with or without a dynamic release layer that hosts the ink to be printed as long as it is possible to machine
micrometer-sized holes that can host the ink to be printed.
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