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Abstract

In this paper we report femtosecond laser-induced forward transfer (LIFT) of pre-machined
donor films. 1 pm thick zinc oxide (ZnO) films were first machined using the focussed ion
beam (FIB) technique up to a depth of 0.8 um. Debris-free micro-pellets of ZnO with
extremely smooth edges and surface uniformity were subsequently printed from these pre-
machined donors using LIFT. Printing results of non-machined ZnO donor films and films
deposited on top of a polymer dynamic release layer (DRL) are also presented for
comparison, indicating the superior quality of transfer achievable and utility of this pre-

machining technique.
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1. Introduction

Laser induced forward transfer (LIFT) is a versatile direct-write method for spatially selective
printing of a wide range of materials [1-3]. In the conventional LIFT technique a thin film
(usually of thickness < 1 um) of the material (the donor) to be printed is deposited on top of a
substrate (the carrier) which is transparent to the incident laser wavelength. A laser pulse is
then focussed/imaged onto the carrier-donor interface which induces the necessary impulsive
force to push the donor onto a substrate placed nearby (the receiver) cither by melting it (for
the case of a sufficiently thin donor ) [4,5] or ablating the top layer (the thick donor case) [6].
The complete melting or disintegration of the donor material during the transfer process is
clearly a major drawback especially when printing is required of materials in solid and intact

form (e.g. single crystals), oriented films, single domain or other pre-structured donors.

One technique that has met with considerable success to mitigate the above mentioned
problems of damage to the donor layer is dynamic release layer (DRL)-LIFT. In DRL-LIFT a
sacrificial layer called the dynamic release layer is introduced between the carrier and the
donor film to avoid direct exposure of the donor to the incident laser. This DRL can be a
metal [7,8] or a polymer film [9, 10], a light-to-heat conversion layer as in laser induced
thermal imaging (LITI) [11] or a specially engineered nanomaterial layer as in nanomaterial
enabled laser transfer (NELT) [12]. These complementary LIFT methods have demonstrated
the transfer of biomaterials [8, 10], conductive polymers [11], OLED pixels [9, 12] ceramics
[13] and semiconductor bare dies [15]. Recently printing of SiOx was also reported by
coating the receiver film directly onto the donor to reduce the debris associated with the
deposits [15]. However these techniques do not eliminate one of the basic problems in LIFT
printing, namely the inevitable shearing or ripping of the donor film at the boundary of the
illuminated region, which may present an unacceptable limitation to the use of LIFT where
edge quality is of prime importance, for example where multilayer donors are used. Spatially
shaped multiple pulses to define weakened regions into the donor film before printing have
been used to reduce this problem in another complementary LIFT technique called ballistic
laser-assisted solid transfer (BLAST) [16]. Complete micro-dissection of biological samples
prior to transfer to avoid contamination has also been reported in the literature [17].

In this paper we introduce a new variant to the LIFT technique that allows debris-free
printing of solid donors in an intact form without using any DRL. The critical step is to pre-
machine the donor using, in our case, focused ion beam (FIB) machining to encourage

separation and transfer of predetermined shapes in intact and solid form. It is not necessary to



machine throughout the entire depth of the donor however as this would prevent the laser-
induced pressure build-up behind the material intended for transfer. For the optimum depth of
pre-machining into the donor, uniform and clean deposits are printed onto the receiver. This
technique should also significantly extend the thickness limitation for donor layers to beyond
the current ~ um level: with a maximum value of ~ 1pm being reported to date using a
triazene polymer (TP) DRL [18]. Zinc oxide (ZnO), an environmental-friendly lead free
piezoelectric was chosen as the trial donor material for these LIFT experiments, and we

report our first results below.

2. Experiments and results

The donor samples were prepared by sputtering 1 um thick films of ZnO on top of quartz
substrates (the carrier) at a pressure of 3mTorr and a temperature of 200°C. FIB machining
was used to etch circular features into 1 um thick sputtered donor films up to a depth of 0.8
um with 5 um and 10 pm diameters and centre-to-centre separation of 50 um. We defined a
parameter ‘A’ to quantify the fractional etched depth for the donor:
A = (milled depth) / (donor thickness) (1)

The A value chosen for our trial demonstration of this FIB pre-patterning technique was 0.8.
It took ~ 80 sec to machine each ring at a current value of 2.8 nA with a dosage of 2.81
nC/pum? per ring. These first samples were machined using Ga+ ions only without the use of
any gas for enhanced etching. If halogen containing gases were used, then the rate of etching
can be increased considerably, reducing the pre-machining time to perhaps tens of seconds
per ring. The value of 0.8 for A was chosen based on the requirement to mill away a
substantial amount of material, without going to the extremes of A = 1. A previous trial had
been carried out on other donors that included metals such as Au and Cr, and A values
exceeding 1.0 (i.e. FIB machining through the donor and into the carrier itself) had been tried
on the basis that machining away the entire thickness would be the best strategy to ensure
easy detachment [19]. Values for A that approach (or exceed) 1.0 however mean that any
explosive propulsion force generated from LIFT is no longer constrained at the donor/carrier
interface, and the propulsion force can leak around the milled slot. For this reason we chose a
trial value of 0.8, which was felt to represent a reasonable compromise between removing too
much material, and not removing sufficient, so that debris would still present possible

problems.



In any future work, optimising the A value for a particular donor material would be an
important step, as smaller values of A require less time for FIB machining. As it stands, the
80 seconds per feature is still a fairly long time. However, as will be seen later, this does
result in side-walls for the LIFTed pellet that are extremely smooth, and for certain
applications, where printing of a limited number of pellets is required, in a debris-free
manner, this time may not be considered particularly restrictive. Figure 1(a) shows the SEM
image of an array of machined ring patterns while fig. 1(b) shows a magnified image of one

of the S5pm rings.

[Figure 1(a, b)]: (a) SEM images of the FIBbed ring patterns of 10 um (top two rows) and 5
um (bottom two rows) diameters in 1 um thick ZnO donor film. (b)
Shows the magnified SEM image of one of the machined 5 um rings.

For comparison 1 um thick ZnO films on top of TP as a DRL and 1 pm thick ZnO samples
without any prior machining were also prepared for LIFTing. For all the experiments a
commercial mode-locked Ti: sapphire laser femtosecond laser was used. Single laser pulses
with a Gaussian spatial profile (800 nm, 150 fs, FWHM ~ 4 mm) were first centred on a 450
um diameter circular aperture resulting in a reasonably spatially uniform incident pulse
profile with spot size of ~ 12 um. The beam size was chosen to be bigger than the FIBbed
feature sizes (5 um and 10 pum) for ease of alignment while printing. A highly de-magnified
image of the aperture was then relayed onto the carrier-donor interface using a commercial
micromachining workstation (New Wave UP266, USA) thereby printing micro-pellets of
ZnO onto silicon (Si) receivers at a donor-receiver separation of 1 pm, using Mylar spacers.

All the experiments were performed under a background pressure of 10 mbar.



[Figure 2(a, b)]: Shows SEM image of 1um thick ZnO donor film deposited on top of 360
nm thick TP (a). Shows SEM image of deposits printed from this donor
film (b).

Figure 2 (a) shows an SEM image of a 1 um thick ZnO donor film sputtered on top of 360
nm thick TP. About 80-85 % of the surface area of the donor films was cracked due to the
thermal decomposition of TP while depositing the upper ZnO layer. Figure 2 (b) shows an
SEM image of ZnO deposits printed using these films. Cracks were also clearly visible in the
LIFTed deposits, and as the film was weaker around the cracks LIFTing preferentially
occurred by rupture along the cracks leading to non-circular deposits. The bad quality of the
donor films in this case resulted in shattered and irregular shaped pellets. We have also tried
to deposit ZnO on TP-coated unheated carriers using other techniques including pulsed laser
deposition (PLD). Again however, the quality of the resultant donor was less good than that
achieved via sputtering on uncoated carriers. The degradation temperature of TP is of the
order of 250°C, and for thick films (~um thicknesses) prolonged exposure in a sputtering
chamber can severely degrade the surface integrity. This is another reason why FIB pre-
machining can be advantageous as it does not require any DRL use. It should in principle be
applicable to print any donor material as the range of donors that can be printed using this
technique is not limited by any temperature or chemical sensitivity issues as is the case for

DRL-assisted LIFT.
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[Figure 3(a, b, c¢)]: (a) and (b) show the SEM images of 12 um ZnO pellets printed form a
non-machined 1 pm thick donor. The shattering of the pellets during
transfer produced non-uniform, irregular shaped and splashy deposits,
clearly depicted in the images. (¢c) Shows the rough edges of the printed
deposits.

Figure 3 (a) and 3 (b) show SEM images of typical and the best LIFTed deposits respectively
of 12 um diameter ZnO pellets printed from a 1 pm thick donor without any pre-machining,
while fig. 3 (c) shows the edge quality of a typical deposit. The deposits were in general
splashy, with considerable amounts of debris and with very rough and ill-defined edges and
irregular shapes. However, the deposits from a pre-machined donor exhibited extremely good
quality both in terms of surface uniformity and edge smoothness. Under the optimum
conditions for LIFTing, there was no trace of any residual debris surrounding the transferred
pellets. Figure 4 (a) and (b) show the SEM images of 10 pm and 5 pm ZnO pellets
respectively printed from a pre-machined donor. Note here that fig. 4(a) shows the result for
LIFTing onto a Si substrate, whereas fig. 4(b) used a flexible compliant substrate
(polystyrene). The adhesion of ZnO to the plastic receiver was not as good as onto Si. So far
we have not made any adhesion tests for the printed pellets using this pre-patterning

approach, and the use of flexible receivers appears to be non-optimum. Fortuitously however,



the pellet LIFTed onto polystyrene has flipped over while dismantling the donor-receiver
assembly, allowing SEM examination of the quality of the front surface, and edge quality

around the machined rim.

[Figure 4(a, b)]: SEM micrographs of 10 um (a) and 5 um (b) ZnO pellets printed onto Si
and plastic receiver respectively from a pre-machined 1 pm thick donor
film.
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[Figure 5]: Magnified SEM image of the extraordinarily smooth edge of one of the
deposits printed from the pre-machined ZnO donor.

Figure 5 shows an SEM image of the edge quality of a printed 10 um ZnO pellet, and this
degree of smoothness was routinely seen in all SEM pictures taken. The high edge quality
pellets from the pre-machined ZnO donors were transferred at an incident laser fluence of ~
450 mJ/cm” (fig. 5) which is less than half the value (~ 1 J/cm®) used to transfer the shattered
and rough edge quality deposits from the non-machined donors (fig. 3(c)).



The difference in the quality of deposits transferred from donors with and without pre-
machining prior to LIFT is clearly seen. For both cases the incident laser pulse provides the

the required force to overcome the donor-carrier adhesion, but in the case of no prior
machining, the donor pellet still has to shear itself from a considerable portion of the
surrounding solid donor film, resulting in shattering during transfer, rough edges, irregular
shapes and considerable and unavoidable debris. In case of the pre-machined donor, the area
to be printed is already defined by FIB patterning which makes the transfer process much
gentler. For cases where A approaches 1, detachment can occur with minimal (in optimum

cases zero) residual debris, and smooth, regular printing can occur.

It should be mentioned that while a A value of 0.8 has clearly produced impressive results,
without further experimentation or modelling, it is not yet apparent which value produces the
optimum level of printing fidelity. It is also likely that this parameter is both donor material
and thickness specific. However, the striking difference in the quality of the deposits obtained
clearly shows the great potential of this technique for printing thick and fragile donors in
solid and intact format. Finally, we also mention that LIFTing of single crystal materials,
such as those grown via PLD which usually requires substrate heating to temperatures in
excess of ~600°C to ensure single crystal thin film growth, and hence would be entirely
unsuited to TP-DRL techniques, would also be an attractive prospect. FIB pre-machining is
an ideal candidate to try here, and experiments are currently under way. We are not aware of
any other reports of LIFTing of single crystal PLD-grown thin films, and this may well be a

good example where FIB pre-patterning presents a useful, if slightly time-consuming process.

3. Conclusions

Micro-pellets of ZnO of excellent quality with extremely smooth and uniform edges were
printed from pre-machined donors. The donor films were machined to a depth of 0.8 um by
the FIB technique prior to LIFT. To the best of our knowledge, this is the first time that
materials have been printed using the FIB pre-patterning LIFT technique. The initial results
presented here were to validate the proof-of-principle for the technique, and further
optimisation studies using donors with different A values, different thicknesses and donor

materials are currently in progress.
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