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Abstract

Laser-induced Forward Transfer (LIFT) is an additive manufacturing technique that uses ultra-short laser pulses to transfer material
from a donor (carrier) to a receiver. The transfer dynamics can be adjusted depending on the application with micrometer or better
resolution which makes it suitable for modifying, repairing, and prototyping micro-devices. In some photonic chip applications, it is
necessary to place a small chip into a prefabricated groove on a larger chip, with a required alignment accuracy of approximately
100 nm. Due to limitations in the manufacturing process, or inconsistencies in the height of chips from different suppliers, it is difficult
to achieve the requirement in the vertical direction. Therefore, in this project, we attempted to use the LIFT method to locally place
prefabricated micro-spacers to compensate for height errors. In this paper, we describe spacer fabrication, LIFT parameter optimization,
and preliminary transfer results.

1 Introduction
Photonic-Integrated Circuit (PIC) modules routinely suffer from small vertical offsets between components (die, waveguide
facets, packaged chips) introduced by manufacturing tolerances and dicing/assembly steps; even sub micrometer height
errors can degrade coupling efficiency and alignment of optical modes, producing large insertion loss or coupling mismatch.
Therefore, these vertical misalignments are a practical barrier to high-yield PIC assembly and packaging, especially when
sub-100nm height correction is required for low-loss optical coupling [1]. One of the ways to tackle this issue is to
accurately measure and correct the misalignments by depositing alignment correcting spacers via a non-contact, maskless
micro-assembly process called LIFT. Laser-induced Forward Transfer (LIFT) is a versatile direct-write method that uses
ultra short laser pulses to eject material from a donor onto a receiver. It can deposit pre-fabricated micro-objects (disks,
bumps, pads) with micron or sub-micron lateral accuracy and tight control of deposited mass and location; LIFT has been
demonstrated for fine-pitch flip-chip assembly[2], indicating its suitability for adding solder bumps. LIFT operates at low
overall substrate temperature, it is fast and can place single micro-objects on demand without complex tooling, it is an
attractive route to locally correct height errors in PIC modules and to produce robust mechanical/metallic contacts after
landing (especially when combined with a suitable receiver coating). Originally developed with longer pulses (nanosecond
pulses), LIFT has been extended to the picosecond and femtosecond regimes, where energy deposition is highly localized
and heat-affected zones are minimized, allowing higher-fidelity transfers and finer spatial control [3]. First proposed by
Bohandy et al. in 1986 [4], LIFT benefits from ultrashort pulses because (i) vapor/plasma produced after an ultrashort
pulse does not interact with the pulse, (ii) thermal damage is greatly reduced, and (iii) femtosecond ejecta tend to be more
forward-directed and less divergent than nanosecond ejecta, improving transfer quality. In this work, we compare 226fs and
1ps single-pulsed laser transfers of prefabricated Pt micro-spacers on borosilicate donors to an Au-coated glass receiver.

2 Experimental Methods
2.1 Spacer fabrication
We start the fabrication flow with a 4-inch borosilicate glass substrate and this would act as our carrier during the transfers.
The materials for the spacer used in the transfers was selected based on two primary criteria: (i) thermal stability and
(ii) chemical inertness. In this work, we opted for Pt (100 nm thick) as our main spacer material and a Ti layer (5 nm
thick) as an adhesion layer between the substrate and the Pt layer. Pt can sustain temperatures > 500◦C and has high
mechanical stability. Fabrication begins by spin coating the wafers with LOR (Lift-off Resist) and Olie 907(Lithography
Resist), followed by a prebaking step, UV- Lithography and development of the resist. Ti(5 nm) and Pt (100 nm) layers are
deposited via E-beam evaporation via Top Damper. Post deposition, we use Lift-off process to remove excess metal and
photo resist layers except the fabricated spacers on the wafer seen in the figure 1. In the final step, we use Disco Dicer
DAD3220 to dice the wafer into the carrier that resembles a thin microscopic slide of 7.5 x 2.5 cm in dimensions.The design
consist of different size versions of the spacers all the way from 5𝜇𝑚 to 90𝜇𝑚, and a long rectangular slice of a continuous
thin film of Pt/Ti meant to be used for alignment and control experiments for transfer from a near-continuous film.
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Figure 1: Microscopic images of the fabricated spacers after
lift-off

2.2 Schematic of the LIFT system
The system uses a Carbide laser which is a chirped pulse amplified (CPA) Yb:KGW femtosecond laser. The system is
operated at 514nm wavelength. As observed in figure 2, when the beam is released from the source, it is directed via the
optical alignment using 2 broadband di-electric mirrors towards a 40mm plano-convex lens, mounted onto linear translation
stages (ATS100-100-BRK, Aerotech) to adjust the focus distance in the vertical (z-) direction. A camera is used to check
for the alignment of the beam on the surface of the carrier. The beam is then focused at the carrier-donor interface. The
carrier in this scenario is our diced MEMPAX glass substrate containing the spacers with a total thickness of 500 ± 25𝜇m
of the carrier and (105 nm) of the donor. The separation distance between the donor and the receiver is set to be at 83 𝜇m.
Consequently, the calculated spot diameter at the beam waist from the focus position of the plano-convex lens is calculated
to be around ≈ 11𝜇𝑚. For the current system, we have opted 226 fs and 1 ps pulse durations to observe which ones can
generate an efficient transfer and all the transfers are tested using a single-pulse transfer method. The receiver used for the
transfers is a 40nm gold coated borosilicate glass slide with same dimensions as the carrier.

Figure 2: Schematic of the LIFT setup; receiver
is coated with a 40nm Au layer.

Figure 3: Microscopic view of the receiver’s
surface at the donor-carrier sandwich interface.

2.3 Experiments performed
2.3.1 Fluence scan and defocus: pulse-duration sweep
The aim of the current experiment is to identify a LIFT transfer window and observe the effects on the spacers after transfer
at both 226 fs and 1 ps pulse durations. The current experiments will be performed on 30 micron wide donor structures.
The spot diameter will be de-focused and adjusted to 40 𝜇m so as to cover the entire spacer diameter. The fluence sweep
will be adjusted accordingly to the current off-focus condition. Fluences ranging from 1𝐽/𝑐𝑚2 to 10𝐽/𝑐𝑚2 were tested
for the transfers, and then based on nature of transfers, a window will be established. The (x) and (y) stages are adjusted
accordingly to the refraction in the carrier substrate and the impact zone will be marked accordingly on the continuous film
(the long rectangular strips) before moving on to the actual spacers.

2.3.2 Morphology and Metrology tests
The next step of the measurements was to replicate the experiments on spacers with 30𝜇𝑚 diameter and subsequently
investigate the transfers on spacers with larger diameters typically from 60𝜇𝑚 to 90𝜇𝑚 , adopting the pulse duration that
yielded the highest-quality (least damaged) transfers in the initial runs. Depending on the reproducibility of the transfers, a
final pulse duration will opted for and the transfers will be carried out accordingly. Once the transfers are complete, the
morphology and thickness of the transferred spacers will be measured via SEM (JEOL JSM 7610FPlus FEG) and Stylus
Profilometer (Bruker Dektak PRO A200).
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3 Results and Discussion
3.1 Transfer fluence threshold measurements
Figure 3 shows the focus scan performed across several z-stage heights (measured from the center of the focusing lens to
the surface of the carrier - depicted as the separation distance in mm) with the aim of finding the beam waist and then
de-focusing to a 40 µm spot. From these measurements the in-focus waist was found to be on the order of 𝑤 ≈11–15 𝜇m
with a Rayleigh range ∼ 184 µm. Using the measured crater onset data, we extracted single-pulse ablation thresholds
of 𝐹𝑡ℎ,ps ≈ 0.486 J/cm2 for the 1 ps case and 𝐹𝑡ℎ,fs ≈ 0.292 J/cm2 for the 226 fs case (the fs threshold is lower by a
factor ∼ 0.6), in agreement with typical ultrashort-metal ablation behavior reported in the literature [5–7]. These on-waist
thresholds form the reference for all subsequent de-focused fluence calculations reported below.

3.2 Pulse duration and fluence scan measurements
The fine-matrix experiments were run first with 226 fs pulse duration and then with 1 pico second; representative spacers
after transfers on the receivers are shown in Figure 4.

Figure 4: Microscopic image of the donor–carrier interface after LIFT transfers: 1 ps (left) and 226 fs (right).

At the working de-focused beam spot the Gaussian intensity profile produces a large center-to-edge fluence difference: in
our runs the on-axis central fluence was ≈ 0.2918 J/cm2 while the fluence at the spacer edge was only ≈ 0.0947 J/cm2

(≈32.5% of the central value). Because the transfer requires sufficient edge fluence, we computed that to raise the edge
fluence to ∼ 0.3 J/cm2 (near the observed transfer window) the on-axis fluence must be increased to ∼ 0.925 J/cm2, which
corresponds to a pulse energy of roughly ∼ 5.8 µJ at our pulse repetition rate of 60khz. The fs regime produces higher peak
intensity at fixed 𝐸𝑝 (lower single-shot thresholds and more “non-thermal” ejection modes such as spallation or phase
explosion), whereas the ps regime shows higher thresholds but often more thermally broadened and visually reproducible
ejections; nonetheless the geometric center-to-edge mismatch persists in both regimes and strongly limits clean single-shot
transfer without additional beam shaping [7, 8].

3.3 Morphology and Metrology tests
The receiver is a (Boro-silicate) glass slide of the same dimensions as the carrier is coated with 40nm of Au for better
adhesion between the transferred Pt spacers and the surface of the receiver. Reproducibility was strongly limited due to
thin Ti sacrificial layer (5 nm). Thermal-diffusion estimates give 𝑙th =

√
𝜒𝜏 ≈ 1.27 nm for 𝜏 = 226 fs and ≈ 2.66 nm for

𝜏 = 1 ps, i.e. heat diffusion during the pulse is only a few nanometers and much smaller than the optical absorption depth
of the films (typically ∼10–15 nm). Consequently, with only 5 nm Ti a large fraction of the incident energy transmits
into the Pt and glass rather than being absorbed in the sacrificial layer to produce a clean blister impulse; this produces
melting/fragmentation of Pt or glass heating rather than robust blister-driven ejection (see the SEM/optical images in Figure
6). Where transfers were successful, stylus profilometry (Figure 5) shows transferred spacer thicknesses of ≈95 nm (i.e.
Pt largely preserved), as observed from the image below - but the yield was low and many trials produced partial craters
or damaged disks. These observations and the thermal/optical scaling argue for increasing the sacrificial-layer thickness
toward ∼10–20 nm (or adding an absorptive sublayer) and/or using beam homogenization (top-hat shaping) to reduce
center-to-edge fluence mismatch if reliable, repeatable single-shot transfers are required [9–11].

4 Conclusion
The experiments reveal clear differences between femtosecond (226 fs) and picosecond (1 ps) single-pulse LIFT: measured
on-waist ablation thresholds are 𝐹𝑡ℎ,fs ≈ 0.292 J/cm2 and 𝐹𝑡ℎ,ps ≈ 0.486 J/cm2, consistent with shorter pulses reducing
single-pulse thresholds via reduced thermal diffusion [5, 8];beam waist was ∼10–15 𝜇m (we used a defocus strategy to
test ∼40 𝜇m spots) and the Rayleigh range was a few 102 𝜇m, so the Gaussian center-to-edge fluence drop (edge fluence
∼30–35% of on-axis) became the dominant practical limitation for clean, damage-free single-shot transfer of larger disks.
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Figure 5: Thickness measurement for a transferred spacer Figure 6: SEM and dark field microscopy image of the
transferred spacer

The 226 fs pulses give higher peak intensity at fixed pulse energy (𝐸𝑝) (lower thresholds but greater risk of direct Pt damage
if the sacrificial layer cannot absorb enough energy), whereas 1 ps pulses produce more thermally broadened yet visually
more reproducible ejections [7, 9]. Critically, a 5 nm Ti release layer proved insufficient for robust transfer in our stack —
much incident energy transmits into Pt and glass carrier, producing melt/fragmentation rather than clean ejection, which
agrees with thin-film absorption/skin-depth arguments and blister actuated-LIFT recommendations that sacrificial layers
be on the order of the optical absorption depth (tens of nm) for reliable blistering [9, 10]. To improve yield we therefore
recommend: (1) increase sacrificial Ti to ∼10–20 nm (or add an absorptive sublayer) to confine more absorbed energy into
the release layer [8, 9]; (2) reduce center-to-edge mismatch via top-hat beam shaping or modest defocus combined with
homogenization [11, 12]; finally, further optical characterization (reflectance/absorptance at 515 nm), donor-plane spot
mapping, and small matrix studies varying Ti thickness and pulse number (to quantify incubation effects) are needed to
convert these recommendations into a robust, repeatable LIFT process for spacer placement.
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