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Abstract

This paper reports on micro-pattering of Indium thin film (donor substrate) using a higher deposition dose than previously
reported. The threshold deposition dose required for micro-patterning was measured. Ejected material from the micro-
patterned thin film was deposited onto an accepter substrate kept in close proximity; it clearly shows deposition of
micron and submicron particles of Indium. Moreover, a clean line like structure was deposited onto the accepter
substrate when the accepter substrate was moved with the same velocity as that of the donor substrate.
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1. INTRODUCTION

Laser-induced forward transfer or laser-induced film transfer
(LIFT) is a micro/nano printing technique. Usually pulsed
laser is focused onto the back side of thin film, which is depos-
ited on the transparent substrate (also called as donor substrate).
Interface of the thin film gets heated up due to laser pulse
which ultimately melts and vaporizes. The pressure induced
by the vapor at the interface ejects the film towards the accepter
substrate which is kept sufficiently close to donor substrate.
This method was first demonstrated by Bohandy et al.

(1986), for depositing copper metal patterns under vacuum
using nanosecond excimer laser (λ= 193 nm) pulses. LIFT
was demonstrated in atmospheric condition by the same
group using Ag thin films (Bohandy et al., 1988). Later on
LIFT was used for a variety of metallic films such as Al
(Schultze & Wagner, 1991), W (Tóth et al., 1993; Kántor
et al., 1994a), and Cr (Zergioti et al., 1998). All these refer-
ences cited so far shows that superheating of the donor metal
thin film is necessary to realize transfer. Hence LIFT was not
seen as a practical option for sensitive and soft materials.

To overcome this, number of modifications in the LIFT
techniques have been suggested and implemented which re-
sults into multiple variants of the technique. These variants
are Matrix-Assisted Pulsed Laser Evaporation-Direct Write
(MAPLE-DW) technique (Pique et al., 1999), Dynamic Re-
lease Layer-LIFT (Tolbert et al., 1993), Hydrogen Assisted
LIFT (Toet et al., 1999), Laser-Induced Thermal Imaging
(LITI) technique (Blanchet et al., 2003), Long-Pulsed
LIFT (Kántor et al., 1994b; Kántor & Szorenyi, 1995). Var-
iants of the LIFT technique had been tested on diverse vari-
eties of materials, from a gamut of hazardous material (Veiko
et al., 2006) to soft biological matter (Colina et al., 2005).
Recently, LIFT has been used for fabrication of multilayer
metamaterials (Tseng et al., 2012), three-dimensional plas-
monic cavities (Chen et al., 2013), miniature sensors and mi-
crobattery systems (Piqué et al., 2002), bio-printing (Mézel
et al., 2010), and many more.

During their work on the dynamic release method Tolbert
et al. (1993) showed that laser pulse width has an effect on
laser threshold needed for transfer. Laser fluence threshold
was found to be order of magnitude smaller than for picosec-
onds laser pulses compared with nanosecond laser pulses.
These findings were verified by other researches using fem-
tosecond laser pulses. Use of femtosecond laser pulses
for the LIFT process allows greater precision of energy
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deposition compared with that of nanosecond pulses (Banks,
2008). Femtosecond-LIFT has successfully been applied re-
cently to transfer bio-materials (Karaiskou et al., 2003).
Recently, Thomas et al. (2014) demonstrated utilization of

only a femtosecond laser oscillator with MHz repetition rate
for implementation of LIFT. With low pulse energy (∼nJ)
but with high pulse frequency (MHz), heat accumulation
takes place which ultimately melts the thin film and subse-
quently ejects it out. This paper explored the effects of
laser energy and scanning speed on the efficacy of LIFT
and showed that that one can control the LIFT pattern by con-
trolling the relative motion between the acceptor and donor
substrates. However, from an applications perspective, it
would be more appropriate to combine various experimental
parameters such as laser energy, translation speed, laser rep-
etition rate, and focusing conditions into one single parame-
ter to compare results obtained using LIFT instead of, as is
currently the vogue in existing literature, merely mentioning
a set of single parameters, such as laser energy, speed, repe-
tition rate or focusing conditions. In this paper, the concept of
deposition dose is used which slightly differs from energy
dose concept used by Thomas et al. (2013). This single pa-
rameter will be representation of all the experimental condi-
tions used.
Deposition dose can be defined as

Ddose = EpulseR

hdv
μJ μm−3 (1)

where Epulse is the input pulse energy (in μJ), R is the pulse
repetition rate (in Hz), v is the speed (in μm s−1) with which
donor substrate moves and h is the donor film thickness and d

is the laser spot diameter (both in μm). The highest deposi-
tion dose reported for LIFT of Indium thin films was
∼89.5 μJ μm−3 (Thomas et al., 2014). This paper reports
further experimental work that seeks to probe the following
outstanding questions:

• Is surface micro-patterning possible with higher deposi-
tion dose values like the sub-surface pattern formation
reported by Thomas et al. (2013)?

• Will deposition on the accepter substrate also be
patterned?

• What will be the effect of movement of accepter sub-
strate along with donor substrate on the re-deposition?

The lowest deposition dose used in the present study is
192.5 μJ μm−3, which is much more than that of reported
by Thomas et al. (2014).

2. EXPERIMENTAL SET-UP

The experimental set-up used for this work is essentially sim-
ilar to that described in our earlier report (Thomas et al.,
2014) with only relatively small modifications. In brief, a
high energy Ti: Sapphire femtosecond laser oscillator
(800 nm wavelength, 200 nJ output energy, 50 fs pulse dura-
tion, 5.2 MHz repetition rate) was used for our LIFT mea-
surements (Fig. 1). A single-shot autocorrelator was used
to monitor the laser pulse width. The pulse energy was atten-
uated with the help of a half wave plate and polarizer assem-
bly. The laser beam was directed towards the sample using
suitable optics, as shown in Figure 1, and finally focused

Fig. 1. Schematic depiction of our LIFT experimental set up using a Ti:Sapphire femtosecond laser oscillator.
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on the rear side of the donor Indium thin film using a 10X
(NA= 0.25) microscopic objective. The focal spot size
after the microscopic objective was measured using a beam
profiler and it was found to be 2.7 μm. An integrating
sphere was used to measure the transmission of the micro-
scope objective; it was found to be 93%.
The Indium thin film (donor) was mounted on a one-

dimensional (1D) motorized translation stage. The accepter
substrate was kept on another, similar, 1D motorized transla-
tion stage. Accepter substrate was kept stationary in one set
of experiments while in another, it moved with the same ve-
locity as that of the donor substrate. Measurements were
made at different values of laser energy. The distance be-
tween the accepter substrate and the donor thin film was
kept constant to within 400 μm.
The Indium thin film used in this work was deposited on

cleaned microscope glass slides (size 2.5 × 7.5 cm) via a
thermal evaporation coating unit kept at a base pressure of
10−6 Torr. Indium metal used for the deposition was
of 99.995% purity (purchased from Nuclear Fuel Complex,
Hyderabad). Thickness of the thin films was found to be

2 μm. Machined donor substrates and LIFT patterns on accep-
tor substrates were characterized using optical microscopy,
scanning electron microscopy (SEM), and energy-dispersive
X-ray diffraction (EDAX).

3. RESULTS AND DISCUSSIONS

Often, femtosecond micromaching at MHz repetition rate is
compared with KHz repetition rate. In KHz machining indi-
vidual pulses are responsible for inducing change in the re-
fractive index of the material, whereas in MHz regime,
cumulative effect of many pulses is responsible for index
change of the material. Due to dominant cumulative effects,
heating of the material has been observed which leads to
melting and subsequent re-solidification (Eaton et al., 2005).

In this work, micron sized line structure was written on the
donor Indium thin film by focusing the femtosecond laser
pulses via a 10X microscopic objective from the rear side
of the Indium thin film, as shown in Figure 1. Line structures
were written at different values of incident laser energy, with
values which varied over the range 60–166 nJ. During the

Fig. 2. Micrograph showing modified region of Indium thin film when femtosecond laser pulses of energy; (a). 60 nJ, (b). 62 nJ, (c) 65 nJ,
(d) 70 nJ, (e) 83 nJ, (f) 101 nJ, (g) 121 nJ, (h) 141 nJ, and (i) 166 nJ were used for machining.
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course of each experiment, the donor thin film was moved at
a constant speed of 0.3 mm s−1, a value that is significantly
lower than previously used by us (Thomas et al., 2014).
Figure 2 shows typical optical micrographs of the machined
donor thin films with 10X magnification for different laser
energies. The dark region in each micrograph indicates pres-
ence of Indium while the bright region corresponds to ab-
sence of it. Laser pulse energy was increased from 60 to
166 nJ as one go from Figures 2a to 2i. With just 5 nJ in-
crease in the laser pulse energy, the width of the machined
region was found to increase from 40 to 100 μm, as seen in
images shown in Figures 2a and 2c. More interestingly,
grain/mesh like structure is seen in Figure 2c whereas
Figure 2a shows a clean, machined region with no visible
leftovers at 10X magnification. Thereafter, all the subsequent
images show similar grain/mesh like structure. Width of the
machined region was found to increase with increase in laser
pulse energy as shown in Figure 3. In a report by Thomas
et al. (2013), sub-surface patterning of glass has been report-
ed at higher energies. In this article, varieties of sub-surface
patterns were reported in different transparent materials. As
reported, such patterns were obtained only if energy dose
is above a certain fixed value. Below which, the change in

the refractive index was found to be smooth and continuous
and as it goes above certain threshold value, it becomes dis-
continuous pearl/rod like structures. However, these results
were reported for bulk transparent material. Figure 2 reports
similar transition but for a thin film.
From Figure 2, it is quite clear that the micro-pattering of

the donor substrate only becomes possible when the deposi-
tion dose is equal to or above 210 μJ μm−3 (corresponds to
Fig. 2c–i). The highest deposition dose used in this experi-
ment (Fig. 2i) corresponds to 532 μJ μm−3.
Next the accepter substrate, which was kept 400 μm away

from the donor thin film, was analyzed. The accepter sub-
strate was kept stationary during this experiment. SEM
images of the accepter substrate (corresponding to the
donor substrate shown in Fig. 2i) were acquired and are
shown in Figure 4. These images confirm deposition of
Indium particles on the accepter substrate. Spattered deposi-
tion of Indium particles on the accepter substrate correlates to
micro-patterned donor substrate (Fig. 2i). Micron and few
submicron size particles are clearly visible in the SEM
images. EDAX measurement confirms presence of Indium
on the accepter substrate.
In a different experimental set, accepter substrate was

moved with the same velocity as that of the donor substrate,
namely 0.3 mm s−1, during transfer. Forty linear structures
were written on the donor substrate using a deposition dose
of 192.5 μJ μm−3, which is below the micro-pattering thresh-
old. At this deposition dose, machined donor substrate looks
similar to as shown in Fig. 2a. Each time, to write a new
linear structure, the donor substrate was laterally displaced
so as to get the next unexposed thin film region for transfer:
The accepter substrate was not moved laterally during the
entire experiment. This implies that the ejected material
from all the 40 line structures written on the donor substrate
might have got deposited linearly on the accepter substrate at
one location. SEM images were recorded for the accepter
substrate and a typical image is shown in Figure 5. It
shows linear deposition of material, in conformity with our
expectation. The width of this structure is nearly 1 μm. It
should be noted again that at 192.5 μJ μm−3 deposition

Fig. 3. Graph showing increase in the width of line structure written on
donor substrate with increase in the laser pulse energy.

Fig. 4. SEM images of accepter substrate showing deposition of micro and some submicron particles at two different magnifications.
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dose value, there was clean ejection of material from the
donor substrate, as seen in Figure 2a. It seems that the ejected
material from all the written 40 lines coalesced and com-
pressed to a single line structure with a width of just 1 μm.
A similar experiment was done before by Tan et al. (2003),
in which they have used maximum deposition dose of
∼44.5 μJ μm−3 to deposit micro lines of gold on the accepter
substrate. Deposition dose used in this paper to produce
micro lines of Indium is much more than that used by Tan
et al. (2003). However micro line structure in our case is
much cleaner, compress and coalesce compared with work
presented in Tan et al. (2003).

4. CONCLUSION

The experimental work reported here suggests that as in the
case of sub-surface pattern formation using a femtosecond
laser, surface machining also requires a threshold deposition
dose. Micro-patterning is possible at or above this threshold
deposition dose. In the case of Indium deposition in our ex-
periments, the threshold deposition dose was found to be
210 μJ μm−3. This value may vary for different thickness
of thin film or for different thin film material. Spattered
micron and submicron particles of Indium were observed
on the acceptor substrate, which correlated with the micro-
patterned donor substrate. Interesting, clean line-like deposi-
tion having width of ∼1 μm was seen on the acceptor
substrate when it was moved at the same velocity as that of
the donor substrate during the experiment. Therefore this
technique has potential application in fabrication of optoelec-
tronic and photonic devices.
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