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a  b  s  t  r  a  c  t

The  transfer  of  solid  phase  material  by  femtosecond  laser-induced  forward  transfer  (LIFT)  at  atmospheric
pressure  by  a  time-resolved  shadowgraph  technique  is  studied.  The  influence  of  laser  fluence  on  transfer
of  material  in solid,  fragmented  and  molten  state  is  investigated  during  femtosecond  LIFT  of  initially
solid  layers  of  thermoelectric  bismuth  selenide  (Bi2Se3), piezoelectric  lead  zirconate  titanate  (PZT)  and
magnetostrictive  Terfenol-D.  We  report  ejection  velocities  of  ∼48  m/s  and  ∼34  m/s  for  intact  transfer  of
∼1.1 �m  thick  Bi2Se3 and  ∼1.8 �m  thick  PZT  respectively,  and  of  ∼140  m/s  for ∼0.5  �m  thick  Terfenol-D.
eywords:
aser-induced forward transfer
hadowgraphy
ime-resolved studies
emtosecond
hock wave
aser material processing

During  intact  transfer,  contrary  to  what  has been  reported  so  far,  no  shock  wave  above  the substrate
surface  was  observed.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Thin films deposited by laser-induced forward transfer (LIFT),
 laser direct-write technique, find wide use in areas of electron-
cs [1,2], photonics [3] and biotechnology [4,5]. The versatility and
he simplicity of the LIFT process in addition to the absence of any
ithographic process steps, make this technique a powerful tool for
rototyping or repair [6].

The LIFT setup consists of a laser source, beam guiding optics and
he sample assembly. During LIFT transfer the image of an aperture
s projected or focussed at the interface between an optically trans-
arent substrate (referred to as the carrier) and a thin layer of the
aterial to be transferred (referred to as the donor). The donor-

oated carrier (referred to as the target) is placed in proximity or
n contact with the acceptor substrate (referred to as the receiver),

hich is facing the donor side of the LIFT target.
In order to further extend the applicability for LIFT, we have

nvestigated its feasibility for transferring materials used for energy
arvesting devices. The design of such devices requires a tech-
ique that permits the printing of solid materials in an intact

tate onto a broad range of temperature-sensitive receivers such as
olymers. Most alternative manufacturing techniques employ high
emperature steps which would not be suitable for printing onto

∗ Corresponding author. Tel.: +44 02380 59 9091; fax: +44 02380 59 3142.
E-mail address: mf2v09@orc.soton.ac.uk (M.  Feinaeugle).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.04.101
such polymer substrates. Additionally, for manufacturing energy
harvesting devices the LIFTed material’s phase, structure and tem-
perature should ideally not change during transfer. For materials
with a defined domain or crystal orientation such as piezoelectric
ceramics, there is the additional need to transfer material without
increasing its temperature above the Curie point.

Furthermore, such harvesting devices also require good adhe-
sion of the deposited material to the acceptor substrate and low
damage of the receiver. During LIFT therefore, one of the main
objectives is to preserve the integrity of the donor under transfer
(referred to as the flyer), and to limit the flyer’s velocity. Suppress-
ing the creation of shock waves, usually generated during the LIFT
process is a major concern too, as these shock waves may interact
destructively with the flyer on reflection from the receiver placed
nearby [7].

In this contribution we  present femtosecond (fs) LIFT as a viable
candidate for intact transfer without the need of an additional aux-
iliary layer (referred to as dynamic release layer or DRL [8]), which
has been employed primarily for the purpose of transferring donors
in an intact state. In fs-based material processing, the interaction
time between the laser pulse and the material is too short to allow
direct heat transfer to the lattice of the flyer and this consequently
reduces the heat-affected zone when compared to nanosecond (ns)

or picosecond (ps) LIFT making possible the transfer of materials
without melting of a significant fraction of the flyer [9,10].

In order to achieve intact transfer, it is of major importance
to observe the interaction of the laser pulse with the transferred

dx.doi.org/10.1016/j.apsusc.2012.04.101
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:mf2v09@orc.soton.ac.uk
dx.doi.org/10.1016/j.apsusc.2012.04.101
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Fig. 1. Schematic of the experimental setup for shadowgraph studies of fs-LIFT.

aterial. The processes of material release and transfer during
s-LIFT were therefore investigated with a time-resolved shad-
wgraph imaging technique. This gives insight into the dynamics
f material transfer and shows the interaction between the laser
ulse, the donor and the surrounding atmosphere. We  studied the
ransfer of a range of different donor materials such as thermoelec-
ric bismuth selenide (Bi2Se3), piezoelectric lead zirconate titanate
PZT) and a magnetostrictive compound of terbium, dysprosium
nd iron (Terfenol-D). In the experiments, the flyer was  imaged
fter a previously defined time delay following the absorption of
he incident laser pulse by the donor. ‘Transfer’ in its real sense
ould have required the presence of a receiver. However, in the

ollowing, we may  use the term transfer in order to emphasise the
imilarity and relevance of the observed ejection process to LIFT
espite the absence of such a receiver.

So far the LIFT process has been investigated with time-resolved
maging techniques in the nanosecond [11,12] and sub-picosecond
aser pulse range [13,14] for solid [15,16], powder [17] and liq-
id donors [18], and flyer velocity, shockwave creation and the

nteraction with the receiver have been investigated.
This study gives information about flyer velocity, and integrity

uring transfer, and the role of possible formation of shock waves.
n this article we report the first shadowgraph imaging of intact
olids under fs-LIFT using the shortest pulses used so far in time-
esolved shadowgraph studies of LIFT.

. Methods

The LIFT shadowgraph imaging experiments were carried out
ith the help of a femtosecond oscillator, and a chirped pulse

mplification and compression laser system (Spectra-Physics Hur-
icane). The overall setup of the system can be seen in Fig. 1.

The laser emission wavelength was 800 nm and the pulse width
as ∼100 fs at full-width half maximum. The maximum energy per
ulse reached 1 mJ  at a repetition rate of 1 kHz. Single pulses were
elected by a combination of a half-wave plate, a polariser and a
ockels cell which was driven by a pulse generator that was in turn
ynchronised with the amplifier stage of the laser system. Attenu-
tion of the laser energy was effected with a polarising filter and a
otatable half-wave plate. A central part of the Gaussian beam pro-
le was selected by a circular aperture and imaged onto the sample
ith the help of a plano-convex lens with a focal length of 50 mm.

he resultant maximum pulse energy of ∼15 �J was  imaged down
t the carrier–donor interface to obtain a maximum energy density
f ∼3 J/cm2 for a resultant flyer diameter of ∼25 �m.  The sample
as positioned on a computer-controlled and motorised three-axis
tage. A discharge flash lamp (HSPS Nanolite) was aligned to inco-
erently illuminate the sample so that the sample’s surface was

ocated at the object plane of a 100× infinity-corrected microscope
bjective. This imaging path was orthogonal to the direction of the
Science 258 (2012) 8475– 8483

incident femtosecond laser pulse. The images observed were cap-
tured on a high-speed CCD camera (Princeton Instruments) with a
resolution of 1024 × 1024 pixels. The imaging system was  setup in
a way to achieve a compromise between a sufficiently large field of
view and a simultaneous high magnification of the flyer. No receiver
was used during the shadowgraph experiments in order to image
a largest possible area above the donor surface.

All the different LIFT target films were prepared by sputtering
onto 2 mm  thick quartz substrates, with measured thicknesses of
1.1 �m for Bi2Se3 films, 0.5 �m for the layers of Terfenol-D and up
to 1.8 �m for PZT films.

All the deposits were transferred via LIFT by single pulse expo-
sure. The CCD camera and the flash lamp were synchronised so that
the donor surface was illuminated at the same time as the camera
shutter was opened. A signal generator delayed the image captur-
ing in order to probe the donor surface at specific times after the
interaction of the laser pulse with the donor. Images were captured
with a delay time between 0 and 10 �s in order to time-resolve
the evolution of the flyer movement away from the donor/carrier
substrate. The illumination conditions depend on the flash dura-
tion of the Nanolite illumination system which was between 10
and 20 ns and had a random jitter of some tens of nanoseconds. All
experiments were carried out under atmospheric pressure.

3. Results and discussion

First we  investigated the transfer under different laser fluence
regimes. From previous LIFT experiments we  know that flyers are
only released from the donor above a specific, incident laser fluence.
For LIFT this laser threshold is not only a function of donor prepara-
tion and thickness, but is also a function of the laser pulse duration
and wavelength, as it is for the case of laser ablation. [19]. It was  of
considerable practical interest to investigate conditions where the
materials remained in solid phase during transfer as fragmented
deposits would have limited applicability in the fabrication of our
energy harvesting devices.

3.1. Bismuth selenide

The threshold fluence for the release of an intact flyer from a
1.1 �m thick bismuth selenide donor was ∼90 ± 10 mJ/cm2. The
flyer for ∼130 mJ/cm2 was released in an intact state as well, while
for ∼400 mJ/cm2 only fragments were ejected from the donor.

The shadowgraph images showing the transfer behaviour
described are given in Fig. 2.

Fig. 2 shows the transfer of an intact flyer for a flu-
ence of ∼130 mJ/cm2 which is slightly above transfer threshold
(∼90 mJ/cm2) for LIFT of the Bi2Se3 donor used. The flyer remained
intact for a travelled distance of ∼250 �m.  In more than 50% of the
cases the flyer experienced a tilt from its initial orientation which
was parallel to the donor surface. This was  seen as a blurred or tilted
flyer (delay times t = 2300 ns and t = 3800 ns in Fig. 2).

There was  a clear qualitative and timing difference for material
ejection between the transfers around the threshold fluence and a
higher fluence. The earliest release of a flyer at threshold was seen
at ∼200–400 ns while for a higher fluence (∼400 mJ/cm2) particles
emerged earlier, after ∼50 ns, as shown in Fig. 3.

The most prominent difference seen under different fluence
regimes was the appearance of intact flyers with low flyer veloci-
ties at threshold while multiple particles travelling at much faster
velocities were ejected from the donor at higher fluences. In this

latter case, after 250 ns, no further material from the donor was
added to the particle cloud. However, the cloud kept expanding as
its constituent elements travelled with different velocities. A par-
ticle’s velocity normal to the donor surface was generally higher
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Fig. 2. Series of shadowgraph images of fs-LIFT of a Bi2Se3 flyer. Each frame was
taken at a different camera delay time. The fluence used was ∼130 mJ/cm2. The
scale bar in the first frame (t = 0 ns) is 100 �m wide, and the rectangle marks the
approximate incident beam position.

Fig. 3. Series of shadowgraph images of fs-LIFT of a Bi2Se3 flyer. Each frame was
taken at a different camera delay time. The laser fluence was ∼400 mJ/cm2. The
scale bar in the first frame (t = 0 ns) is 100 �m wide, and the rectangle marks the
approximate incident beam position.
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the actual donor in some cases. In other cases, such as after 6000 ns
(Fig. 5), one side of the flyer travelled a lesser distance than its
corresponding opposite side. The different frames were chosen in
order to illustrate the tilting of the flyer. We  assume that this may

Table 1
Velocity of fastest particle from a fragmented flyer or velocity of intact flyer for
transfer of Bi2Se3 at different laser fluences. The value shown is a fit to the velocity
for  times larger than 1 �s.
478 M. Feinaeugle et al. / Applied Su

han that parallel to it and this caused the cloud to expand in the
irection of the normal to the donor surface. In the time span of

 = 250–1300 ns, two initially compact and darker areas were seen
n the particle cloud. The one further away from the donor sur-
ace travelled with a velocity slightly lower than that of the fastest
articles, whereas the area closer to the donor propagated with a
elocity estimated to be about three times lower than that of the
astest particles. The effect of separately travelling transfer prod-
cts has been seen before in LIFT. During transfer of thin metal
lms with fs-pulses, two plumes travelling at velocities of 300 m/s
nd 50 m/s  were observed [20]. In another publication where the
yer consisted of a bilayer of aluminium and the polymer MEH-
PV, the latter decomposed and was separated from the metal layer
uring transfer [7]. It could be speculated that at high fluence, the
olten, highly energetic particles from the vapourised donor vol-

me  break through the solid part of the donor and propagate away
rom the donor surface with high velocity. The solid particles (from
earer the donor surface) cannot gain further momentum other
han acquired by impact from some of the fast particles, as the
ressure from the isolated and vapourised absorption volume in
he donor ceased to act onto these solid but fragmented particles
s during the initial phase after absorption of the laser pulse. Kaur
t al. [21] on the other hand reported debris from the edges travel-
ing at a slower velocity then the ejected flyer. Eventually we  cannot
xclude one explanation for the other.

Another feature that the images reveal is a specific time lag
f material ejection which decreases for increasing fluence. This
henomenon could be explained by a faster pressure build-up at
he donor/carrier interface when using a higher fluence. Moreover,
he early material removal at high fluences can be the result of
n explosive eruption of material where the vapourised material
cquires energy high enough to drive through the still solid part of
he flyer. For the case of a flyer in an intact state, material ejection
oes not start earlier than with the acceleration of the flyer, which
ue to its increased mass experiences a smaller acceleration than
he small fragmented particles in the case of an ejection at high
uence.

The divergence of the particle cloud was determined by the
loud’s slowest particles which were observed at t = 1300 ns within

 cone angle of 55◦. The fastest particles were concentrated next
o the normal to the donor surface and hence did not further con-
ribute to the spread of the particle cloud. This led to the cloud
orming a pyramid-like shape above the target as seen in the frames
t time intervals of 200–1000 ns in Fig. 3. For times larger than
300 ns the fastest particles started to travel beyond the observed
rame. Nevertheless, slow particles were still seen at a camera delay
ime of 10 �s.

The velocity of a flyer was found by linearly fitting the data
oints for the flyer propagation distance versus the camera delay
ime. As reported before [21] there was some material that was
eleased around the peripheral region of the flyer which moved
eparately from the main part of the material. Intact flyers were
bserved in about 50% of the cases for fluences of ∼90–130 mJ/cm2

ithin an imaged field of up to 500 �m over which the flyer’s prop-
gation velocity appeared to remain constant. Fig. 4 shows a plot
f the distance travelled by a flyer from a bismuth selenide donor
ersus time.

The plots in Fig. 4 are for three different values of laser fluence
t the interface of carrier and donor. As a reference the speed of
ound in standard air (331.3 m/s  [22]) is drawn as a dashed line.
or fluences above ∼130 mJ/cm2, flyers fragmented into several
articles.
In case of solid transfer achieved for ∼90 mJ/cm2 and
130 mJ/cm2, the flyer velocities were deduced as 48 ± 7 m/s  and
5 ± 10 m/s  respectively. As seen in Table 1, as expected, the veloc-

ty of an intact flyer increased with fluence.
Fig. 4. Plot of Bi2Se3 flyer or fastest particle distance versus time. For comparison
the speed of sound in air (331.3 m/s) is drawn as the thick dashed line.

The values in Table 1 are particle velocities that were deduced
from a linear fit of the velocity of the fastest particles for times larger
than 1 �s or for a flyer in case of intact transfer. The time delay of
1 �s was chosen deliberately within the set of complete data and
as only values for a delay of larger than 0.7 �s were available for all
the plots, we  have chosen this next nearest larger value of 1 �s.

As seen in Fig. 4, the fastest ejected particles exceeded the speed
of sound in air for a laser fluence of ∼400 mJ/cm2 and had a velocity
of 354 ± 12 m/s. Similarly, for conditions that created a fragmented
flyer during LIFT, velocities of ∼365 m/s  have been seen in other
sub-picosecond LIFT experiments [13].

3.2. PZT

A crucial point for establishing LIFT as a tool for micro fabrica-
tion is the reliability of the transfer process for various material
types and thicknesses. In order to validate this we  attempted to
LIFT PZT which is a widely used piezoelectric material. Material
with a thickness of 1.8 �m was transferred around a threshold of
∼360 mJ/cm2. The much higher threshold fluence value required
for transfer as compared to that for bismuth selenide can be read-
ily associated with the different donor growth conditions and layer
thickness.

The temporal evolution of the transfer of a compact flyer is
shown in Fig. 5.

Fig. 5 shows shadowgraph images of PZT LIFT at a fluence of
∼360 mJ/cm2, taken at varying delay times which are shown below
each frame. The PZT flyer started to emerge from the donor sur-
face after a camera delay time of about 50–100 ns. Throughout the
selected frames that were all imaged from different LIFT events,
the flyers were not found to travel in a stable orientation relative
to their own axis. Due to tilt the flyer appeared to be thicker than
Laser fluence (mJ/cm2) Velocity (m/s) Flyer integrity

∼90 ∼48 ± 7 Intact
∼130 ∼65 ± 10 Intact
∼400 ∼354 ± 12 Fragmented
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Fig. 5. Shadowgraph images of a PZT flyer transferred by fs-LIFT. The scale in the
first frame (t = 0 ns) is 100 �m wide. The rectangle in the same frame sketches the
vertical position of the absorbed beam and hence the origin of the flyer. In some
frames (i.e. at t = 2200 ns) it is possible to see the mirror image of the flyer reflected
from the donor surface below. The transfer fluence was ∼360 mJ/cm2.
Science 258 (2012) 8475– 8483 8479

be caused by slight variations in the morphological homogeneity of
the donor, as well as the spatial non-uniformity of the LIFTing laser
pulse. This emphasises the importance of the use of a small spacing
between the receiver and the target during fs-LIFT. Typically, the
receiver is placed at a maximum distance of a few microns from the
donor surface so such tilting or spinning would not present much
of a problem.

To study the repeatability of intact transfer over a large travelled
distance, we  repeatedly took images at a fixed delay time of 10 �s
for different transferred flyers. In about half of the cases, the flyer
was still intact at a delay of 10 �s. We assume that the flyer either
broke or remained intact due to slight variations in laser or donor
conditions as mentioned above. The different transfer behaviour
at different donor positions for the same delay time and identical
laser conditions are seen in Fig. 6.

Fig. 6 shows six examples of different shadowgraph images
capturing six different flyers for identical delay times and laser con-
ditions. Flyers were either intact and tilted (frames 1 and 5 of Fig. 6),
or they broke into several fragments which travelled with different
velocities relative to each other (frames 2–4 and frame 6 in Fig. 6).
However, although appearing to be slightly tilted, the intact flyers
travelled a similar distance which was important for the reliability
and accuracy of the propagation measurements. Another important
observation was that besides their orientation they were travelling
in the same straight line normal to the donor surface. Fragmented
particles were not considered in the calculation of flyer distances.

The results of the shadowgraph experiments that were carried
out with a fluence of ∼720 mJ/cm2 that did not result in intact
transfer are seen in Fig. 7.

The shadowgrams show the transfer events for LIFT with a flu-
ence which was about two  times the threshold value. Here, the first
material removal started after 20 ns. However it can be clearly seen
that material ejection took place earlier than that for LIFT at thresh-
old fluence (∼360 mJ/cm2). During this non-intact transfer, after
∼50 ns, the flyer that was released from the target surface appears
fragmented. As seen in the images for times larger than 100 ns,
there is a part of the fragments in the centre that travelled faster
than the main particle cloud. Just as in the case of a Bi2Se3 flyer,
for PZT, this led to the formation of two particle clouds which were
clearly observable in the time span of 200–800 ns. It was  observed
earlier that the spatial distribution of material removal was not
homogeneous, as the fastest particles possessed a larger propaga-
tion velocity in the direction of the incident laser beam path than
in the direction orthogonal to it [23].

The analysis of the temporal evolution of the flyer revealed a
flyer velocity of ∼34 ± 5 m/s  for a fluence of ∼360 mJ/cm2. As seen
earlier (Figure 4) for bismuth selenide, for PZT a higher fluence
resulted in a transfer of a fragmented flyer with particles that trav-
elled at velocities that depended on the laser fluence, as seen in
Fig. 8.

Fig. 8 shows the distance travelled by a flyer from a PZT donor
layer versus time. As a reference the speed of sound in standard air
is drawn as a dashed line.

The measurements show, as expected, that the velocity of the
fastest particle increased with laser fluence, from ∼147 m/s for
∼435 mJ/cm2 up to a value of ∼360 m/s  for ∼720 mJ/cm2. The fit-
ted velocity of a flyer approached an almost constant value which
is shown in Table 2.

As we can see, the velocity of a PZT flyer transferred at a fluence
regime above transfer threshold was lower (∼34 m/s) compared to
the flyer velocity of a thinner layer of Bi2Se3 (∼48 m/s) LIFTed in the
same regime. With the help of Eq. (1) we can estimate the kinetic

energy Ekin of both flyers to be ∼4.5 × 10−9 J.

Ekin = 1
2

Ad�v2 (1)
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ig. 6. Shadowgraph of LIFT of a PZT flyer for a fixed camera delay time of 10 �s. Each
he  scale bar in the first frame is 100 �m wide, and the rectangle in the same frame

where A is the cross-section of the flyer, d is the donor thickness,
 is the density of the donor and � is the velocity of the flyer.

We have, of necessity, neglected the unknown amount of debris
nd exact layer composition contributing to an uncertainty in esti-
ating the mass and density of the flyers. At transfer threshold for

ZT the laser delivered an energy Elaser of ∼2 × 10−6 J which was
bout 450 times the flyer’s kinetic energy.

Thus just a small amount of laser energy was actually used for
he propulsion of the flyer. Furthermore, even though the threshold
uence of the two different materials differed by a factor of four, the
mount of energy that is transferred into the propulsion of the flyer
emained roughly the same. This means that additional factors such
s layer thickness and the specific material properties contribute
ore to the determination of a material’s transfer threshold rather

han just the mass of a LIFTed flyer.
At this stage it is difficult to present a more detailed explanation

bout the dependence of flyer velocity on the laser fluence as it
ould need further study on the proportion of the laser energy

ctually used to propel the flyer or particles forward, and the energy
raction needed for the phase transition and/or decomposition of
he ejected material. A detailed study that describes the energy
alance for ns-LIFT can be found in [24].

.3. Terfenol-D
For the magnetostrictive alloy Terfenol-D we investigated the
ehaviour of transfer around its threshold fluence of ∼145 mJ/cm2

nd for a higher value of ∼460 mJ/cm2. The donor layer had a

able 2
elocity of fastest particle from a fragmented flyer or velocity of intact flyer for

ransfer of PZT at different laser fluences. The velocity was calculated by a fit to the
astest particle or the intact flyer visible on the shadowgraph image after 1 �s.

Laser fluence (mJ/cm2) Fastest particle velocity (m/s) Flyer integrity

∼360 34 ± 5 Intact
∼435 147 ± 10 Fragmented
∼720 360 ± 15 Fragmented
e represents a different transfer event with all other conditions remaining constant.
ates the approximate vertical position of the beam.

thickness of ∼500 nm.  Just above threshold, we found that the flyer
was either transferred intact (Fig. 9(a)) or in a fragmented state
(Fig. 9(b)). The fragments were smaller in size than the diameter of
the ablated spot on the donor, as seen in Fig. 9.

The repeatability of transfer with a flyer in an intact state was
low. For a fluence of 10% above threshold we  saw decomposition of
the flyer during transfer in all cases. This meant that for this donor
the fluence window for compact transfer was much narrower than
for PZT and Bi2Se3. As seen in Fig. 10,  the transfer behaviour at high
fluence was qualitatively similar to a transfer of liquid donors [25].

Up to a delay time of about 50–100 ns, a hemispherical bubble
made of donor material formed above the donor. Later the bub-
ble broke up and fast particles were ejected from its centre. Due
to this behaviour the deposit was expected to be transferred in a
molten state when compared to the largely solid matter that was
ejected with fluences around the threshold fluence for this, and the
previously discussed materials. The transfer behaviour shows sim-
ilarity to a regime described by Young et al. [18] who  reported the
existence of a plume regime for transfer of fluids at high fluences.

For each of the image sequences taken, we calculated the veloc-
ity of the fastest particle. Transfer above threshold range resulted
in a blast wave of material wherein the fastest particles trav-
elled at velocities that increase with laser fluence. For a fluence
of ∼460 mJ/cm2 for instance, we measured particle velocities as
high as ∼562 m/s. As a comparison, the flyer for fluences around
threshold travelled at ∼140 m/s. This velocity was higher than that
observed for the thicker layers of Bi2Se3 and PZT under similar
transfer conditions and thus followed the propagation characteris-
tics described in Sections 3.1 and 3.2.

3.4. Implications for LIFT

The flyer velocities observed for our LIFT experiments around

the threshold fluence were to the best of our knowledge well below
those observed so far for any other intact flyers, in other LIFT stud-
ies. Low ejection velocities during LIFT have been reported before,
but neither was  the flyer intact, nor was the event captured in an
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Fig. 7. Shadowgraph images of a PZT flyer transferred by fs-LIFT. The scale bar in
the first frame (t = 0 ns) is 100 �m wide, and the rectangle sketches the approximate
incident beam position. In some frames it is possible to see the mirror image of the
flyer on the donor surface below. The transfer fluence is ∼720 mJ/cm2.

Fig. 8. Plot of distance travelled by PZT flyer and fastest particle versus time. For

comparison the speed of sound (331.3 m/s) is drawn as a dashed line. Solid transfer
at  fluence of ∼360 mJ/cm2 and fragmented transfer for fluences of ∼435 mJ/cm2 and
higher is shown.

image [26]. Work carried out by laser-induced assembly showed
flyer velocities in the range of ∼0.1–50 m/s, where the flyers con-
sisted of electronic dies that were attached to a support ribbon
prior to transfer [27,28].  In experiments with blister-actuated LIFT
of powders and liquids, similar velocities were observed in low flu-
ence regimes for the slowest particles [17,29]. However, transfer of
solid, 0.2–1 �m thick donor material in the nanosecond [20,30] and

sub-picosecond regime (∼500 fs) [14] showed flyers with a higher
propagation speed than reported here. Flyer velocity is clearly a
function of donor thickness and depends on the use of a DRL layer.

Fig. 9. Transfer of Terfenol-D at threshold fluence of ∼145 mJ/cm2. The camera delay
times were (a) 1 �s and (b) 500 ns. The scale bar in each figure is 100 �m wide.
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Fig. 10. Surface of Terfenol-D donor after varying camera delays of 0–500 ns after
the  absorption of the femtosecond laser pulse arriving from the side marked by the
r
T

t
t
r
a
d

Acknowledgements
ectangle in the first frame (t = 0 ns). The scale bar in the same frame is 100 �m wide.
he transfer fluence was  ∼460 mJ/cm2.

It is of particular importance to preserve the integrity of the
ransferred flyer for successful LIFT. A high kinetic energy increases
he flyer’s impact on the receiver. This impact energy in turn is

esponsible for possible breaking of the intact flyer when arriving
t the receiver. A lower velocity of the flyer also implies that less
rag (drag is proportional to the square of the velocity) is acting on
Science 258 (2012) 8475– 8483

the flyer which further decreases the possibility of flyer decomposi-
tion during transfer. We  can say that the higher the kinetic energy,
the higher the chance that drag or impact forces exceed the forces
preserving the integrity of the flyer.

For our ∼0.5–1.8 �m thick donors, images showing the donor
surface for transfer with a fluence just above threshold did not show
any trace of shock wave propagation spreading from the impacted
region. In time-resolved studies of LIFT so far this phenomenon was
clearly visible throughout the observed laser fluences [7,20]. Fardel
et al. [7] indicated that this shock wave may  interact destructively
with the flyer when reflected from the receiver which may result in
unsuccessful transfer. It could be argued that the shock wave results
solely from the use of an auxiliary decomposing polymer layer used
in many LIFT experiments [12]. In contrast however it has been
observed [31] that a shock wave was created even by local ablation
at an interface of two  material layers without such an explosive
layer. The authors also argue that the shock wave transmitted into
the area beyond the donor surface is much weaker than the one
reflected from the auxiliary foil/air interface due to a strong acoustic
impedance mismatch. Zeng [23] imaged the ablation phenomena
for fs and ns laser pulses (wavelength 266 nm)  and could distin-
guish qualitative differences in the dynamics of the shock wave,
namely the fast decrease of electron density and plasma tempera-
ture for fs-pulses compared to the ns-case. We  assume that in our
study the laser energy density was too low to create an observable
shock wave from impact as was reported in other studies [32,33].

For laser-induced forward transfer it is vital to avoid the creation
of a shock wave as it is a possible cause for the destruction of the
flyer.

In our experiments, we believe that the low flyer speed, the
non-inclusion of a decomposing dynamic release layer and the high
acoustic impedance at the flyer(donor)/air interface contributed to
the absence (or reflection) of any observable blast or shock wave
preceding or lagging the transferring flyer using this shadowgraphy
technique.

As the main objective of LIFT is to transfer material in an intact
state, it is of crucial importance to decrease or eliminate factors,
such as high velocity and the presence of a shock wave, which
would oppose the ability and reliability of successful transfer of
these materials.

4. Conclusions

In our studies we  have observed by shadowgraphic imaging the
transfer of solid material that remained intact during the LIFT pro-
cess. Furthermore we have identified conditions under which the
transferred flyer was  molten or fragmented. The intact flyers trav-
elled at a lower velocity than that previously observed in ns- or
ps-LIFT of solid materials. Additionally, we could not identify a
shock wave during our experiments. This indicates that fs-LIFT of
thick donor films without a dynamic release layer could be appro-
priate for printing solid and intact material under atmospheric
conditions when compared to other LIFT techniques.

In summary, we  report the first shadowgraph imaging of fem-
tosecond laser-induced forward transfer of intact solid thin films.
The flyer velocity detected in a low fluence regime was as low as
∼34 m/s  which was lower than those ever reported before in solid
transfer by ns- and ps-LIFT. The identification of a regime for intact
transfer with low flyer speed is important to understand the adhe-
sion and transfer quality seen in femtosecond LIFT so far [13,34].
The research leading to these results has received fund-
ing from LASERLAB-EUROPE (grant agreement no. 228334, EC’s
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