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The patterned deposition of thin films is essential for many technological applications. One promising material
deposition technique is laser-induced forward transfer (LIFT), where a thin layer coated on a transparent
substrate is ablated by a laser pulse passing through the substrate. The ablated material is collected on a
nearby receiver substrate in a pattern defined by the laser. The technique can be applied to heat and light
sensitive materials, provided that they are not directly irradiated by the laser pulse. For this application, a
sacrificial layer is introduced between the substrate and the transfer layer so that the laser energy is converted
into mechanical propulsion while protecting the sensitive layer from radiation. In this work, the application
of a triazene polymer as a sacrificial layer for LIFT has been studied with the final goal of transferring
organic light-emitting diode (OLED) pixels. Donor films made of a stack of triazene polymer, metal, and
optionally an electroluminescent polymer were irradiated from the back side by a pulsed XeCl excimer laser
(308 nm, 30 ns), and the ablation process was imaged by lateral time-resolved shadowgraphy. Back-side
ablation of a triazene/metal film produced the ejection of a metal flyer, whose stability in flight can be improved
when the flyer contained a layer of undecomposed triazene polymer. The stabilization was provided by the
composite structure of the metal/polymer film. A receiver substrate was placed at distances of 0.5 and 1 mm
to collect the pixel. However, the transfer across the gap revealed an effect that complicates the system. The
shock wave created by ablation was reflected from the receiver substrate and may cause the destruction of
the flyer. Transfer studies in a vacuum showed that the shock wave can be eliminated but that the flyer speed
increased substantially, leading to the disintegration of the flyer upon impact with the receiver substrate. The
ejection of a flyer from a triazene/metal/luminescent polymer film, selected as a building block of an OLED
pixel, shows an increased stability of the flyer as well, thus confirming the strengthening effect of a polymer
layer on the metal flyer. Using this system, the transfer in air of incomplete pixels showed promise, opening
the way to patterned deposition without contact between the substrates.
Introduction
This work presents a systematic study of a laser-induced
forward transfer process with the final goal of building organic
light-emitting diode arrays. The study was performed using timeresolved lateral imaging to investigate conditions for yielding
intact transfers of materials.
Review of Materials Transfer by Laser. The realization of
numerous miniaturized devices for optoelectronic, optical,
sensing, or biological applications relies on the ability to deposit
and process thin patterned layers of materials. Among the
various processing techniques available, laser ablation is a
powerful way to precisely remove or deposit thin layers, and
several related techniques based on it have been developed.
Pulsed laser deposition (PLD) enables the epitaxial growth of
thin films whose composition can be tuned by using the
interactions between the plume and the background gas. PLD
†
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was initially used for inorganic materials,1-3 but recent works
show that organic thin films can be made as well.4-7
PLD is limited to nonsensitive materials because the material
may be damaged by direct laser irradiation. Heat or light
sensitive materials can instead be deposited using a derivative
technique, called matrix-assisted pulsed laser evaporation
(MAPLE). The method uses a target made of a frozen solvent
(the matrix) containing the deposition material. In this case, the
laser is absorbed by the solvent and not by the sensitive material.
Upon irradiation, the solvent is ablated and forms a plume
together with the molecules of interest.7-9 The deposition
material builds a film on the receiving substrate, although recent
work has shown that the solvent does not appear to evaporate
in transit to the target, except under very particular conditions.10-12
The method is mainly applied to biological molecules (e.g.,
proteins) or light and heat sensitive organic molecules. Films
of conductive polymers have been prepared with this technique
using a free-electron laser (FEL) in the mid-infrared domain,
at the resonance frequency of the solvent.13-15
Although very useful for preparing thin films, the PLD and
MAPLE technique do not conserve the spatial information from
the laser impact spot and cannot be used for patterned deposition,
except when using a mask. The use of a laser for achieving
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CHART 1: Chemical Structure of the Triazene Polymer
(TP) and MEH-PPV

Figure 1. Working principle of LIFT: (a) original LIFT with the donor
substrate on the left and the receiver substrate on the right. The laser
pulse comes from the left. (b) LIFT using a sacrificial layer (pictured
in yellow). (c) Application of the latter to the fabrication of organic
light-emitting diode pixels.19 A stack of two layers (cathode +
electroluminescent polymer) is transferred in one step onto a receiver
substrate coated with the anode material.

patterned materials deposition was first demonstrated with metal
transfer.16 The technique, called laser-induced forward transfer
(LIFT), is based on the laser ablation of a thin film coated onto
a transparent donor substrate. The donor film is ablated by a
laser pulse impinging through the substrate and collected on a
receiver plate facing the donor substrate17,18 (see Figure 1a).
The original LIFT technique relies on the direct ablation of
the transferred material. The associated irradiation and temperature increase are not a problem for sturdy materials, such as
metals,20-22 which will melt or vaporize, and then resolidify on
the receiver. The case is very different with sensitive functional
materials, because they will be destroyed or at least made
unusable for their intended purpose. Typical examples are
electroluminescent polymers used in organic light-emitting
diodes, which are temperature and irradiation sensitive. Even
if a resolidified film is created on the receiver substrate, a
decrease in the shape precision and the loss of the initial film
morphology renders the material useless.
One method of circumventing the problem of direct irradiation
is provided by a modified MAPLE technique allowing the directwrite of patterns (MAPLE-DW). MAPLE-DW has been used
for transferring metal and ceramics23,8 as well as biological
materials.24 However, the film morphology is lost in this case
as well.
Direct irradiation can also be avoided using a modified version
of LIFT featuring an additional layer. The two-layer system is
comprised of a sacrificial layer acting as an absorber with the
transfer material coated on top. Upon irradiation, the sacrificial
layer absorbs the laser energy and transforms it into kinetic
energy which propels the top layer forward. This type of
approach was first reported for the transfer of ink pixels using
an aluminum absorbing layer.25 The method has also been used
to transfer biomolecules with a titanium or silver absorbing
layer,26,27 although metal debris is then found in the transferred
layer. This is not a problem in the case of biological samples,
since biocompatible metals do not interfere with their functionality.
The situation is different in the case of materials for electronic
devices, because the presence of metal is a critical contamination. For this reason, this technique is unsuitable for such
applications. Moreover, sacrificial layers of metal conduct heat
very fast to the transfer material, which may damage it. This
problem has been overcome by employing sacrificial layers
made of polymers. The first application of an energy-releasing
polymer for LIFT was reported with the application of an
additional nitrocellulose layer between the substrate and the
metal absorbing layer.28 The plastic deformation of a thick
polyimide layer has been reported for the transfer of living cells
as well.29
The use of polymers specifically designed for laser ablation
provides a further improvement in the technique. Upon ablation,
the polymer is decomposed into gaseous fragments and provides
the thrust for propelling the top layer onto the receiver.30

Furthermore, the absorbing material protects the top layer from
the laser pulse and is specially designed to decompose at low
fluences. Among various polymers, triazene-based polymers
(TP) show the lowest ablation threshold at 308 nm and are
therefore the most promising materials for this application.31-33
Several laser ablation studies have been performed on the
triazene polymer, such as mass spectroscopy of the ejected
fragments34-36 and shock wave analysis by time-resolved
imaging.37 The triazene polymer was used for molecular
implantation,31 and in 2001, the first use of triazene polymer as
a LIFT sacrificial layer was reported for the transfer of a PMMA
film.30 We subsequently demonstrated the benefit of using a
triazene polymer with sensitive materials by depositing organic
light-emitting diode pixels in a functional state19 using this
approach (see Figure 1c). The transfer of various other materials
has been studied and achieved as well, including living cells,38
nanocrystal quantum dots,39 and thin metallic films at a fluence
below the metal ablation threshold.40
The transfer in the above-mentioned examples was achieved
with a close contact between the substrates. However, there is
a technological need to keep the two substrates separate during
the process because it would allow for successive multilayer
deposition by easy exchange and alignment of multiple donor
plates. Moreover, tight contact is very hard to achieve with large
substrates. Therefore, research in the field is now oriented toward
the goal of materials deposition across a gap. Lateral timeresolved shadowgraphy imaging is a suitable tool to study the
transfer process, and is commonly used for imaging laser
ablation41-44 and particularly the material ejection in LIFT.45-47
Goal of the Work. We reported previously on the back-side
ablation of a single layer of the sacrifical triazene polymer;48
we showed that a solid flyer of material can be ejected forward
under certain conditions and estimated the thermodynamics of
the system by calculating an energy balance for the ablation
and ejection process.49 In this work, we move one step further
in reporting the ejection and deposition with a gap of an actual
system used for building OLEDs, and investigate the conditions
to achieve successful ejection, and eventually, successful
deposition.
Experimental Section
The experiments were carried out by irradiating the back side
of the donor substrate with the laser, both with and without a
receiver substrate. Simultaneously, pictures of the process were
taken from the side at different times with respect to the laser
pulse.
The transfer study is based on the OLED architecture we used
previously for LIFT in contact.19 The layer sequence on the
donor sample, shown in Figure 1c, is TP (sacrificial layer), Al
(cathode), and, optionally, MEH-PPV (electroluminescent polymer). The formulas of the two polymers are shown in Chart 1.
The study was done in growing complexity order, starting
with a model system of TP/Al and finishing with the full OLED
building block precursor TP/Al/MEH-PPV.
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pictures, the positions of the features (shock wave and flyer)
were measured perpendicularly to the sample surface.
Results and Discussion

Figure 2. Scheme of the shadowgraphy setup. The donor substrate is
shown with the TP and Al layers. The optional receiver substrate is
represented by the dotted rectangle.

The donor substrates were fused silica plates. The triazene
polymer was synthesized according to a previously published
procedure50 (compound TP-6a) and deposited by spin-coating
from chlorobenzene and cyclohexanone (1:1 w/w) solutions. The
films were 50, 150, and 350 nm thick. Aluminum was deposited
by thermal evaporation in a high vacuum, yielding an 80 nm
thick layer. MEH-PPV (Aldrich, Mn ) 40000-70000 g/mol)
was purified by flash chromatography (THF, silica gel) before
use and spin coated from a 1 wt % solution in chlorobenzene.
The resulting layer was about 50 nm thick. The deposited pixels
were not intended to be tested, so plain glass slides (i.e., without
conductive coating) were used as receiver substrates.
The ablation experiments were performed with a pump-probe
shadowgraphy setup to image the process at a nanosecond timescale resolution (see Figure 2). The pump laser (ablation laser)
was a XeCl excimer (Compex, Lambda Physik, λ ) 308 nm, τ
) 30 ns). The ablation spot was defined by imaging a square
mask onto the polymer film with a demagnification of 4, yielding
a spot size of 500 µm. Each spot was irradiated with a single
pulse. The donor substrate was placed on a motorized translation
stage, with the coated film facing away from the laser beam.
When a receiver substrate was used, both substrates were held
together in the sample holder and separated by 1 or 0.5 mm
spacers placed at the corners, in such a way that side visualization was not affected. The fluence was controlled by an
attenuator plate and measured by a pyroelectric energy meter
(Molectron J4-09 or Gentec QE 50). The film thickness and
ablation depth were measured by profilometry (Ambios XP1),
and the spot size by optical microscopy.
The experiments under a vacuum were performed with the
same setup but with the stage and sample holder enclosed in a
vacuum chamber. The chamber was designed to allow full
optical access from the four sides and sufficiently compact
(distance sample-chamber window <10 cm) for all optical
components to remain unchanged.
Visualization of the process was achieved by a CMOS camera
with a long-distance microscope objective, placed perpendicular
to the laser beam, i.e., parallel to the sample surface, with the
focus at the ablation spot. Illumination was provided by the
probe laser (Nd:YAG 2ω, λ ) 532 nm, τ ) 5 ns) pumping a
fluorescent dye (rhodamine 6G) in a cuvette, which was placed
on the camera axis on the opposite sample side. The delay
between the pump and probe laser pulses was set by a digital
pulse/delay generator (Stanford Research Systems DG535). A
computer-controlled system allowed for variation of the fluence,
position, and time delay, and took a sequence of pictures. The
system can only take one picture per ablation event; therefore,
each picture was recorded with a different pulse and corresponds
to a new position on the sample. From the distance-calibrated

The successful transfer of functional OLED building blocks
is conditioned by several requirements. The transferred material
must be unaltered to work properly, and the layer must be in
an intact shape and free of contamination to avoid short
circuiting or bad contact. The quality of the edges is also
essential, because short circuiting can occur there. The questions
investigated in this work are the following:
• How and why do we obtain an intact flyer?
• Is the flyer state correlated to the transfer quality?
The first question is answered by investigating the flyer
ejection without a receiver substrate. The goal is to deposit a
bilayer structure made of Al/MEH-PPV, but in order to study
systematically the effect of each parameter, we start with a single
layer of Al. We answer the last question by performing the
transfer onto a receiver substrate. The study starts with the free
ejection (i.e., without a receiver substrate) of a metal layer and
builds up systematically in complexity, including free ejection
of a bilayer, transfer of a metal layer, and, finally, transfer of a
bilayer.
Ejection of a Metal Layer. The first step toward the
deposition of pixels is to investigate how a single layer of donor
material coated on the triazene polymer is delaminated and
ejected upon back-side ablation. For these experiments, a model
system made of triazene/aluminum was chosen. The transfer
of metal patterns has both theoretical and practical interests.
This configuration was a simplified model of an OLED pixel
but easier to prepare and did not require the expensive MEHPPV. There is also a technological interest to direct-write metal
patterns, for instance, as electrical contacts on microelectronic
devices.
The samples were investigated using shadowgraphy imaging
to reveal the shape and flight of the ejected pixel. An overview
of an ejected flyer is shown first.
Aspect of the Flyer. A sequence of pictures obtained with a
350 nm TP/80 nm Al film upon back-side irradiation at a fluence
of 360 mJ/cm2 is shown in Figure 3.
The pictures reveal the creation of a shock wave followed
by the ejection of a material flyer. The shock wavefront evolves
from a flat shape to a hemispherical propagation, which is
similar to the observations reported in a previous article for backside ablation of a single TP layer.48 The flyer is ejected with a
very flat shape and travels intact across a distance of about 500
µm. After 1 µs, the flyer starts to lose its original flat shape and
becomes wavy. At the same time, some fragments detach from
the flyer in the forward direction and toward the periphery. This
is surprising because one would expect detached fragments to
be slower than the flyer. It is not possible from the shadowgraphy pictures to determine if the fragments come from the
center or from the edge of the flyer, although their forward
trajectory suggests that they are ejected from the edge, where
an eventual gas flow around the flyer would have the most
influence. Fragments detaching from the center of the flyer after
a certain time delay are less probable because the material should
be protected from turbulences at this location. In spite of the
fragments, the flyer is still in a compact state after about 2 µs.
Although smooth perturbations in the medium density are
difficult to visualize with shadowgraphy,51 some air flows can
be seen. At 0.8 µs, gas flows are visible between the flyer edges
and the substrate (see feature A in Figure 3). They can be
attributed to a gas front expanding behind the flyer, most likely
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Figure 3. Sequence of pictures taken for a 350 nm TP/80 nm Al sample at 360 mJ/cm2. The time delays are indicated on the frames. The arrow
A shows a gas flow behind the flyer.

Figure 4. Pictures after 0.8 µs of a 350 nm TP/80 nm Al sample irradiated at various fluences (top row, increasing from left to right) and the
corresponding ablated spots on the donor film (bottom row, different scale). The intact Al layer around the spots appears white.

comprised of the decomposed TP released at the ablation spot.
However, a more sensitive technique such as Schlieren imaging
would certainly be useful to understand the origin of this
feature.51
The aluminum flyer starts to fall apart after 1 µs. This case
can be compared with the ejection of an undecomposed flyer
of triazene polymer upon back-side ablation, which has been
reported previously.48 Interestingly, both flyers follow the same
timing of decomposition, while they exhibit different shapes.
The Al flyer seems to be much more rigid and brittle, while the
floppy-like structure of the pure TP flyer leads to the formation
of threads. The mechanical properties of the material certainly
play an important role in this view.
Effect of the Laser Fluence. The applied fluence affects not
only the energy available for the process but also the repartition
of that energy between the shock wave, the flyer, and the thermal
and mechanical losses.49 Therefore, the investigation of the effect
of the laser fluence on the flyer ejection is of primary
importance. Figure 4 presents snapshots taken after 0.8 µs with
the same sample as shown above but irradiated at different

fluences. The corresponding views of the donor film after
ablation are shown below each frame. The intact Al layer
appears white on the micrographs due to high reflectivity.
The shape of the flyer can be correlated with the quality of
the ablation spot, as explained below. No material flyer was
ejected from the spot at the lowest fluence (38 mJ/cm2), because
the fluence was not sufficient to eject the top layer. The
phenomenon of skin formation described previously accounts
for this feature.48 The “metallic airbag” observed indicates that
the presence of an Al layer on the triazene does not influence
the shape of the skin formation reported for pure TP layers.
Correspondingly, no flyer is present in the shadowgraphy
picture. Only the shock wave can be distinguished. This feature
suggests that the shock wave is also transmitted through a film,
i.e., without gas transfer between the location where the pressure
jump was created (TP layer) and the propagation medium (air).
When the fluence is increased, delamination occurs. At 50
mJ/cm2, a flyer is visible and the spot is fully delaminated. The
edges of the ablated spots are not very sharp, as if tearing has
occurred instead of sharp cutting. At the same time, the edges
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Figure 5. Sequence of pictures taken for a 350 nm TP/80 nm Al sample at 1000 mJ/cm2. The time delays are indicated on the frames. The
illumination has been adjusted on the last frames to follow the shock front.

of the flyer seem to be still connected to the donor film on the
shadowgraphy pictures. This detachment process is very similar
to what has previously been observed for a single TP layer.48
Between 90 and 360 mJ/cm2, the flyer increases its velocity
and its shape becomes smoother.
The appearance of the ablated spots, however, is not
significantly affected, and all three have well-defined sharp
edges.
The picture at 1000 mJ/cm2 differs dramatically. No flyer is
visible, and a deformation is apparent in the front part of the
shock wave. The sequence is shown in Figure 5.
After 0.2 µs, the shock wave and the flyer are visible, and
the flyer has already flown over a large distance compared with
the images after 0.8 µs at lower fluences. It is difficult to
determine if the observed flyer is still a solid layer of material
or if it is a compact cloud of vaporized material. At 0.4 µs, the
flyer reaches the shock wave and is decomposed upon contact.
Eventually, a mixed front of debris and compressed air is formed
where the flyer meets the shock wave. This mixed front
propagates faster than the shock wave itself and deforms it in
the forward direction. A similar phenomenon of particles
overtaking the shock wave has been observed previously for
front-side ablation of particle-doped energetic polymers,52 where
the shock front was similarly deformed by the particles.
Obviously, this regime is not appropriate for LIFT because
the flyer is destroyed. The ablated crater shows evidence of
unclean edge cutting, probably due to the violent ejection. This
fluence is therefore the upper limit of the operating window.
The flyers shown in Figure 4 are mostly intact, but this
situation may change with time and flying distance. The next
step is to follow the trajectory of the flyer and to analyze the
distance it can cover while staying intact. A comparison of the
flyer after different delay times at various fluences is presented
in Figure 6. The time delay increases from left to right, and the
fluence decreases from top to bottom.
The very early frames (before 1 µs) are not shown, but they
exhibit a very similar behavior at all fluences, i.e., a flat and
thin flyer. The “longest-living” flyers are obtained at fluences
between 90 and 160 mJ/cm2. The flyer at 160 mJ/cm2 stayed

rather flat for the first 4 µs, during which it traveled across
almost 1 mm. However, the flyer appears thicker with time,
which is due to bending or tilting: as soon as the flyer is not
parallel to the viewing axis anymore, its shadow image appears
broader. Indeed, the flyer tends to bend forward during the flight,
as can be seen very well for 90 mJ/cm2 (2-4 µs).
The forward bending of the edge is counterintuitive for an
object propagating in a medium, because one would expect the
edges to fold backward due to drag. The bending indicates that
the edges either receive a larger initial impulse or are pushed
during the flight. In the first case, an inhomogeneity in the beam
intensity would explain an inhomogeneous thrust to the flyer.
The spatial intensity profile of the laser beam was not measured,
but front-side (classical) ablation experiments on TP show that
the ablation crater is slightly deeper at the edges. This probably
originates from diffraction at the mask edges, causing a higher
fluence at the edges of the ablated spot.
The second explanation involves gas flowing around the flyer
in the forward direction. This flow may originate from an
overpressure behind the flyer created by the gas released during
the ablation of the triazene layer (see Feature A in Figure 3).
This overpressure can also explain the detachment of fragments
in the forward direction observed at high fluences.
The results in a vacuum (see below, Figure 13) exhibit the
opposite behavior; namely, the edges are bent backward,
suggesting that the air flow explanation is the most probable.
If an overpressure is built from ablation products, it should
equilibrate after a while. This case is actually observed after a
longer time, as shown in Figure 7. The figure shows the end of
the sequence at 160 mJ/cm2, between 6 and 9 µs.
The edges of the flyer are bent to the back and are followed
by a vortex, increasingly visible with time. The frame at 9 µs
clearly reveals the air flow. The subsequent pictures correspond
to the classical case of a solid object moving in a medium, with
the air drag pulling the edges of the flyer toward the back and
creating turbulence behind it. Therefore, it means that the
overpressure created behind the flyer during ablation is equilibrated with the ambient pressure after a certain time, and air
drag begins to dominate.
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Figure 6. Sequences of pictures taken for a 350 nm TP/80 nm Al sample at different fluences (decreasing from top to bottom). The pie charts on
the right represent the flyer composition (in thickness) estimated from the ablation curves shown in Figure 8.

Figure 7. Sequence of pictures after long delays for a 350 nm TP/80 nm Al sample at 160 mJ/cm2. The substrate plane (on the left) was cropped,
and the pictures were digitally enhanced by background subtraction and contrast tuning to reveal the air flow.

When the fluence is increased to 200 mJ/cm2 and above, the
flyer no longer stays intact during the whole observation period
and fragments are ejected. The highest fluence (260 mJ/cm2)
reveals an early destruction of the flyer (after 1 µs).
The transition between the frames is generally smooth, but
the evolution of the flyer may appear strange under certain
conditions. For example, the transition between 3 and 4 µs at
200 mJ/cm2 is counterintuitive, because the flyer appears to
evolve from a decomposed to a compact state, but this behavior
is an artifact of the fact that every image was taken from a new
sample spot. The unavoidable fluence variation from pulse to
pulse is most probably visible in this sequence. In this case,
the repeatability is low, which suggests the fluence is close to
the threshold of destruction. A low variation in the fluence
therefore has a large effect on the flyer state.
Remarkably, the flyer also falls apart at the lowest fluence,
where less stress should be exerted on the materials. However,

the decomposition pattern is different in this case and because
the flyer decomposes into large “clumps” of material instead
of small fragments.
When the fluence increases, two parameters change. More
energy is given to the system, and a thicker layer of triazene is
ablated. It was shown in the previous section that the nondecomposed part of the triazene is ejected and forms a flyer.
Therefore, it is expected that the flyer created from the ablation
of a bilayer of Al and TP is also composed of an aluminum/
triazene bilayer, whose thickness is dependent on the applied
fluence. The presence of the triazene polymer in the flyer
certainly modifies its mechanical properties compared to a pure
metal flyer, and therefore its behavior during the flight.
In this view, a careful consideration of the ablated thickness
is important for a clear understanding of the process. It is not
possible to measure the ablation depth in this back-side
irradiation configuration, but the value can be estimated on the
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Figure 8. (a) Ablation depth and (b) remaining thickness versus fluence for front-side ablation of 350 nm (blue), 150 nm (green), and 50 nm (red)
triazene films. The respective film thickness is shown by the dashed lines.

Figure 9. (a) Position of the flyer versus time for various fluences (indicated in the graph) obtained from the pictures shown in Figure 6 with a
350 nm TP/80 nm Al sample. The points are the measured data, and the solid lines are fits from eq 1. The dashed lines show the reference position
or time used to calculate the velocity, shown in part b. The filled triangles are velocities at a constant distance (x ) 0.5 mm), while the empty
triangles show the velocities at a constant time (t ) 0.2 µs).

basis of the depth measured with front-side ablation. This
approach has been applied in previous work as well.48 The
system is more complex in this case, because an additional layer
of Al is present, which may have an effect on thermal diffusion
and therefore on the ablation depth. However, this approximation
serves as a reasonable starting point for the estimation of the
remaining thickness. Figure 8 shows the ablation depth measured
after front-side ablation of a 350 nm thick TP film. The sample
corresponds to the donor substrate investigated by shadowgraphy
except that no Al layer is present. The other curves correspond
to thinner films and will be discussed in the next section.
The thickness of the remaining triazene layer, calculated as the
film thickness minus the ablated depth, is shown in Figure 8b for
the three films as well. The ablation curve for a 350 nm thick film
shows that the undecomposed thickness is around 70% at 50 mJ
and 40% at 90 mJ/cm2. The undecomposed ratio at a fluence of
160 mJ/cm2 and above is smaller than 15% and approaches zero
when the fluence increases. These values are shown as pie charts
next to each sequence on the right part of Figure 6.
The images suggest that the best flyer is obtained when a
substantial triazene thickness remains undecomposed. One
possible reason may be that the triazene layer reinforces the
flyer and allows it to travel intact across a relatively long
distance. However, it was shown above that flyers of pure
triazene do not stay intact for a long time and start to swell.
This suggests that the polymer and the metal layer together may
form a composite flyer with improved mechanical properties
compared to the metal or the triazene alone.
It is also possible that the Al layer is cracked upon ejection
but does not fall apart because it sticks to the polymer layer,
which acts as a “soft” support. This hypothesis is supported by

imaging at the highest fluence, where the quasi-absence of the
triazene layer leads to a fast decomposition of the metal film.
It is surprising that the flyer eventually breaks into parts at
the lowest fluence, where a thick layer of triazene should be
present. In this case, it is possible that an excessively thick
triazene layer is counter-productive. For instance, this thick layer
may need to be ruptured by tearing, which may cause mechanical stress and lead to a decomposition of the pixel. The reasons
for this effect are not yet fully understood, but the energy
provided to the system is also lower and the triazene thickness
parameter may no longer dominate the flyer behavior.
It is clear from Figure 6 that the velocity of the flyer depends
on the laser fluence. The position of the flyer versus time is
shown in Figure 9a along with corresponding fit curves as
explained below.
The physical description of the flyer trajectory is not a trivial
problem and is still under investigation, but the position can be
approximated by a power law of the form

x(t) ) a · tb

(1)

where a and b are the fitting parameters. This equation may
not be physically meaningful, but it allows for a comparison of
the data and for an evaluation of the curvature of the trajectory
through the exponent b. A value of 1 for b is obtained for a
constant velocity, while a value above or below 1 indicates an
acceleration or a deceleration, respectively. The exponent of
the fit, which ranges from 0.45 to 0.7, indicates that the flyer
slows down with time due to friction in air.
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Figure 10. Pictures taken after 2 µs at different fluences (increasing from left to right) with samples made of TP (various thicknesses, decreasing
from top to bottom) and 80 nm Al. The number above each frame is the estimated remaining thickness of triazene in the flyer (from Figure 8).

The velocity is given by the derivative of the position fit curve
with respect to the time. As the velocity is not constant with time,
a reference time of 2 µs was chosen to calculate it. The actual
velocity is the value of the derivative taken at the reference time.
The reference time is shown graphically in Figure 9a (vertical
dashed line), and the results are shown in Figure 9b (4). Flyer
velocities in the range 100-200 m/s are obtained. The velocity
increases with the laser fluence, as expected.
In the LIFT process, the adjustable parameter is not the time
but the distance between the donor and the receiver substrate. For
this reason, the velocity at a given position is valuable information,
which is shown in Figure 9b as well (2). Similar to the reference
time line, the reference position is shown graphically in Figure 9a
(horizontal dashed line). The velocities obtained with this calculation range from 100 to 400 m/s, which is different from the value
obtained at a fixed time. It shows that the choice of the reference
point is crucial for value comparison.
The use of an arbitrary function is of limited interest and
only useful for comparison purposes. At this point, it would be
very useful to have a model describing the flight and providing
a parameter, such as initial velocity, to compare different flyers.
Nevertheless, the order of magnitude of the flyer velocity is
in the range of hundreds of meters per second, close to and
sometimes even above the speed of sound.
Effect of the Triazene Layer Thickness. The triazene
thickness also appears to influence the state of the flyer.
Therefore, experiments were performed with samples of different triazene thicknesses and constant Al thickness to examine
the influence of the triazene layer. Samples made of 50 nm TP/
80 nm Al and 150 nm TP/80 nm Al were compared to the
previously studied 350 nm TP/80 nm Al sample. The three
compared samples are in Figure 10. All pictures are taken with
a time delay of 2 µs. The fluence increases from left to right,
and the film thickness decreases from top to bottom. The pictures
on the top row correspond to Figure 6.
The destruction of the flyer occurs at a lower fluence when
the triazene thickness decreases. The flyer with a 150 nm thick

TP layer shows signs of destabilization at 90 mJ/cm2 and is
completely destroyed at higher fluences. This effect is even more
pronounced with a 50 nm thick triazene layer, where no stable
flyer is obtained at all after 2 µs.
These observations can be interpreted by looking at the
expected remaining triazene thickness, inferred from Figure 8
and shown above each frame of Figure 10. At a given fluence,
the thickness of the undecomposed layer depends on the initial
triazene film thickness. This effect is particularly pronounced
at low fluences. It was suggested above that the ejection of a
stable aluminum flyer requires a certain amount of triazene for
reinforcement. Thinner films reach this limit at a lower fluence,
and for the 50 nm film, even the initial TP layer does not provide
sufficient support to the flyer.
One goal of the LIFT technique is to achieve multilayer
patterning, i.e., to deposit single layers of material successively.
Such processing requires the complete decomposition of the
sacrificial triazene layer, in order to prevent any contamination
between the layers. Furthermore, a good electrical contact can
only be established if no TP remains on the transferred material.
However, a metal flyer requires a significant layer of TP to fly
in a good state. These two conflicting requirements present a
major challenge for the application of LIFT for multilayer
deposition.
It appears from the pictures of Figure 6 that the front of the
shock wave varies in position depending on the sample
thickness. A direct comparison of the shock wave propagation
is not appropriate because the ablated depth of triazene is not
constant, which has an impact on the shock wave energy.
However, it is possible to compare the samples using the shock
wave model developed by Freiwald.53 This model was slightly
modified and applied in an earlier work, from which the fit
parameters were adopted.49 The ablated depth is taken from
front-side measurements (Figure 8). The results of the calculation are shown in Figure 11, where the shock wave energy is
normalized to the total input energy.
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Figure 11. Normalized energies of the shock waves for the samples
shown in Figure 10. The samples are made of TP (thickness shown in
the graph) and 80 nm Al.

The values for the normalized shock wave energy range from
20 to 55%, comparable to observation of samples with a single
TP layer.49 The normalized shock wave energy decreases with
increasing fluence for all three samples, except that the curve
for 350 nm TP exhibits a maximum at 90 mJ/cm2, which is
again comparable to the pure TP sample. The two thinner
samples do not reach a maximum in the investigated range.
It is noteworthy that the thickness of the triazene layer
influences the normalized energy value, which increases with
film thickness at a given fluence (except for the point at 50
mJ/cm2). There is no a priori justification for this result, but
the ratio between the Al and the TP layer, which varies between
the samples, may play a role in the transmission of the shock
wave. It has been shown previously that the flyer has a large
influence on the shock wave at the low fluences when the flyer
is relatively thick.49 In this case, differences between the samples
are observed at high fluences as well, but one should keep in
mind that an Al flyer is always present.
The second reason for this difference may be the penetration
depth of the laser beam, which is larger than the TP thickness
for the 50 nm sample. A complete absorption of the laser pulse
in the polymer layer is used in the mathematical model, which
is probably an oversimplification for thin samples.
Effect of Background Pressure. The background gas has an
influence on the flyer trajectory, since the flyer decelerates after
a certain time. The shape of the flyer is affected as well, due to

Figure 13. Sequence of pictures taken with a 350 nm TP/80 nm Al
sample at 280 mJ/cm2 under a vacuum and atmospheric pressure. The
scheme on the right shows the relative movement of the flyer and
fragments from the edge under both pressure conditions.

the air drag. In a vacuum, the results should demonstrate no air
resistance. The influence of the background pressure was studied
by material ejection at a pressure less than 10-1 mbar (typically
(5-8) × 10-2 mbar). A comparison between vacuum and
atmospheric pressure is shown in Figure 12, where a sample of
350 nm TP/80 nm Al was ablated at a fluence of 160 mJ/cm2.
As expected, no shock wave is visible in the vacuum. There
is still a pressure jump at the ablation spot but no medium for
the propagation of the shock. The flyer evolves faster in a
vacuum than in air, which was expected as well. Contrary to
the hypothesis, the flyer shape deforms in flight. It appears
thicker than in air, meaning that it is either folded or tilted.
The pictures show that the flyer is actually folded, similar to
the case in air, but with opposite curvature. The edges of the
flyer are bent backward in a vacuum, while in air they are
headed forward at early stages (t < 1 µs).
This fact is clearly visible when fragments detach from the
flyer, as is illustrated in the images in Figure 13, taken with the
same sample at a higher fluence (280 mJ/cm2).
In air, detached fragments move faster than the flyer itself,
whereas the flyer moves faster than the fragments in a vacuum.
One possible explanation is that, in air, the flyer has a large

Figure 12. Sequence of pictures taken with a 350 nm TP/80 nm Al sample at 160 mJ/cm2 under a vacuum and atmospheric pressure.
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Figure 14. (a) Position of the flyer versus time for various fluences (indicated in the graph) measured in a vacuum with a 350 nm TP/80 nm Al
sample. The points are the measured data, and the solid lines are fits from eq 1. The dashed line shows the reference position used to calculate the
velocity, shown in part b. The velocity in a vacuum at a constant distance (x ) 0.5 mm) is shown by the 9 symbols. For comparison, the velocity
in air is indicated by the 2 symbols (from Figure 9).

Figure 15. Sequence of pictures taken at 270 mJ/cm2 for two samples with the same layer of 350 nm TP/80 nm Al. The sample in the top row
was additionally coated with ∼50 nm MEH-PPV.

Figure 16. Pictures taken at different fluences (increasing from left to right) for two samples with the same layer of 350 nm TP/80 nm Al. The
sample in the top row was additionally coated with ∼50 nm MEH-PPV. The time delay is 1.8 µs for the MEH-PPV-coated sample and 2.0 µs for
the TP/Al.

surface subject to air resistance. The central part of the flyer is
slowed, but the fragments are subject to less air drag and
maintain a higher velocity than the center. In a vacuum, the
central part of the flyer is not slowed down. By first approximation, all parts of the system including the flyer should propagate
at the same speed. However, the fragments move slower than
the main part.
The position of the flyer over time is shown in Figure 14a
([) in order to examine this behavior in more detail. The same
power law as for the travel in air, x(t) ) a · tb (eq 1), was used
to fit the positions versus time. The fit curves are shown as
lines in Figure 14a.
In this case, the exponent b is between 1.03 and 1.16,
demonstrating that the velocity of the flyer slightly increases
with time. As a remainder, the exponents calculated in air range
from 0.45 to 0.7.
The flyer can reach very high velocities, sometimes above 2
km/s. For comparison, this is twice as fast as the initial velocity

of a rifle bullet. In air, the flyer cannot reach this velocity,
because it catches up with the shock wave and is destroyed
upon interaction with the latter.
The visible part of the flyer accelerates in a vacuum, although
no energy is supplied to the flyer after the ablation pulse. It
was shown previously that ablation occurred only during the
laser pulse and stopped afterward.54 In a vacuum, no forces can
act on the flyer after it detaches from the donor film. A
hypothetical explanation for the increase in speed is that the
flyer loses a part of its mass, which is ejected from the rear at
a lower speed. Conservation of momentum results in acceleration of the main part of the flyer.
The fragments detaching behind the flyer at 280 mJ (Figure
13) may confirm this hypothesis. At lower fluences, no opaque
debris is revealed by shadowgraphy, but it may be possible that
products that remain invisible using our observation method are
released at the rear of the flyer. The asymmetry in the
composition (TP behind and Al in front) and the temperature
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Figure 17. Sequences of pictures taken at a fluence of 400 mJ/cm2 with samples made of TP (various thicknesses, decreasing from top to bottom)/
80 nm Al/∼50 nm MEH-PPV.

Figure 18. (a) Sequence of pictures taken with a 350 nm TP/80 nm Al sample at 160 mJ/cm2 with a receiver substrate at a distance of 1 mm. (b)
Scheme explaining the presence of the blurry objects seen close to the receiver substrate.

(a hotter temperature may be expected on the rear side, which
is closer to the ablation spot) may explain why there is no release
of mass from the front side of the flyer.
Ejection of a Bilayer System. The system of TP and Al was
chosen as a model system for studying the transfer mechanism
in order to gain knowledge about the flyer ejection. However,
the ultimate goal of this work is to transfer pixels for OLED
displays, with a focus on the electroactive layer. For this
purpose, the standard MEH-PPV was selected as an electroluminescent material. At this stage, it was not possible to coat
MEH-PPV directly onto the triazene layer due to a solvent
compatibility issue, but the sequence TP/Al/MEH-PPV is
possible. The material ejection from this system was studied
under the same conditions used before to compare the effect of
the third layer.

Effect of the Additional Layer. Figure 15 shows a comparison
of the flyer ejection from a 350 nm TP/80 nm Al/∼50 nm MEHPPV film (top) and a 350 nm TP/80 nm Al film (bottom) at a
fluence of 270 mJ/cm2.
The shock wave and the flyer propagate at the same velocity
for both samples. A difference between the samples appears
only after 0.8 µs. The bilayer flyer of Al/MEH-PPV does not
exhibit signs of destabilization for at least 1 µs, at which point
the Al flyer has begun to fall apart.
The MEH-PPV layer provides mechanical stability to the
flyer, much like the undecomposed layer of triazene. It was
shown previously that, at a fluence of 270 mJ/cm2, only a very
thin layer of triazene is present on the flyer, resulting in
decomposition of the TP/Al flyer. In contrast, the flyer containing MEH-PPV is not decomposed because the reinforcing role
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Figure 19. Sequence of pictures taken at several fluences (increasing from bottom to top) with a donor sample of 350 nm TP/80 nm Al and a
receiver substrate at a distance of 1 mm. The time delays, increasing from left to right and different at each fluence, were selected to show the flyer
at similar positions. The right column shows optical microscopies of the receiver substrate after transfer at the corresponding fluences (smaller
scale). The red arrows show the reflected shock wave.

is played by the MEH-PPV, whose location on the front side
of the metal provides protection from laser irradiation and
heating.
A comparison was performed at lower fluences as well. Figure
16 shows the same samples as above at different fluences. The
time delay chosen is not exactly the same for both samples (1.8
and 2.0 µs); nevertheless, it allows a qualitative comparison.
The two samples exhibit very similar behavior at intermediate
fluences, including a rather flat shape and a low amount of debris
ejection. At these fluences, the flyer includes an undecomposed
part of triazene and the metal layer is sandwiched between two
polymer layers. This configuration is probably even more
resistant to fragmentation. At 90 and 50 mJ/cm2, large differences appear. At 50 mJ/cm2, the flyer with MEH-PPV is
delaminated in the same way as the pure TP flyer close to the
threshold, i.e., with the creation of “threads” from the ablation
spot.48 This behavior suggests that the threshold fluence for
complete delamination is close to 50 mJ/cm2. This threshold is

expected to be higher than that for the TP/Al film, because the
presence of an additional MEH-PPV layer results in more
mechanical strength to overcome.
In general, the ejection of bilayer flyers from Al/MEH-PPV
films shows a very clean behavior, indicating that the transfer
of bilayer systems should not be an additional difficulty
compared to pure Al.
Effect of the Triazene Layer Thickness. The influence of
the triazene film thickness on the bilayer ejection was studied
as well. A particularly interesting observation was made at the
highest fluence (400 mJ/cm2), shown in Figure 17.
At this fluence, the flyer is destabilized and starts to fragment
at all TP thicknesses, but the fragmentation of the thinner TP
samples is unexpected. The creation of two material fronts
propagating at two different velocities (shown as A and B in
Figure 17) can be observed. The flyer apparently divides in two
upon ejection. This feature was not observed with single Al
layers, suggesting that the front B may be attributed to the
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Figure 20. Sequence of pictures taken with a sample of 350 nm TP/80 nm Al at 200 mJ/cm2 with and without a receiver substrate at a distance
of 1 mm.

Figure 21. Sequence of pictures taken with a 350 nm TP/80 nm Al sample at 160 mJ/cm2 with a receiver substrate at a distance of 0.5 mm.

separation of the MEH-PPV layer from the metal (indicated by
arrow A in Figure 17). This effect happens only at high fluences
and with thin TP layers, in which case the Al layer may absorb
a large part of the laser pulse energy. It is possible that the
metal layer is sufficiently heated to transfer heat to the MEHPPV layer, which may in turn be decomposed and readily
ejected forward. This effect was not further investigated but
might be used for giving an indication about the temperature
of the metal layer.
Transfer of a Metal Layer. The next step toward achieving
pixel deposition is to investigate how the created flyer can be
collected onto a receiver substrate. This part addresses the
second question of the article, which is whether an intact flyer
ejection can be correlated to a good pixel deposition, and under
which conditions. To answer this question, the results of
transferring pixels to a glass receiver substrate are presented
below. Two separation distances of 1 and 0.5 mm between the
donor and the receiver substrates were investigated by timeresolved shadowgraphy. These relatively large gaps allow for
the use of lateral imaging to study the effect of the receiver
substrate on the flight of the flyer and to follow its deposition.
The transfer of the model system made of TP and Al is shown
first. We begin by applying the conditions which yielded the
best flyer for free ejection in air.
Effect of a ReceiWer Substrate. Figure 18a shows a sequence
of shadowgraphs taken of a transfer to a glass receiver substrate
placed 1 mm from the donor substrate. The sample was a 350
nm TP/80 nm Al film which was irradiated with a fluence of

Figure 22. Position versus time of the shock wave (2) and of the
flyer (b) measured from Figure 21. The lines are visual guides. The
position of the receiver is indicated by a horizontal line at 500 µm.

160 mJ/cm2. The donor substrate is on the left side while the
receiver is located on the right side. The pictures were cropped
laterally to the size of the gap.
The flyer is ejected and propagates much as in the case
without a receiver. The arrival of the flyer on the receiver plate
is not visible within the investigated time. The blurry shapes
visible for times >0.8 µs on each successive frame are previous
flyers already transferred. The presence of these objects in the
image is explained by Figure 18b. Each frame is a new spot on
the sample, obtained by scanning the sample horizontally with
the motorized stage. The viewing axis of the camera is horizontal
as well and coincides with the translation axis. For this reason,
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Figure 23. Sequence of pictures taken at several fluences (increasing from bottom to top) with a donor sample of 350 nm TP/80 nm Al and a
receiver substrate at a distance of 0.5 mm. The time delays, increasing from left to right and with different values at each fluence, were selected
to show the flyer at similar positions. The right column shows optical microscopy images of the receiver substrate after transfer at the corresponding
fluences (smaller scale).

any ejected material that did not land flatly on the receiver
substrate is visible in the subsequent pictures. Therefore, each
frame shows the current flyer in movement but also the final
state of all previous flyers, which appear slightly blurry because
they are out of focus. This explanation is confirmed by pictures
taken several seconds after the pump pulse, when the deposited
flyers are still visible.
Though not desirable, this effect clearly illustrates that the
transfer under these conditions yields a poor deposition because
the transferred patterns are not deposited flat on the receiver
substrate. The reasons for this may be that the flyer would
require more speed to stick properly onto the receiver, or the
opposite, that the flyer had too much energy and partially
bounced back. It is possible as well that the flyer was not flat

enough upon arrival, preventing clean deposition. The shape
of the flyer at 1.6 and 1.8 µs supports the last hypothesis.
An observation of the initial stage or arrival position was
very difficult and not achieved, even when no residual flyer
blocked the line of sight, probably due to the tunnel-like
geometry of the setup (as shown in Figure 18b) with 1 mm
width for 25 mm depth.
Effect of the Fluence. The effect of the laser fluence on the
transfer is shown in Figure 19. Pictures of the same sample
(350 nm TP/80 nm Al) were taken at different fluences and
time delays. Depending on the fluence, each flyer has a different
velocity and the delays were chosen to match the positions at
the different fluences. The left column shows the flyers close
to the receiver, the second column from the left represents the
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Figure 24. Sequence of pictures taken with a donor film of 350 nm TP/80 nm Al and a receiver substrate at a distance of 1 mm at 160 mJ/cm2
under a vacuum and atmospheric pressure.

Figure 25. Sequence of pictures taken in a vacuum with a donor film of 350 nm TP/80 nm Al and a receiver substrate at a distance of 1 mm at
a fluence of 90 mJ/cm2.

flyers arriving on the receiver, and the third column was taken
at the end of the sequence. No pictures after 1.8 µs were
available for a fluence of 160 mJ/cm2, because of the masking
effect discussed above. The column on the right shows
microscopy pictures of the receiver substrate after transfer (at
a smaller scale).
From the shadowgraphs and the pictures of the receiver after
transfer, the fluences can be separated into two domains. In the
low fluence regime (50-160 mJ/cm2), the flyer reached the
receiver in one or a few large pieces, and large metal pieces
are identified on the deposition spots. This low fluence range
appears to be more appropriate for depositing intact flyers of
material, although no satisfactory transfer was achieved here.
The best result was obtained at 160 mJ/cm2, at which fluence a
large metal flyer cane be detected on the receiver. However,
the appearance of the flyer does not much resemble the original
square pattern ejected from the donor film: the flyer is folded,
resulting in a smaller size, as shown in Figure 18.
When the fluence is decreased, much less residue from
previous flyers is observed on the shadowgraphs, but only small
pieces of the metal are deposited. The frames leading to arrival
show that the flyer did not reach the receiver plate as a compact
film, as can be seen in the images shown in Figure 6 taken
without a receiver. The splitting of the flyer on the shadowgraphs
at 50 mJ/cm2 clearly coincides with the spread pattern found
on the receiver.
In the high fluence range (200 and 260 mJ/cm2), the flyer is
broken into small fragments before arrival and only particles

are found on the receiver substrate. This is particularly visible
at 260 mJ/cm2, where the flyer has already fallen apart at 0.8
µs.
The laser fluence determines the velocity of the flyer but also
the thickness of the undecomposed triazene layer. Therefore,
the thickness of the flyer varies with the fluence, impacting the
stability as shown above. This result suggests that the difference
in the deposited flyer quality between the various fluences may
be due to the different remaining TP layers as well.
An important effect is visible at high fluences: the shock wave
created at the ablation spot is reflected back on the receiver
plate and travels backward. This reflection is partially visible
at 160 mJ/cm2 after 1.6 µs but appears clearly after 1.5 and 1.4
µs at 200 and 260 mJ/cm2, respectively (indicated by the red
arrows in Figure 19). In the latter case, the shock wave meets
the fragmented flyer and passes through it. It is not clear from
these pictures whether the flyer is decomposed due to the
distance, comparable to the case when no receiver is present,
or whether the shock wave contributes to its destruction. To
investigate this effect, a comparison of shadowgraphs taken at
200 mJ/cm2 with and without receiver substrate is shown in
Figure 20.
The reflection of the shock wave is clearly visible at 1.5 µs,
when the corresponding shock wave without receiver is beyond
the position of the receiver. At 2 µs, the shock wave has already
crossed the flyer without causing visible damage to it. The
trajectory does not appear dramatically modified, although a
slight deceleration of the flyer is visible. Apparently, the
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Figure 26. Sequence of pictures taken in a vacuum with a donor film of 350 nm TP/80 nm Al and a receiver substrate at a distance of 1 mm at
a fluence of 50 mJ/cm2.

instabilities in the flyer state at this fluence account for the
destruction upon arrival on the receiver, and not the impact with
the receiver itself.
Effect of the Separation Distance. The gap of 1 mm appears
to be too large to achieve defined material transfer because the
flyer is already fragmenting before it has crossed the gap.
However, a smaller separation between the donor and the
receiver may result in a stable transfer. The transfer across a
0.5 mm gap was studied to test this possibility.
A sequence of pictures taken with a 350 nm TP/80 nm Al
sample at 160 mJ/cm2 is shown in Figure 21. The separation
between the donor and the receiver substrate is 0.5 mm. Again,
the pictures were cropped laterally to the size of the gap.
The behavior of the flyer under these conditions is completely
different. Until 0.6 µs, the flyer evolves as expected. At this
time, the shock wave has reached the receiver and starts to
reflect. This reflected shock wave “collides” with the flyer at
0.8 µs, resulting in a deformation of the shock front. The central
part of the shock wave, which is faster due to the propagation
geometry, is slowed down upon contact with the flyer. The sides
of the shock front, which can travel undisturbed, overtake the
middle part after 0.8 µs. This clearly demonstrates the interaction
of the shock wave with the solid flyer. The flyer is modified
and pushed backward by the shock wave after this interaction.
Between 1 and 1.6 µs, the flyer is dramatically deformed and
bent backward. The flyer never reaches the receiver substrate
but moves backward until it eventually falls apart after 1.8 µs.
To confirm this theory, the position of the shock wave and
the flyer was plotted versus time in Figure 22.
The probable trajectory of the shock wave (2) is represented
by the dashed red line, which includes the reflection at the
expected position of the receiver substrate. The actual propagation of the shock wave is not linear over long periods but is
approximately linear on this time scale. It is clear from the
trajectory of the flyer (b) that the flyer is not fast enough to
bounce back from the receiver between 0.6 and 0.8 µs, and that
the change in the travel direction occurs due to the interaction
with the shock wave.
Different fluences were investigated to see whether this effect
can be avoided. The effect of the laser fluence on the transfer
is presented in Figure 23, where a range of fluences and time
delays are shown. The column on the right shows microscopy
pictures of the receiver substrate after transfer (at a smaller
scale).

The fluence range can be divided into two domains according
to how the flyer is affected by the shock wave. The reflection
of the shock wave on the receiver substrate destroys the flyer
and reflects fragments for fluences g160 mJ/cm2. The higher
the fluence, the more finely dispersed the flyer fragments visible
in the shadowgraphs. The receiver substrate after transfer only
contains small fragments. At the highest fluence, these fragments
are shiny and look like melted metal particles, probably due to
the violence of the impact and the possible direct irradiation of
the metal layer.
Depending on the relative velocity of the shock wave and
the flyer, it is possible that the flyer is destroyed and propelled
back after impact with the receiver substrate as well. However,
it is difficult to differentiate in the shadowgraphs between an
impact with the shock wave very close to the receiver and an
impact with the receiver itself, because the position of the
receiver is not clearly visible.
The low fluence range similarly does not yield good transfer,
but the flyer is not destroyed by the shock wave, or at least not
completely. The flyer reaches the receiver without being
propelled back according to the time-resolved pictures. Larger
fragments than at the high fluences are found on the receiver
plate, with the largest pieces at the lowest fluence (50 mJ/cm2).
It appears that only strong and fast shock waves affect the
flyer. These shock waves are seen at high fluences because the
energy and velocity of the shock wave is closely related to the
incident laser fluence, as shown before. The shock waves are
not strong enough to harm the flyer or propel it back at low
fluences.
The shock wave only affects the transfer with a narrow gap
(0.5 mm) because its strength decreases with travel distance.
Indeed, the hemispherical shape and the progression through a
medium cause a progressive distribution of the energy in the
volume encompassed by the shock front, which is continuously
increasing. For a 1 mm separation between the plates, the shock
wave is no longer strong enough to affect the flyer.
At this point, there is a superposition of two counterproductive effects that complicate the problem of the transfer
across a gap. First, the state of the flyer depends on the travel
distance, and a narrow gap is better for increasing the probability
of collecting an intact flyer. Second, the shock wave created
by the ablation of the triazene layer affects the flyer, and the
narrower the gap, the stronger this perturbation. Moreover, the
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Figure 27. Sequence of pictures taken at several fluences (decreasing from top to bottom) with a donor sample of 350 nm TP/80 nm Al/∼50 nm
MEH-PPV and a receiver substrate at a distance of 1 mm. The time delay increases from left to right. The right column shows optical microscopy
pictures of the receiver substrate after transfer at the corresponding fluences (smaller scale).

fluence that yields an intact and “long-lived” flyer is high enough
to produce a shock wave which is able to destroy the flyer.
The method to solve this problem may be in the elimination
of the shock wave, which can be realized in a vacuum. The
effect of the background pressure on the transfer is discussed
below.
Effect of the Background Pressure. The reduction of the
background pressure for material ejection shows an increased
flyer velocity and no shock wave. The high velocity of the flyer
in a vacuum could be an issue for smooth deposition, but the
absence of a shock wave may solve the problem of the shock
wave reflection on the receiver, as discussed above. The transfer
was performed in a vacuum (typically (5-8) × 10-2 mbar) with
the same configuration used in air, i.e., a donor film of 350 nm
TP/80 nm Al and a receiver substrate at a distance of 1 mm to
test these hypotheses. A comparison of two sequences taken in
a vacuum and in air at a fluence of 160 mJ/cm2 is shown in
Figure 24.
The difference between the two pressure conditions is striking.
The flyer in the vacuum reaches the receiver very quickly (after
1 µs), and a jet of material ejected from the receiver substrate
is visible immediately after the impact. In contrast, the flyer in
air has not arrived at the receiver in the same period.

As shown in Figure 14, the flyer reaches the receiver with a
velocity of about 1 km/s. In comparison, the velocity in air at
this position is only 90 m/s (Figure 9). Assuming that all other
conditions are identical, the kinetic energy of the flyer in a
vacuum is about (1000/90)2 ≈ 120 times higher than in air,
which may explain why the flyer disintegrates immediately upon
impact and small fragments are ejected backward.
It is obvious that the conditions resulting in a good flyer in
air are not appropriate for smooth deposition under vacuum.
The fluence was varied to determine whether a good deposition
can be obtained for other conditions. Higher fluences (not
shown) yield similar results, namely, strong impact and destruction of the flyer, and a transfer at a lower fluence (90 mJ/cm2)
is shown in Figure 25.
The arrival of the flyer follows the same pathway as at 160
mJ/cm2 but with a weaker impact (V ≈ 700 m/s). Indeed, the
back ejected fragments appear larger and no jet of fine particles
is visible as in Figure 24. However, the flyer is still destroyed
upon arrival.
The situation is different at the lowest fluence investigated
(50 mJ/cm2), shown in Figure 26.
The flyer does not delaminate cleanly, as seen after 0.5 µs.
The flyer is degraded during the flight and reaches the receiver
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Figure 28. Optical microscopy pictures of pixels deposited at three different fluences. The donor film was made of 350 nm TP/80 nm Al/∼50 nm
MEH-PPV, and the transfer was realized in air with a 1 mm gap. As a comparison, the right column shows a transfer in contact (0 mm gap)
achieved with a slightly different donor film (100 nm TP/80 nm Al/20 nm MEH-PPV). The top view corresponds to the pixel from the deposition
side, while the bottom view is obtained through the substrate.

in a fragmented state, resulting in a bad transfer. In this case,
the fluence was too close to the ablation threshold and, as shown
before, sturdy flyers are not obtained under these conditions.
Although the transfer in a vacuum solved the possible
problems induced by the reflected shock wave, it introduced a
new problem. The flyer travels with such a high velocity that it
decomposes upon impact with the receiver. A decrease of the
laser fluence does not appear to be a viable solution, because
the quality of the ejected flyer is decreased at lower fluences.
At this point, no operating window was found to reconcile these
two conflicting processes. A solution may be the application of
pressure between the applied vacuum and ambient conditions,
which may slow down and buffer the flyer before arrival while
avoiding a strong and destructive shock wave. The use of other
background gases may also be a solution.
Transfer of a Bilayer System. The next step toward the
deposition of OLED materials is the transfer of bilayer samples
of Al/MEH-PPV. As shown above, the introduction of an
additional layer of the MEH-PPV polymer improves the quality
of the flyer. Therefore, one may expect an improved transfer
over a gap for bilayer samples of Al/MEH-PPV.
An overview of the results at atmospheric pressure is shown
in Figure 27. The left part of the figure shows sequences of
pictures of the transfer with a 1 mm gap of a 350 nm TP/80 nm
Al/∼50 nm MEH-PPV donor film at different fluences (decreasing from top to bottom). The corresponding view of the receiver
substrate is shown in the right column at a smaller scale.
The transfer of flyers of Al/MEH-PPV appears much smoother
than with the single Al layer, although no flat deposition is
obtained. No fragmentation upon arrival is observed, except at
the highest fluence (400 mJ/cm2). This confirms the previous
observation that flyers containing an additional MEH-PPV layer
are less brittle. The ejected pixels can fly in an improved shape
and are also less sensitive to the impact with the receiver and
the reflected shock wave.
It is noteworthy that the shape of the flyer after 4 µs is closely
related to the shape of the deposited pixel. For instance, the
“intact” flyers visible at 180 and 220 mJ/cm2 clearly correspond
to the best deposition. In turn, the flyer “landing” at 280 mJ/
cm2 is split in the center, which yields a pixel in the corresponding state. The hole found in the deposited pixel at 220
mJ/cm2 may be the result of a pressure differential between the
front and back side of the flyer. Indeed, the flyer may have

compressed the air in front of it while reaching the receiver,
and this overpressure was released by perforating the flyer. The
funnel-like shape of the flyer after 4 µs suggests that a
perforation of the flyer occurred, supporting this hypothesis.
A close-up view of pixels transferred at 160, 180, and 220
mJ/cm2 is shown in Figure 28 (no shadowgraphy data are
available for 160 mJ/cm2). The top view is taken from the
deposition side, while the bottom view is taken through the glass
substrate, revealing the orange MEH-PPV layer. The selected
spots correspond to other locations than those shown in Figure
27 (right column) but are obtained at the same fluence.
The deposited pixels reveal a folded and shrunken appearance.
The orange MEH-PPV layer, visible in the top view, indicates
that part of the film is flipped over. A pixel obtained by transfer
in contact is shown for comparison in the right column of Figure
28. In this case, the pixel is very flat and, except for a few cracks,
very smooth. This comparison reveals the difference in performance still existing between the transfer in contact and across
a gap.
Although the pixels obtained are not perfect and would
certainly have short circuits, the whole flyer was transferred in
one part, which was almost impossible for a single Al layer
(see Figure 19). These results are encouraging, and it is probable
that improved deposition across a gap may be achieved by
tuning various parameters, including the gap distance and the
background pressure.
Conclusions
The laser-induced forward transfer of an organic light-emitting
diode building block using a triazene polymer sacrificial layer
was studied by time-resolved lateral shadowgraphy imaging.
The ejection of a material flyer from a donor film and its
deposition onto a receiver substrate were investigated systematically by varying the laser fluence, triazene film thickness,
separation distance, background pressure, and donor material
to understand the conditions required to obtain a good material
transfer.
We showed that an intact flyer of material can be ejected
from the donor sample under appropriate conditions. The flyer
remains intact over a relatively large distance (500 µm),
suggesting that it can be collected on a receiver substrate. The
conditions required to create an intact material flyer correspond
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to fluences and TP thicknesses where we expect an undecomposed layer of TP to be a part of the flyer. The presence of this
remaining triazene polymer layer probably stabilizes the flyer
mechanically by forming a sort of composite film.
The use of a bilayer donor film made of aluminum and the
luminescent polymer MEH-PPV revealed an improved stability
of the flyer upon ejection. This effect is most likely due to the
additional polymer layer, which improves the mechanical
stability of the flyer. The best flyer was detected when an
undecomposed layer of the TP was also present. This suggests
that the metal layer is stabilized between the two polymer layers,
which appears to be the optimum situation for a stable metal
flyer.
The result suggests that it may be difficult to achieve a transfer
with a complete removal of the sacrificial TP layer. The
consequences for the fabrication of OLED differ according to
the function of the transfer layer. In the case of the metal
cathode, which is the last layer, a remaining TP layer on top is
not problematic. Additionally, the last layer before the cathode,
such as the electron transporting layer, can serve the same
stabilizing role as the MEH-PPV.
However, one goal of the technique is to achieve a multilayer
deposition from the successive transfer of several layers, which
requires a complete removal of the sacrificial layer from the
transferred layer. The ability to eject a stable flyer that does
not contain a remaining TP layer will condition the successful
application of the technique to internal OLED layers. Further
studies will show whether a stable flyer made of only polymer
is possible, or whether the composite structure with metal is
required. We would expect an improved behavior, since
polymers are more elastic than metals, and therefore less prone
to fragmentation.
The transfer experiments showed that the correlation between
successful flyer ejection and successful transfer is not straightforward. The transfer was investigated with various separation
distances between the donor and the receiver, revealing that the
shock wave created upon ablation is reflected from the receiver
substrate. This is a problem for transfer over small distances
because the reflected shock wave destroys the flyer. For large
distances, the flyer falls apart before reaching the receiver.
One possible solution to the problem caused by the reflected
shock wave is to perform the transfer in a vacuum, where no
shock wave is propagating. In this case, the flyer is not slowed
down by air and arrives at the receiver at a velocity of up to 2
km/s. Under these conditions, the flyer is instantaneously
destroyed upon impact at the receiver, suggesting that a transfer
in a vacuum is not suitable for achieving smooth deposition.
There is an apparent predicament where a vacuum may be
needed to avoid the destructive shock wave but air is required
to decelerate the flyer. The solution to this problem may be
found in the application of intermediate pressure between
vacuum and atmospheric pressure, or by employing other gases
that have different shock wave propagation speeds. For this
purpose, the application of 2D and 3D computer modeling may
enable a better understanding of the formation and resulting
shapes of the various shock waves and flyer materials. The
receiver hardness may be yet another tunable parameter which
could positively influence transfer across a gap. Finally, the
relatively large gaps used in this work enabled lateral imaging
of the transfer but may be much too large. Further studies using
in line imaging may permit the investigation of any arbitrary
separation distances.
A fairly good pixel deposition has been obtained using the
optimal parameters found thus far, namely, a donor film
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containing MEH-PPV and a thick TP layer, a moderate fluence,
and a 1 mm gap in air, although of insufficient quality to build
an OLED. Nevertheless, these results are very promising and
suggest that it may be possible to achieve a transfer across a
gap by optimizing the parameters that can control the flyer
velocity, in-flight shape, and stability.
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(7) Chrisey, D.; Piqué, A.; McGill, R.; Horwitz, J.; Ringeisen, B.; Bubb,
D.; Wu, P. Chem. ReV. 2003, 103, 553–576.
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D. D. Appl. Surf. Sci. 2002, 197-198, 181–187.
(47) Zergioti, I.; Karaiskou, A.; Papazoglou, D.; Fotakis, C.; Kapsetaki,
M.; Kafetzopoulos, D. Appl. Surf. Sci. 2005, 247, 584–589.
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