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Laser-Induced Forward Transfer Using Triazene
Polymer Dynamic Releaser Layer

James Shaw Stewart™”, Thomas Lippert”, Matthias Nagel®, Frank Niiesch® and
Alexander Wokaun”

“Empa Swiss Federal Laboratories for Materials Testing and Research, Uberlandstrasse 129, 8600 Diibendorf,
Switzerland
Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland

Abstract. This article presents a short review of the use of triazene polymer as a dynamic release layer
(DRL) for laser-induced forward transfer (LIFT), before looking at the latest research in more detail. The
field of triazene polymer ablation only started around 20 years ago and has grown rapidly into a number
of different application areas. Most promisingly, triazene ablation has been refined as a method for
propulsion, bringing the benefits of LIFT to the deposition of sensitive transfer materials. The key to
understanding LIFT with a triazene DRL is to understand the more fundamental nature of triazene
polymer ablation in both frontside and backside orientations. This article focuses on the most recent
experimental results on LIFT with a triazene DRL: the effect of picosecond pulse lengths compared with
nanosecond pulse lengths; the effect of reduced air pressure; and the improvements in transfer in terms of
range of transfer materials, and transfer across a gap. The results all help improve fundamental
understanding of triazene-based LIFT, and the transfer of functioning OLEDs demonstrates the
capability of the technique.

Keywords: triazene polymer, laser transfer, LIFT, OLED
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INTRODUCTION

Laser-induced forward transfer is a precision deposition technique utilizing the high-
energy and fine-focussing of laser beams. The use of an intermediate layer, such as a triazene
polymer film, to absorb the energy and provide the mechanical energy for propulsion without
allowing light to impinge upon the transfer material can help minimise energy transfer into
the transfer material. This extends the benefits of LIFT to more sensitive and structured thin
film layers that cannot otherwise be deposited in such a controlled manner. To start off with
we will look at triazene polymer ablation, before reviewing the history of LIFT and how
these two separate research fields of converged to develop LIFT using an intermediate
triazene polymer DRL.

Triazene Polymer Ablation

The fundamental aspect of this method is the clean laser-ablation of the triazene polymer.
In the field of polymer ablation, triazene-based chemicals were originally used as dopants for
the ablation of other polymers" ? using 308 nm wavelength light from the common XeCl
excimer laser. Fairly soon, the group at Bayreuth incorporated the triazene chromophore into
polymers themselves, firstly as a PMMA co-polymer with triazene side-chains’, and then
with the triazene chromophore along the polymer backbone* to improve the efficiency and
cleanness of the polymer-ablation process. These novel polymers proved to be much more
precise and clean in their ablation when compared to the doped PMMA®. In addition to the
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high photosensitivity, it was seen that triazene polymers also exhibit remarkably high
thermostability, up to 230 °C®,

Developments in triazene ablation

The ablation of triazene polymers was initially seen as a promising photoresist
technology7. However, the photosensitivity of the standard triazene polymers is matched by
their sensitivity to an acidic wet-etching processess. This led to further structural alterations
to triazene polymers, such as the insertion of ester groups into the backbone, enabling photo-
cross-linking of the polymers without breaking up the polymers' backbones’. At the Paul
Scherrer Institut other applications were explored, such as micro-optics formed by precise
UV-ablation of the triazene, and laser-plasma thrusters for micro-satellites'®. Also
investigated was a form of laser transfer known as laser molecular implantation, where
fluorescent molecules were contained within a triazene matrix and transferred via ablation''.
Imaging techniques were used to analyse the ablation process of triazene, and the first
attempts were made to understand the nature of the ablation processlz. Further developments
in these time-resolved methods enabled a greater understanding of the energy generated by
this process'> . An improved triazene polymer synthesis procedure'’, developed at Empa,
Diibendorf, has given more control to the structure of the triazene polymer, and therefore
opened up the possibility of creating polymers with different structures'®, and possibly
different physical and chemical properties, such as solubility or reactivity.

Laser-Induced Forward Transfer

LIFT is a technique with some clear advantages. It has many of the benefits of the
traditional press-printing, but uses a laser to act as the press. The laser irradiates the sample
from behind as if pushing the material towards the receiving substrate. Only the material that
is irradiated will be transferred, which means that the laser defines the lateral shape of the
deposition. Precisely defined deposition can be obtained by controlling the path of the laser
beam using a beam steerer. The important factor here is the transfer material; with the
traditional printing press the transfer material was an ink which was robust and transferred
quite simply. In today's age, with hand-held high-resolution display devicesmore factors need
to be considered because we expect to transfer more things than a single ink, and in a more
reliable way. So in order to be transferred efficiently it is desirable that the transfer material
can absorb the wavelength of light used fairly well, and that it can also transfer this photon
energy into a mechanical energy fairly efficiently. For more detailed and precise printing — at
finer resolutions — this may be hard to achieve. The addition of an intermediate, dynamic
release layer (DRL) to carry out the energy transfer is beneficial in terms of both the quality
of the ablation, and also the reduction in degradation to the transfer material by light-
absorption, even managing to maintain the film morphology through the transfer. This is the
role which triazene polymer plays in laser-induced forward transfer, as a DRL.

LIFT Developments

The earliest report of LIFT, as it as been outlined above, comes from the simple "direct
writing" deposition of aluminium layers using a 193 nm ArF excimer laser'”. The addition of
an intermediate layer was quickly adapted, originally as a thermally-activated DRL'", and
then as a matrix in a process known as matrix-assisted pulsed laser evaporation direct-write
(MAPLE-DW)'’. The use of triazene in the molecular implantation process'' was eventually
followed by the use of triazene as a DRL in the transfer of polymethyl methacrylatezo. This
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quickly led to the use of the triazene polymer as a DRL in the printing of other sensitive
malterials, such as Ii\ring mammalian neuroblast cells in a polymer matrix®, quanium dots®,
thin ceramic films™, metals™, polymers for scnsors (in press) and organic light-cmitting
diodes (OLEDs)®,

EXPERIMENTAL TECHNIQUES

The experimental section can be roughly divided i11lu iwo large sections. The [irst is the
study of the standard ablation (known as froniside ab ) properties of triazene pol)merq
the second is the study of the laser ablation lmﬂsl"er (known as / ice 1)
mechanism. The lasers used arc pulsed UV lasers. This gives the required tluence (energy per
unil irradiated area) for ablation with nanosecond or picosecond pulse lengths, Whilst photo-
degradation happens at all pulse lengths, the photon absorption per unit time is vital for
successtul ablation. Early studies of triazene degradation using Xenon lamps show photo-
degradation without ablation™. The optimal wavelengths for the aryl-triazene chromophore
absorption are around 290-340 nm. so the preferred laser is the 308 nm XeCl excimer laser.
The 3 harmonic of the commercially-available solid-stale N&:YAG laser (al 355 nm) is also
4 viable option with triazene polymer absorption that is 80 % of that at 308 nm.

Sample Preparation

The subsirates used are bolh ordinary glass and high quality quarly Tor the backside
ablation to prevent the substrate absorbing too much of the UV light. The substrates are
cleaned thoroughly before having thin films of triazene polymers deposited upon them, using
spin-coating from solution. Film thicknesscs obtained using this method range from < 10 nm
to around 450 nm. For transfer experiments the next layer is usually aluminiam, evaporated at
low pressure (< 5x10°° mbar), about 80 nm thick. This simple architecture is normally used
for testing. For the fabrication of OQLEDs, a polymer layer is spin-coated on top of the
aluminium cathode. This is (he light-emilling polymer, which serves a dual purpose as a
mcchanically stabilising layer (helping the transfer). The film quality was checked using a
profilomeler and anoptical microscope.
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FIGURE 1, This shows the experimental setup for () frontside ablation and (b} backside ablation. with a
receiver subsirate, showing the shadowgraphy setup's illumination and camera.

791

saboutvights permissions




Frontside Ablation

Frontside ablation experiments have been carried out using thin films of triazene polymer
to help to understand the general ablation characteristics. A schematic of the experimental
setup is shown in Fig. la. The most important information given by these experiments is the
depth that is ablated for a given energy of laser pulse. The ablation depth per pulse (&) when
measured as a lunction of Muence (@} can be used 1o give the elTective ahsorplion coelficient
{(to) and the threshold fluence (@) when the curve is fitted to Eq. 1.

From this, [urther observations can be made as (o the nature of the ablation, e.g. lor
different polymers'®, or for different laser pulse lengths or wavclengths. The threshold
fluence, obtained using BEq. 1, is another important property to consider. Whilst the theories
for the mechanism of laser ablation are very complicatcdm‘ % and by no mcans understood for
triazene, looking at the frontside-ablation threshold for different film thicknesses of triazene
has demonstrated that thermal diffusion loss can have an important elfect upon the ablation of
thin (< 100 nm) triazene films*. These cxperiments were also carried out using transparcnt
substrales with different thermal dilTusivities, which Turther supporied the argument that
photothermal ablation mechanisms are signiticant.

Backside Ablation, Transfer and Shadowgraphy

Backside ablation is the basis for laser-induced forward transter. Transfer 1s obtained by
irradiating the triazene polymer from the "backside”, through the quartz substrate, and
propelling the transter layer(s) to the donor substrate. A schematic of the sctup is shown in
Fig. 1b. Tn normal laboratory atmosphere, transfer is best achieved in contact at an optimised
laser Muence™. The experimenlal paramelters for a successful transfer are not universal
though. and strongly depend on the transfer layer's material proper’tiesy. Transfer in contact
has been achieved lor a number of dilTerent materials (outlined above), each with their own
optimal parameters (in particular, fluence and triazene thickness). Transtor with a gap is an
aim, but has severe limitations at present™". Successful transfer with even a small gap would
be a huge improvement on current commercial OLED pixcl-printing technologics such as
laser-induced thermal imaging (LITD)"" which require very precise deposition environments
(no gap and a vacuum). The investigations presented here oulline research thal has been
conducted with the intention of improving the flexibility and reliability of the triazene-based
LIFT process.

The principle investigative tool is shadowgraphy which gencrates side images (or
"shadowgrams™) ol the transfer layer being ejecied as a flyer, The set-up is outlined as a
scheme in Fig. 1h. The ability to make these images time-resolved enables quantitive analysis
of the shadowgraphy, particularly for the calculation of velocities and kinetic energies of the
Hyer and shockwave. Fig. 2 shows two different series of shadowgrams obtained for transfer
across a gap at ditferent air pressures. It is interesting to compare the velocities obtained trom
shadowgraphy 1o the fronlside ablation deplhs per pulse measured as it is oflen assumed thal
the volume of triazene ablated is the same for frontside and backside and. because the
pressure build up of the ablated materials is the main propelling force, the flyer and
shockwave velocities should be directly proportional to the ablation depth per pulse™. This
means that the velocities can be fitted to Eq. 1 as in Fig.3 and in Fig. 4.
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FIGURE 2. Two scls ol [ shadow, erams ol an aluminium Il\ cr{de pmuu] o1 lop ol 350} o Lriazene polymer)
being transterred across a -1 num gap. The top line shows the ranster in normal atmospheric air pressure, and
the hotiom line shows the transfer in a reduced air pressure (~ 102 mbar),
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RESULTS SUMMARY

Low-Pressure Study

A natural development ol a process like LIFT is 10 alter the medium (hrough which the
transter takes place. Ordinarily, this process has been done simply in air and successtul
transflers have been oblained in normal laboratory conditions, but changes in the pressure or
density of the medium, for example, are sure to alter the nature of the transfer. This opens up
the possibility of optimizing the transfer conditions by changing the medium. The
shockwave's energy has been extensively studied'® ™. and an interesting observation has been
the eftect of the shockwave, reflected back from the receiver substrate, on the destruction of
the [lyver when (ransferred across a gap™ . With this elfect in mind, experiments have been
madc which aim to lessen the shockwave cnergy by reducing the air pressurc.

Different [Muences were tested, with different gaps lor transfer (0.5 and 1 mm), for the
LIFT process at reduced pressure (< 0.05 mbar). Changing the laser fluence has been
observed to have no different effect to that already observed at atmospheric pressures'12,
except that the flyer speed was proportionally faster at lower pressures. Shadowgrams show
the increased speed of the flyer for a given fluence, despite the fact that the threshold fluence
al low pressures was nol significantly allered compared with atmospheric pressures, This data
is shown in the graph in Fig. 3. The speed increase is most probably due to a reduction in
physical drag upon the Myer. The shockwave is probably still presenl, but much weakened
duc to the lower pressurc which will both increase shockwave propagation, but also reduce
the amount of energy transferred from the transfer material to the medium, in the same way
in which sound wave propagation is reduced in a vacuum.
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FIGURE 3. Flyer velocity as a function of fluence as calculated from shadowgrams (like those in Fig. 2).
Reduced pressure flyer velocities (blue squares/blue solid line fit) and atmospheric flyer velocities (red
circles/red dashed line fit) have been plotted and the fit lines were calculated according to Eq. 1.

Even though the shockwave is not present to destroy the flyer upon reflection, the flyer's
increased speed increases the chance of a destructive inelastic collision with the receiver
substrate. The 2 sets of shadowgrams in Fig. 2 show the difference in the transfer across a 1
mm gap for aluminium flyers at atmospheric and reduced pressures. For simple triazene
polymer / 80 nm aluminium donor substrates there is no optimal fluence where a successful
transfer may be obtained across a gap at reduced pressure. The addition of a stabilising light-
emitting polymer layer (MEH-PPV) improves the transfer’’, but not enough to transfer a
pixel with functionality. For any gap width, the transfer of pixels is better in air at
atmospheric pressure than at reduced pressure below 0.05 mbar. The next step is to look at
intermediate pressures and see how the flyer speeds and shockwave energies vary with
pressure, and also to try out different gaseous densities with gases such as helium (lower
density than air) and argon (higher density).

Pulse Length Effect

Whilst it is known that when the UV-irradiation is for too long a period, no ablation of
triazene polymer will occur®®, the effect of shortening the pulse beyond the nanosecond
regime had not been studied previously. This is particularly interesting following on from
studies into the importance of thermal diffusion upon the laser ablation of triazene polymerzg.
In the mathematical model of thermal diffusion the effect of the pulse length is considered.
According to the model a shorter pulse length should decrease the heat loss via diffusion, and
therefore increase the efficiency of energy transfer from light into gas-pressure build up of
the ablation products. This investigation involved looking at a shorter pulse length laser: a
mode-locked Nd:YAG laser with a pulse length of ~70 ns. This laser has a wavelength of 355
nm, slightly different to the standard 308 nm XeCl excimer laser. For this reason another
Nd:YAG, with a Q-switched pulse length of 5 ns was also used to see which differences
between the results could be attributed to the different pulse lengths, and which should be
attributed to the wavelength difference.

Our frontside ablation threshold fluence results, shown in Fig. 4c, indicate that picosecond
pulse lengths do appear to lower the large energy loss for frontside ablation of triazene thin
films when compared with the observations of frontside ablation with the more typical
nanosecond pulse lengths. Fig. 4d shows the ablation depth per pulse as a function of fluence
and shows that the effective absorption coefficient™ * is much lower for the ps pulses.
Despite the support for the thermal model by the results in Fig. 4c, the differences between
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the different lasers shown in Fig. 4c should not be solely attributed to a reduction in heat loss,
especially when considering the difference between the (wo ns pulse lasers. Although the
thermal  decomposition  products and the photochemical reaction products are ncarly
identical™, there is still believed to be a significant degree of energy from photochemical
absorption which is not transferred into thermal encrgy before the triazene decomposition. In
addition, the lower effective absorption coefficient for the ps pulse in Fig. 4d must play a role
in keeping the threshold {luence low for thin [ilms. although this is not an exclusive
mechanism to the thermal model above (the cffective absorption coefficient takes into
account all ablation mechanisms),

Given the assumption that the volume of triazene removed by frontside ablation can be
talken as the volume ablated by backside ablation and therefore should be proportional to the
flyer vclocity obscrved by shadowgraphy}g, an apparent contradiction 1% seen when
comparing the different pulse lengths used at the same tluence. Both Fig. 4a and Fig. 4b show
that the speed of the shockwaves and flyers are greatly increased for ps laser pulses.
However, frontside triazene polymer ablation depth per pulse, Fig. 4d, shows that a smaller
volume ol polymer is ablaled lor ps pulses. When Taster velocities result from smaller
volumes of triazene ablation, then the conversion of pressure build-up to kinctic encrgy can
be said to be much more efficient. The triazene polymer ablation process is clearly different
at shorter pulsc lengths.
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FIGURE 4. Comparisons between the standard 30 ns pulse length 308 mm XeCl excimer laser (red circlesired
solid Tine [, the 5 ns pulse length 355 nm Nd: YAG laser (green squares/green large dashes line Q) and the 70
s 335 ns Nd:YAG laser (vellow triangles/vellow small dashes line fit). (a) and (1) show the shockwave and
Myer velocities respectively, caleulated from shadowgram anaylsis. The other two graphs are for fronwside
ablation: (c) shows the threshold Nuence as a lunction of (lm thickness, and (d) shows the ablation rate per
pulsc for a thick film (> 400 nm). The fit lincs have been calenlated according to Lg. 1.

Transfer by Triazene Polymer-Based LIFT
Successlul ransler of many different types of sensitive malterials has been achieved using
triazenc-based LIFT. As the optimal transfer paramcters vary greatly with the transfer
material's physical properties, each transfer material must be refined. We are concentraling on

the transfer of thin tilms of functional light-cmitting polymers. Duc to selvent compatibility
issues and the importance of good interfaces for successful charge transfer and radiative
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electron-hole recombination, we always include the non-aluminium cathode in the stack of
transler [ilms. Being more brittle than the polymers (although more ductile than most other
mctals), aluminium is 4 good matcrial to usc as a simple test-transfer layer when looking at
the LIFT mechanism. This is because a successful transfer is harder to achieve with a single
80 nm laycr of Al than with polymer layers on top of the aluminium.

O mee

280 290 330 220 390 490 570 660

——=  Fluencs InJfem]

— 500 AT

a) Single-layer Al

45 60 65 a0 90

——  Huenca [mJeny’]

b) Bi-layer Al / MEH-PPV

FIGURE 5. These microscopy images show the donor substrate (top) and the receiver glass substrate (botton)
for two dilTerent Lypes of trans ler materials; (a) is a single 80 nm layer of aluminium evaporated onte a 350 nm
triazene polymer film™, and by 15 a bi-layer comprising ol 80 om of MEH-FPPV spin-coated on wp ol 80 nim
aluminivm. which was cvaporated onto a 100 nm triazene polymer film.

— 500 M

Aluminivm transler has been achieved vsing the 308 nm XeCl luser wilh a glass receiver
substrate in contact with the donor substrate, as shown in Fig. 5a. The triazene polymer
thickness was 350 nm and the [uences required were in the range of 450-600 mJ/cm”. With
layers of triazene polymer thinner than 330 nm, it was scen that the wanster could not be
oblained, The Muence required is Mairly high, especially when compared with lNuence required
when a polymer layer is added on top of the aluminium. Fig. 5b shows the transfer of Al /
MEH-PPV bi-layers with a 100 nm triazene polymer layer. The fluence required for the best
transfer was 160 mliem®. For the transfer of pure aluminium, all the triazenc should be
ablated at a fluence of 450 ml/em’, which means that some of the light energy is actually
transferred into the aluminium. Some black particles can be seen around the iranslerred pixel,
and this suggests that the aluminium may be directly ablated itselt™. However, the idea that
the mechanical resistance to ejection by the aluminium is alone responsible for the required
large flucnce is not rcasonable when comparcd with the low flucnces required for the bi-
layer. A more likely explanation is that an optimal fluence is required where the aluminium is
Torced 1o slick o the glass substrate. This is naturally high, butl o prevent direct ablation of
the aluminium, a thick layer of triazene polymer is necessary. Although the bulk of the
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experiments have been carried out with a XeCl excimer laser, the 3" harmonic of the
NA:YAG lascr (355 nm) has also been used to successfully transfer aluminium / MEH-PPV
bi-layers.

Transler in conlact is a good achievemenl, bul it would become a4 more robust process il a
reliable transfer with a small gap were achieved. This would give LIFT an advantage over
compelitors which require contact Tor ransfer such as LTTT, Whilst successful transler using
LIFT across a gap in reduced air pressurc was found to be almost impossible, LIFT in
atmospheric air pressure across a 1 mm gap has transferred the pixels in single fragments,
although folded at the edges™.

The proot of a successful transfer is when electroluminescent functionality of the MEH-
PPV is maintained. This has been achieved in contact™, and a functioning pixel is shown in
Fig. 6a, along with close-ups of a well-transferred pixel in Fig. 6b and Fig. 6c. These
microscopy images show how the MEH-PPVY spreads out beyond the aluminium, actually
helping prevent any short-circuiting by the deposition.

— 100 pm —_— 100 pm

FIGURE 6. (a) shows an illuninated MEH-FFY OLED, fabricatcd by LIFT. The botwom pictures are
microscopy images af Lthe translfered MEH-PPV £ Al slack. with (b} heing viewed from abave (lhe aluminium is
on top, and the MEH-PPV squeczing out at the sides), and {e) being viewed though the glass substrate, through

the ITO (lett of image) and onto the MELL-PPY polymer (orange). =

Summary

The history ol LIFT using a triazene polymer DRL has been reviewed and Lhe speed of
development shown. Whilst LIFT has been around for 30 years, and triazene ablation has
been studied for 20, the use of triazene polymers as an intermediate layer in LTFT has been
only started to be fully cxploited within the last 5 ycars. Recent results focus around the
mechanism and attempts to better understand the fundamental principles behind triazene
ablation and LIFT. The experiments al reduced air pressure have helped (o look at the elfect
that removing air drag and a strong shockwave have on flyer formation and speed. The
shadowgraphy results tell us that atmospheric pressure helps drag the lyer considerably, in a
positive way for cnabling successtul transfer across a gap. and that the lack of a shockwave
can teduce yer destruction, Dillerent pulse-length invesligalions have given us all sorts of
interesting  results previous photothermal models have been supported, although not
comprehensively. Picosecond pulse lengths have been observed to produce very fast flyers

797

Lrvwrplosded 30 Mow 2070 o 129, 132,209,126, Redistribution subject to AP Livensc or copyrizht: soo hitpedproccedings aip.orgiabeutights pormissions



from a smaller volume of ablated triazene polymer. This is hard to explain, and doesn't help
resolve the photothermal vs photochemical (or photophysical) polymer ablation debate, but
may even points to additional complexities not taken into account before. Finally, transfer of
many different materials has been achieved using triazene-based LIFT. The method has
proven its versatility with a wide range of sensitive (and less-sensitive) materials.
Additionally, the possibility of transfer with a small gap has been investigated, and although
functional OLED pixels have not yet been transferred the outlook looks bright.
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