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12.1 Introduction and Context

The development of printed electronics for industrial applications requires
reliable and efficient digital printing techniques. For most of the applications,
the challenge is no longer one of pitch size reduction, and the most relevant
keywords are “flexible,” “low cost,” and “large area.” In this context, the typical
dimension of the elementary unit is of the order of a few microns (3—50 pm), and
the integration of many functions on the same device via one unique process is of
paramount importance. Moreover, organic compounds present very interesting
performance characteristics and are becoming increasingly suitable for device
production. Two immediate candidates are the organic light-emitting diode
(OLED), which will be used for the next generation of displays and for smart
lighting applications, and the organic thin-film transistor (OTFT), which also
becomes very attractive for a wide range of applications.

Two approaches are developed to manufacture these printed electronic
devices: first, mass printing technologies (gravure printing, flexography, screen
printing, etc.), which are well known from the graphic arts industry and enable
roll-to-roll or high-speed sheet-to-sheet processing but require the use of
an impression cylinder, which is designed for only one application. Second,
noncontact and digital printing methods, especially inkjet printing, which has
become widespread in the graphics industry, are seeing significant use for
organic and printed electronics. All these conventional techniques require the
use of liquid inks, and the quality of the deposition is critically dependant on the
ink properties, notably viscosity, adhesion and separation properties, and drying,
which all have a strong influence on the stability, shape, and lateral resolution of
the deposit. The realization of multilayer structures is also complex with such
processes because of the solvent compatibility between two successive layers.
Indeed, the solvent used during the top layer deposition should not damage the
bottom layer. The development of a simple process allowing the deposition of
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12 Laser Printing of Electronic Materials

a wide variety of materials, with high spatial resolution (a few micrometers) is
therefore of great interest for the manufacturing of future electronic devices.

As described in the previous chapters, laser-induced forward transfer (LIFT)
allows printing a wide range of materials, organic or inorganic, in liquid or solid
phase. LIFT is a single-step process, and dimensions of the printed pixels range
typically from few micrometers to few millimeters, even if some submicrome-
ter dots have already been LIFT-printed as described in Chapter 11. Moreover,
this technique offers the possibility of transferring multilayer structures in a sin-
gle step. Overall, LIFT appears as a very promising technology to overcome the
challenges of printed electronic manufacturing.

Since the first experiment of LIFT performed by Bohandy et al. [1], for the
deposition of copper film on a fused-silica substrate in vacuum using an ArF
excimer laser (193 nm), many studies related to electronics applications have
been reported. It is worth mentioning the use of LITI (see Chapter 1) for the
fabrication of a functioning, large-area matrix backplane display circuits [2].
In 2004, Piqué et al. realized micropower sources [3] using a transfer process
combining the advantages of LIFT and MAPLE (see Chapter 2). From 2007,
the laser-induced forward transfer of organic materials led to the fabrication
of functional organic electronic devices, such as polymer light-emitting diode
(PLED) [4] and OTFT [5].

In this chapter, the pros and cons of LIFT as a manufacturing tool for printed
electronics are discussed. First, the results of the studies dedicated to the fabrica-
tion of OTFT and OLED are presented. The main challenge relies on the ability
of LIFT in transferring thin organic films without degrading their structural and
electrical properties. The realization of passive components, such as capacitors,
is also discussed. The last part is dedicated to the applications of LIFT for inter-
connection purposes, especially by transferring silver nanoparticle inks.

12.2 Organic Thin-Film Transistor

12.2.1 Operation and Characteristics of OTFTs

A growing interest in OTFTs has emerged due to their potential applications
in electronics where low-cost, large-area coverage, and structural flexibility are
required. The performance of OTFTs is often benchmarked against that of amor-
phous silicon (a-Si) TFTs with field-effect mobilities higher than y=1cm?/Vs
and on/off current ratios of I .= 10°-10%. However, there is currently more
emphasis on developing soluble materials that allow the combination of high
mobility with good stability under air, moisture, and light exposure [6]. Solubility
in organic solvents has become a critical parameter with regard to the implemen-
tation of organic semiconductors in the solution deposition technologies devel-
oped for printable electronics. Indeed, new organic semiconductor materials are
developed and allow the fabrication of TFTs with remarkably high performance
and exceptional durability and operational stability. However, these compounds
do not possess the solubility features required for their application in printable
electronics. LIFT appears as a unique solution to achieve digital printing of these
compounds in solid phase and for the fabrication of high-performance OTFTs.
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Figure 12.1 Schematic representation of the four configurations of a thin-film transistor
structure.

Figure 12.1 shows the different layered structures of an OFET comprising a
gate electrode, a dielectric layer, source/drain (S/D) electrodes, and a semicon-
ductor (SC) film. Depending on the sign of the gate bias, charge carriers can
accumulate or be depleted at the semiconducting layer near the dielectric inter-
face. The accumulated charge carriers pass from the source to the drain elec-
trode upon application of a potential deference across the electrodes. The main
challenges of OFET processing are to transfer each layer by consecutive print-
ing processes without modifying their structural and electrical properties. Most
of the studies performed on LIFT printing of OTFTs address the bottom gate
configurations.

Three parameters are considered to characterize the performances of thin-film
transistors:

The mobility (1), which represents the ability of the carriers to move in the active
layer (semiconductor) when a voltage (V) is applied between the source and
the drain electrodes. This physical parameter controls the current intensity at
the drain electrode (1) and the commutation time (¢,), which defines the max-
imum operating frequency of the circuit. A higher mobility results in shorter
commutation time, according to

2
=L (12.1)
uVp
where L is the channel length or the gap between the source and drain elec-
trodes. The value of the mobility depends of the structural properties of the
semiconductor material, and this parameter is also sensitive to the modifica-
tions induced by the printing process in this layer.
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The threshold voltage (V) is defined by the following equation:

qdn,
V.=
TS o

4

+Vy (12.2)

where d is the thickness of the semiconductor layer, C, is the capacitance of
the dielectric layer, g is the elementary charge, n, is the carrier density, and
Vg is the voltage from the charge at the interfaces of the dielectric layer. For
OTFTs, the threshold voltage must be as close as possible to zero. However,
some parameters can contribute to modify this value, and among them, we
must consider the presence of defects in the semiconductor layer as they can
be induced during the printing process by the laser irradiation of this layer.
The on/off current ratio (I,,/1,5) is the ratio of the currents measured when the
gate voltage (V;) switches from the Off state to the On state. The Iy current,
corresponding to V; =0, should be, in theory, equal to zero as it characterizes
the ability of the semiconductor layer to prevent the carrier flow between the
source/drain electrodes when no seed carriers are injected. However, that is
never the case for thin-film transistor because of the very small thickness of
the layers and of the defects in the SC layer and at the interface with the dielec-
tric layer. As these defects can be induced by the laser irradiation, this /
parameter is also important to characterize the printing process.

on/off

Two kinds of measurements are used to determine these parameters. First, the
evolution of the drain current [, as a function of the drain voltage V, for different
values of the gate voltage V; provides a first characterization of the OTFT oper-
ation. As shown in Figure 12.2a, there is first a linear dependence of the current
versus the voltage and a saturation regime for the highest voltages. The second
measurement is the evolution of the drain current as a function of V; for a given
Vp. A larger slope of the curve (see Figure 12.2b) results in a higher gain of the
transistor. The field effect mobility u is extracted from the transfer characteristics
in the saturation regime. The drain—source current ({) in the saturation regime
is governed by the following equation:

Uplgae = <¥> Cou(Vg — Vp)? (12.3)

where W is the channel width.

Then, because charge carriers pass through the semiconducting layer near the
dielectric layer, the semiconductor—dielectric interface characteristics and the
structural properties of the semiconductor (crystallinity, defects, etc.) play a cru-
cial role in the achievement of high-performance OTFTs. The characteristics of
the dielectric layer are also important as the layer must be free of defects and
have a uniform thickness to prevent leakage current. Another main parameter
for the OTFT performance is the current injection through the source/drain elec-
trodes. The work function of the source/drain electrodes must match the organic
semiconductor electrical properties. A small change in the work function of the
source/drain, potentially induced by surface degradation, will modify the contact
resistance and can dramatically reduce the current. The properties of these thin
films and their interfaces can be modified by the laser printing process, and the
measurements of the three parameters (u, V7, I .4 are used to determine the
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Figure 12.2 Typical output (a) and transfer (b) characteristics of a top contact OTFT.

impact of the laser-induced transfer on the material properties and the OTFT
performance.

The most challenging part of the printing process is the transfer of thin
organic films. As demonstrated by Kim et al., the realization of the conductive
layers (source/drain electrodes and gate) by laser printing of silver nanopar-
ticle (Ag-NP) inks does not degrade the OTFT performances, compared to
other deposition processes. They fabricated bottom-gate OTFTs in top- and
bottom-contact configurations. The SC (Pentacene) and dielectric (PVP) layers
were deposited by spin coating, and they LIFT-printed Ag-NP ink to form the
electrodes. They obtained field-effect mobilities of approximately 0.16 cm?/V/s
and on/off current ratios of approximately 10° [7]. The following paragraphs are
dedicated to the influence of laser printing on the organic layer properties.

12.2.2 Laser Printing of the Semiconductor Layer

The following examples presented the realization and characterization of OTFTs
in which the deposition of nonsoluble semiconductor material is achieved by
LIFT in solid phase.

The first realization of LIFT-printed functional OTFTs, including the transfer
of SC layer and S/D electrodes, was performed by Rapp et al. [5]. The semicon-
ductor layer was a 100 nm thin film of copper phthalocyanine (CuPc), and the
source/drain electrodes were printed from a silver nanoparticle ink. The OTFTs
have been realized in top-contact (TC) and bottom-contact (BC) on a doped sil-
icon substrate, which plays the role of the gate, covered by a 300 nm thin silicon
dioxide (SiO,) film, which acts as the dielectric (C,=12nF/cm?). Figure 12.3a
shows an optical microscope image of this LIFT-printed structure. The electrical
performances of these first LIFT-printed OTFTs were quite poor. For both BC
and TC configurations, the mobilities were of few 107> cm?/V/s, and the On/Off
current ratio was few 1072, However, the performances of CuPc-based OTFTs
realized by thermal evaporation under vacuum through a mask are only one order
of magnitude better. These differences were probably due to the direct irradiation
of CuPc film by the 355 nm picosecond laser that induced defects in the SC layer,
and those defects can trap some of the carriers and reduce the mobility values.
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(a)

Figure 12.3 Optical microscope image of a LIFT-printed OTFT. The substrate is a doped silicon
wafer (gate) covered by a thin SiO, layer (dielectric) on which are printed (a) CuPc SC pixels
(blue-green) and Ag-NP ink lines (white) as S/D electrodes or (b) diPhAc-3T pixels, printed by
LIFT, and gold electrodes evaporated with L =80 pm.

Small-molecule semiconductor films have also been used for laser-printed
OTFTs. Especially, the p-type organic semiconductor distyryl-quaterthiophene
(DS4T) was vacuum-deposited on a donor substrate and transferred with
picosecond laser pulses on Si/SiO,-based receiver substrates to form an organic
active layer [8]. DS4T-based OTFTs realized by thermal evaporation showed a
high field-effect mobility (0.02—0.04 cm?/V/s) but were also found to be excep-
tionally long-lived and stable toward continuous operation, under atmospheric
conditions. As the DS4T films are very fragile, the direct irradiation of these
films with a picosecond UV laser led to strong damages of the material. The
transfer of such small-molecule compounds requires the use of a dynamic
release layer (DRL — see Chapter 3) that absorbs the laser energy, transforms
it in mechanical energy that propels the film forward, and prevents direct
interaction of the laser light with the SC film. OTFT devices were realized in
TC and BC configurations with gold evaporated S/D electrodes. The measured
mobilities were similar to those obtained with the evaporated DS4T, but the
Ion/Iopr ratio was still low (few 10%). These results show that the use of a DRL
prevents the generation of light-induced defects in the semiconductor layer as
the mobility is not degraded by the process. However, the strong mechanical
effects due to the fast transfer (up to 500 m/s) of the pixel between the donor and
the receiver lead to some modifications of the structure of the SC layer, which
are probably responsible for the low current ratio. It is worth mentioning that
these OTFTs exhibit very stable performances over time when stored in ambient
conditions [8].

The diPhAc-3T (bis(2-phenylethynyl) end-substituted terthiophene) [9]
compound has also been tested as organic semiconductor for the realization of
thin-film transistors by means of laser printing. The specificity of this material
is that the film growth is based on the island Volmer—Weber mechanism,
which gives a structural cohesion to the film and makes it less sensitive to the
mechanical damages potentially induced by laser irradiation. Indeed, atomic
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force microscopy analysis confirmed that the laser transfer did not modify the
material structure, even when a DRL is not used [10]. TC diPhAc-3T-based
OTFTs were fabricated on Si/SiO, substrates with gold evaporated S/D
electrodes (see Figure 12.3b). They exhibited good electrical performances
(4 =0.04cm?/V/s, V=0V, Ion/Iopr = 2.8 X 10°), and the stability tests over 100
days were also very good [10]. These performances are similar to those obtained
by thermal evaporation [9], which means that the laser printing process does not
degrade the properties of the diPhAc-3T material.

In addition to these results obtained with nonsoluble SC compounds that
suggest the great potential of LIFT for this application, other studies have been
performed with soluble SC material, and the LIFT-printed OTFT performances
were compared with those of inkjet-printed transistors. Among them, we would
like to mention the poly-3-hexylthiophene (P3HT) semiconductor material
[11, 12]. This semiconductor was printed on gold S/D electrodes sputtered on
Si/SiO, substrates. The morphological properties of the SC pixel were improved
when using a titanium DRL; however, to avoid any risk of contamination by the
DRL, the OTFTs were realized without DRL but using a thicker P3HT layer
(150 nm). High mobility values were obtained, comparable with, or even higher
than, those of inkjet-printed OTFTs, but with a low current ratio and high
threshold voltage. This is probably due to some damages created in the very
thin SiO, layer (80 nm) by the impact of the transferred pixel or to some oxygen
contamination at the SC—dielectric interface.

These different studies show that LIFT can be used to deposit SC pixels in solid
phase for OTFT manufacturing. The irradiation parameters must be tuned to
preserve the structural and electrical properties of the films. The use of a poly-
mer DRL allows to prevent the direct irradiation of the film and therefore the
generation of light- and thermally induced defects in the SC material. Another
drawback of the laser printing process is the strong stress generated during the
ejection from the donor and the landing on the receiver. This effect can modify the
structural organization of the printed material and reduce the electrical perfor-
mances of the OTFT devices. Then, organic semiconductors with high structural
cohesion are the preferred choice if they are to be transferred by direct laser
printing. For the tested materials, the mobilities of OTFTs with a laser-printed
semiconductor were similar to those of OTFTs realized with a SC layer deposited
by thermal evaporation.

12.2.3 Laser Printing of Dielectric Layers

Very few studies have been dedicated to laser printing of thin dielectric layers
for the realization of OTFTs. The deposition of this layer is critical because both
the interface with the semiconductor layer must be free of defects that could
trap the carriers and its structure must be undamaged to avoid leakage currents.
Diallo et al. performed an interesting experiment to investigate the effects of
laser-printed dielectric layers on OTFT performances [13]. Figure 12.4 shows the
three different OTFT configurations that have been realized and characterized.
The substrate was a silicon (Si) wafer oxidized to form a 300 nm thick layer of
SiO, that is used as gate and dielectric in the first configuration (BG-OTFT1),
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Figure 12.4 Schematic representation of the three OTFT configurations used to investigate
the effects of laser printing of the dielectric layer on the OFTF characteristics. (a) BG-OTFT1: Si
(gate)/SiO, (dielectric)/CuPc (SC)/Au (S/D); (b) BG-OTFT2: Si (gate)/SiO, + PMMA
(dielectric)/CuPc (SC)/Au (S/D); (c) TG-OTFT3 CuPc (SC)/Au (S/D)/PMMA (dielectric)/Al (gate).

which is completed by a 100 nm thick CuPc p-type semiconductor, thermally
evaporated under high vacuum (HV), and finally, a 50 nm gold S/D electrode also
thermally evaporated. The second configuration (BG-OTFT2) is almost identical,
but a 600 nm PMMA layer is spin-coated on the SiO, surface, which changes the
dielectric capacitance from 12 to 5nF/cm? and the nature of the dielectric/SC
interface. The last configuration (TG-OTFTS3) is a top-gate design that is made
from BG-OTFT1 by laser printing a PMMA layer and covering it with thermally
evaporated aluminum. Then, the Si/SiO, structure acts only as a substrate and
the dielectric/SC interface is PMMA/CuPc as for BG-OTFT2.

Table 12.1 presents the main characteristics of the thin-film transistors in the
three configurations.

The first observation is that the mobility value is almost the same for the three
configurations. It is even slightly higher for the LIFT-printed PMMA, but that is
probably due to the top-gate configuration. That means there is no degradation
of the CuPc properties induced by the laser deposition of the PMMA layer on top
of it. However, a large dispersion of the values of the threshold voltage (V7;), from
—1to +55V is observed for TG-OTFTS3, revealing that the density of trap states
to be filled before the carrier transport becomes mobile is higher than that for the
other two configurations. This higher density of trap states is directly related to
the LIFT process. As PMMA is slightly absorbent at the laser wavelength, these
modifications certainly occur not only at the interfaces but also within the bulk

Table 12.1 Main characteristics of the thin-film transistors in the three configurations.

OTFT reference u(cm?/Vs) lonlog V- (V)
BG-OTFT1 (1.7-2)x 1073 8x10*-8x10* (-1.8)-(4+9)
BG-OTFT2 (3.1-3.5)x 1073 (1.3-3.3)x 10° (-11)-(-16)

TG-OTET3 (7.3-8.6)x 1073 (0.5-1) x 102 (=1)=(+55)
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material and close to the interface with the CuPc layer. Additionally, the low cur-
rent ratio measured for the top-gate configuration, due to a high off-state current
(Zog), underlines the presence of charges in the conducting channel at V;=0V.
During the laser-induced transfer of PMMA layers, mechanical effects lead to
some modifications of the morphology at the interface between the dielectric
and the organic semiconductor, which is the interface where the charge transport
occurs in such TG transistors.

The laser-induced transfer of dielectric layers is a critical step for the fabrication
of thin-film transistors. It requires the use of a DRL to reduce the risk of material
modifications, and as for SC layer, dielectric films with high structural cohesion
are more suitable to improve the current ratio (I,//og) parameter.

12.2.4 Laser Printing of Conducting Layers

The main material used for laser printing gates or S/D electrodes is silver
nanoparticle ink [3, 14] because the transfer is done in liquid phase, and then
there are no risks of stress-induced damage of the previous layer (SC or dielec-
tric). However, the ink needs to be heated for sintering the silver nanoparticles,
and this step can limit the use of polymers or substrates sensitive to temperature.
As with the dielectric layer, there are only few studies dedicated to the LIFT
printing of organic conductors for OTFT applications [15, 16].

Rapp et al. reported the fabrication of fully polymeric OTFT devices
based on PQT-12 poly(3,3""didodecylquaterthiophene) as semiconductor and
PEDOT:PSS (poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)) as con-
ductor [16]. Both layers were LIFT-printed in solid phase with a UV picosecond
laser on Si/SiO, substrate acting as gate and dielectric. First, the OTFTs were
printed PQT-12 transferred by laser and gold evaporated S/D electrodes. Their
electrical characteristics showed a mobility of up to 5.1073 cm?/V/ s~} with
a threshold voltage V. of -9V and an I, /I 4 ratio of 10%. The second set of
OTFTs was formed with laser-printed PEDOT S/D electrodes instead of the
evaporated Au electrodes. Their electrical performances were slightly improved.
Mobilities of up to 0.02 cm?/V/s were measured with a threshold voltage V; of
—-20V and an I, /I ratio of 10*. The semiconductor layer was the same for
the two configurations of the transistors, and the increased mobility measured
when PEDOT is used is attributed to a better interfacial contact between the
two different polymer layers. Adequate contact between the printed PQT-12
and PEDOT:PSS is of prime importance, as it is essential for carrier’s injection,
which is the initial step to obtain operational OTFTs.

This result demonstrates that laser printing allows the fabrication of OTFT with
conductor and semiconductor polymer materials transferred in solid phase. This
approach gets rid of the solvent compatibility issue and opens the way of using a
large set of organic materials.

12.2.,5 Single-Step Printing of Full OTFT Device

LIFT offers the possibility of transferring a multilayer structure in a sin-
gle step, and this approach has been used to print a full OTFT structure
(gate/dielectric/SC) on S/D electrodes deposited on a substrate [17]. As shown
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Figure 12.5 Schematic representation of the single-step LIFT process used in the fabrication
of multilayer structure for OTFT applications.

in Figure 12.5, the donor substrate was composed of a triazene DRL [18], a
silver layer (gate), a Parylene-C layer (dielectric), and a diPhAc-3T (SC). The
receiver substrate was a silicon wafer with thermally evaporated gold electrodes.
Under the laser irradiation of the DRL, the multilayer film (gate/dielectric/SC)
is transferred over the electrodes to form a top-gate BC OTFT. Its electrical
performances were a mobility 2 x 10~* cm?/V/s, a threshold voltage V; of -4V,
and an I, /I g ratio up to 4 x 10*. These values are in the same range than those
of transistors with similar structures and materials but fabricated by sequential
evaporation steps. This single-step printing of a multilayer structure process
offers the possibility to prepare large area donor film in a dedicated environment
in which the interfaces between the different layers are optimized. Most of these
interfaces are preserved as they do not interact with the atmosphere, and the
realization of the transistor itself requires only the single step of laser transfer.
For the transfer of very thick structures, the process can be optimized by using
a smart beam shaping by increasing the fluence at the edges of the beam profile
and reducing it in the center of the beam [19, 20].

In conclusion, the OTFTs realized by laser printing yielded good electrical per-
formance characteristics, which are comparable to those of the OTFTs fabricated
by other printing techniques. Moreover, this is the only digital process allowing
the use of such large range of materials. However, there are also some drawbacks.
This technique induces some mechanical stresses into the material and can signif-
icantly modify its structural organization, which means that LIFT is particularly
well suited for printing organic materials with high structural cohesion. Finally,
the ablation mechanism occurring in the donor film also leads to the genera-
tion of a small amount of debris that is also transferred on the receiver. Careful
optimization of the process allows to significantly reduce these effects, but it is
almost impossible to fully get rid of them, and the debris might not be acceptable
for some applications in printed electronics.
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OLEDs have become a promising candidate for lighting and display applications.
High-efficiency OLEDs require a multilayer device architecture to provide
exciton confinement and balanced charge transport, and conventional pixelated
OLED displays are mainly evaporated in HV through shadow masks. However,
vacuum thermal evaporation bears the drawbacks of low material utilization
rates, poor scalability, high capital cost, and difficulties in patterning. Solution
processing and digital printing provide a low-cost approach to fabricate OLEDs
and address applications as flexible electronics or personalized devices. Both
inkjet and laser printing technologies are investigated to develop a reliable
digital printing process for OLED manufacturing. Especially, many studies have
been dedicated to the LITI process for the fabrication of OLED displays. In
2003, Samsung SDI presented the first full-color active-matrix OLED display
prototypes fabricated with a LITI process step [21]. Nevertheless, thermal
transfer defects were observed during the LITI process of vacuum-coated OLED
materials [22].

This application of laser transfer to OLED manufacturing faces the same
challenges as OTFT fabrication. Indeed, conditions must be found to
print thin organic layers without inducing significant modifications of
their physical, chemical, and electrical properties. The first LIFT-printed
OLED was reported in 2007 by Fardel et al. [4]. They fabricated PLED with
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as
light-emitting polymer (LEP). The typical architecture of the devices used glass
as substrate covered by an ITO layer on which the LEP (90 nm) and aluminum
(70nm) layers are deposited. A current flowing between the two electrodes
(AI-ITO) leads to a broad light emission from the MEH-PPV around 600 nm.
For the LIFT experiments, the receiver substrate was a glass substrate covered
by the ITO layer and the donor substrate was composed of a quartz substrate
covered by the multilayer stack triazene/Al/LEP. A triazene polymer was used
as a sacrificial layer (DRL) to preserve the material to be transferred from
thermal effects, such as melting of the aluminum layer or degradation of the
LEP. Light-emitting organic layers are very sensitive to laser irradiation, and the
positive impact of using a sacrificial layer on the OLED performances has been
demonstrated for different configurations [23, 24] The functionality of oper-
ating devices was characterized by current—voltage and electroluminescence
measurements, which prove that the integrity of the transferred materials has
been fully preserved during the LIFT deposition process. This first experiment
demonstrated that functional PLED pixels can be fabricated by the DRL-LIFT
process, and a luminance of 6 cd/m? was measured at 14'V.

Based on the same device architecture and laser printing configura-
tion, other materials and procedures have been investigated to realize
RGB (red-blue—green) PLED devices with optimized performances [25].
Polyfluorene-based (PFO) polymers were studied as the electroluminescent
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Figure 12.6 Structures of the receiver (a) and the donor (b) substrates.
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Figure 12.7 A scheme of the red-green-blue PFO pixel transfer. The left image shows the
transfer of the third, blue, pixel after the other two colors have already been transferred. The
right image shows the receiver substrate alone with a bias across the three pixels creating
electroluminescence.

material, as that allows to generate the green and red emission by blending triplet
emitters as dopants into the PFO matrix. Devices were based on the architecture
glass/140 nm ITO/60 nm PEDOT:PSS/40 nm PVK/~50nm LEP/cathode. The
LEP was either plain for blue emission, or PFO doped with 5wt% Ir(Me-ppy)3
for green emission, or with 5wt% btp2Ir(acac) for red emission. Then donor
substrates consisted typically of fused-silica/190 nm TP/80nm cathode/PFO
(<10wt% triplet emitter dye, ~50nm). The ITO-on-glass receiver substrates
were all coated with 60 nm PEDOT:PSS and 40 nm PVK as a hole-transporting
layer. Figure 12.6 shows the structure of both the receiver and donor substrates,
and Figure 12.7 presents the procedure to transfer the multilayer film. For all
of these experiments, an approximately 15um donor-receiver substrate gap
was used with a reduced environmental pressure of 1 mbar. The control of
the pressure value allows to get rid of the shock wave generated by the laser
interaction process (compared to atmospheric pressure) and to limit the velocity
of the pixel (compared to vacuum) [26, 27].



12.3 Organic Light-Emitting Diode

Normalized
electroluminescence

400 450 500 550 600 650 700 400 450 500 550 600 650 700
(c) Wavelength (nm) (d) Wavelength (nm)

Figure 12.8 Tricolor pixels imaged using a light microscope are shown for an Al/TBA cathode
at 20V (a) and for an Al cathode at 24V (b). Electroluminescence (EL) spectra of tricolor LIFT
pixels with an Al/TBA cathode (c) and with an Al cathode (d). On both graphs, the EL spectra of
the “conventionally fabricated devices” are shown with a solid line and a color corresponding
to the relevant device, and the printed pixels are represented with dotted lines and circles of
corresponding color. (Shaw-Stewart et al. 2012 [29]. Reproduced with permission of American
Institute of Physics.)

Different cathode materials and irradiation conditions have been used to
optimize the PLEDs’ performances [28]: silver, aluminum, and aluminum with
an ultrathin layer of the alkaline tetrabutylammonium hydroxide (TBA) directly
deposited onto the electrode to help electron injection. Figure 12.8 shows
microscopic images of the LIFT-printed RGB pixels with the Al and Al/TBA
cathodes as well as the corresponding electroluminescent spectra.

Table 12.2 summarizes the performances of the PLED devices for different
configurations. Luminance as high as 540 cd/m? for the blue pixel and 232 and
145 cd/m? have been obtained for the green and red pixel, respectively, after the
optimization of the process, the materials, and the device configuration [29].

There is no doubt that laser printing is an appropriate process to realize PLED
devices. Its ability to print multilayer films in a single-step process without reduc-
tion of the material performances is a great advantage over other printing tech-
nologies.

Sequential laser printing of the different layers has also been investigated for
PLED fabrication and compared to single-step printing of multilayer films [30].
A 50nm film of an alcohol-soluble polyfluorene (PFEN) was transferred onto
a receiver with a transparent anode, followed by the transfer of an aluminum
cathode on top. Both printing steps were realized by the DRL-LIFT process
under medium vacuum. The operation of the sequentially printed PLEDs
requires higher voltages compared to the single-step printing PLEDs, and their
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Table 12.2 Device performances for various device architectures, at a current density (CD) of
approximately 40-50 mJ/cm?.

Color Fabrication process  Bias (V) CD(mJ/cm?) Lum (cd/m?) LE(CD/A) EQE (%)

LIFT Al 22 51 306.2 0.60 0.27
Blue LIFT Al/TBA 21 48.32 540 0.89 0.40
Convent Al 18 51.16 25.4 0.05 0.042
Convent Ca 13 49.23 102.3 0.21 0.17
LIFT Al 26 37 134.5 0.36 0.11
Green LIFT Al/TBA 24 43 232.4 0.54 0.18
Convent Al 39 48.9 715.6 1.46 0.46
Convent Ca 22 44.5 3311 7.44 2.31
LIFT Al 19 35.67 84.7 0.24 0.15
Red LIFT Al/TBA 22 44.33 145.2 0.33 0.23
Convent Al 40 47.9 14.5 0.03 0.043
Convent Ca 18 45.14 726.5 1.64 2.32

Blue, green, and red refer to the LEP layer, whether just plain PFO (blue) or doped PFO (red and
green). The “LIFT Al” are the LIFTed pixels with plain Al electrodes, “LIFT Al/TBA” are the LIFTed
pixels with Al/tetrabutylammonium electrodes, the “Convent Al” are the conventionally fabricated
devices with Al electrodes, and “Convent Ca” are the conventionally fabricated devices with Ca
electrodes.

efficiencies are slightly lower but still higher than those of the conventionally
fabricated PLEDs with the same structure and materials. These differences
are probably due to the higher roughness of the PFEN surface induced by the
LIFT process, and this surface corresponds to the interface with the aluminum
cathode. However, this approach offers the advantage of transferring otherwise
incompatible layers on top of one another and paves the way for the fabrication
of more complex systems with improved device performances.

Small molecules have also been used to fabricate OLEDs by the LIFT process.
This is more challenging than PLED printing because such small-molecule thin
films have a much lower cohesion compared to polymeric films. A single-step
transfer was used to deposit a multilayer film composed of TP-DRL/Al/TBA/Alq,
on a glass receiver covered by an ITO/PEDOT/PVK multilayer film. The LIFTed
Alq, pixels were functional, but their efficiencies were less than half the efficien-
cies of the conventionally fabricated Alq; OLED devices. This is attributed to
the mechanical load applied to the fragile Alq; film during the transfer process
[31]. This conclusion is consistent with the results previously discussed for OTFT
fabrication where the laser printing process appears to have less of a negative
influence for organic compounds with high structural cohesion.

Despite the interest of printing OLEDs in solid phase to avoid any solvent
compatibility problems, laser printing has also been used to fabricate devices
by transferring the compounds in liquid phase, similarly to the inkjet technique.
Kattamis et al. [32] laser-printed different ionic transition metal complexes as
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the active layer on patterned ITO deposited on glass, and the fabrication of the
OLED device is completed by vapor depositing an aluminum electrode through
a shadow mask. They used the BA-LIFT (blister actuated LIFT) approach,
described in Chapter 5, to transfer the electroluminescent material [33]. The
devices exhibit performances in terms of electroluminescence emission, diode
behavior, and lifetimes similar to those of spin-coated devices fabricated in nitro-
gen environments. The main advantage of this technique is its ability to work in
an atmospheric environment by using air- and moisture-tolerant materials, and
since the transfer in liquid phase is mechanically softer than LIFT in solid phase,
there is no risk of mechanical damage of the structural properties of the printed
materials. Moreover, as for DRL-LIFT, the polymer layer used to absorb and
transfer the energy to the layer to be transferred blocks the direct interaction
with the laser beam and thus prevents the light- or thermally induced degrada-
tion of the sensitive film. Finally, the use of thin donor film and a small laser spot
size resulted in the printing of small OLED pixels with sizes down to 10 pm [33].

Quantum-dot-based light-emitting diodes also represent an attractive
opportunity to produce LED displays because of the high color purity and pho-
tophysical stability of quantum dots [34]. Triazene DRL-LIFT was used to print
semiconductor nanocrystal quantum dots. As previously presented, the active
quantum-dot-based film was transferred together with an aluminum electrode
onto a glass slide covered by an ITO transparent electrode. No degradation was
observed in the luminescent efficiencies of the transferred NQDs. Indeed, the
fluorescence spectra of the transferred NQDs were identical to those of the NQD
layers deposited on the fused-silica donor substrate prior to the transfer process.
Two different sizes of CdSe(CdS) nanoquantum dots, 5 and 6 nm, have been
used, leading to photoluminescence in the yellow and red spectral range [35].

In conclusion, different techniques of laser printing (LITI, LIFT, DRL-LIFT,
BA-LIFT) have been used to fabricate light-emitting diodes by transferring a large
range of materials in liquid or solid phase. As for OTFT realization, the main risk
of material damage when printing solid thin films is linked to the mechanical load
induced by the fast ejection of the film. Organic compounds with high structural
cohesion are preferable for laser-printed OLEDs. Very promising results were
also obtained with quantum-dot-based active materials and organometallic elec-
troluminescent materials.

12.4 Passive Components

Since the first demonstration of laser-induced forward transfer of copper in
1986 by Bohandy et al. [1], laser printing of conductive structures attracted lot
of attention because of the large amount of potential applications, especially
in microelectronics. MAPLE DW has been used to print various powders,
including metals [36]. LIFT of solid metal thin films [37], silver nanoparticle
inks [38], and silver pastes [39] has also been widely investigated to fabricate
conductive structures.

The simplest electronic passive components, based on conductive materials,
are resistors and inductors. Nickel-Chrome (NiCr) resistors were LIFT printed
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from NiCr donor films [36, 40]. Thicknesses up to 10 pm were obtained after 100
successive transfers. This parameter, as well as the planar geometry of the printed
patterns and the material electrical properties, allows control of the resistance
values. Laser printing resistors, with an accurate and easy-to-control value, can
be considered as a postprocess to finely tune the operation of electronic circuits.
When metal nanoparticle inks are used to print conductive patterns, the curing
temperature of the deposited inks can also be used to control the resistive prop-
erties of the material [41]. Lasers are also used to achieve this sintering step, and
an accurate selection of the irradiation parameters (wavelength, pulse duration,
spatial distribution, fluence) provides a fine control of the resistivity value of the
printed structures [42].

Capacitors have also been laser printed. In 2000, Chrisey et al. [40] transferred,
by means of MAPLE DW, a 15 pm thick layer of BaTiO, onto an evaporated gold
electrode. The top gold electrode was printed by LIFT to form a capacitor of few
pF at 1 MHz. Later, a single-step approach was used to transfer the top electrode
with the dielectric onto a substrate covered with the bottom electrode, with a sin-
gle laser shot. Poly-4-vinylphenol (PVP) and Shipley 1818 were used as dielectric
with low viscosity, while silver ink and high-viscosity silver pastes were used as
top electrode and Au as bottom electrode to obtain capacitors of a few tens of fF,
and these values are in good agreement with the theoretical values [43]. With the
same approach, capacitors were realized by transferring PVP, PMMA, or Parylene
as dielectric with silver top electrodes on previously laser-printed silver bottom
electrode [44—46]. For these experiments, a polymer DRL was used to protect
the materiel to be transferred. Again, the measurements of the capacitance were
in good agreement with the theoretical values. A morphological analysis of the
printed structure shows that the strong pressure applied to the dielectric layer
when reaching the electrode on the receiver induces a slight increase of its sur-
face beyond the electrode area, which prevents any risk of short circuit between
the two electrodes. This effect has also been observed when printing multilayer
films for OLED fabrication [4]. The fabrication of microcapacitors from organic
and inorganic materials, by using a single step, opens up the way for fast and
cost-efficient fabrication of a large range of electrical devices, from conducting
lines to complex components.

One of the challenges of the development of autonomous smart cards, which
is one of the major markets of printed electronics, is the energy management.
This requires energy harvesting systems (piezoelectric devices, solar cells, etc.)
and printable microbatteries. In this context, laser processes have been used to
fabricate Zn-Ag,O and Li-ion microbaterries [3]. Especially, the cathodes, Ag,O
and LiMn,O,, were printed by the MAPLE DW technique, and laser scribing
was used to isolate the cathodes from the anodes. Laser direct-write was also
used to fabricate stacked Li-ion cells with 3.80V open-circuit potentials [3].
They operated for more than 50 charge/discharge cycles without significant
performance degradation. Capacitance values of 110 pAh/cm? were obtained for
batteries of 9.0 mm? surface area. More recently, thick-film electrodes (LiCoO,
cathode and carbon anode) were laser-printed onto metallic current collectors
for the fabricating Li-ion microbatteries. They exhibited a significantly higher
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discharge capacity and power density than those made by sputter-deposition
thin-film techniques. This result has been attributed to the porous structure of
the laser-printed electrodes that allows improved ionic and electronic transport
through the thick electrodes (up to ~100 pm) without a significant increase in
internal resistance [47]. It has been proposed that the structuring effect of the
printed LiCoO, surfaces is due to a preferred orientation of the LiCoO, particles
that leads to a higher roughness when the number of layers increases [48].

12.5 Interconnection and Heterogeneous Integration

Printing conductive lines could appear as the simplest step of manufacturing
printed electronic devices. However, the large number of applications requires
a process that is able to print thin and thick lines (from 100 nm to 5 pm) with a
minimum width of 10 pm and a width uniformity better than a few micrometers
(£2 pm). Moreover, the process must be reliable and fast (>1 m/s). Inkjet is the
most currently used digital process, but it suffers from drawbacks such as the high
probability to get clogged nozzles and its limitation to transfer only low-viscosity
inks, between 6 and 20 mPa s. Laser printing has been extensively investigated to
address this topic. Two main approaches have been considered: first, the transfer
of silver nanoparticle inks or pastes, and more recently, the printing of metal in
liquid phase from a solid thin donor film.

The physics of printing lines by means of LIFT of liquids, such as inks, is pre-
sented in Chapter 4, and it will not be discussed here. The standard approach to
deposit a continuous line is to print adjacent droplets with a controlled overlap.
The value of this overlap must be high enough to guarantee the continuity of
the line but not too high to avoid the formation of bulging. To avoid this bulging
effect, one can use alternate printing of two overlapping sets of droplets with
an intermediate drying step [49]. The morphological properties of the silver
lines also depend on the surface energy of the receiver and the ink viscosity
[38]. In order to increase the printing velocity, high-repetition-rate lasers, up
to 1 MHz, were used to transfer microdroplets of silver inks [50]. It has been
demonstrated, both experimentally [51] and numerically [52], that when two
successive laser irradiations of the donor film are too close, in time and space,
the cavitation bubbles generated in the liquid film interact and form tilted and
instable jets. Based on this knowledge, continuous silver lines of 20 pm width
have been printed with a three-pass approach at velocities up to 4m/s [53].
In order to further increase the printing velocity, the distance between two
consecutive laser spots can be decreased, leading to the formation of a large gas
bubble and the transfer of a full continuous line instead of a set of liquid jets
[54]. This approach allows printing silver lines in a single step at velocities up
to 17 m/s without any risk of bulging. Figure 12.9 shows an illustration of this
single-step transfer of a continuous line. After the transfer of the metal inks on
the substrate, a sintering step is required to evaporate the solvent and sinter the
particles in order to obtain conductive lines, and as mentioned previously, laser
processes can be used to perform this step [41, 55, 56].
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Figure 12.9 LIFT of a continuous line of silver inks in a single step at high velocity. The silver
ink (Sun chemical U5714) has a viscosity of 11 mPa s and contains 40% of silver nanoparticle in
weight. The UV picosecond laser operates at 1 MHz and scans the donor film at velocity of

17 m/s. (@) Schematic illustration of the setup. (b) Shadowgraphy images showing the
formation of a large gas bubble in the donor film and the transfer dynamics of the continuous
line toward the receiver substrate. (c) Optical microscopic image of the printed line showing a
very uniform width of 25 pm.

These conductive lines are used to realize passive components as discussed
previously, but also to connect the different devices of a printed circuit board.
The integration of silicon-based circuits on smart cards or RFID cards requires
the connection between the printed components (sensors, display, antenna, etc.)
and the pads of the silicon chips. The width of these pads is typically around
50 pm, and the distance between two pads is of the order of 10 pm. To avoid any
risk of short circuits, this step requires printing lines with small width (<40 pm)
and with high resolution (better than 5um). To date, laser printing is the best
candidate to realize this connection step at high velocity. Another important
application of printing high-resolution conductive lines is the fabrication of
interdigitized electrodes for sensors. Figure 12.10 shows two examples of such
electrodes LIFT-printed at a velocity of 17 m/s on flexible PET substrates.

The laser printing of silver nanopastes also offers a wide range of possibilities.
Indeed, this high-viscosity material (10° mPa s) combines the advantages of solids
(preserve the shape of the beam, printing of thick layers) and those of liquids (no
debris) [57, 58]. The realization of thick and narrow conducting lines is of great
interest for applications that require high current [59], especially photovoltaic
manufacturing [60]. Thanks to the mechanical properties and the soft nature of
the nanopastes, freestanding structures, such as bridges or cantilevers, have been
laser-printed in a single step [61], and that opens the way for the realization of
MEMS devices on printed electronics cards. Printing bridges is also a unique
single-step method to interconnect pads over another connection line without
using an insulating intermediate layer [62].



12.5 Interconnection and Heterogeneous Integration

(a) (b)

Figure 12.10 Interdigitized electrodes LIFT-printed from silver nanoparticle inks with a UV
picosecond laser operating at IMHz and a scanner system to move the laser over the donor
substrate. (a) Line width of 25 pm and distance between lines of 100 pm, (b) line width of
100 pm and distance between lines of 80 pm.

Flip-chip technology is used to connect the chip to the substrate via conductive
bumps. Many bumping techniques are used, but they presented some drawbacks
such as the high processing temperatures or the lack of flexibility. LIFT has been
used to bond vertical-cavity surface-emitting lasers (VCSELS) to silicon grating
couplers (GCs) [63] and single dies to gold contact pads deposited on glass [64].
For both experiments, indium metal pixels were LIFTed onto the receiver to form
bumps of 20 pm diameter and few micrometers of thickness. Then, thermocom-
pression bonding was used to ensure the final adhesion. The characteristics of the
LIFT-bonded devices were similar to those assembled with other technologies,
but the LIFT process is much simpler. In addition, LIFT enables the bumping
and bonding down to chip scale, which is critical for fabricating ultraminiature
circuitry. The realization of chip bonding on flexible substrate is even more chal-
lenging because of the mechanical stresses induced when the substrate is bent.
Isotropic conductive adhesive (ICA) is often used to mount devices on conductive
pastes deposited on plastic substrates. Sridhar et al. LIFT-printed ICA pixels and
demonstrated the applicability of this process using RFID transponder integra-
tion and testing [65]. They performed the transfer experiment with and without
polymer DRL, and no significant differences were observed. Some devices were
realized with the LIFT process and others with the stencil printing technique.
Their electrical and mechanical characteristics were compared, and the authors
concluded that the LIFT process does not affect the electrical and reliability char-
acteristics of the joints formed by the tested ICA. LIFT offers, therefore, a sim-
ple, highly accurate, and flexible solution to realize chip-level interconnections
for applications requiring single-chip bumping, high-accuracy, and fine pitch for
high-density flip-chip applications.

In 2006, Piqué et al. proposed and demonstrated a laser-based process to fab-
ricate embedded circuits [66]. The heterogeneous integration consists in mixing

289



290

12 Laser Printing of Electronic Materials

silicon chips and printed elements to realize low-cost smart cards. This requires
to connect, as previously discussed, and embed chips in plastic. The authors used
first laser ablation to realize the cavities in a plastic substrate, followed by the
LIFT of different electronic chips into these cavities. Then an insulating layer
is spin-coated to encapsulate the chips and access to the connections that are
realized by means of LIFT of conductive pastes is realized by laser drilling. This
approach is easy to implement compared to standard microelectronic techniques
and opens the door for the fabrication of embedded electronic circuits, which
are the building blocks for the development of 3D Systems-in-Package (3D-SiP)
microelectronics.

All these ink- or paste-based approaches, developed to print conductive
structures, present many advantages compared to other digital printing tech-
nologies, such as inkjet, but they still require a sintering step to obtain good
conductivity. For the past few years, some groups have combined thin metal
donor films with short laser pulses and small focal spot to transfer the metal
in liquid phase. Indeed, an appropriate choice of the laser fluence and pulse
duration allows to deliver an amount of energy in the thin metal film slightly
higher than the energy required to melt it but lower than the energy that would
induce its total vaporization [67]. This approach, discussed in greater detail in
Chapter 17, has been successively used to print high-aspect-ratio gold pillars
of 3—5pm diameter and 2.1 mm long [68] and nanodots of silicon [69] and
gold [70]. The great benefit of this process is that it removes the sintering step
because the droplets solidify when reaching the receiver substrate. Conducting
lines of copper, aluminum, and gold have been printed with a high resolution
and minimum width down to 2pm [71, 72]. Studies have been performed
to investigate the effect of oxidation of melted metal droplets during their
transfer on the conductivity of the printed lines. They showed that the electrical
transport mechanism in the laser-printed copper structures is different than
that in aluminum structures. Copper structures have resistivity as low as
approximately 4x of bulk copper, and oxidation does not significantly increase
this resistivity [73] as it does in aluminum structures, for which resistivity
values have been measured between 4.9%X and 470X of the bulk material [74].
For printed aluminum, the increase in resistivity is due to the formation of
an aluminum-oxide shell surrounding each droplet. Smaller droplets result
therefore in a higher resistivity increase, and printing in inert gas atmosphere
prevents the oxidation of the droplets and low resistivity structures can be
printed. It is worth mentioning that the company Orbotec has developed a laser
printing process based on this approach to repair the interconnection defects of
printed circuit board.

12.6 Conclusion

Laser printing has a huge potential for electronic applications. Its ability to
deposit small amounts of a wide range of materials with very high resolution
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makes it a unique tool for digital manufacturing of many electronic devices.
The use of LIFT to transfer thin layers or multilayer stacks for the fabrication
of OLEDs or OTFTs offers many possibilities but still has some drawbacks, for
example, related to the generation of debris that can make the process irrelevant
for ultraclean applications. Moreover, the generation of the shock wave induced
by the transfer in solid phase requires the use of low gas pressure environment
or/and a small gap between the receiver and the donor. When it is compatible
with the application, a thin soft layer can be deposited on the receiver, and this
lowers the impact and helps preserve the properties of the transferred material
[75]. Despite these drawbacks, LIFT succeeds in printing OTFTs and OLEDs
with performances similar or higher than those printed with conventional digital
techniques.

The transfer of conductive structures, from metal inks or pastes or directly
from solid thin films, is probably the most relevant application of this process for
the microelectronics industry. Lines as narrow as 2 pm have been printed, and
that is more than 10 times smaller than any other digital printing technology can
achieve. All kinds of materials can be printed with very high resolution and at
high velocities. The deposition of solid metals in liquid phase allows the printing
of metal structures with low resistivity without the need for a sintering step. This
process also offers the possibility to print very thick lines for high current flow
and 3D structures such as bridges or MEMS and will be covered in more detail
in Chapter 17.

Laser-based processes already addressed several manufacturing steps for
electronics. In addition to drilling, scribing, cutting, and sintering, laser printing
is becoming a mature process offering new opportunities for the development
of electronic products [76]. Its ability to transfer a wide range of materials on
various kinds of substrates and with high resolution makes it especially suitable
for heterogeneous integration, which is considered a very relevant approach for
the fabrication of low-cost electronic products, especially on flexible substrates.
The digital and contact-free characteristics of the laser printing technology
open new possibilities for the realization of personalized products or for adding
new functions to standard products such as RFID tags. Furthermore, this
technique is especially relevant to address the challenges of interconnection.
That is a unique contact-free process for printing high-aspect-ratio conductive
lines, narrower than 10 pm and thicker than few micrometers, to both increase
the level of integration and enable the transmission of high currents, and for
printing 3D structures for connecting the different levels of devices found in
3D-Systems-in-Package assemblies. As this chapter has shown, laser printing is
poised to become a key technology for manufacturing the next generations of
smart cards on plastic or flexible substrates.
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