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Abstract

There is always great interest in finding new advanced manufacturing techniques to pave the way
for realization of future flexible and wearable electronics. Direct printing of functional materials,
structures, and devices on various platforms such as flexible to rigid substrates are of interest for
applications ranging from electronics to energy and sensing to biomedical devices. Current
additive manufacturing (AM) at micro scale processes are either limited by the available sources
of functional materials or require to be in the form of precisely designed inks. In addition, the
existence of surfactants/additives in inks add further printing complexity and contamination
issues to the process. Here, for the first time, we report a novel laser-based additive
nanomanufacturing (ANM) system capable of in-situ and on-demand generations of
nanoparticles that can serve as nanoscale building blocks for real-time sintering and printing a
variety of multifunctional materials and patterns at atmospheric pressure and temperature. We
show the ability to print different materials, including titanium dioxide (TiO>), barium titanate
(BTO), and indium tin oxide (ITO), on various rigid and flexible platforms such as silicon
dioxide (SiO2), paper, polydimethylsiloxane (PDMS), and polyethylene terephthalate (PET)
substrates. This nonequilibrium process involves a pulsed laser for the ablation of targets and in-
situ formation of pure amorphous nanoparticles in atmospheric pressure and temperature. These
amorphous nanoparticles are then guided through a nozzle via an inert carrier gas onto the
surface of the substrate, where they are sintered/crystallized in real-time. We further show the

process-structure relationship of the printed materials from nano to microscale.



We demonstrated the dry printing and additive nanomanufacturing of flexible hybrid electronics
and sensors on flexible polyimide and PET substrates. The electrical and mechanical
characterization of the printed lines are studied, and different flexible hybrid electronics designs
are printed and the performance of the devices are tested.

Silver is the 68" most abundant element in the earth while copper is the 25™, which makes
copper cheaper (1% of the price of silver). Therefore, printing copper has attracted more
attention because of its huge potential. Using this technique, we were able to get the 12 uQ.cm
resistivity. Resistance of printed Cu measured in 5 months showed negligible variation,
confirming the good stability of printed Cu in long time. 5B classification of ASTM adhesion
test confirmed the good adhesion between the sintered Cu and polyimide kapton substrate.

We upgraded the ANM printer to a multimaterial additive nanomanufacturing (M-ANM),
allowing the printing of lateral and vertical hybrid structures and devices. By using M-ANM
technique, various multimaterial devices such as silver/zinc oxide (Ag/ZnQO) photodetector and

hybrid silver/aluminum oxide (Ag/Al203) circuits has been printed and tested.

The formation of a trench can increase the mechanical interlocking and interfacial region of the
printed material, which can improve its reliability. We demonstrated a facile technique for
simultaneously creating trench into polyimide substrates via laser etching process, followed by
printing and sintering the laser-ablated silver (Ag) nanoparticles onto the embedded trench in the
polyimide substrate. The irradiated areas is evaluated by mean of optical microscopy, and the
relationship between laser beam fluence, pulse repetition rate and number of scanning path to the

depth of created trench is described.
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CHAPTER 01
INTRODUCTION TO ADDITIVE MANUFACTURING-MACRO TO MICRO
SCALE

1.1 Additive Manufacturing

Additive manufacturing (AM) processes, commonly known as 3D printing, builds up
geometrically complex parts at the macroscale by adding micro-size layers of a material from a
sliced computer-aided design (CAD) file [l This single-step process allows the design of custom
parts and reduction of fabrication time, cost, and material consumption compared to conventional
manufacturing methods. The AM can be classified into seven categories, as shown in Figure 1.1.
Many of the currently available AM techniques are used for printing 3D parts at the macro scale.
These methods, such as powder bed fusion and directed energy deposition are used for a variety
of industries such as aerospace, automotive, healthcare, and consumer products. However, there
are also some micro/nano additive manufacturing methods that operate as printed electronic
technique. Inkjet and aerosol jet printing offer the possibility of micro-scale fabricating for

variety of applications such as antennas, sensors, electronics devices, battery and storage.
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Figure 2.1 Classification of additive manufacturing technologies; the seven categories: material extrusion, vat
photopolymerization, binder jetting, material jetting, sheet lamination, directed energy deposition, and powder bed
fusion [,

1.2 Additively Manufactured Electronics

Nowadays, flexible substrates are recognized as one of the key foundations of printed electronics
due to their extreme light weight, ability to conform and bend, and their wide range of
applications including in wearables electronics, flexible displays, soft robotics, energy and
storage [>121. Conventional electronic manufacturing techniques such as photolithography and
vacuum deposition, involve many steps such as mask design and fabrication, dry and wet etching
that are expensive, time consuming, and environmentally harmful. In addition to that, these
techniques rely on high-temperature processing, therefore are limited to conventional substrates
such as rigid silicon wafers and printed circuit boards since these substrates are able to withstand

the high temperatures and pressures [*3 14, Flexible substrates are often made of polymer-based
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materials, which cannot tolerate high temperature processes. These substrates can experience
deformation, melting or warping at high temperatures which make them unusable for the
intended application. Additionally, high temperature processes can damage active or passive
components printed on the substrate. To avoid these issues, micro-scale additive manufacturing
(AM) technologies such as inkjet printing (I1JP) and aerosol jet printing (AJP) have emerged as a
solution for printable electronics technology or additively manufactured electronics (AME) 25
20 These technology can help to reduce the number of steps and the environmental impact of
manufacturing, and can also enable the use of a wide range of substrates, including flexible and
wearable substrates. The direct writing nature of AM eliminates waste of materials and many
post processing steps of conventional methods. Many micro-scale additive manufacturing
techniques use ink-based materials, such as conductive, resistive, and dielectric inks. Metal inks
are needed to be annealed after printing so the nanoparticles sinter together for conductivity, and
also to remove the solvents/additives in the inks 2% 221, Here the annealing temperature is much
lower than conventional manufacturing technique, which enables the use of flexible substrates in

micro-scale AM techniques.

1.2.1 Inkjet Printing

Inkjet printing (1JP) relies on the ejection of ink droplets from a nozzle onto the substrate, which
can be either rigid or flexible -6 Conductive, dielectric, and polymeric inks are the most
common materials used in IJP. Typically, the inks used for this technique are formulated with
viscosities on the order of 1-20 centipoise (cp). The droplets of ink with different viscosities are
ejected from the nozzle head and can be formed through either a continuous or a drop-on-
demand (DOD) manner. In the continuous mode, a continuous pressurized stream of liquid

droplets are ejected from the nozzle head. The DOD system is widely employed because of its
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lower system complexity and higher accuracy of droplet displacement 1. In a DOD system, the
ink droplets are jet from the nozzle by pulses generated by a thermal resistor, a piezoelectric

transducer, a thermal buckling or an acoustic wave.

1.2.2 Aerosol Jet Printing

The aerosol jet printing (AJP) is a relatively new printing technique and it has been developed in
recent years > 21 This method uses a fine mist of material particles (instead of liquid ink)
suspended in a gas. The size of particles is usually 1-5 pum in diameter. The aerosol jet print head
that has a nozzle that produces the aerosol, and a gas flow that directs the aerosol towards the
substrate. The print head also has a high-voltage power supply that charges the material particles
as they pass through the nozzle. The charged particles are then directed towards the substrate,
where they are attracted to a set of electrodes that have the opposite charge. This allows for
precise control over the placement of the material particles on the substrate, which is useful for
creating complex and high-resolution structures. Compared to IJP, AJP is compatible with a
wide range of materials, including high-viscosity inorganic inks, organics, and high aspect-ratio
carbon nanotube (CNT) solutions %1 In AJP, the sheath gas (usually nitrogen) in the print head

prevents the nozzle from clogging and keeps the aerosol beam tightly focused.

1.2.3 Disadvantages of Inkjet and Aerosol Jet Printing

In both systems, the use of solvents and additives makes the inks impure and complex to handle.
As a result, solvents removal and post thermal annealing make the device manufacturing process
complicated and expensive B, In addition, the printed material should be in a viscous fluid state,
making it difficult to obtain materials with the appropriate viscosities. The development of new
source materials for 1JP and AJP has become a priority for many researchers in order to enable

the printing of functional devices. Determining optimal print parameters of ink is often a
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sensitive process. Additionally, optimal printing parameters for a given ink do not, in general,
translate to new materials, demanding an extensive, empirical optimization over a broad phase
space for each additional ink or material. Therefore, printing multifunctional materials (e.g.,

ferromagnetic, piezoelectric) and hybrid structures is still a major challenge 0491,
1.2.4 Multi-Materials Printing

Multimaterial printing refers to print multiple materials during a single build process. Most
devices and structures with sophisticated functionalities, such as electronics, optoelectronics, and
sensors, typically require multimaterial deposition. Thus, there are emerging needs for printing
methods that allow multimaterial printing in multilateral configurations. 1JP and AJP techniques
have been mostly successful in printing a limited single material in a single process step. A few
printing methods have also been reported that are capable of printing multimaterials. For
example, Skylar-Scott et al. reported a micrometer-scale printing strategy by fast switching
between viscous materials which are extruded through a single nozzle. Wanjun Liu et al. 7]
developed an extrusion-based multimaterial bioprinting platform capable of depositing multiple
coded bio-inks in a continuous manner with switching between different reservoirs. Ke Sun et al.
showed 3D interdigitated microbattery architectures by printing concentrated lithium oxide-
based inks. Although these extrusion-based printing methods have been used to fabricate
functional devices, the construction of multimaterial architectures often involves sequentially
printing individual materials using multiple nozzles. Besides the limited availability of the source
materials for printing, the drawbacks of printing one material at a time include the need for
careful alignment of each nozzle as well as start-and-stop ink flow on demand without

introducing defects.

1.3 Outline of Dissertation
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This dissertation introduced several original findings to address the challenges of current
additively manufactured electronics technique.

In Chapter 01, Additively manufactured electronic techniques are introduces as the new area of
printed electronics. The challenges and disadvantages of current AME techniques such as inkjet
and aerosol jet printing have been discussed.

In Chapter 02, A rapid direct laser crystallization and mask-free large-scale patterning of
MoS; and WSe; crystals on PDMS substrates has been showed. A thin layer of stoichiometric
amorphous 2D film is first laser-deposited via pulsed laser deposition (PLD) system onto the
flexible substrates followed by a controlled crystallization and direct writing process using a
tunable nanosecond laser (1064 nm). The process parameters and mechanisms are discussed in
detail. Electrical and optical characterizations are performed to confirm the quality of
crystallized 2D materials.

In Chapter 03, A novel laser-based additive nanomanufacturing (ANM) system has been
reported which is capable of on-demand generation of nanoparticles. These nanoparticles can
serve as the building blocks for real-time sintering and dry printing a variety of multifunctional

materials and patterns. The capability of printing different functional materials on various rigid

and flexible substrates is discussed. Additionally, the process—structure relationship of the

printed materials is investigated.

In Chapter 04, Silver-based flexible hybrid electronics (FHE) and sensors printed by ANM on
flexible substrates is reported. Different FHE designs are fabricated and tested to check the
performance of the devices. Mechanical reliability tests including cycling, bending, and
stretching are employed and the results confirm the expected performance of the printed samples

under different strain levels.
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In Chapter 05, An ink-free and dry additive nanomanufacturing technique to print highly
conductive copper on flexible polyimide kapton substrate has been introduced. Resistance of
printed Cu measured in 5 months showed negligible variation, confirming the good stability of
printed Cu in long time. 5B classification of ASTM adhesion test confirmed the good adhesion
between the sintered Cu and polyimide kapton substrate. To demonstrate the mechanical
reliability of printed Cu, different bending radii and cycles were tested and results showed the
excellent reliability of samples. The ANM printer was used to print Cu-based patterns, flexible
hybrid electronics, antenna and sensor that has wide range of applications in oil and gas industry,
flexible electronics, medical and energy storage.

In Chapter 06, A multimaterial additive nanomanufacturing (M-ANM) technique is
demonstrated. Lateral and vertical hybrid structures and devices printed by M-ANM. ZnO
photodetectors with Ag electrodes and multimaterial Ag-Al.O3 FHE circuits were printed and
tested as practical applications. This unique M-ANM technique was used to print a variety of
materials such as Ag, BTO, TiO2, SnO, ZnO, and Al.O3 that can be used for broad applications
ranging from flexible electronics, optoelectronics, energy storage and harvesting, space, and
medical applications enabling the future internet of things (loT).

In Chapter 07, we showed our technique is capable of subtractive and additive manufacturing as
well. For this use, the ANM machine first ablated arbitrarily patterns to form any trenches and
channels from the polyimide substrate using a subtractive technique, and then filling the channels

using the ANM printer.
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CHAPTER 02
Rapid Laser Nanomanufacturing and Direct Patterning of 2D Materials
on Flexible Substrates—2DFlex

2.1 Introduction

Compared to conventional rigid devices, stretchable and flexible devices can be attached to
irregular and deformed surfaces. Such devices are gradually used in emerging new areas such as
wearable devices, soft robotics, electronics skin and flexible display.*! New biomedicine and
healthcare applications of flexible and stretchable devices have been emerged due to intrinsic
mechanical properties, excellent compliance, biocompatibility and conformability to tissue
surfaces.[*?]

Over the past decade, 2D quantum materials have been considered as promising candidates for
future flexible and transparent nanoelectronics applications due to their outstanding mechanical,
electrical, and optical properties.[*>* In addition, these atomically-thin sheets afford the ultimate
thickness scalability desired in a variety of essential material categories including
semiconductors, insulators, conductors, and superconductors.-521 Among various 2D materials
such as graphene, transition metal dichalcogenides (TMDs), and boron nitride (BN),
heterostructures have shown a great potential to realize electronic, optoelectronic, and photonic
devices with superior performance. Accordingly, flexible photonics is now enabling a wide range
of emerging applications including board-level optical interconnects,®3-°¢1 optomechanical

tuning,"%°! epidermal monitoring, © strain sensing %%, and conformal photonics. 62 6
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Currently, the inability to directly growth and patterning of 2D materials on flexible substrates
and lack of large-area and transfer-free processes have made the practical realization of 2DFlex
in the aforementioned applications challenging. The majority of electronic device studies
involving MoS; crystals use chemically or mechanically exfoliated 2D sheets.[®*! At present, only
relatively small samples of these 2D materials can be generated with mechanical exfoliation.
Poor layer thickness and size uniformity, uncontrolled nanosheet orientations, and contamination
between layers are some examples that prevent viability of chemical exfoliation for its
commerciality.[%¢1 Chemical vapor deposition (CVD) and laser-assisted synthesis are common
approaches for generating high quality, large area 2D thin films.[®"X However, CVD and laser-
assisted synthesis are not amenable to stretchable and flexible substrates due to high growth
temperatures (approximately 700-900°C) required for the decomposition of TMD precursor
gases and molecular transformation to crystalline structures. Most recently, magnetron sputtering
of TMD targets has been demonstrated to directly grow large-area uniform films at low
temperatures (250°C). These films often suffer from a lack of stoichiometry and good
crystallinity. Researchers used a broadband pulsed flash lamp and laser annealing to crystallize
such as-deposited amorphous sputtered layers.[*” 74 As 2D devices become more complex (e.g.,
numerous 2D materials, more layers, specific shapes, etc.), the patterning steps (lithographically
and subsequently etch away unwanted areas of 2D material) can become economically costly
and time-consuming.l”®! Material printing and additive manufacturing have emerged as new
fabrication concepts that allow for the transfer of liquid-based 2D inks onto flexible substrates
for device printing.[’* 7 For instance, inkjet printing based on commercial jet printing devices is
widely used because of its direct-writing, low-temperature, mask-free, and its compatibility with

flexible substrates.” However, the ink is made via chemical exfoliation and salary formation
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techniques that highly suffer from contamination, nonuniformity and precise thickness control
issues. Moreover, the nozzles used in inkjet printing can be blocked frequently. To the best of
our knowledge, the ability to directly synthesize crystalline TMDs with any complex shape and
pattern on flexible substrates has remained elusive.

Here, we report a novel approach to directly integrate crystalline patterns of 2D materials onto
the flexible substrates enabling the future conformal and transparent optoelectronic and photonic
devices. Photo-thermal heating and reaction induced by laser can transform 2D materials from
amorphous phase to crystalline phase. Controlled crystallization and direct writing processes are
achieved by a precise laser processing of stoichiometric amorphous 2D film on the flexible
substrates. The influence of laser pulse duration, the number of pulses and also thickness of
deposited 2D amorphous layer on the crystallization of 2D materials is discussed. This laser
crystallization method opens up new routes to synthesize 2D materials with every desired

complex shape on flexible substrates.

Substrate Holder

b

Excimer Laser | \
Beam (248 nm)

Target Holder

Figure 2.1 Schematic diagrams of stoichiometric deposition of amorphous 2D materials on PDMS via pulsed laser
deposition (a) and laser crystallization of amorphous 2D materials (b). (¢) Photograph image of a MoS; modulator

crystallized by laser crystallization method.
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2.2 Results and discussion

Figure 2.1 shows the schematics representation of the laser crystallization and patterning process
of 2D quantum materials on flexible substrates. In this process, a pulsed laser deposition (PLD)
system (Figure 2.1a) was used to deposit thin films of stoichiometric amorphous MoS; and
WSe; with different thicknesses onto the PDMS substrates. Dense 1-inch diameter pellets of
hardly pressed MoS, and WSe, powders were used as ablation target and an excimer laser
(COMPexPro, KrF) with A=248 was used for target ablation at a 40° angle of incidence and 5 Hz
repetition rate. Targets (MoS2 and WSe;) were placed on a target carousel inside a spherical
chamber (21 inches in diameter). The resultant laser spot size and fluence on the target were 2 x
5 mm and 1.5 J cm™, respectively. The pressure inside the ablation chamber was lowered to 5 x
10 Torr for deposition, and the substrate-target distance was set at 7 cm. Polydimethylsiloxane
(PDMS) was used as flexible substrates. As-deposited amorphous on PDMS substrate was
transferred into a costume-designed environmental processing chamber for subsequent laser
crystallization (Figure 2.1b) and pattering processes under the argon gas environment at
atmospheric pressure and room temperature. To avoid surface oxidation during the
crystallization process, the chamber was first flushed by argon gas for a few minutes and then the
argon gas flow rate was kept constant at 200 sccm. For crystallization and patterning, the laser
beam from a nanosecond pulsed fiber laser with A=1064 nm (130 W, tunable nanosecond pulses,
5-2000 ns in 63 waveforms, with a pulse energy from 0.04 to 1.57 mJ and a repetition rate
ranging from 1 Hz to 4160 KHz.) was directed to the center of a galvo scanner with a 13 um
focal point. The design and control of process parameters (e.g. power, pulse duration, number of
pulses) for each specific pattern was controlled by a laser marking software (Laser Studio

Professional.)
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The low thermal conductivity of the amorphous 2D materials and the PDMS substrate results in
a low thermal conductance and hence a poor heat transfer. Therefore, it is essential to utilize a
crystallizing process that can overcome these limitations. Time-resolved infrared laser
crystallization method allowed us to controllably couple a precise amount of energy and hence
heat the amorphous 2D layer for selective phase transformation. In this controlled laser-material
interaction process, the heat penetration depth was controlled in a way that there is enough time
for thermal energy to crystallize the amorphous 2D material for crystallization without damaging
the underlying PDMS substrate. Accordingly, a tunable nanosecond fiber laser (1064 nm) was
used since the PDMS has no (minimal) absorption in this wavelength and provided a great
processing control. 31 This is critical for minimizing the laser interaction with the substrate
during the crystallization process. Comprehensive experiments were performed to find the
influence of laser pulse width (ranging from 10 ns to 261 ns), number of laser pulses, and the
thickness of the as-deposited amorphous layer on the crystallization of 2D materials. We didn’t
use pulse duration more than 261ns since in most cases of experiments, it caused harshly burning
of the PDMS substrate. The symbols in each panel of Figure 2.2 indicate the locations
processing parameters where good 2D MoS; and WSe> crystals were obtained. The curves are
fitted to provide processing guidance. Employing the process parameters on the curves for each
pulse-width resulted in the formation of high-quality 2D crystals without creating any damage on
the PDMS substrate. However, the laser parameters to the right and above of the curves in
Figure 2.2a, b resulted in the evaporation of the amorphous 2D materials. On the other hand,
employing process parameters to the left and below of the curves did not affect the amorphous
layer. Increasing the pulse width of the laser required less laser power and pulse number for

crystallization, and vice versa. At shorter pulse durations, the width of the crystalline lines was
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smaller than the lines crystallized by the longer laser pulse-widths. This was attributed to heat

formation and dissipation time. When the laser pulse-width is small (e.g., 10 ns), the generated

heat has less time to dissipate in the amorphous materials, hence inducing a smaller heat-affected

zone. In contrast, higher laser pulse-width provides a longer time for heat formation and

dissipation to an area outside the laser spot causing a larger heat-affected zone and hence larger

crystalline line widths. According to experimental observations, the laser pulse-widths beyond

261 ns always resulted in the evaporating of the amorphous materials or damaging the PDMS

substrate. These allowed us to identify the best processing conditions for further crystallization

and patterning purposes. From these experiments, the laser power of 33 W, pulse duration of 108

ns, and 20 laser pulses per spot were used for patterning of 2D materials on the PDMS for the

subsequent studies.
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Figure 2.2 The effect of laser interactions with amorphous 2D MoS; (a) andWSe; (b). Each graph represents the

effect of laser pulse-width and number of pulses on the crystallization of amorphous layers with various thicknesses.

Raman spectroscopy was used to monitor the crystallization quality of the laser processes

amorphous materials on the PDMS substrates.

The Raman spectra were obtained at room

temperature using a 532nm excitation laser from PDMS substrate (Figure 2.3a, d), amorphous



MoS2/WSe, layer coated on the PDMS substrate (Figure 2.3b/e), and laser crystallized
MoS2/WSe; layer on the PDMS (Figure 2.3c/f), as shown in Figure 2.3. As it demonstrated in
Figure 2.3a,b/d,e the Raman spectra of PDMS and Amorphous laser on PDMS are similar since
amorphous MoS2/WSe> does not have any specific Raman signature. However, the active Raman
modes of MoS2/WSe; crystals including Elz at ~378 cm™' and Aly at ~403 cm™!; Alyat ~ 250

cm? are clearly observed in Figure 2.3c/f after the laser crystallization process.
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Figure 2.3. Optical images and Raman spectroscopy of the samples before and after the laser deposition and

crystallization processes. Optical images and Raman spectra of PDMS (a, d), amorphous MoS,/WSe, on PDMS (b,

e), and crystalline MoS,/ WSe, on PDMS (c, f). Both the pure PDMS and amorphous 2Dmaterial on the PDMS

substrate showed similar Raman peaks since the amorphous layer does not have any Raman fingerprints. The laser

crystallized materials, however, show very sharp Raman signatures at 375 and 405 cm™* corresponding to crystalline

MoS; and at 250 cm corresponding to crystalline WSe,.
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Bare PDMS Amorphous MoS, Crystalline MoS, Amorphous WSe, Crystalline WSe,
Ra:0.68nm Ra:8.77 nm Ra:6.06 nm Ra:7.59 nm Ra:7.68 nm

Figure 2.4. Atomic force microscopy (AFM) image and roughness (Ra) of bare PDMS (a), as-deposited amorphous
MoS,/PDMS by PLD system (b), MoS,/PDMS crystallized (c), as-deposited amorphous WSe2/PDMS (d) deposited
by PLD system, and MoS,/PDMS crystallized by laser crystallization process (e).

Figure 2.4(a-e) shows the AFM topography of bare PDMs, amorphous and crystalline for MoS»
and WSe». The surface roughness of PDMS is 0.68 nm. During deposition of amorphous 2D
quantum materials, PLD increased the roughness to 8.77 nm and 7.59 nm for MoS> and WSe,
respectively. After crystallization, the roughness was 6.06 nm and 7.68 nm MoS, and WSey,
respectively. Surface wrinkling are created because of ultrahigh vacuum deposition as well as
laser-produced plasma during PLD process.[®! To understand the crystallization temperatures of
our amorphous layers in an equilibrium processing condition, amorphous WSe> and MoS; layers
(with thickness of 3, 5, 7,9,11 nm) were deposited onto SiO> substrate via PLD and baked in an
environmental tube furnace under atmospheric argon pressure. These results were useful in
comparing with our nonequilibrium laser crystallization method. The results showed that for
obtaining crystalline 2D materials (MoS2 and WSe,) with the same quality as those fabricated by
laser crystallization approach, the required crystallization temperatures for MoS, and WSe> were
around 600°C. This well-beyond the temperature stability of the PDMS substrate (~200°C). In
addition, the observations showed that the furnace temperatures above 700°C caused
decomposition and evaporation of 2D materials from the silicon substrates. These results indicate
the importance of a time-resolved nonequilibrium laser processing approach in the crystallization
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of 2D materials on flexible platforms without damaging the underlying substrates. This approach
provides a sufficient temperature in a short time so that the amorphous layer crystallizes without

heat conduction and damage of the flexible substrate.

1mm

Figure 2.5. Examples of patterned 2D crystals on the PDMS substrates. A photonics Mach Zehnder interferometer
(a), an electronics circuit board (b), Auburn University logo (c) and eagle image (d) fabricated by laser

crystallization of amorphous WSe, layer on PDMS substrates.  Scale bar is same for all pictures.
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The ability to directly integrate 2D and other quantum materials with desired patterns and shapes
onto the flexible substrate is highly demanded applications ranging from electronics to photonics
and energy to sensing applications. Utilizing our approach, we demonstrated the formation of
various 2D material-based patterns on the PDMS substrate. For instance, Figure 2.5a, b, ¢ and d
demonstrate the fabricated crystalline WSe»-based photonics Mach Zehnder interferometer, an
electronic circuit board, Auburn University logo and an eagle, respectively. Our crystallization
and pattering process allows the realization of complex and arbitrary patterns on flexible
substrates.

The electrical properties of the crystallized samples were measured by depositing contact
electrodes and measuring their |-V characteristics. To fabricate such a device, we first
crystallized a large area of amorphous MoS; on PDMS followed by the deposition of gold
contacts through photolithography and sputtering processes. Figure 2.6a shows a photograph
image of fabricated devices. Figure 2.6b shows a three-dimensional illustration of crystalline 2D
materials with two gold contacts (inset image is the optical image of the fabricated device). To
achieve an insight into the flexibility of the fabricated device, the IV and bending tests were
performed. Figure 2.6¢ shows the 1V characteristics of a 5 nm c-MoS; device. The resistance
decreased gradually in inverse proportion to the bending radius (Figure 2.6d). A considerable
extent of decrease in electrical conductivity can arises since defects can be introduced into the c-
MoS; crystal lattice. Bending the film (r=4mm<bending radius<r = 20 mm) led to increase in R
compared to the flat condition (8 MQ) due to reduced charge—carrier mobility and mechanical

deformation of 2D c-MoS,.
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Figure 2.6. A photograph image of fabricated devices (a), schematic illustration of crystalline 2D materials used as
photodetector (b), 1V characteristics of a 5nm thick crystallized MoS; layer device (c), resistance of a fabricated

device according to the bending radius under tensile strain (d).

2.3 Conclusion

In summary, we presented a novel direct laser crystallization and large-area patterning of
amorphous 2D materials (MoS,, WSe) deposited by pulsed laser deposition on PDMS flexible
substrate. We demonstrated that a tunable nanosecond (1064 nm) laser has allowed us to
controllably couple a precise amount of energy and hence heat the amorphous 2D layer for
selective phase transformation. In this controlled time-resolved laser-material interaction

process, the heat penetration depth was controlled by changing the pulse duration and number of
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laser pulse in each spot in a way that there is enough time for thermal energy to crystallize the
amorphous 2D material for crystallization without damaging the underlying PDMS substrate.
Furthermore, we showed the capability of this laser crystallization process to make any complex

patterns.
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CHAPTER 03
Additive Nanomanufacturing of Multifunctional Materials and Patterned

Structures: A Novel Laser-Based Dry Printing Process

3.1 Introduction

The manufacturing complexity, cost, and excessive wastage of the conventional device
micro/nanomanufacturing processes as well as their incompatibility with stretchable and
dissolvable substrates have resulted in considerable efforts for developing new advanced
manufacturing methods to overcome these challenges.’”! Additive manufacturing (AM)
processes, commonly known as 3D printing, have attracted enormous attention in various
industries such as aerospace, medical, automotive, fashion, and the environment.[’®82 Typically,
AM builds up geometrically complex parts at the macroscale by adding micro-size layers of
material from a sliced computer-aided design (CAD) file.[%-#% This single-step process allows
the design of custom parts and reduction of fabrication time, cost, and material consumption
compared to conventional manufacturing methods. The ability to fabricate complex structures
and devices via AM and materials printing technologies has led to a paradigm shift in
engineering design and product realization. However, the limited choice of functional precursors
and versatile printing techniques in the current AM technology are among the major challenges
that significantly limit their applications in printing hybrid structures and devices with complex
functionalities, including electronics, optoelectronics, flexible and wearable sensors, and energy
conversion and storage devices.[#6-%2]

Among the AM categories,! inkjet and aerosol jet printing offer the possibility of fabricating a

few electronics and functional devices.® Inkjet printing (IJP) relies on the ejection of ink
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droplets from a nozzle onto the substrate, which can be either rigid or flexible.!?32¢1 Conductive,
dielectric, and polymeric inks are the most common materials used in 1JP. Typically, the inks
used for this technique are formulated with viscosities on the order of 1-20 centipoise (cp). The
aerosol jet printing (AJP) is a relatively new printing technique developed in recent years.[® 28l
In this process, liquid inks are first atomized into small droplets of ~1-5 pum in diameter, then
transported to the printing head through a carrier gas. Compared to 1JP, AJP is compatible with a
wide range of materials, including high-viscosity inorganic inks, organics, and high aspect-ratio
carbon nanotube (CNT) solutions.? In AJP, the sheath gas (usually nitrogen) in the print head
prevents the nozzle from clogging and keeps the aerosol beam tightly focused.

In both systems, the use of solvents and surfactants/additives makes the inks impure and
complex to handle. As a result, solvents removal and post thermal annealing make the device
manufacturing process complicated and expensive.% In addition, the printed material should be
in a viscous fluid state, making it difficult to obtain materials with the appropriate viscosities.
The development of new source materials for 1JP and AJP has become a priority for many
researchers in order to enable the printing of functional devices. Determining optimal print
parameters of ink is often a sensitive process. In addition, optimal printing parameters for a given
ink do not, in general, translate to new materials, demanding an extensive, empirical
optimization over a broad phase space for each additional ink or material. Therefore, printing
multifunctional materials (e.g., ferromagnetic, piezoelectric) and hybrid structures is still a major
challenge.B2%4 Direct printing of multifunctional materials and composites such as TiO;, 2410
BTO, [101-103] |TQ [87. 1041 gpens a new pathway toward the direct manufacturing of devices with

complex functionality. This has led to the emergence of laser-based additive nanomanufacturing
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(ANM) as a promising approach that could enable the synthesis and patterning of a variety of
materials with micro/nanoscale resolutions. 1113l

Here, for the first time, we successfully introduced a single step ANM approach that enables the
dry printing of a variety of multifunctional materials such as TiO2, BTO, and ITO on different
substrates using a laser source. Our novel printing method is based on the in-situ and on-demand
generation of metastable nanoparticles via the nonequilibrium pulsed laser ablation process that
can be laser sintered/crystallized in real-time to form desired patterns and devices. Our novel
laser-based ANM process possesses the capability to print a wide range of dry, contaminations-
free, and intrinsically pure nanoparticles at room temperature and at atmospheric pressure. This
approach also offers the flexibility of printing onto different types of substrates, including

metals, ceramics, plastics, paper, and flexible substrates such as PDMS and PET.

3.2 Experimental Method

3.2.1 Experimental Setup

Figure 3.1 shows the schematic of our designed and developed ANM apparatus. The system
consists of a pulsed excimer laser (KrF, wavelength 248 nm), a beam splitter, two adjustable
turning mirror, two lenses with 150 mm focal length, an ablation chamber with a nozzle, a target
and its holder, an X-Y computer-controlled positioning system, attenuators, and controlled Ar/N>
gas connected to the cylindrical holder by a feeder pipe. A substrate is placed onto the X-Y
motion table. The separation between the nozzle and the substrate is kept constant at 0.5 mm. All
the components are placed on an optical table.

The ANM fabrication process involves five key steps, as shown in Figure 3.1a, as listed in this
paragraph. (1) Splitting pulsed excimer laser beam: the 248 nm excimer laser beam is divided

into ablation and sintering/crystallization beams by a beam splitter (70% reflection, 30%
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transmission), and then the two beams energies are further tuned and guided toward mirrors 1
and 2, respectively. (2) Pure amorphous nanoparticles generation: the ablation laser beam is
directed toward a sealed environmental chamber using mirror 1. The ablation laser beam is then
focused onto the surface of the target by a UV fused silica convex lens to generate pure
amorphous nanoparticles. The target is rotated by a step motor at an angular speed of ~3 rad/s to
avoid laser piercing. During the interaction of the ablation laser beam with the target, a laser-
plasma plume is formed. The interaction of this plume with the background gas results in
thermalization and condensation of the plume leading to the formation of nanoparticles.

Figure 3.2 shows the scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) images of the laser-generated amorphous TiO2 nanoparticles with a size
distribution of around 3-7 nm. (3) Nanoparticles delivery: a stream of produced pure amorphous
nanoparticles are delivered to a central point beneath the nozzle head using a carrier gas flow. (4)
Sintering/crystallization of produced pure amorphous nanoparticles: the sintering/crystallization
laser beam is focused above the surface of the substrate using mirror 2 and a convex lens. The
nanoparticles are then sintered and crystallized on the surface of the substrate. Optical
attenuators are used inside cylindrical holders to attenuate and tune the energy of ablation and
sintering/crystallization laser beam, i.e., to reduce optical power. (5) Stage scanning: the
substrate placed on an X-Y stage, which is computer programmed to move and form any pre-
defined patterns. The operation principle of the system is similar to the laser beam directed
energy deposition (LB-DED) processes;® 114 1151 however, the major difference here is the in-

situ and on-demand formation of nanoscale building blocks.
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Excimer
Laser

Substrate ----

Figure 3.1. Schematic illustration of the ANM process used for printing various functional materials on the different
substrates (a). Enlarged illustration of in-situ and on-demand generating of nanoparticles by pulsed laser ablation of
the desired target materials in atmospheric pressure and temperature (b). Enlarged illustration of real-time laser
sintering and crystallization of nanoparticles on the surface of the substrate (c). Optical image of printed circuit lines

using the ANM process (d). Enlarged optical image of the printed circuit lines (e).

3.2.2Experimental Procedure

Solid targets (TiO2, BTO, and ITO) with 99.9% purity were used for laser ablation and formation
of nanoparticles. Different nozzles with hole diameters of ~100, 200, and 300 um were used for
the deposition. For the first set of experiments, TiO, was selected as the test target. Various laser
fluences ranging from 1.9 to 2.3 J/cm? and 0.074 to 0.74 J/cm? were used for the ablation of the

target and sintering/crystallization of produced pure amorphous nanoparticles, respectively.
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Moreover, different repetition rates, including 5, 10, 15, and 20 Hz were used for the ablating
and sintering processes. Various gas flow rates ranging from ~1to 4.58 SLPM (standard liter
per minute) were used to regulate the flow of nanoparticles out of the nozzle. A set of
comprehensive experiments were performed to understand the effect of laser parameters (e.g.,
energy, frequency, gas flow rate, ablation and sintering time, and deposition overlap) on the

printed materials.

3.3 Results and Discussion

3.3.1 Formation of Nanoparticle Building Blocks:

One of the key steps in this ANM process is the in-situ and on-demand formation of
stoichiometric nanoparticles by condensation of laser-generated plasmas plume at room
temperature and atmospheric pressure. These nanoparticles serve as the building blocks that can
be sintered and crystallized in real-time during the printing process. To investigate the size and
structures of these nanoparticles, we performed atomic imaging measurements. Figure 3.2 shows
the SEM and STEM images of the as-deposited TiO2 nanoparticles (ablation energy (AE) = 2.3
Jlem?, gas flow rate (GFR) = 2.8 SLPM, sintering/crystallization energy (S/C E) = blocked,
repetition rate (RR) = 10 Hz). The as-deposited nanoparticles form an ensemble of a fluffy and
porous deposition as shown by the SEM image in Figure 3.2a. These nanoparticles are mostly
amorphous with a size distribution of about 3-7 nm in diameter, as shown by the STEM images
in Figure 2b, c. The ability to generate such nanoparticle building blocks enables nanoscale
precision in controlling the composition and thickness of the printed lines and allows simple

integration and sintering into larger crystalline structures.
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Figure 3.2. SEM image of ablated pure amorphous TiO nanoparticles (2). STEM (b) and HAADF (c) images with

different magnifications of ablated pure amorphous TiO, nanoparticles.

3.3.2 Sintering, Crystallization, and Printing Processes:

The interaction of the sintering/crystallization laser beam with in-situ generated TiO-
nanoparticles at the surface of the substrate led to the formation of crystalline rutile TiO2. To
investigate the effect of the laser beam energy on the crystallization and sintering of amorphous
TiO2 nanoparticles, various samples were prepared and studied by Raman spectroscopy, as
shown in Figure 3.3. Examining the Raman data from the in-situ generated pure amorphous
nanoparticles (while sintering/crystallization beam was blocked) showed a broad spectrum with
no explicit peaks suggesting that the generated TiO2 nanoparticles are primarily amorphous (a-
TiOy). In addition, by increasing the crystallization energy (0.07 to 0.56 J/cm?) while other
parameters (AE = 2.3 J/cm?, RR = 10 Hz, GFR = 2.8 SLPM, time = 30 s) kept constant, the in-
situ generated a-TiO2 nanoparticles started to sinter and crystallize on the surface of the Si/SiO>
substrates. The explicit threshold of crystallization was observed by the appearance of several
new Raman peaks when crystallization energy was around 0.217 J/cm? as shown in Figure 3.3.
The Raman lines at 447 cm™ and 612 cm™ are assigned to the Eg, A1g modes of the rutile TiO

phase, respectively.[**8] The peak at 521 cm™ is assigned to the silicon substrate Raman vibration
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mode. The intensity of the Eq and A1g modes increases by increasing the sintering/crystallization
laser fluence from 0.217 J/cm? to 0.56 J/cm?. The intensity of the Raman peaks is directly
proportional to the crystallization quality and the thickness of the printed TiO2.1 It should be
noted that increasing the sintering laser fluence beyond a certain threshold can re-ablate the
printed layers from the substrate (~1 J/cm? for TiOy). It is also worth mentioning that, depending
on the substrate material, the energy of the sintering/crystallization beam may not be increased

beyond the damage threshold of the substrate at the start of the deposition.

\447 cm? 612 cm

0.56 J/cm?

N\ 0.38J/cm?

0.295 J/cm?

0.217 J/cm?

0.07 J/cm?

Ablated nanoparticles

Intensity (a.u.)

300 400 500 600 700 800

Wavelength (cm™)

Figure 3.3. Representative Raman spectra of TiO, nanoparticles sintered at different crystallization energies, 0.07
up to 0.56 J/icm?

Morphologies of the printed TiO2 layers on the Si/SiO> substrates at various process conditions
were investigated by SEM, as shown in Figure 3.4. By turning off the sintering/crystallization
beam, the printed nanoparticles were mainly agglomerates of amorphous TiO2 nanoparticles (AE
= 2.3 Jlem?, GFR = 1.9 SLPM, RR = 10 Hz), as seen in Figure 3.4a and also confirmed by the

STEM images in Figure 3.2. The SEM images shown in Figure 3.4b-h confirmed that during
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laser sintering/crystallization, the nanoparticles fused together to form larger crystalline rutile
TiO2 structures. As depicted in Figure 3.4b-d, the feature size, as well as the thickness of the
printed crystalline TiO2 nanostructure, were continuously increased by increasing the time from
60 s to 270 s, while keeping all the other processing parameters constant (AE = 2.3 J/cm?, GFR =
2.8 SLPM, S/C E = 0.3 J/cm?, RR = 10 Hz). At longer deposition times, more TiO, nanoparticles
were generated and delivered to the nozzle, resulting in thicker deposited layers. Other samples
with different sintering/crystallization energies (0.295, 0.4, 0.67 J/cm?), while keeping all the
other processing parameters constant (AE = 2.3 J/cm?, GFR = 2.8 SLPM, time = 60 s, RR = 10
Hz), were also investigated, and corresponding results are shown in Figure 3.4f-h. Accordingly,
the density, thickness, and feature sizes of the printed TiO: layers were increased at higher
sintering/crystallization energies, which was in agreement with the results observed from the

Raman spectra shown in Figure 3.3.

a Ablated TiO, Nanoparticles Sintered TiO, at 270 s
by R 14 : ;

e Sintered TiO, line

Figure 3.4. SEM image of as-produced amorphous TiO; ablated by laser (a), sintered TiO, at 60 s (b), 180 s (c) and
270 s (d) while crystallization energy and other parameters are kept constant. Line created by ANM method
(ablation energy = 2.3 J/cm?, gas flow rate = 2.8 SLPM, sintering/crystallization energy = 0.3 J/cm?, repetition rate =
10 Hz, 90% overlap, X-Y delay = 5 s) with 100 pm diameter (e), sintered TiO; at 0.295 J/cm? (f), 0.4 J/cm? (g), 0.67

Jiem? (h) crystallization energy while time (60 s) and other parameters are kept constant.
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3.3.3 Factors Affecting Printing Efficiency:

3.3.3.1 Influence of Gas Flow and Laser Repetition Rates

Understanding the role of process parameters is important in this ANM process as they govern
the amount of nanoparticles that are generated, delivered, sintered to form crystalline printed
layers and patterns. For a given ablation energy (2.3 J/cm?), deposition time (60 s), and target
material (TiOy), the thickness variation of printed TiO- crystalline layers on the Si/SiO> substrate
was analyzed, as a function of gas flow and laser repetition rates, as shown in Figure 3.5. The
red and navy blue curves in Figure 3.5a show the thickness vs. gas flow rate while the repetition
rate is 10 and 20 Hz, respectively. When GFR changed from 1 to 2.8 SLPM, as it is illustrated in
Figure 3.5a, the thickness increased from ~175to ~300 nm (in 10 Hz, red curve) and ~275to ~
450 nm (in 20 Hz, navy blue curve), suggesting that increased gas flow rate would result in
increased deposition thicknesses. In Figure 3.5b (red curve), when the repetition rate changed
from 5 Hz to 20 Hz, the thickness of printed TiO- crystalline layers increased from ~100 to -~
275 nm. By changing the gas flow rate to 2.8 SLPM, Figure 3.5b (navy blue curve), while the
repetition rate changed from 5 to 20 Hz, the thickness increased from ~ 125 to ~ 450nm,
suggesting that increased repetition rate would result in increased deposition thicknesses.
Moreover, the same measurements were performed while the crystallization energy changed to
0.46 J/cm?, as shown in Figure 3.5¢, d. A significant change in the thickness was observed
compared to Figure 3.5a, b. It can be concluded that at lower sintering/crystallization laser
energies, some of the amorphous nanoparticles coming out of the nozzle might rebound away
from the surface before they have a chance to get sintered onto the printed lines. Higher
sintering/crystallization laser energies tightly sinter the incoming nanoparticles on the substrate,

and consequently, the thickness of the printed line increases. However, one should avoid
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excessive energies beyond the re-ablation threshold, as mentioned above. These results show that
both gas flow and repetition rates have a significant effect on the deposition thicknesses.
Moreover, when the sintering/crystallization laser was blocked, due to the continuity of gas flow,

most of the nanoparticles did not adhere well to the substrate and could be blown away from the

surface.
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Figure 3.5. The thickness of ANM-printed dots as a function of gas flow rate for 0.3 J/cm?and 0.46 J/cm?in (a) and
(c) sintering/crystallization energies. The thickness of ANM-printed dots as a function of repetition rate with 0.3

Jiem?and 0.46 J/cm?in (b) and (d) sintering/crystallization energies.
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3.3.3.2 Influence of Deposition Time and Printing Overlap

Figure 3.6a shows the thickness of crystallized and sintered TiO2 nanoparticles deposited on the
SiO2 substrate as a function of time. The thickness increases from ~250 to ~550 nm as the time
increases from 10 s to 60 s (green curve, 1 SLPM). The changing trend of the thickness with time
is the same for higher GFR, red and blue curves, implying that the thickness is also governed by
time. Figure 3.6b, c shows the effect of deposition overlap (OL) on the thickness of deposited
TiO2 nanoparticles. Generally, increasing overlap via decreasing the stage velocity will result in
the increment of the thickness. Three different overlaps numbers of 0, 50, and 75% were tested
by the ANM system, while all other parameters were kept the same (AE = 2.3 J/cm?, S/C E =
0.38 J/cm?, GFR = 1.9 SLPM, RR = 10 Hz). The thickness measurement results showed an
increment of thickness from ~200 nm (for 0% overlap) to ~600 nm (for 75% overlap).

According to the experimental results, we observed that larger diameter (>400 um) nozzles
would significantly disperse the nanoparticles, thus lowering the nanoparticles’ confinement
efficiency during the printing process. There was no evidence of noticeable deposition and
sintering of TiO2 on the substrate until the gas flow rate was set to more than 7.9 SLPM.
However, the deposition/sintering area (circle with a diameter around ~ 250 pm) is still
significantly smaller than the size of the nozzle, showing a low deposition rate at a larger
diameter of the nozzle, while printed patterns with 100-200 um diameter nozzles have the same

size as the nozzle.
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Figure 3.6. Sintered/crystallized TiO, thickness vs. sintering time at ablation energy = 2.3 Jicm?

sintering/crystallization energy = 0.46 J/cm?, repetition rate = 20 Hz, and different values of gas flow rate (a).
Optical images of ANM-printed circles with different overlap ratio (b). Sintered/crystallized TiO, thickness vs.

overlap (c).

3.3.2 Design and Printing of Various Patterns:

The remarkable ability of our novel ANM system enables the realization of any arbitrary patterns
of sintered nanoparticles on the substrates. This can be simply realized by the programmable
motion of the X-Y stage during the printing process. As shown in Figure 3.7a-e, we have
demonstrated the printing of different shapes and patterns on Si/SiO. substrates. Experiment
parameters are provided in Table 1. The nozzle diameter size was 100 um for all experiments.
The different line widths will be achieved by changing the diameter size of the nozzle. These
experiments clearly showed the promising flexibility and adaptability of the ANM process for

dry and vacuum-free printing of various materials and patterns.
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Figure 3.7. Optical images of printed TiO; (for a-d) and ITO (e) patterns on SiO, substrate by ANM method.

Table 3.1. Experimental parameters used for printing patterns of Figure 3.7.

Sample AE (J/cm?)  S/C E (J/cm?) Time (s) GFR RR (Hz) OL (%)
(SLPM)
a 2.3 0.46 60 2.8 20 0
b 2 0.54 5 1.9 10 90
c,d 1.7 0.3 5 2.8 10 90
e 2 0.25 5 2.8 10 90

3.3.3 Printing Compatibility with Different Type of Materials and Substrates:

To show the ANM's capability for printing other material systems, BTO and ITO patterns were
also printed by this process. Figures 3.8a and d show the SEM images of ablated ITO (AE =2.3
Jlem?) and BTO (AE = 2.3 J/cm?) nanoparticles, respectively. Based on the STEM images shown
in Figures 3.8b, e, the size of the as-synthesized nanoparticles was in the range of 3-7 nm.
Similarly, these nanoparticle building blocks could be laser sintered and crystallized to form

desired patterns. Figures 3.8c and f show the sintered ITO (AE = 2.3 J/cm?, S/C E = 0.23 J/cm?,
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GFR = 2.8 SLPM, RR = 10 Hz) and BTO (AE = 2.3 J/lcm?, S/C E = 0.15 J/lcm?, GFR = 2.8
SLPM, RR = 10 Hz) nanoparticles in the ANM method, respectively. As illustrated in Figures
3.8c and f, the approximate diameter of the sintered/crystallized ITO and BTO crystal structures
became between ~50 to ~250 nm. Cross sectional SEM images of the printed ITO lines
confirms the sintering of the ablated nanoparticles on SiO> substrate. The proposed ANM system
allows for printing various multifunctional materials for the fabrication of functional devices for
sensing and energy applications. For instance, BTO is an important functional material in the
electronics industry because of its superior dielectric, ferroelectric, piezoelectric, pyroelectric,
and electro-optical properties. Using these characteristics, BTO films may find applications in
ion sensors, biosensors, and pH sensors. ITO is a key transparent conductive oxide, and its most
prominent applications are in transparent electrodes in liquid-crystal displays, organic light-
emitting diodes (LEDs), and touch-responsive screens, which can be found in smartphones and
flat panel monitors. However, it is also used in applications such as low-emissivity windows,
optoelectronic devices, solar cells, electrochromic windows, plasmonics, and lab-on-a-chip

biosensing.
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b Ablated ITO nanoparticles (TEM) \ ; Sintered ITO

Figure 3.8. SEM images of ablated 1TO (a) and BTO (d) nanoparticles. STEM images of ablated ITO (b) and BTO
(e) nanoparticles. The SEM images of sintered and crystallized ITO (c) and BTO (f).

One of the fascinating advantages of this ANM process is it’s suitability for printing on
numerous substrates, including flexible substrates, paper, metals, glass, and ceramics. This is
because of the dry printing and precision laser sintering nature of the ANM process. Hence, no
liquid, polymer, or other binders are used in this system, and no post-processing steps are
required after the printing process. This enables applications in a variety of fields, including
biosensing, photonics, storage, and sensing.[**8-2% Figure 3.9 shows printed ITO patterns onto
different substrates, including copper, alumina oxide (Al.O3z), PDMS, and paper (AE = 2.3 J/cm?,
S/C E = 0.39 Jlcm?, GFR = 2.8 SLPM, RR = 10 Hz, used for all). This study will be further
extended in future in order to understand the interaction of the sintered nanoparticles with

various substrates and reveal their process-structure-property relationships.
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‘ a ITO on Copper

1TO on PDMS

Figure 3.9. Photographic images of TiO; patterns (200 pm line width) printed on (a) copper, (b) Al.Os, (c) PDMS,
and (d) paper.

ITO lines with variable resistance values were successfully printed by real-time resistance
monitoring during the printing process, as demonstrated in Figure 3.10. The resistance that can
be controlled over a large range from 1 kQ to 10 MQ is ideally suited for low cost flexible
electronic circuits. The resistance of printed lines was altered by repeating the printed path
(number of the printed layers) to increase the thickness, while the length and width of the printed
resistor line remained unchanged. Figure 3.10a shows the schematic diagram of the printing
process and real-time resistance measurement. First, two ITO contacts were fabricated on PET
substrate. By connecting two contacts to a digital multimeter, the resistance of the line was
obtained in real-time during the printing process. As shown in Figures 3.10b-e, the number of
printed paths, or equivalently the thickness of the printed ITO line, affected its resistance. More
number of printed paths resulted in lower resistances, while less number of printed paths resulted
in higher resistances. In addition, the printing process parameters such as repetition rate and
sintering/crystallization energy also affected the resistance versus the number of printed path

relationships, as shown in Figures 3.10b-d.
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Figure 3.10. Real-time electrical resistivity measurement of 3 mm long lines while being printed by the ANM
process as a function of the number of printed paths. Schematic illustration of deposited ITO line between two
contact pads on a flexible PET substrate while the resistance is measured in real-time via a connected multimeter to
pads (a). S/C E = 0.156 J/cm?, RR = 10 Hz (b) S/C E = 0.156 J/cm?, RR = 20 Hz (c) S/C E = 0.23 J/cm?, RR= 10 Hz
e) S/C E = 0.23 J/cm?, RR = 20 Hz (d).

3.4 Conclusion

In summary, this paper reports the first demonstration of a novel laser-based additive
nanomanufacturing method that enables the printing of various functional materials on different
substrates. This new method allows the in-situ and on-demand formation of various nanoparticle
building blocks in atmospheric pressure and at room temperature. These nanoparticle building
blocks can be directed toward the substrate through a nozzle forming a stream of nanoparticles
that can be laser sintered/crystallized on various substrates in real-time. A set of comprehensive
experimental studies were performed to decipher the effects of process parameters (gas flow rate,
time, overlap, sintering energy, frequency repetition rate, thickness) of this ANM process on the
printed materials and structures. Scanning electron microscopy and transmission electron
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microscopy were used for grain size confirmation. This method inherits the merits of producing
nanoparticles that are dry, solution-free, and intrinsically pure that can be simultaneously laser
sintered and crystallized to form contamination-free multifunctional materials prints on various
rigid and flexible platforms such as PDMS, Si/SiO», paper, and ceramics. This method enables
the future additive nanomanufacturing of hybrid multifunctional material and structures and print

devices with complex functionalities.
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CHAPTER 04
Dry Printing and Additive Nanomanufacturing of Flexible Hybrid
Electronics and Sensors

4.1 Introduction

The research and development on flexible hybrid electronics (FHES) has been rising rapidly due
to its wide range of applications in healthcare, consumer products, automotive, aerospace, and
energy industries.'??"l The conventional lithography-based processes for manufacturing
electronics are often complicated, time and energy-consuming, relatively expensive, and produce
a large amount of waste materials (washing—cleaning—disposal requirements).*281 Thus, much
effort has been put toward inventing new techniques for direct printing and additive
manufacturing of electronics on desired flexible and rigid substrates,[*%¢: 107. 128-134] gch as
polyimide and polyethylene terephthalate (PET).[**>137] Different fabrication strategies have been
proposed for additive nanomanufacturing of electronics.[*31431 The most common direct-write
technologies in the field of printed electronics are inkjet printing (1JP) and aerosol jet printing
(AJP).[126. 144-148] Thege technologies allow the precise deposition of liquids containing functional
materials. Recently, Patil et al. printed silver (Ag) nanowires (resistance < 50 Q sq ') on flexible
substrates via inkjet printing.[**® Gilshtein et al. demonstrated inkjet-printed indium tin oxide
(ITO) patterns with a resistivity of 3.1 x 1073 Q cm on soda-lime glass.[***] Chen et al. showed
aerosol jet printing of Ag with a sheet resistance of 1.13 x 1072 Q/m? on cellulose fiber paper
substrate.[*4”] However, the current ink formulations used in 1JP and AJP processes make device
fabrication more complicated because they require toxic solvents and additives that limit the

substrate’s compatibility and hinder the device’s performance.[" 1521 Also, nozzle clogging in
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IJP is a common and extremely complex phenomenon.*>8l Furthermore, to guarantee a high
conductivity of the printed structures, aerosol printing usually requires a high sintering
temperature (e.g., ~280 °C) and a long sintering time (e.g., 12h on a glass substrate). This limits
the AJP to only a few types of substrates.[**”] As a result, a new direct printing and patterning
method is needed to overcome the challenges. Moreover, the new printing and patterning
methods also need to be capable of printing structures with good reliability under repeated
mechanical bending and unbending processes.

Motivated by these challenges, here, we demonstrated a novel additive nanomanufacturing
technique recently developed in our lab for manufacturing FHEs and sensors by printing
conductive Ag and ITO on different flexible platforms such as polyimide and PET substrates.
Conductive Ag is typically used to print electronic tracks, electrodes, and antennas.[t5* 5
Transparent conductors such as ITO are utilized in the printing of components such as flexible
strain sensors, solar cells, and organic light-emitting diodes (OLEDs).[%6-15%1 The main principle
of our ANM printer is the in-situ formation of pure and dry nanoparticles produced by
condensation of laser-plasma plume in atmospheric Ar pressure, which is then guided through a
nozzle onto a substrate that is sintered in real-time, forming the desired patterns. The mechanical
reliability of ANM-printed samples has been shown by investigating the resistance change of the
samples via bending and cycling tests. FHESs and sensors such as near-field communication
(NFC) tag antenna, ITO-based strain sensor and lighting circuits were fabricated on polyimide
and PET substrates to demonstrate their performances in this printing approach. This novel ANM
and device manufacturing method is a promising technology for future manufacturing of the
FHEs and sensors directly from dry and pure nanoparticles generated and sintered in on-demand

and in real-time.
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4.2 Experimental Setup

Figure 4.1. Schematic illustration of ANM process for dry printing Ag and ITO on flexible substrates (a). A 2 x 2
cm? printed Ag NFC tag antenna (four loops with a total length of ~32 cm and ~1.38 Q cm resistance) connected to
a self-power M24LRO4E IC enabling communication with a phone device (b, c). Printed FHEs circuit on the

polyimide substrate (d).

Figure 4.1 shows the schematic illustration of the ANM printer consisting of a microchamber, a
rotating target, a nozzle, and a gas flow feeder system. A Coherent COMPex excimer laser (KrF,

pulse duration 25 ns) beam was divided into two paths; one for laser ablation (LA) and the other
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for laser sintering (LS) processes in the ANM system. These beams were focused onto the
surface of targets and substrates via UV convex lenses. Depending on the type of the materials
and substrates, LA and LS beams’ energy were adjusted to achieve the formation of desired
nanoparticles. Focused LA beam hits the rotating targets, which will result in the formation of
plasma plume that interacts with background Ar gas resulting in condensations and formation of
nanoparticles on-demand. These nanoparticles are then directed toward the substrate through a
nozzle with different diameters ranging from 100 um to 300 pm using a carrier gas. The LS
beam with suitable energy sinters and crystallizes the arrived nanoparticles onto the substrate’s
surface in real-time. As more nanoparticles arrive, the deposition increases and forms a
continuous film.

The substrates were placed on an XY positioning stage and moved according to the
preprogrammed path. The distance between the apex of the nozzle and the substrate was kept
constant at ~ 0.5 mm. Commercially available Ag and ITO targets with 99.99% purity were used
for the ablation and formation of nanoparticles. The diameter of the nozzles used in ANM printer
determined the feature size of the printed lines. The thickness of the printed lines was controlled
by printing speed as well as the number of layer-by-layer printed paths.

It should be noted that since we used only an excimer laser for the ablation and sintering process,
the repetition rate was always the same for ablation and sintering processes. Typically, lasers
with shorter wavelengths (higher photon energy) and shorter pulse widths (high peak power) are
suitable for the efficient ablation of a wide range of solid targets. Also, depending on the type of
materials and substrates involved in the process, various sintering energies should be employed.
Moreover, the shallow absorption depth of UV laser used here allowed us to slightly sinter the

generated nanoparticles without damaging the underlying substrates.
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Figure 4.1b shows an example of a 2 x 2 cm? printed Ag NFC tag antenna (four loops with a
total length of ~32 cm and ~1.38 Q cm resistance) printed on a polyimide substrate. The
mounted M24LRO4E IC was programmed to launch our group’s website. As shown in Figure
4.1c, the group website pops up on display by holding the cellphone in the proximity (~ 1 cm) of
the printed NFC tag. Figure 4.1d demonstrates the printed FHESs circuit on the polyimide

substrate via ANM process.

4.3 Results and Discussion

4.3.1 Nanoparticles Generation and Sintering

To confirm the nanoparticle formation and analyze their size distribution, we performed
scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)
measurements on the as-generated nanoparticles. While the LS beam was blocked, we collected
laser-ablated Ag and ITO nanoparticles (ablation energy (AE) = 2 J cm™2, gas flow rate (GFR) =
2.8 SLPM, sintering/crystallization energy (S/CE) = blocked, repetition rate (RR) = 10 Hz). The
SEM images of the unsintered and laser-sintered nanoparticles are shown in Figure 4.2a and d.
Figure 4.2b and e shows the bright-field (BF) STEM images of the captured Ag and ITO
nanoparticle, which were directly deposited onto the TEM grids for measurements. According to
the STEM images, the size of the generated nanoparticles was in the range of 3-10 nm diameters.
The unsintered nanoparticles form a fluffy structure that is loosely attached to the substrate.
When these nanoparticles were laser sintered during the process, they fused together to form a
solid line. Figure 4.2c and f shows the sintered Ag and ITO nanoparticles. The sintering energy
was 0.08 J cm2 and 0.13 J cm™ for Ag and ITO, respectively. Figure 4.3 shows a cross-sectional
SEM image of the printed Ag line confirming the sintering of the ablated nanoparticles on

SiO> substrate.
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Ablated ITO
Nanoparticles

Figure 4.2. SEM images of laser-ablated Ag and ITO nanoparticles, respectively (a, d). BF-STEM images of laser-
ablated Ag and ITO nanoparticles, respectively (b, ). SEM images of laser-sintered Ag (c) and ITO (f).

Figure 4.3. Cross-sectional image of printed and sintered silver nanoparticles on SiO; substrate via ANM process.

SEM images in Figure 4.4 show the morphological and electrical resistance evolution of the
sintered Ag nanoparticles at different sintering laser energies. By increasing the crystallization
energy while other parameters (AE = 2 J cm™2, RR = 40 Hz, GFR = 2.8 SLPM, laser beam
overlap= 93%, deposition time in each point=20 ms, number if printed path= 6, and nozzle
diameter size= 300 pum) are kept constant, the nanoparticles start to fuse together. The highest
porosity was seen at the lower sintering energy (~0.03 J cm™2), and the lowest porosity was
achieved at the higher laser sintering energy (~0.11 J cm™2), as shown in Figures 4.4a and i,

respectively. It should be noted that the laser energies below the abovementioned lowest
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threshold did not impact the particles, and energies above the higher threshold resulted in
reablation of the deposited particles. Moreover, the electrical resistivity of the printed lines
decreased as the sintering laser energy increased (shown in the upper right corner of the figures).
As it has shown in Figure 4.4a-i, 40 Q cm and 7 Q cm resistance were measured for lowest and

highest sintering laser energies, respectively.

Figure 4.4. SEM images of morphological evolution of the printed Ag lines with different sintering laser energies as
indicated on the bottom left corner of each figure (a-i). By increasing the sintering/crystallization energies, the

porosity and resistance (shown upper right corner of each figure) of the printed lines decreased accordingly.
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Figure 4.5. The thickness of sintered Ag (a) and ITO (b) as a function of the number of the printed paths at 4
different repetition rates 10 Hz, 20 Hz, 30 Hz, and 40 Hz.

4.3.2 Factors Determining Electrical Properties of the ANM-Printed Lines

For the given process parameters (AE = 2 J cm~2, S/CE= 0.09 (Ag) and 0.39 (ITO) J cm2, GFR
= 2.8 SLPM, laser beam overlap= 93%, deposition time in each point= 20 ms and nozzle
diameter size= 300 pm), the thickness variation of the printed Ag and ITO lines on the polyimide
substrates was analyzed at four different laser repetition rates (i.e., 10 Hz, 20 Hz, 30 Hz, and 40
Hz), as shown in Figure 4.5. In the case of Ag (Figure 4.5a), at 10 Hz repetition rate, the
thickness increased from ~1 um to ~60 pum when the number of printed paths increased from 1 to
20. Also, while the repetition rate increased (e.g. 40 Hz), the thickness of printed Ag layers
increased in each path compared to a lower repetition rate (e.g. 10 Hz). This could be attributed
to the fact that the ablation rate and hence the number of in-situ generated and sintered
nanoparticles increase at higher repetition rates. The influence of gas flow rate (GFR), repetition
rate (RR), and laser sintering/crystallization energy (S/CE) on thickness and resistance of printed
TiO2 and ITO is comprehensively discussed in our previous work,™22 where we showed that the
thickness of the ANM-printed TiOz is directly proportional to the number of printed paths and

repetition rate.
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Here, we have also performed a systematic study to investigate the influence of repetition rates
and the number of printed paths on the printing speed and electrical conductivity of printed Ag
lines on polyimide substrates. Similar information for ITO lines are reported in our previous
study.[*??l Figure 4.6a-d represents the real-time resistance monitoring of 1 cm long printed Ag
lines on polyimide substrates at different repetition rates ranging from 10 Hz to 40 Hz while
other parameters were kept constant (AE =2 J cm™2, S/ICE= 0.1 J cm 2, GFR = 2.8 SLPM, laser
beam overlap= 93%, deposition time in each point= 20 ms, and nozzle diameter size= 300 pum).
As shown in Figure 4.6, the electrical resistance of the printed lines decreased by increasing the
number of printed paths and hence increasing the thickness of the printed lines, while the length
and width of the printed resistor line remained unchanged. Also, increasing the repetition
rate from 10 Hz to 40 Hz increased the line thickness and hence reduced the resistance down to
~16 Q cm with just one path of printing. It can be seen from Figure 4.6a and d that using 40 Hz
repetition rate and one-time printing path, the resistance reaches ~ 16 Q cm, while for achieving
the same resistance at 10 Hz repetition rate, the number of printed paths should be around 30
times. The Ag resistance could be tuned from 1 Q cm to ~200 KQ cm by adjusting the
abovementioned process parameters. As a result, the ANM-printed lines and materials could be
potentially used to realize fully printed FHEs. The print resolution of the ANM was tested down
to 100 um using common commercial printing nozzles. Printing thinner lines (e.g., < 100 pum)
may be possible using smaller diameter nozzles since our ANM technique uses nanoparticles

with an average size of 3-10 nm.
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Figure 4.6. Resistance of ANM-printed Ag lines as a function of the number of printed paths for four different
repetition rates, including 10 Hz (a), 20 Hz (b), 30 Hz (c), and 40 Hz (d).

4.3.3 Reliability Testing of the ANM-Printed Ag Lines on Flexible Substrates

To test the reliability of the printed lines, we printed a set of Ag lines with the experimental
parameters shown in Table 1. The reliability of these ANM-printed lines was investigated under
the static and cyclic bending studies. Consequently, mechanical strain such as bending, cycling,
and stretching may change the electrical performance of the printed lines. Thus, we performed
in-situ measurements to measure the changes in the resistance of the printed lines under different
bending radii and compressive stresses. Figure 4.7a shows the schematic of the bending/cycling
test setup. For instance, we tested different bending radii ranging from 77 mm to 16 mm
equivalent to 0.08% to 0.5% strain. Figure 4.7b-d shows the variations in the electrical

resistance of printed Ag lines as a function of different strains at three different numbers of
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cycles. The resistance change (AR/Ro) and the strain on the device were calculated using the

equations:

RS_RD

R (%) = 100 (1
R (%) = X (1)

V]

teubstr
Strain (%) = =259 % 100 (2)
bend

where Ro, Rs, tsunstrate, Roend are initial resistance, under-stress resistance, substrate thickness, and
bending radius, respectively.[*% 611 |n the case of Ag, the resistance increased as it was bent for
just one cycle, but the values of the resistance did not change drastically from the initial
resistance values (e.g., Ro=10.4 Q cm to Rs= 11.5 Q cm at the maximum strain of 0.5%). As it
is shown in Figure 4.7b-d, the resistance increased more at higher bending strains (lower
bending radius). As shown in Figure 4.7b, the largest change in resistance was for conditions
where the initial resistance was 22.4 Q cm, and the final resistance was 25.5 Q c¢m at 0.5% strain.
Also, the smallest change in the resistance seen in Figure 4.7b was for resistance changing from
an initial resistance value of 10.8 € c¢cm to a final resistance of 10.9  cm at 0.08% strain.

The results from the 50 cycling tests are demonstrated in Figure 4.7c. According to the results,
the resistance increased only slightly. The mean average of the overall change in resistance was
1.97 Q cm. Thus, these Ag samples could tolerate a large strain with a slight increase in their
electrical resistance. The results for 1000 cycles for different strains are presented in Figure
4.7d. Also, we observed that during the first 50,000 cycles, the resistance increased for a 10 Q
cm Ag line up to ~20 Q cm (i.e., 100%), then the resistance started to increase continuously to
more than ~38 Q cm at 1,000,000 cycles. Relaxation time for this sample was around ~1 hour,
and the final measured resistance was ~27 Q cm. Low resistance deviation in bending radius

beyond 40 mm (0.19% strain) and after numerous folding/unfolding cycles demonstrates the
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reliability of ANM printing process for manufacturing flexible electronics and sensors. Similar to
the 1JP and ASJ printing, the increase in electrical resistance could be attributed to the formation
of cracks in deposited materials. When the substrate is stretched, the high flexibility of the
substrate and the less stretchable Ag causes crack formation, which ultimately causes the change
of the resistance. Higher bending and stress accelerated the dislocation and crack formation in

the sintered materials.
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Figure 4.7. Schematic illustration of bending/cycling testing setup (a). Bending results of the ANM-printed Ag line
for 1 cycle (b) and 50 cycles (¢). (Initial resistance: red, 10.8 Q cm; purple, 13.6 Q cm; black, 22.5 Q cm; green, 25
Q cm; Blue, 22.4 Q cm). Bending results of the ANM-printed Ag lines after 1000 cycles (d); (Initial resistance: red,
6.4 Q cm; black, 20 Q cm; green, 6.5 Q cm; Blue, 8.3 Q cm).
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Table 4.1- Experimental parameters used for printing samples of Figure 4.7.

Figure AE [Jcm?]  S/CE [Jcm?] GFR RR Number  Deposition Time Nozzle
4.7 [SLPM]  [Hz] of in Each Point Diameter Size
Printed [ms] [um]
Path
a 2 0.08 2.8 10 30to 40 20 300
b 2 0.08 2.8 10 30to 40 20 300
c 2 0.08 2.8 40 1to7 20 300

4.4 Functionality Demonstration

4.4.1 Printing Strain and Temperature Sensors

ITO is a transparent conducting layer that has been used in numerous applications. Although ITO
has a low sheet resistance and excellent transparency, printed ITO lines on flexible substrates are
usually micro/nanocrystalline structures with grain boundaries and pores, which might form
micro/nano cracks under tensile strains. These changes in properties can be exploited for strain
sensors, touchscreens, and motion detectors applications.[*%]

We used a servohydraulic fatigue testing machine for displacement-controlled stretching tests, as
shown in Figure 4.8a. ITO lines were printed onto the PET substrates (55 mmx5 mmx0.175
mm) using process parameters reported previously.!*?? Stretching tests for the printed ITO lines
on PET were performed for different stretch levels. The amount of stretch was controlled with a
precision of 0.18% to 0.9% displacement. All of the stretched samples were subjected to 100
cycles. For instance, Figure 4.8b shows the change in the resistance when subjected to 0.18% to
0.9% displacement for a printed ITO sample with initial resistance of ~1.18 KQ cm. For the case
of 0.18% displacement, the resistance change was less than 5%, while for 0.36% displacement, it
is about 16%. For the case of 0.54% to 0.72% displacement, the resistance change was around

~50%. Applying 0.9% displacement resulted in a gradual resistance change of up to ~400%.
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Above 0.9% displacement, permanent substrate plastic deformation was observed, resulting in

resistance overload. The cycling frequency was kept at 1 Hz for all the samples.
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0.18% t0 0.72%
displacement

20 40 60 80 100

Cycle Number
C
. a 5 [
—_ 80 - v *
g st
o 60 ool g
g : " 3L
40 | v. *
e 2
20 v
-: 1
op oL . . . .
00 01 02 03 04 05 06 0 5 10 15 20

Figure 4.8. Digital image of fatigue setup used for stretching tests (a). Change of resistances in ANM-printed ITO
strain sensor during 100 cycles at different strain levels (b). ITO bending results printed by ANM system for 1 cycle
(c); Initial resistance: purple, 420 Q cm; black, 550 Q cm; red, 1300 Q cm; green, 1600 Q cm. The graph of
normalized resistance variance at 0.19% strain during 9 cycles at 20 seconds (d) (inset is the optical image of the
ITO strain sensor). SEM images of the ITO surface before (e) and after (f) stretching showing signs of crack

formation (red ellipse).

The bending experiment was also used to demonstrate how the ITO resistance changes at
different bending radii, as shown in Figure 4.8c. The initial resistance of printed samples was
between 420 Q cm to 1600 Q cm. Figure 4.8d shows the normalized resistance variance of
strain sensor during 20 seconds at 0.19% strain and 9 cycles. The inset image in Figure 4.8d
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shows the printed ITO strain sensor on PET substrate. Furthermore, Figure 4.8e, f shows the
SEM images of an ITO line before and after stretching. As it is shown in Figure 4.8f, under
0.9% displacement applied strain, small cracks appeared in the line that dramatically increased
its resistance. Increased strain levels increase the crack density and widen the spacing between
them, and hence the resistance increases. Adversely, when the cracks close, the resistance

decreases.

4.4.2 Ag Temperature Sensor

Temperature (°C)

Figure 4.9. Optical image of a bent temperature sensor (a). The inset image shows the top-view picture of the

temperature sensor. Relative resistance changes at temperatures ranging from 30 °C to 80 °C (b).

Ag meander-shaped ribbon (300 um width and 1.5 cm length) was ANM-printed as a
temperature sensor, as shown in Figure 4.9a. The sample was placed onto a hotplate to measure
the sensor response, and the temperature measurement range was performed from 30 °C to 80 °C
with 10 °C temperature increment and 5 minutes wait time at each temperature. Figure 4.9b
presents the percentage of resistance change at different temperatures. The sensor temperature
coefficient resistance was extracted to be about 8.77 x 10~ *°C~! which is comparable with
other Ag-based temperature sensors.[62]
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4.4.3 Printing Flexible Hybrid Electronics (FHEs)

We designed and constructed several device prototypes to demonstrate the flexibility and
applicability of our ANM process in printing FHES on a polyimide substrate (Figure 4.10). As it
is shown in Figure 4.10a, on the first step, conductive Ag tracks of the designed circuit were
printed on polyimide substrates. Surface mount devices (SMD) and packaged electronic
components (ICs and light-emitting diodes (LEDs)) were mounted on the predefined positions
(Figure 4.10b). IC’s pins and LEDs pads were connected to the ANM-printed circuit using a
fast-drying Ag paint. The AT-Tiny 85 was programed by configuring an Arduino-Uno as an In-
System Programming (ISP) using the Arduino IDE software. The program initialized the
designated pins (0, 1, and 2) on the AT-Tiny 85 board (running at 8 MHz) as output pins for
LED’s and ran an infinite loop for sequentially powering the LED’s with set delays. By applying
5V voltage to the circuit, as shown in Figure 4.10c-e, the LED’s were turning on in sequential

order. Figure 4.10f shows the circuit operating while it is bent and under strain.
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Figure 4.10. Conductive electronics circuit and pattern of Ag printed by ANM process on polyimide substrate (a).
Mounted SMD IC and LEDs on the circuit (b). Sequential turning on LEDs programmed by IC while 5V is applied

(c-e). Circuit working under bending pressure (f).

4.5 Conclusion

In summary, we demonstrated a dry printing additive nanomanufacturing of FHEs and sensors
on flexible polyimide and PET substrates. In-situ laser-generated nanoparticles inside a
microchamber were used as the building blocks for manufacturing and printing conductive and
functional lines and patterns by laser sintering them onto the substrate as they exit the nozzle at
room temperature and atmospheric pressure. Ag and ITO lines and patterns with resistance down
to 1 Q cm and 100 Q cm, respectively, were achieved by controlling the number of printed paths
and repetition rates while using optimum sintering laser energy. We ran mechanical reliability
tests such as cycling (0.08% to 0.5% strain) and stretching (0.18% to 0.9% displacement) on
additively manufactured Ag and ITO on 127 pm thick polyimide and 200 pm thick PET
substrates, respectively. The results showed that all the Ag lines are still conductive at the
highest testes strain, even after 1,000,000 cyclings. Also, ~5% to ~400% change of resistance in
ITO-printed lines under 0.18% to 0.9% displacement. Conductive NFC antenna tag, strain
sensor, temperate sensor, and FHEs were printed on polyimide and PET substrates, and their
performances were measured. The printing flexibility, printed line quality, structural and
mechanical properties as well as device performances demonstrated the potential use of the
proposed system as an alternative and transformative approach for future printed flexible

electronics and sensors.
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CHAPTER 05

Ink-Free Printing of Copper via Additively Manufactured Electronics

5.1 Introduction

Conventional manufacturing techniques such as photolithography and vacuum deposition,
involve many steps such as mask design and fabrication, dry and wet etching that are expensive,
time consuming, and environmentally harmful. In addition to that, these techniques rely on high-
temperature processing, therefore are limited to conventional substrates such as rigid silicon
wafers and printed circuit boards since these substrates are able to withstand the high
temperatures and pressures 314 A well-suited technology is needed for flexible or stretchable

electronic devices.

An alternative approach is the additive manufacturing or 3D printing, which allows the creation
of complex patterns layer by layer, and it has been adopted to fabricate various device
components such as metals, ceramics and polymers. These technologies can help to reduce the
number of steps and the environmental impact of manufacturing, and can also enable the use of a
wide range of substrates, including flexible and wearable substrates. Micro-scale additive
manufacturing (AM) technologies such as inkjet printing (IJP) and aerosol jet printing (AJP)
have emerged as a solution for printable electronics technology [*>2%. The direct writing nature
of AM eliminates waste of materials and many post processing steps of conventional methods.
Many micro-scale additive manufacturing techniques use ink-based materials, such as
conductive, resistive, and dielectric inks. Metal inks are needed to be annealed after printing so

the nanoparticles sinter together for conductivity, and also to remove the solvents/additives in the
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inks 21 22" Here the annealing temperature is much lower than conventional manufacturing
technique, which enables the use of flexible substrates in micro-scale AM techniques.
Nowadays, flexible substrates are recognized as one of the key foundations of printed electronics
due to their extreme light weight, ability to conform and bend, and their wide range of
applications including in wearables electronics, flexible displays, soft robotics, energy and
storage 212,

Conductive materials such as gold (Au), silver (Ag) and copper (Cu) have many applications
such as solar cells, flexible hybrid electronics, sensors, batteries and super capacitors [163-166],
Gold has high conductivity and it is also resistant to oxidation, however, high price of Au limits
its use for printed electronics. As an alternative, copper and silver have similar conductive
properties. Copper is cheaper than silver (1% of the price of silver) since its abundant in the
Earth (copper is the 25 while silver is the 68™) 211, Therefore, copper printed electronics and
copper-based inks formulation are attracting great attention. However, there are some obvious
problems in copper-based inks printing.

Firstly, melting temperature of Cu is more than silver. High electrical conductivity and
resistivity of printed Cu demands optimized sintering process which is more than 150 °C.
Flexible substrates such as PET, PDMS and paper cannot tolerate at that sintering temperature
(>150 °C) [21 671 To overcome this limitation, polyimide (PI) kapton with high glass-transition
temperature can be used. Pl kapton is lightweight with a good thermal stability which makes it
an ideal substrate for flexible and wearable technologies. Different ink formulations have been
reported to lower the sintering temperature of copper inks 181711 Intense pulsed light sintering

(IPL) has been proposed as a method to sinter as-printed Cu film by flash lamp exposure. This
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technique enables inkjet and aerosol jet printing on thermal-sensitive flexible substrates without
damaging underlying substrate [721,

The second challenge is that achieving low resistivity and long stability of ink-based Cu
printed is difficult since copper is easily oxidized into copper oxide (CuO) and cuprous oxide
(Cu20) when exposed to the air environment 17317°] Some studies suggested stabilizing agents
such as polyvinylpyrrolidone (PVP) in synthesizing copper nanoparticles (CuNPs) to protect
from oxidation 11761781,

Deep knowledge, extensive effort, time, and cost of ink formulation in one hand, post thermal
treatment to eliminate solvents and additives of inks on the other hand, has been resulted in many
effort to invent new dry printing technology [2% 166 1791811 Sreenjlayam et al. showed an
additive-free process by using of laser ablation in liquid for nanoparticles generation and using it
for aerosol jet printing, however, their technique still needs post processing 1821, Also, control of
multiple parameters such as atomizer flow rate, sheath flow rate, nozzle size, printing speed, base
temperature, and print height is not simple to get a fine print. Multi-material print via AJP is
quite challenging due to different viscosity of the materials, cleaning of the nozzle to avoid
blockage and so on [l The author reported a novel ink-free and dry additive
nanomanufacturing (ANM) technique to print multifunctional materials and multi-materials such
as TiO2, BTO, ITO and silver on rigid and flexible substrates in a single step process with no

need for post processing 121 166, 179, 180]

In continuation of our previous works, we have used the additive nanomaufacturing technique
as a dry and ink-free process to directly print and sinter Cu nanoparticles on flexible Pl kapton

substrates. On-demand dry Cu nanoparticles generation via a laser ablation process eliminated
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the ink-related challenges mentioned before. In addition, dry, ink-free, and in-situ sintering of
nanoparticles accelerates the printing process since no post treatment needed. We showed the
good adhesion of printed Cu to the Pl kapton substrate, perfect mechanical reliability under
different bending radii and cycles, and some electronics devices and sensors to demonstrate the

capability of our technique.

5.2 Results and Discussions
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Figure 5.1. Schematic of additive nanomanufacturing printer. Enlarged illustration of on demand Cu nanoparticle
generation (a) and in-situ sintering of Cu nanoparticles on the surface of a substrate (b). SEM of ablated Cu

nanoparticle by a pulse nanosecond laser (c). SEM of real time sintered Cu nanoparticles onto the PI kapton
substrate (d).
In principle, additive nanomanufacturing printer begins with on-demand Cu nanoparticles

formation by laser ablation of a solid Cu target inside the chamber while an inert gas, here argon

(Ar), is pumped in, as depicted in Figure 5.1. The generated Cu nanoparticles are streamed out
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of the chamber through a nozzle by Ar carrier gas (1.186 SLPM), and are focused on the surface
of the substrate. Simultaneously, while Cu nanoparticles are depositing on the substrate, a second
laser passing through center of the nozzle sinters Cu nanoparticles. Enlarged schematic
illustration of on-demand ablated and sintered Cu nanoparticles are demonstrated in Figure 5.1a,
c, respectively. Scanning transmission electronic microscopy (STEM) and scanning electron
microscope (SEM) were used to examine the morphology of ablated and sintered Cu
nanoparticles. Figure 5.1b shows STEM image of on-demand ablated Cu nanoparticles with an
average size of ~10 nm. The Cu nanoparticles with such as smaller radius can effectively reduce
the temperature required for sintering 2% 181, SEM image of laser sintered Cu nanoparticles is
shown in Figure 5.1d which confirms the Cu nanoparticles sinter and fuse together to form a
larger film. 1064 nm pulsed fiber laser coupled to a galvo scanner is used for the target scanning
and ablation process. A second 1064 nm pulsed fiber laser passed through the nozzle and focused

onto the substrate via a convex lens used for the sintering process.
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Figure 5.2. Cu-based interdigital pattern arrays, AU logo, RF and NFC antenna, heater and square matrix printed on

P1 kapton substrates by ANM technique.
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As the main advantage of direct writing techniques, ANM does not need multiple masks
designing for printing different patterns. Instead, it can easily be controlled by the printer
software. Figure 5.2 shows the potential of ANM technology to print some applications such as

antenna, heater, interdigital patterns, humidity and temperature sensor on flexible substrates.
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Figure 5.3. XRD plots of ablated Cu nanoparticles (a), and sintered Cu nanoparticles (b).

XRD measurements of air-exposed generated Cu nanoparticles before and after sintering is
shown in Figure 5.3 a-b and two peaks at 43° and 50° are assigned for crystalline metallic
copper. A general issue is that Cu nanoparticles are tending to oxidize in ambient and air
conditions. The small peak at 36° is showing the presence of a small percentage of oxide in the
ablated and sintered nanoparticles due to exposure to the air in ~4 hours. Some studies reported
various approaches to prevent oxidation with coating of Cu nanoparticles by a protective layer
such as organic polymer, alkene chains, and inorganic materials such as silica and inert metals
(8] The printed Cu samples with ANM printer were done at atmospheric pressure and room
temperature. Creating an inert atmosphere with Ar around the print head, to eliminate water
vapor and oxygen, will definitely improve the quality of oxygen-sensitive materials such as

copper and aluminum,
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Gas flow rate, laser ablation power, laser sintering power, nozzle size, print speed, number of
printed layers and distance between the nozzle and substrate are the parameters which need to be
controlled in the ANM process to print fine and good materials. For different gas flow rates,
three different laser ablation powers, two different printing speed and five different printed layers
has been studied while the laser sintering power, nozzle size and the nozzle and substrate
distance kept constant 0.5 W, 400 um and 1 mm, respectively. The summary of results has been
shown in Table 5.1. It is worth to mention that increasing the power of ablation laser will result
in generation of more nanoparticles and therefore increment of printed thickness in few printed
layers which lead to lower resistance. Although, higher gas flow rate accelerates the deposition
rate but since the higher flow affect the heat generated by the sintering laser and cooling process,

and therefore at higher gas flow rate, sintering power needs to be more.

Table 5.1. ANM process parameters relationship at different gas flow rates, printing speed, and laser ablation

powers.
48W Laser Ablation Power 54W Laser Ablation Power 60W Laser Ablation Power
Gas(;t:::;)late Pass Layer Resistance Resistance (Q) Resistance Resistance (Q) Resistance Resistance (Q)
(Q) at Printing at Printing (Q) at Printing at Printing (Q) at Printing at Printing
Speed Speed Speed Speed Speed Speed
of 2mm/s of 10mm/s of 2mm/s of 10mm/s of 2mm/s of 10mm/s
10 11.8 - 7.3 420 4.6 140
20 5.8 210 4 45 3 26
0.985 30 4.4 53 3.3 20 2.2 15
40 4 31 2.9 15.3 2 13
50 3.7 23 2.3 11.3 1.9 10
10 20 - 9.3 - 13 225
20 7.3 - 5.5 90 4.5 58
13 30 4.5 100 3.7 40 3.2 20.8
40 3.2 40 3.3 36 3 15.8
50 2.3 24 2.9 15 2.7 10.8
157 10 33 - 6.7 - 10 160
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20 8.1 - 34 42 6.1 48-
30 5.3 238 24 19.6 3.8 27
40 4.5 93 2.3 14 2.9 22.8
50 3.7 27 1.9 8.6 2.3 19
10 26 - 13.2 - 10.8 260
20 9.3 - 6 72 5.2 49
2 30 6.3 350 4 31 4.1 26.4
40 4.5 67 3.5 19 35 14.6
50 4.2 31 3.2 15 3 13
8 120 . 16
244 Ablation power: 48W Ablation power: 60W ¢ 12 i Ablation power: 60W
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_ 36} Gasflowrate:1SLPM - Gas flow rate: 1 SLPM —«ﬁ: Gas flow rate: 1 SLPM
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Figure 5.4. Resistance of 10 mm printed Cu as function of number of printed layers at different sintering powers for
printing speed 2mm/s (a). Resistance of 20 layers printed Cu vs. sintering power at 10 mm/s printing speed (b).
Resistance of Cu verses different layers printed (c). Resistance of Cu verses printing speed while all other

parameters kept constant (d). Thickness profile of printed Cu at 3 different printed layers (e). Measured resistivity
based on data of graph c and e (f).
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Table 5.2. Comparison of materials, solvent/additive, method, post processing and resistivity of printed Cu

using different technologies.

Materials Solvent/Additive Substrate Method  Post-processing method Resistivity Reference
(uQ.cm)

Bulk Cu - NA NA NA 1.68
CuNPs 1-Octanethiol PI Inkjet IPL 24 Ref.[186]
CuNPs Polyvidone Pl Inkjet 275 C° Thermal sintering 116 Ref. [177]
CuNPs Polyvidone Pl Inkjet 200 C° Thermal sintering 3.6 Ref. [187]
CuNPs NA Pl Aerosol IPL 20 Ref. [183]
CuNPs Not needed Pl ANM Not needed 12 This study

The effect of laser powers (0.2 to 0.5 W) on the resistance of Cu printed lines has been
investigated at different printed layers for 2 mm/s printing speed. As it is showing in Figure
5.4a, at higher laser sintering power (such as 0.5 W), the resistance of printed 10 mm Cu line is
lower than when using less sintering power such as 0.2 W. Suitable laser power will result in
better melting and sintering of Cu nanoparticles and therefore better resistance. Higher speeds
(such as 10 mm/s) need more power for sintering of the Cu nanoparticles and obtaining same
resistance of 2 mm/s. Figure 5.4b confirm that at 10 mm/s, sintering power needs to be 1.24 W
for better sintering. While all printing parameters such as ablation power, sintering power, gas
flow rate and number of printed layers kept constant, the printing speed changed from 10 to 35
mm/s. As shown in the Figure 5.4d, the resistance increases at higher speed. It is possible to
obtain lower resistance at higher speed by increasing several factors such as laser ablation power,
the number of printed layers and sintering power. The thickness and resistivity of printed 1cm Cu
lines as a function of number of printed layers are plotted in Figure 5.4e, f. The printed thickness
in this case is in the range of 4 to 16 um for the printing layers from 20 to 120. The Cu bulk
resistivity is 1.6812 pQ.cm. The lowest resistivity that we measured was 12 pQ.cm. A

comparison of materials, solvent/additive, method, post processing and resistivity of printed Cu
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using different technologies such as inkjet and aerosol jet printing with our ANM technique is

demonstrated in Table 5.2.

a’’ b
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Figure 5.5. Plot of resistance variation versus day (a) and month (b) in air exposure for three different Cu printed on
PI kapton showing the stable resistance in long period of time. Photograph of printed Cu samples (c).

The change in resistances of three different printed Cu 1 cm lines is measured with a
multimeter under ambient condition and is plotted as a functional of day-by-day and per-month,
as shown in Figure 5.5a-b. The resistances of printed Cu samples exhibited long-term stability

(less than <0.3 Ohm change) over 5 months under ambient conditions without any encapsulation.

AstroAl awncv DM1308

Back of the substrate

LSRN ncE.

Figure 5.6. Photograph image of printed-Cu pads (a), ~900Q SMD resistor reflow soldered to the Cu pads (b), back
of the substrate after reflow soldering (c), measured resistance of the SMD resistor (d).
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Low-temperature solder paste used to mount SMD components on ANM Cu printed pads.
The solder paste used is SMDLTLFP Chipquik with a melting temperature of 138°C. All
components were placed on Pl kapton substrate with solder paste between each contact and its
pad. Using a jet of hot air, the solder pastes melt and reflow and make all the connections. As
shown in Figure 5.6a-d, we successfully mounted a ~909 Q resistor using reflow soldering
without any damage to the printed Cu pads which confirms the quality of sintering and printed

Cu.

Figure 5.7. Digital photo of 1cm by 1cm Cu printed on Pl kapton before adhesion test (a). Digital photo of same
printed Cu sample after adhesion test and removing of adhesion tape (b). Photograph image of Cu printed samples

before and after scratching the surface with hand showing same resistance (c).

In order for printed Cu on PI kapton substrate to fulfill its functionality for future flexible and
wearable applications, the printed Cu must remain adhered well to the PI kapton substrate. The
adhesion of the inkjet printed Cu to the substrate is a major problem. Researchers tried adding

cellulose to ink or substrate pretreating to increase the adhesion of printed Cu to the substrates
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(8] Here, the adhesion test of ANM printed Cu films to the substrate was performed according
to the American Society for Testing and Materials (ASTM D3359) procedure. Cross-cut pattern
(Imm space) was generated on the printed sample using a multi-blade cutter. The adhesion tape
was applied to the sample and then removed. Figure 5.7a shows a 1 cm by 1 cm printed Cu
before the adhesion test. Figure 5.7b shows the remaining area rate after the tape test which
shows ASTM 5B (the highest level of adhesion is 5B and lowest is 0B). In addition, as
demonstrated in Figure 5.7c-e, the resistances of printed Cu samples was measured before and

after scratching with bare hand multiple times, and the results showed no change in the

resistance.
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Figure 5.8. Initial and final resistance of Cu-printed 1 cm line samples at different bending cycles and radii (a-d).

Photograph image showing well-functioning Cu-based flexible hybrid electronic at different bending radii (e, f).

Flexible devices must be capable of undergoing deformation and at the same time the functional
properties and electronic performance parameters must be unaffected by the strain process.
Different applications demands different flexibility of printed samples [ For example,

biosensors directly connects to human skin, therefore high strain is needed. Repetitive strain
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cycles are expected for some other applications such as flexible membrane switches [,
Similarly, for devices that actively measure strains or harvest energy from strain (strain sensors
and piezoelectric generators, for instance), the response to strain should be consistent throughout

the entire device lifetime [1%°],

Figure 5.8 demonstrates another adhesion strength test of ANM printed Cu on Pl kapton
substrate. Here we have performed bending test at 1K, 10K and 100K cycles for different range
of bending radii (14 to 80 mm) to confirm the suitability and applicability of printed Cu for the
aforementioned applications. The initial and final resistance of 1 cm printed Cu lines at different
bending radii and cycles are plotted in Figure 5.8 a-d. Resistance of the lines is stable at first 1K
cycle in all different bending radii. At higher cycle (10K and 100K), the resistance is increasing
slightly likely due to defects created by the compression-extension cycles. A 4 LED flexible
hybrid electronic circuit printed by Cu nanoparticles were subjected to two different bending

radii, as showing in Figure 5.8 e,f, and the circuits worked well even under too much strain.

5.3 Conclusion

We has used a new dry additive nanomanufacturing as an emerging technology to print pure and
ink-free Cu nanoparticles on polyimide substrate for flexible hybrid electronics and sensors
applications. The laser ablation of solid Cu target generates on-demand dry Cu nanoparticles in
presence of an Ar gas. The generated Ar jet flow carries the Cu nanoparticles onto the surface of
polyimide kapton substrate. A secondary laser sinters the Cu nanoparticles without damaging the
substrate in real-time. Using this technique, we were able to get the 12 puQ.cm resistivity.
Resistance of printed Cu measured in 5 months showed negligible variation, confirming the good

stability of printed Cu in long time. 5B classification of ASTM adhesion test confirmed the good
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adhesion between the sintered Cu and polyimide kapton substrate. To demonstrate the
mechanical reliability of printed Cu, different bending radii and cycles were tested and results
showed the excellent reliability of samples. The ANM printer was used to print Cu-based
patterns, flexible hybrid electronics, antenna and sensor that has wide range of applications in oil

and gas industry, flexible electronics, medical and energy storage.
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CHAPTER 06
Multimaterial Additive Nanomanufacturing and Dry Printing of Flexible
Hybrid Electronics

6.1 Introduction

With the emergence of the internet of things (loT), where most objects and systems are
anticipated to be made smart, there is great interest in developing new materials and advanced
manufacturing techniques in order to integrate various functionalities, including sensors,
batteries, displays, and electronics directly onto different surfaces (%1%l Printed flexible
electronic devices are often lightweight, bendable, stretchable, and wearable, with potential
applications in healthcare, energy, aerospace, and defense industries %7 181, Currently, flexible
electronics are mostly fabricated with a single material in a single layer 119292 Most devices and
structures with sophisticated functionalities, such as electronics, optoelectronics, and sensors,
typically require multimaterial deposition. Thus, there are emerging needs for printing methods

that allow multimaterial printing in multilateral configurations.

Currently, state-of-the-art printed electronics revolve around ink-based manufacturing techniques
such as inkjet and aerosol jet printing (1JP and AJP) [*7: 2328, 1461 These direct printing methods
overcome the challenges of conventional lithography-based processes, which require expensive
manufacturing facilities with complex and wasteful processes [166 179, 180, 196, 203-211] ' 13p gnd AJP
techniques have been mostly successful in printing a limited single material in a single process
step. A few printing methods have also been reported that are capable of printing multimaterials
[212-218] 'For example, Skylar-Scott et al.[?*! reported a micrometer-scale printing strategy by fast
switching between viscous materials which are extruded through a single nozzle. Wanjun Liu
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et al.[??! developed an extrusion-based multimaterial bioprinting platform capable of depositing
multiple coded bio-inks in a continuous manner with switching between different reservoirs. Ke
Sun et al.??l showed 3D interdigitated microbattery architectures by printing concentrated
lithium oxide-based inks. Although these extrusion-based printing methods have been used to
fabricate functional devices 2212271 the construction of multimaterial architectures often involves
sequentially printing individual materials using multiple nozzles. Besides the limited availability
of the source materials for printing, the drawbacks of printing one material at a time include the
need for careful alignment of each nozzle as well as start-and-stop ink flow on demand without
introducing defects [228 2291,

Ink-based printing techniques have several other disadvantages as well. The ink formulation is
complex, and developing individual functional ink requires extensive effort, time, and cost. For
example, preparing a functional ink requires multiple steps, including nanoparticle preparation,
nanoparticle suspension in a solution, particle dispersion, centrifugation, homogenization, and
controlling the adhesion and viscosity of inks 28], Thus, multimaterial printing is mainly limited
to non-functional materials due to the trade-off between ease of processing and functionality 2%,
Also, using solvents and additives for tuning the concentration of the inks requires additional
surfactant removal and thermal annealing steps, which complicates the device manufacturing
process 151 2311 Moreover, in solvent-based printing methods, only materials that are soluble in
the printing solvent can be used. However, many functional materials do not dissolve in common
solvents, which significantly limits material selection. New technology is therefore needed to
print fully functional, pure multimaterial structures and devices using a single printer and in a

single process step.
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Here we introduce multimaterial additive nanomanufacturing (M-ANM) and dry printing
technology for printing various pure materials and hybrid structures in a single print. This
method can eliminate the need for assembly, reduce the need for post-processing, and promote
the efficient design of multifunctional devices. This particle-by-particle and layer-by-layer
printing approach is capable of printing various materials by switching between the target
materials in a single run during the print process. The M-ANM is a laser-based technique that
generates nanoparticles on-demand and in situ by pulsed laser ablation of solid targets. The
generated nanoparticles inside the printer head are then guided toward the nozzle and onto the
surface of the substrate by a gas flow, where they are sintered and printed in real-time by a
second laser. A target carousel holding multiple targets is rotated to bring a particular target into
engagement with the ablation laser beam when needed. The rotation of the targets in
predetermined sequences allows the printing of multiple materials onto the substrate in a single
process step. For instance, here, we show the printing of hybrid multimaterial structures using
various materials such as barium titanate (BTO), titanium dioxide (TiO>), tin oxide (SnO), zinc
oxide (ZnO), aluminum oxide (Al203), and silver (Ag). In addition, to demonstrate the capability
of the M-ANM system, fully printed multimaterial devices such as Ag/ZnO photodetectors and

Ag/Al>Os3 electronic circuits are prepared and tested.
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Figure 6.1. Schematic illustration of the multimaterial additive nanomanufacturing (M-ANM) and dry printing
method (a). An example of the process flow for printing a multimaterial conductor/insulator (Ag/Al>03) hybrid
structure (b-g). First, Ag antenna pattern is printed on the polyimide substrate (b). The Al,O3 layer is printed on a
section of the Ag lines as an isolating bridge layer (c). Ag is printed crossing over the top of the Al,O3 layer to
complete the NFC antenna device (d). Photograph of a completed circuit with a M24LRO4E IC chip mounted on the
printed antenna (e). Close-up optical image of the printed insulating Al,O3; bridge with the crossed Ag lines (f).

Image showing the flexibility of the multimaterial printed hybrid NFC antenna (g).

6.2 Experimental Section

A schematic representation of the dry printing M-ANM method is shown in Figure 6.1a. This
dry multimaterial printer consists of a nanoparticle generation chamber, a nozzle, a target
carousel holding multiple targets inside the chamber, a pulsed laser for target ablation and
nanoparticle generation, a gas flow system, and a second laser for sintering the nanoparticles as

they land on the substrates placed on an XY stage under the nozzle.

To demonstrate multimaterial printing, we first printed a silver-based NFC tag antenna with
Al>O3 as the isolating layer. First, the target carousel was adjusted to position the Ag target for
laser ablation and nanoparticle generation process. The nanoparticles were guided toward the
substrate through the nozzle using an argon gas flow. These nanoparticles were then laser
sintered on the flexible polyimide substrate in real-time (Figure 6.1b). After printing the first
predesigned Ag layer, the nanoparticle generation stopped, and the printer head was quickly
pumped to remove the residual silver nanoparticles. Then target carousel was rotated to bring the
Al>O3 target in position for nanoparticle generation and subsequent printing processes (Figure 6.
1c). Finally, for printing the third layer Ag line crossing the insulator bridge, the printer head was
quickly pumped, and the target carousel rotated back to position the Ag target for nanoparticle
generation and printing processes (Figure 6.1d). The NFC tags are magnetically coupled by

inductive loop antennas. A battery is not required to access the tag, whether in write or read
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mode, since the tag harvests the energy needed to operate from the electromagnetic field
generated by the reader. Figure 6.1e shows the completed circuit where the M24LRO4E IC is
mounted on the printed circuit. The mounted M24LRO4E IC was programmed to launch the
group's website when brought to the proximity of a cellphone with NFC system. Figure 6.1f and
g show the close-up optical images of the isolating Al.Oz layer between crossed Ag lines and the

flexibility of NFC antenna, respectively.

The important parameters for the ablation of a target and nanoparticle generation are laser power,
scan speed, and repetition rate. Also, inour laser sintering process, the major processing
parameters that affect the sintering of generated nanoparticles on the surface of polyimide
substrate include the laser power, repetition rate, printing speed, and the number of printing
layers. In general, the size and thickness of prints are controlled by nozzle diameter, the number
of printing layers, printing speed, and gas flow rate.

The laser source for ablation was a pulsed fiber laser (1064 nm) with 1 mJ maximum energy per
pulse. All the samples were printed at room temperature and atmospheric pressure onto ~127 um
thick polyimide substrates. The substrates were located ~1 mm below the nozzle tip, and the gas
flow rate was kept at ~1000 sccm constant during all experiments. It is worth mentioning that we
have previously shown the possibility of employing different types of lasers (e.g., 248 nm

excimer laser) for both ablation and sintering processes 166 1791,
5.3 Results and Discussions

To get a better insight into the size and shape of the nanoparticles, scanning transmission
electron microscopy (STEM) was used to confirm the formation of different nanoparticles such
as BTO, TiOz, SnO, and ZnO, as shown in Figure 6.2a-d, respectively. In general, the

nanoparticles were in the order of ~3 to 10 nm in diameter. The scanning electron microscopy
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(SEM) images in Figure 6.2e-h show the deposited and laser-sintered BTO, TiO,, SnO and ZnO

nanoparticles, respectively.

Figure 6.2. STEM images of BTO (a), TiO; (b), SnO (c), and ZnO (d) nanoparticles generated by M-ANM printer.
SEM images of BTO (e), TiO2 (f), SnO (g), and ZnO (h) sintered by ANM printer.

The effect of laser sintering on the crystallization and sintering of BTO, TiO2, SnO, and
ZnO nanoparticles were further studied by Raman and X-ray spectroscopy methods, as shown
in Figure 6.3. After the sintering process, the Raman spectra clearly showed the characteristics
vibrational modes of the samples. For instance, the Raman modes of the sintered BTO samples
were observed at 260 cm™, 302 cm™ and 717 cm™, representing the crystalline characteristics of
the samples (Figure 6.3a). Similarly, the Raman active modes of TiO2 crystals, including 137
cm?, 386 cm™ and 625 cm™ (Figure 6.3b) were observed, indicating the anatase phase of the
crystallized TiO2 samples. The Raman spectrum of SnO showed the Aig phonon mode at ~204
cm™! (Figure 6.3c), and ZnO showed the representative Raman modes at 435 cm'and 574 cm™!
(Figure 6.3d). Figure 6.3e-h demonstrates the X-ray spectra of sintered BTO, TiO2, SnO, and

ZnO, respectively, reconfirming the crystallinity of the sintered nanoparticles.
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Figure 6.3. Raman spectra of sintered BTO (a), sintered TiO2 (b), sintered SnO (c), and sintered ZnO (d). XRD plots
of sintered BTO (e), sintered TiO2 (f), sintered SnO (g), and sintered ZnO (h).

The versatility of the M-ANM technique enabled us to directly print multiple materials onto the
desired location, either side-by-side or in a layer-by-layer configuration. As an example, the Ag-
SnO-ZnO heterojunctions were printed side-by-side as shown in Figure 6.4a. The close-up
views of the junctions are shown in Figure 6.4b-d. Also, as shown in Figure 6.4e and f,
BTO/ZnO/TiO,, and BTO/ZnO/SnO patterns were printed on polyamide substrates by rotating
the target carousel to bring a particular target into position for nanoparticle generation and
sintering processes. The SEM cross-section of the TiO.-Ag multilayer produced by the M-ANM
technique is presented in Figure 6.49. Energy dispersive spectroscopy (EDS) element maps
shown in Figure 6.4h-j indicate the capability of heterostructures formation made of multiple

materials with clear boundaries.
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Figure 6.4. Optical image of side-by-side M-ANM printed Ag-SnO-ZnO lines (a). Optical images of Ag-ZnO (b),
Zn0O-SnO (c) and Ag-SnO (d) junction. (e, f) Optical images of BTO, ZnO, and TiO- printed on polyamide in a
single run. Cross-section of printed Ag on top of TiO2(g). EDS elemental maps of printed TiO2/Ag hybrid structure
layer-by-layer (h-j).

To understand the correlation between the number of printed layers and the thickness of the
printed lines, their height profiles were measured and analyzed using a KEYENCE optical
microscope. As shown in Figure 6.5a, by increasing the number of printed passes, the thickness
of the printed lines could simply be adjusted. For instance, increasing the number of printed
passes from 10 to 100 layers resulted in thicknesses ranging from ~1 to 16 microns. Figure
6.5b represents the resistance of the printed Ag lines as a function of printed pass numbers. The
lines resistance decreased by increasing the number of printed passes and hence increasing the
thickness of the printed lines. Based on the results from Figure 6.5a,b, the resistivity of the 10

mm lines at different pass numbers was calculated and plotted in Figure 6.5c. Accordingly, we

achieved resistivity as low as ~1x10" Q m at a thickness of ~1 pm.
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Figure 6.5. Thickness (a), resistance (b), and resistivity (c) plots as a function of the number of printed layers
ranging from 10 to 100 passes. Initial and final resistances of the printed Ag-lines under various bending radii and
cycles, including 103 (d), 10 (e), 10° (f), and 108 (g) cycles. Digital photo of custom-made bending and cycling
machine (h).

The mechanical stability, structural durability, and electrical properties of the printed lines were
characterized by performing bending and cycling tests (Figure 6.5d-g). The cycling test on a
series of 10 mm printed Ag lines on 12x4x0.127 mm? polyimide substrates was performed using
a custom-made bending system (Figure 6.5h). The initial and final resistance of printed lines at
different bending radii (12-20 mm) and cycling numbers (102, 10%, 10°, and 10°) were measured
and plotted, as shown in Figure 6.5d-g.

To demonstrate the multimaterial printing capability of the approach, various devices were
designed, printed, and tested. For instance, since photodetectors are an important class of
optoelectronic devices and sensors that translate optical information into an electrical readout
232 we printed an array of Ag-ZnO photodetector printed on flexible polyimide substrate, as
shown in Figure 6.6a-c with 2D and 3D optical images. First, Ag electrodes were printed,
followed by switching the target and printing ZnO. The electrical and optoelectronic

performances of the fabricated photodetectors were measured by a semiconductor
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characterization system (Keithley 2400) under controlled UV LED (0.6 W@405 nm)
illumination. All measurements were performed at atmospheric pressure and at room
temperature. The UV LED was turned on and off with 0.5 Hz frequency. As shown in Figure
6.6d,e, the photocurrent spontaneously increased upon UV irradiation under different voltage
biases (1-5V) and different illumination power densities (0.15 to 0.55W/cm?). The device
exhibited good flexibility and stability even after bending under different bending radii (Figure
6.6f,g). The UV intensity dependence in Figure 6.6h shows linearity over the power density

from 0.15 to 0.55 W/cm?, and the sensitivity is measured as 0.6 pA per 0.1 W/cm?.
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Figure 6.6. Digital photo of flexible Ag-ZnO photodetector arrays (a). 2D (b) and 3D (c) optical images of printed
ZnO-based photodetector. Photoresponses of the sensor under various biased voltages (d) and light intensities (e).
Photoresponses of the ZnO photodetector under various illumination intensities under different bending radii (f,g).
Peak current of photodetector as a function of power density (h).

Another significant challenge in printed electronics is to create line cross-overs without shorting
the circuit 231 This requires a multimaterial printing capability for printing an insulating layer
between the conducting lines. Figure 6.7a shows an example of a printed multimaterial flexible
electronic circuit on polyimide using Ag lines as a conductive layer and Al.Os layer as a

dielectric isolator. To print this device, we designed and printed the first Ag layers. The Ag lines
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exhibited a resistivity of ~1.2x1077Q m. By rotating the target from Ag to Al.Os, the Al,O3
dielectric layer was printed on the pre-defined locations to electrically isolate the crossed Ag
lines. Finally, the Ag lines were printed on the desired location and crossed over the insulating
layers to complete the circuit. The 3D view image and height profile in Figure 6.7b,c shows the
printed multilayer stack of Ag/Al.Os/Ag. After printing, the circuit electronics component,
including the M24LRO4E IC, AT-Tiny 85, two 1KQ resistors, and two LEDs were mounted on
the printed flexible circuits, as shown in Figure 6.7d. The printed device was powered by a 3.3v
coin cell battery. This circuit used the printed NFC antenna along with NFC IC and AT-Tiny 85
microcontroller to read the NFC Data Exchange Format (NDEF) message from a phone via NFC
program to control two output LED's. The expected operation of the circuit shows that the
printed insulating Al.Oz layer completely isolated the bottom and top metal layers. Also, the
crossed-over Ag lines were highly conductive. Furthermore, using this printing method, by
controlling the printing conditions, vertical interconnects that can bridge different heights can be
fabricated. The test results confirmed that separate multilevel metal interconnects were

successfully formed.

a

A|203 400um
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Figure 6.7. Digital photo of the M-ANM printed lines of flexible hybrid electronics (a). 3D optical image of the
printed Al,O3 as the isolator layer between crossed Ag lines of the NFC antenna (b). The height profile image
printed Al;O3 section in the NFC antenna with a thickness of ~140 um (c). Completed flexible hybrid electronic
circuit with all mounted components (d). Digital photo of the circuit showing the red (e) or blue (f) LED switching

via NFC communication controlled by a mobile phone.

5.4 Conclusion

In summary, we developed a new dry multimaterial printing technique that is capable of printing
multiple materials side-by-side and layer-by-layer. The unique feature of this technique was the
generation of dry and pure nanoparticles through pulsed laser ablation of solid targets. The
generated nanoparticles directly exited from the nozzle toward the substrate, where they
were sintered by a real-time laser sintering process at room temperature and atmospheric
pressure. A target carousel holding multiple targets was used to bring different targets in
engagement with the ablation laser beam to print multiple materials. To demonstrate the
capability, ZnO photodetectors with Ag electrodes and multimaterial Ag-Al.O3 FHE circuits
were printed and tested. This versatile and unique M-ANM printing technique was used to print a
variety of materials such as Ag, BTO, TiO2, SnO, ZnO, and Al.Oz that could be used for broad
applications ranging from flexible electronics, optoelectronics, energy storage and harvesting,

space, and medical applications.
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CHAPTER 7

Hybrid Subtractive and Additive Manufacturing for Flexible Electronics

7.1 Introduction

Flexible electronics has gained a lot of attention in recent years due to its many advantages and
potential applications. Their flexibility makes them more durable to damage and other
environmental stresses. In addition, flexible substrates are lighter and thinner than rigid
substrates, which make them the ideal platform for lightweight applications such as wearables or
medical sensors.[233-240]

One of the key advantages of flexible electronics is the ability to use in curved or irregularly
shaped structures such as the human body. In addition, the most significant feature of flexible
devices is where the printed material needs to be able to withstand repeated bending and flexing
without delaminating from the substrate. Therefore, the reliability of flexible electronics is an
important issue because the failure of flexible electronics can cause safety problems, as well as
operational malfunctions. Manufacturing defects, crack and delamination are some causes of
reliability failure in printed electronics processes.[° 2412441 |mprovement of such challenges has
become a key issue in printing different nanoparticles on flexible substrates. Polymer substrates
have attracted extensive research interest for flexible or wearable electronic devices. Among
them, polyimide (PI) is a compatible and promising substrate because of its high heat resistance
and stability, excellent mechanical property, and high chemical resistance. 24!

The formation of a trench is a useful technique for improving the reliability of printed materials,
particularly for flexible electronics. The formation of a trench on PI substrate can improve the

reliability of printed materials by increasing the mechanical interlocking and interfacial region
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between the printed material and the substrate. When a trench is formed on the PI substrate, it
creates a larger surface area for the printed material to adhere the Pl substrate, which improves
its adhesion and mechanical stability. In addition, the formation of a trench can also help to
reduce the stress and strain on the printed material by distributing the forces more evenly across
the surface of the material. This can help to prevent cracks and other forms of mechanical failure.
For example, Matsumura et al. showed fabrication of trench structures by imprint lithography
and subsequent electrodeposition of copper on the trench structures.?*¢1 Rahimi et al. also
reported CO. laser-induced carbonization for trench formation of Pl and then trapping of
aqueous silver (Ag) ionic ink solutions into the carbonized regions.[*’1 However, these
techniques not only use different numbers of processes and setups which make them complex
and costly.

In recent years many cost-effective direct-writing and additive technologies particularly for their
use in printed flexible electronics have been explored as alternative approaches to conventional
clean-room processes with attractive features including reduced material wastage and scalable
manufacturing.[105-107. 138, 248-2511 Among the additive manufacturing techniquest® 115 251, 252]
inkjet printing, aerosol-jet printing, screen-printing, and gravure printing are some examples of
patterning processes that can be used for flexible electronics.[?3 123 126, 191, 253-255] gq|yents,
additives, surfactants, and binders are mixed with pristine semiconducting, insulating, and
metallic materials to enhance the printability of functional inks, hence the available printable ink
formulations are far from ideal.[?* While designing an ink, several considerations are made,
namely, reducing the coffee-ring effect, improving wetting on the surface while suppressing ink
spreading, long-term ink stability, and compatibility with a given printing technique.[*23l Another

crucial aspect of printing processes that use ink is that the additional surfactant removal and
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thermal annealing steps complicate the device manufacturing process.'> Lastly, printing
multifunctional materials (e.g., ferromagnetic, piezoelectric) and hybrid structures with current
technologies is still challenging. Therefore, a new printing technique is needed to address the
aforementioned challenges of current printed electronics technologies. 256

In our previous works, we proposed a new concept of additive nanomanufacturing printer.[2. 17
This printer addressed some of the challenges of current printed electronics technique by
producing pure, dry and solution-free nanoparticles, and also printing multifunctional materials
such as titanium dioxide (TiO.), indium tin oxide (ITO) and barium tin oxide (BTO) on different
substrates such as metals, plastics, glass and ceramics.

Here, we developed a subtractive and additive nanomanufacturing technique (SANM) to easily
form trench structures on Pl substrates and subsequently filling and sintering the trench
structures with the Ag nanoparticles. The present approach relies on firstly fabrication of trench
patterns using laser etching process, followed by filling and laser sintering the trench patterns
with the Ag nanoparticles. Filling and laser sintering the nanoparticles onto the trench structures
of PI will result in increasing in the mechanical interlocking and interfacial region of the printed

Ag nanoparticles and accordingly improving the reliability and fatigue of printed structures.

7.2 Results and Discussions
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Figure 7.1 Schematic illustration of trench formation on PI substrate via 248nm laser etching process (a). Schematic
illustration of completed trench pattern formed on the PI substrate (b). In-situ Ag nanoparticles generation, and laser

sintering of the delivered Ag nanoparticles onto the pre-formed trench (c).

7.2.1 Subtractive Nanomanufacturing-Trench Formation

We have developed a system which is capable of simultaneously fabricating trenches on the Pl
substrates followed by filling these trenches with desired nanoparticles here Ag. Figure 7.1
depicts the schematic illustration of the SANM printer. The SANM printer contains a
microchamber, two vertical and horizontal 248nm laser beams, an Ag target, a nozzle, a XY
positioning stage, and a gas flow system. The source of UV radiation was a coherent excimer
laser with a pulse length of about 25 ns radiating at the KrF line (248nm).

For the trench formation, while the horizontal laser beam is blocked, the vertical laser beam
passes through the microchamber and nozzle is hitting the surface of PI substrate. The schematic
of trench formation process is demonstrated in Figure 7.1a. Absorption of the UV laser photons
will result in direct bond breaking with a certain quantum yield. In general, the laser fluence
must exceed a certain threshold value to cause an irreversible change in the PI surface and forms
trench. This modification threshold fluence depends essentially on the material and the number
of laser pulses applied to the same spot.

For deeper understanding the Pl etching process, we investigated the influence of number of
laser pulses, laser beam fluence, laser repetition rate and number of scanning path on the
formation of trench onto the Pl substrates. Flexible Pl substrates (~127um thick) bought from
American Durafilm were used for all the experiments. The typical distance between the head of

nozzle and surface of Pl substrate kept ~ 0.5 mm constant during all experiments.
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Figure 7.2. Laser ablated 300 um diameter craters in Pl substrate at different number of laser pulses (a). Depth of
ablation plotted as a function of number of pulse (b). 3D view of ablated crater using 40 laser pulses (c). Laser
fluence of ablation was 0.48 J cm™.

7.2.2 Influence of Laser Number of Pulses

The number of pulses N means the PI substrate is subjected to the laser irradiation N times. 1 to
40 number of pulses has been applied to the Pl and the morphology of the Pl surface was
observed and measured with an optical microscope. Figure 7.2a shows the PI substrate subjected
to 1 up to 40 laser pulses. As it is shown in Figure 7.2a, either the ablation does not start with
the first pulse to around 5 pulses or the crater depth is too small to be measured. Figure 7.2b
shows the measured ablation depth as a function of the number of pulses ranging from 1 to 40
pulses. A greater depth is observed for a higher number of pulses. Figure 7.2c shows 3D surface
morphology of uniformly formed crater on the PI substrate irradiated with 248nm excimer laser

fluence: 0.48 J cm2 and 40 laser pulses.
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7.2.3 Influence of Laser Fluence, Repetition Rate and Number of Scanning Path

Figure 7.3. 2D (a) and 3D (b) optical image of PI surface. 2D and 3D view of 10 um trench formed on PI substrate
(c) and (d), respectively. 2D and 3D view of 32 um trench formed on PI substrate (e) and (f), respectively.

For the trench formation, the XY position stage has to move according to desirable
preprogrammed pattern. Figure 7.3a, b show the 2D and 3D view of flat Pl substrate,
respectively. As it is demonstrated in Figure 7.3c, d, 10 um trench created while the laser
fluence, number of scanning path, and repetition rate are 0.97 J cm?, 2 times, and 5 Hz,
respectively. Employing 0.48 J cm laser fluence, 10 Hz repetition rate, and 10 times repeating
the scanning path, 32 um trench formed onto the PI substrate, as it is shown Figure 7.3¢, f. The
nozzle diameter size, delay on each spot and the overlap were set to be 300 um, 20 ms and 67%
for these experiments, respectively.

Depth of trench as a function of number of scanning path for three different laser fluences, well
above the ablation threshold (0.48, 0.71 and 0.97 J cm™), and four different repetition rates (5,

10, 15, 20 Hz) were investigated and the results have been plotted in Figure 7.4a-d.
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Figure 7.4. Depth of trench formed onto the PI substrate versus number of scanning path for three different laser
fluences at four different repetition rates: 5 Hz (a), 10 Hz (b), 15 Hz (c) and 20 Hz (d).

Employing 5 Hz repetition rate, in the case of laser fluence 0.48 J cm™, the depth of trench
increases from ~2 pum to ~20 pum as the number of scanning path increase from 1 to 10 times,
while these changes are from ~3 um to 25 um, and ~3 pm to 30 um for the laser fluence 0.71 J
cm? and 0.97 J cm, respectively. According to these experimental results shown in Figure
7.4a-d, higher laser fluence will result in deeper trench formation. In addition, the depth of
trench has a proportional relationship with the laser repetition rate and number of scanning path,
Figure 7.4a-d. Higher repetition rates form trench with bigger depth. For example, ~110 pum
trench depth is formed for the case of 20 Hz repetition rate, 0.97 J cm™ laser fluence and 10
times scanning path, as shown in Figure 7.4d. However, 10 Hz repetition rate, 0.97 J cm™ laser
fluence and 10 times scanning path will result in ~50 um trench depth formation. As the number

of scanning path increases, the depth of trench increases as well in all cases, Figure 7.4a-d.
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7.2.4 Trench with Different Line Width
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Figure 7.5. Optical images of trenches formed by laser ablation using different nozzle diameter sizes ranging from
~200 pm to ~500 pum (a) to (d). 3D view of created trench via nozzle diameter size 500 pum (e). Surface profile of
~500 um trench (f).

Minimizing the feature size of trenches is another important issue. The sheet resistance is
dependent on the line to width ratio of the printed structures. Trenches with different lines width
can be achieved by employing nozzles with different diameter sizes. Considering the scanning
delay of stage (20 ms), pulse repetition rate (10 Hz), laser fluence constant (0.97 J cm™) and
number of scanning path (5 times), trenches with the width of ~200 um to ~500 pum were
fabricated using nozzle’s diameter size ranging from 200 um to 500 um. The results are shown
in Figure 7.5a-d. Figure 7.5e shows the surface morphology of 500 um trench formed on PI
substrate. Surface profile of ~500 pum trench shown in Figure 7.5f was measured at three

different positions.

7.3 Additive Nanomanufacturing

106



..»@,i

Silver

Figure 7.6. Schematic illustration of dry and pure Ag nanoparticles generated by laser ablation (a). SEM image of
generated Ag nanoparticles (b). STEM image of ablated pure Ag nanoparticles (c). High-angle annular dark-field
(HAADF) images of ablated pure Ag nanoparticles (d). Schematic illustration of laser sintering and printing the Ag

nanoparticles onto the trench (e). SEM image of sintered nanoparticles onto the trench (f).

As shown in Figure 7.6a, when the horizontal laser beam hits the target of solid Ag, it turns
the target into a plasma and will result in-situ and on-demand formation of stoichiometric
nanoparticles, at room temperature and atmospheric pressure. Figure 7.6b shows the SEM image
of generated Ag nanoparticles after hitting 0.2 J cm™ laser beam to the Ag target. The
morphology and size of the ablated Ag nanoparticles with ANM system was confirmed by

STEM measurements. The STEM images of ablated Ag nanoparticles demonstrated in the
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Figure 7.6¢, d shows that the Ag nanoparticles are spherical-like and the average nanoparticle
size is ~10 to 18 nm. The carrier gas such as argon flows and directs these in-situ generated Ag
nanoparticles toward the nozzle head, and then nanoparticles are deposited and sintered by the ~
0.1 J cm vertical laser beam onto the trench formed on PI substrate, as shown in Figure 7.6e.

SEM image shown in Figure 7.6f confirms sintering of the nanoparticles.

Figure 7.7. Optical image of printed Ag on the surface of Pl substrate (a). Surface morphology of printed line on PI
substrate with ~ 60 um height (b). Optical image (c) and surface morphology (d) of ~20 um trench formed on Pl
substrate. Optical image (e) and surface morphology (f) of laser sintered Ag nanoparticles embedded in the trench
formed on Pl substrate.

ANM printing of Ag conductive line on flat Pl substrate without trench is shown in Figure 7.7a.
3D view of line demonstrated in Figure 7.7b shows the deposition of Ag line with ~ 60 um
height. We created a trench on a PI substrate, shown in Figure 7.7c, followed by filling and laser
sintering the trench with Ag nanoparticles, as shown in Figure 7.7e. Surface morphology image
in Figure 7.7d shows that the depth of formed trench is ~20 um. Also, surface morphology in

Figure 7.7f confirms filling and sintering the trench up to surface with Ag nanoparticles.
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Thickness of printed Ag nanoparticles onto the trench is controllable with the number of printing

pass.

7.4 Reliability Test
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Figure 7.8. Cycling results of SANM printed Ag lines with (a) and without (b) trench onto Pl substrates,

respectively.

Special bending and stretching test setups were designed and fabricated. A set of 1 cm length Ag
lines was printed on PI substrate with and without trench by SANM process. We studied and
compared the bending reliability of these ANM printed lines. We measured changes in the
resistance of the samples as they were bended at 16 mm bending radius from 1000 to 30,000
cycles. Figure 7.8a shows the variations in the electrical resistance of SANM printed Ag
embedded into the trench as a function of different cycles. The resistance change (AR/Ro) was

expressed as follows:

AR Rs—Rq
Ry Ry

where Ro and Rs are initial and under-stress resistance, respectively. Same results are plotted in
Figure 7.8b for the ANM printed Ag on flat Pl substrate without trench formation. It can be seen

from Figure 7.8a, b that the reliability of printed lines onto the trench improves drastically
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compared to the lines printed on flat Pl substrates. For instance, the resistance of the Ag lines
embedded into trench increased around 20% to 60% after 30,000 bending cycles, while the
printed Ag on flat Pl increased around 70% to 100% after 30,000 bending cycles. Therefore, the
Ag nanoparticles embedded into the trench of substrate may show a stronger adhesion as
compared to the printed Ag on the flat PI substrate. This adhesion effect is not only because of a
mechanical interlocking effect of the Ag nanoparticles printed at the interfacial region, but also
increasing of the interfacial region. The other plausible explanation is that most likely the
delamination or crack occurs faster in printed Ag on flat Pl substrate. In the case of printing into
the trench, it is more likely that the delamination or crack occurs at lower speed which results in

improvement of reliability of lines.
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Figure 7.9. Normalized change of resistance-cycle curves in response to 0.2 to 0.6 mm displacement for the ANM

printed Ag on flat Pl substrates for 3 different samples (a, b, c). Graphs of stretching test for 0.2 to 0.6 mm
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Sets of 1 cm length Ag lines printed on 50 mmx5 mmx0.127 mm PI substrate, with and without
trench. We measured the normalized change in the resistance as a function of the cycle for the
1000™, 2000, 3000™, 4000™", and 5000™ cycles while the substrates are exposed to stretching
force. Figure 7.9a-c shows the stretching results for the ANM printed Ag on flat Pl substrates
for different samples. We observed the variation in the resistance up to 200% in response to 0.2
mm stretching displacement and up to 2800% in response to 0.6 mm stretching displacement
after 5000 cycles. The stretching results for printed Ag onto the trench is demonstrated in Figure
7.9d-e. The change in resistance after 5000 cycles is up to ~50% and ~300% at 0.2 and 0.6 mm
stretching displacement, respectively. Comparing these results to those of the printed on flat Pl
confirms that high flexibility can be reached in the case of printing samples onto trench formed

on PI substrates.
7.5 Conclusion

We demonstrated subtractive nanomanufacturing of trenches into the polyimide substrates
followed by additive nanomanufacturing of Ag nanoparticles onto the formed trenches, all using
one proposed setup. This setup consists of a nozzle, a rotating target and a gas flow system, all
connected to a microchamber. The microchamber has two windows for passing the 248nm laser
beams. The laser beam, passed through the nozzle, is used for polyimide ablation to form
trenches with feature sizes ranging from ~200 um to 500 pum. Laser-Ag target interaction is
resulting in producing dry and pure Ag nanoparticles which are then delivered into the polyimide
trenches via the carrier gas flow, followed by laser sintering the nanoparticles onto the trenches.
We showed printed Ag nanoparticles onto the trenches formed on polyimide has higher
mechanical interlocking and interfacial region compared to printed Ag nanoparticles on flat

polyimide. As a result, the bending and stretching tests showed better reliability performance in
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case of printing onto the trenches. The subtractive and additive nanomanufacturing printing
technique suggests new potentials for applications in sensors, antenna, smart electronics,

medicals and other applications.

Methods

Scanning Electron Microscopy images were obtained using Zeiss Crossbeam 550 microscope.
The voltage and current were 5 KV and 2 nA, respectively.

KEYENCE VHX-6000 series microscope was used to measure the depth of trenches.
Temperature sensor: the Texas instruments CC2541 Bluetooth 4.0 module is attached to the AT-
Tiny using Tx and Rx for serial transfer of resistance values. Both Bluetooth board and MCU are
powered using a 3.7v battery (LIR-2032). Data is transmitted to an external device wirelessly
(Serial Bluetooth Terminal application on phone or any similar application of PC) using
Bluetooth signals and is visible in form of a plot/raw values. The raw values can either be logged
on the external device or in real time be plotted to see the change in temperature with respect to
time. The printed temperature sensor circuit measures values of resistance at the sensor location

which is measured via AT-Tiny 85 (as a MCU) at a capture rate of 2 Hz+.
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CHAPTER 08

CONCLUSION

Currently, printed electronics are manufactured by wet printing technologies such as inkjet and
aerosol jet printers, which suffer from major drawbacks, including complex and expensive ink
formulations, surfactants/contaminants, limited sources of inks, and the need for high-
temperature post-processing. This dissertation presented a novel additive nanomanufacturing and
dry printing technology for multimaterial printing of electronics, sensors, and energy devices.

First, we showed a new laser-based crystallization technique to print 2D materials on PDMS
flexible substrate. This technique is capable of crystallizing the amorphous 2D materials
deposited by pulsed laser deposition technique on PDMS. However, the need for lithography and
transferring of sample for different process steps made this technique not the ideal for the future
of printed electronics. Later, we introduced a dry and ink-free additive nanomanufacturing
technique (ANM) to print multifunctional materials on rigid and flexible substrates. Using the
ANM technique, silver-based flexible hybrid electronics and sensors printed, and their electrical
and mechanical features were characterized. Multimaterial printing had been introduced to
confirm the capability of the ANM printer. Lastly, as a cheap replacement of silver, copper
printed on polyimide substrate via ANM printer. The dry nature, printing flexibility, purity,
mechanical reliability, and device performance characteristics would bring excitement into the

field of printing functional structures devices for future printed flexible electronics and sensors.

8.1 Additive Nanomanufactuirng of Multifunctional Materials

A new printing concept for additive nanomanufacturing (ANM) of multifunctional material and
structures on various substrates had been demonstrated. In this method, a stream of pure

nanoparticles can be laser-generated in real-time at room temperature and at atmospheric
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pressure. These nanoparticles are then directed toward a printer nozzle and laser-sintered in-situ
to form crystals with desired patterns and structures. Various functional materials (TiO2, BTO,
ITO) had been printed on different substrates, including SiO2, PDMS, and paper. The remarkable
ability of the ANM system is the ability to print any arbitrary patterns of sintered nanoparticles
on the substrates realized by the programmable motion of the X-Y stage during the printing

process.
8.2 Additive Nanomanufactuirng of Silver and Copper

Printed flexible electronics deposit various materials, such as silver and copper, onto a substrate
to create electronic devices and sensors. These materials can be used to create conductive traces,
antennas, interdigital electronics and flexible hybrid electronics. The use of Ag and Cu in printed
electronics is attractive due to their high conductivity and low cost. Utilization the ANM
technology, process parameters for printing of Ag and Cu has been developed, and the electrical
and mechanical behavior has been characterized. The mechanical behavior of the ANM-printed
Ag and Cu lines on polyimide substrates under bending and cycling at different bending radii is
studied and the results showed that ANM-printed Ag and Cu lines have nearly no change in
resistivity even after high bending cycles. These tests validated its good electrical conductivity
and functionality of the printed devices under different strain which makes the ANM as a

potential technique for printing flexible electronics and devices.

8.3 Multimaterial Additive Nanomanufacturing

A multimaterial additive nanomanufacturing (M-ANM) technique was demonstrated, allowing
the printing of lateral and vertical hybrid structures and devices. This M-ANM technique
involves pulsed laser ablation of solid targets placed on a target carousel inside the printer head

for in-situ generation of contamination-free nanoparticles, which are then guided via a carrier gas
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toward the nozzle and onto the surface of the substrate, where they are sintered and printed in
real-time by a second laser. The target carousel is rotated so as to bring a particular target in
engagement with the ablation laser beam in predetermined sequences to print multiple materials,
including metals, semiconductors, and insulators, in a single process step. Various multimaterial
devices such as photodetector composed of Ag/ZnO and flexible hybrid electronic circuit with

Ag/Al>O3z interconnects are printed and characterized.

FUTURE WORKS

The additive nanomanufacturing (ANM) printer and technology has opened a new area of
printed electronics and it has the capability to compete with currently commercialized printed
electronics technologies such as inkjet and aerosol jet printers. As a new developed technique,
ANM has a huge potential for future studies and researches. Additionally, ANM has enables
some features not possible with other techniques. The following has been discussed the future
work that can be done with ANM printer.

1. Solder printing: IJP and AJP are not capable of printing solder materials. The unique
feature of ANM can be utilized for printing solder materials. Printing electronic circuits
and solder simultaneously can reduce the manufacturing cost, and also eliminates the
challenges of reflow soldering.

2. Gas study: Different gasses can be used in the ANM printer not only as the career gas,
but also to make a new phase of materials while sintered. For instance, O, and CHa can be
employed in ANM.

3. High temperature applications: The ANM printer can be used for printing new materials

such as Ni or Nb on ceramics substrates for high temperature applications.
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