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Abstract

There is &ways great interesh finding new advanced manufacturing techniques to pave the way
for realization of future flexible and wearable electronizisect printing of functional materials,
structues, and devices on various platforms such as flexible it sigostrates are afiterest for
applications ranging from electronics to energy and sensing to biomedical devices. Current
additive manufacturing (AM&t micro scalgrocesses are either limitdoy the available sources

of functional materials or requit® be in the form oprecisely designed inks. In addition, the
existence of surfactants/additives in inks add further printing complexity and contamination
issues to the process. Here, for thestftime, we report a novel lasbased additive
nanomanufaaring (ANM) system apable of imsitu and ormdemand generations of
nanoparticles that can serve as nanoscale building blocks femmneasintering and printing a
variety of multifunctional marials and patterns at atmospheric pressure and tempeiatere.
show the ability @ print different materials, including titanium dioxide (B)Obarium titanate
(BTO), and indium tin oxide (ITO), on various rigid and flexible platforms such as silicon
dioxide (SiQ), paper, polydimethylsiloxane (PDMS), and polydtimg terephthalate EY)
substrates. This nonequilibrium process involves a pulsed laser for the ablation of targets and in
situ formation of pure amorphous nanoparticles in atmospheric pressilitemperature. These
amorphous nanoparticles are then gdidlerough a nozzle & an inert carrier gas onto the
surface of the substrate, where they are sintered/crystallized itimmealWe further show the

processstructure relationship of the printetaterials from nano to microscale.



We demonstrated the dpyinting and additivananomanufacturing dfexible hybrid electronics
and sensors on flexible polyimide and PET substraidse electricaland mechanical
characterization of the printed lineeatudied,and dfferent flexible hybrid electronicslesigns

are printedandthe peformance of the deviceme tested

Silver is the68" most abundant element the earth while copper is the ¥5which makes
copper cheape(1% of the price ofsilver). Therefore, printing copper haattractedmore
attention because of its huge potentidding this technique, we were able to get thed1¥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 pelyiaptbn substrate.

We upgraded the ANM printeto a multimaterial additive nanomanufacturing -ANM),
allowing the printing of lateral and vertical hybratructures and devices. By using AINM
technique, various miinaterial devices s as silver/zinc oxide (Ag/ZnO) photodetector and

hybrid silver/aluminum oxide (Ag/ADzs) circuitshas been printed and tested

The formation of a trench can increase the mechanical interlocking and interégade of the
printed material, which can improve its reliabilitWe demonstratec facile technique for
simultaneouslycreatingtrenchinto polyimide substratesia laseretching procesdollowed by
printing andsintering thdaserablatedsilver (Ag) nanoparticle®ntothe embeddedrenchin the
polyimide substrateThe irradiaéd areas is evaluated by meafnhoptical microscopyand the
relationship between laser beam flugralse repetition rate and numberseanningpathto the

depth of created trenah described.
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CHAPTER 01
INTRODUCTION TO ADDITIVE MANUFACTWARIRG TO MICRO
SCALE

1.1 Additive Manufacturing

Additive manufacturing (AM) processes, commonly known as 3D tipgn builds up
geometrically complex parts at the macroscale by adding reizeolayers o materialfrom a

sliced computerided design (CAD) filél. This singlestep process allows the design of custom
parts andeduction of fabrication time, cost, and material consumption compared to conventional
manufacturing method3¥he AM can be classified into seven categs, as showm Figure 1.1.

Many of the currently availabl&M techniques arased forprinting 3D parts athe macro scale.
These methods, such pswder bed fusion and directed energy deposiéicnused for a variety

of industries such as aerospaagtpenotive, healthcare, and consumer products. However, there
are also somenicro/nanoadditive manufacturing methods that operate printed electronic
technique Inkjet and aerosol jet printing offer the possibility of misgale fabricating for

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

1.2 Additively Maufactured Electronics

Nowadays, flexible substratese recognized as one of the key foundations of printed electronics
due to their extreme light wdig ability to conform and bendand their wide range of
applications includingin wearables electrorsg flexible displays,soft robotics,energy and
storagel?12. Conventionalelectronicmanufacturing techniquesuch as photolithography and
vacuum deposition, involve many steps such as mask design and fabridatiand wet etching
that are expensive, time consumirand environmentally harmful. In addition to that, these
techniquegely on hightemperature pressing, thereforare limited to conventional substrates
such agigid silicon wafers and printed cint boardssince hese substrates are able to withstand

the high temperatures and pressites®. Flexible substrates are oftemadeof polymerbased
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materials, with cannottolerate high temperature processes. Tlmgdgstratesan experience
deformation melting or warping at high temperatureshich make them unusable for the
intended applicationAdditionally, high temperature processesn damage active or passiv
componentgprintedon the substrate. To avoid these issna@sro-scale additive manufacturing
(AM) technologiesuch as inkjet printing (IJP) and aerosol jet printing (AR)eemerged as a
solution for printable electronics technology additively maufactured electronics (AME}>

201 These technologgan hep to reduce the number of steps and the environmental impact of
manufacturing, and can also enable the use of a wide range of substrates, includiteggafelxi
wearable substrate$he direct writing nature of AM eliminates waste of materials and many
pog processing steps of conventional metholkany micrescale additive manufacturing
techniques use inkased materials, such as conductive ste, aml dielectric inks Metal inks

are needed to be annealed after prindathe nanoparticles sinter tager for conductivity, and
alsoto remove thesolvents/additives in thimks 2% 22l Here he annealing temperature is much
lower than conventional manufactugi technique, which enables the use of flexible substrates in

micro-scale AM techniques.

1.2.1 InkjetPrinting

Inkjet printing (1JP) relies on the ejection of ink droplets from a nozzle onto the substrate, which
can be either rigid or flexibl&*2¢. Conductive, dielectric, and polymeric inks are the most
commonmaterials used in IJP. Typically, the inks used for this technique are formulated with
viscosities on the order of 20 centipoise (cp)The droplets ofnk with differentviscosiiesare
ejectedfrom the nozzle headnd can be formed through either a tommus or a dropn
demand(DOD) manner. In the continuousiode, a continuougpressurizedstream of liquid

dropletsare ejected from the nozzle heddhe DOD system is widely employed becaws$ets
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lower system complexitgnd higheraccuracy of dropletigplacement”. In a DOD system, the
ink droplets are jet from the nozzle by pulses gendrhtea thermal resistor, a piezoelectric

transducer, a thermal buckling or aroastic wave

1.2.2Aerosol Jet Printing

The aerosol jet printing (AJP) is a relatively new printing technaneeit has beedeveloped in

recent years'® 2 This methoduses a fine mist of material particléastead of liquid ink
suspended in a gas. Thige ofparticlesis usuallyli 5 um in diameterThe aerosol jeprint head

that has a nozzle that produces the aerosol, and #ogathat directs the aerosomtards the
substrate. The print head also has avigltage 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 txhicted to a set of electrodes ttheave 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 higtesolution structuresCompared to 1JP, AJP is comiid¢ with a

wide range of materig) including highviscosity inorganic inks, organics, and high aspatit

carbon nanotube (CNT) solutioRgl. In AJP, he sheath gas (usually nitrogen)the print head

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

1.2.3Disadvatages ofinkjet and Aerosol Jet Printing

In both systems, the use of solvents and additives makes the ink®iamd complex to handle.

As a result, solvents removal and post thermal annealing make the device manufacturing process
complicated and expensi?. 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 IJP and AJP has become a priority for many researchers in ordeleto ena

the printing of functional devices. Determining optimal print parameters of ink is often a

21



sensitive procesAdditionally, optimal printing parameters for a given ink do not, in general,
translate to new materials, demanding an extensive, empiritadipgtion over a broad phase
space for each additional ink or material. Therefore, printing multifunctional materials (e.qg.,

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

Multimaterial printing refers to print multiple materials during a single build proddsst
devices and structures with sophisticated functionalities, such as electronics, optoelectronics, and
sensors, typically require riiumaterial deposition. Thus, there are emerging needs for printing
methods that allow multimaterial printing in multilateral configurations. IJP and AJP techniques
have been mostly successful in printing a limited single material in a single process fetep.
printing methods have also been reported that are capabfginting multimaterials For
example, SkylaScott et al. reported a micrometarale printing strategy by fast switching
between viscous materials which are extruded through a singléend¥anjun Liu et al*"]
developed an extrusidmased multimaterial bioprinting platform capable of depositing multiple
coded bieinks in a continuous manner with switching between different reservoirs. Ke Sun et al.
showed 3D interdigitated microbattearchitectures by printing concentrated lithium oxide
based inks. Although these extrusiomsed printing methods have been usedfabricate
functional devicesthe construction of multimaterial architectures often involves sequentially
printing individud 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 stadstop ink flow on demand ithout

introducing defects

1.30utline of Dissertation
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This dissertation introduced several original findings to address the challehgasrent
additively manufactured electronics technique.

In Chapter 01, Additively manufactured electronic techneguare introduces as thew areaof
printed electronics. The challenges and disadvantagesr@nt AME techniques such akjet

and aerosol jet printing have been discussed.

In Chapter 02, A rapid direct laser crystallization and mdsée largescale patterning of
MoS; and WSe crystals on PDMS substratbas been showed\ thin layer of stoichiometric
amorphous 2D film is first laseteposited via pulsed laser deposition (PLD) system onto the
flexible substrates followed by a controlled crystallizat@nd direct writing process using a
tunable nanosecond laser (1064 nit)e 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 lasetbased additive nanomanufacturing (ANM) systlas been
reported which isapable of ordemand generation of nanoparticldhese nanoparticlesan
serve aghe building blocks for reatime sintering and dry printing a variety of multifuional

materials and patterns. Tleapability of printing different functional materials on various rigid

and flexible substratesis discussedAdditionally, the procedsstructure relationship of the

printed materials isvestigated

In Chapter 04, Silver-based lexible hybrid electronics (FHEGnd sensors printed by ANBNh

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
stretchingare employed and the resutisnfirm 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 polyimideaton substratbas 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 sinted 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 prinb&sed patterns, flée

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 {MNM) technique is
demonstratedLateral and vertical hybrid structures and devices printed BYANM. ZnO
photodetectors with Ag electrodes and multimateriatAgDsz FHE circuits were printed and
tested as practical applications. This uniquéANM technique was used to print a variety of
materals such as Ag, BTO, TEDSnO, ZnO, and ADs 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 (IoT).

In Chapter 07, we showed our technique isatde of sultracive and additive manufacturing as

well. For this use, th ANM machinefirst ablaed arbitrarily patterndo form anytrenchesand
channeldrom the polyimide substrate using a subtractivanepe andthenfilling the chamels

using the ANM printer.
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CHAPTER 02
Rapid Laser Nanomanufacturing and Direct Patterning of 2D Materials
on Flexible Substrates2DFlex

2.1Introduction

Compared to conventional rigid devices, stretchable and flexible devicebecattached to
irregular and deformed daces. Such devices are gradually used in emerging new areas such as
wearable devices, soft robotics, electronics skin and flexible di§playew biomedicine and
healthcae applications of flexible and stretchaldlevices have been emerged due to intrinsic
mechanical properties, excellent compliance, biocompatibility emformability to tissue
surfaces?*’

Over the past decade, 2D quantum materials have been considered as promising céordidates
future flexible and transparent nanoelectranapplications due to their outstandingahanical,
electrical, and optical properti€#$*°! In addition, these atomicaHhin sheets afford the ultimate
thickness scalability desired in a variety of essentialterr@d categories including
semiconducta, insulators, conductors, and supercondu¢®?d. Among various 2D materials
such as graphene, transition metal dichalcogenides (TMDs), and boron nitride (BN),
heterostuctures have shown a great potentialdalize electronic, optoelectronic, and photonic
devices with superior performance. Accordingly, flexible photonics is now enabling a wide range
of emerging applications including bodelel optical interconnects®>®! optomechanical

tuning®”-% epidermal monitoring®” strain sensiné§!!, and conformal photonic¥? ¢!
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Currently, the inability to directly growth armhtterningof 2D materials on flexible substrates

and lack of largearea and transfdree processes have made the practiealization of 2DFlex

in the aforementiorte applications challenging. The majority of electronic device studies
involving MoS crystals use chemically or mechanically exfoliated 2D sH&&#st present, only
relatively small samples of these 2D materials can be generated with mechanical exfoliation
Poor layer thickness and size uniforynitincontrolled nanosheet orientations, and contamination
between layers are some examples that prevent viability of chemical exfoliation for its
commerciality!®"1 Chemi@l vapor deposition (CVD) and lasassised synthesis are common
approaches for generating high quality, large area 2D thin fiffil. However, CVD and laser
assisted synthesis are not amenable to stretchablldlextible substrates due to high growth
temperatures (approximately 7@DCC) required for the decomposition of TMD precursor
gases and molecular transformation to crystalline structures. Most recently, magnetron sputtering
of TMD targets has been denstrated to directly grow largarea unifom 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 asdepositedamorphous sputtered layéts.”? As 2D devices become more complex (e.g.,
numerous 2D materials, more layers, specific shapes, etc.), the patterning steps (lithographically
and subsequently etch away unwantegharof 2D material) can become econonhceabstly

and timeconsuming’® Material printing and additive manufacturing have emerged as new
fabrication concepts that allow for theansfer of liquidbased 2D inks ontodkible substrates

for device printing’4 " For instance, inkjet printing based on commercial jet printing devices is
widely used because of its diregtiting, low-temperature, maskee, and its compatibility with

flexible substrate€% 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 ikjah printing can be blocked frequentljo 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 integatstalline patterns of 2D materialston

the flexible substrates enabling the future conformal and transparent optoelectronic and photonic
devices. Photthermal heating and reaction induced by laser can transform 2D materials from
amorphous phase toystalline phase. Controlled crystallizati 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 alssghadkne
deposited 2D amorphous layer on trystallization 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 diagams of stoichiometric deposition of arpbous 2D materials on PDMS via pulsed laser
deposition §) and laser crystallization of amorphous 2D materia)s(€) Photograph image of a M8 odulator

crystallized by laser crystallization method.
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2.2 Results and discussion

Figure 2.1 shows theschematics 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 depdsthin films of stoichiometric amorphougoS,; and

WSe with different thicknesses onto the PDMS substrates. Densehldiameter pellets of
hardly pressed MaSand WSe powders were used as ablation target and an excimer laser
(COMPexPr o, K was usedMor tafget abkatibd &8 a 40°laraf incidence and 5 Hz
repetition rate. Targets (Me&nd WSe) were placed on a target carousel inside a spherical
chamber (2 inches in diameter). The resultant laser spot size and fluence on the target were 2 x
5 mm and 1.5 J cH) respectively. Thengssure inside the ablation chamber was lowered to 5 x
10° Torr for deposition, and the substrateget distance was set atm. Polydimethylsiloxane
(PDMS) was used as flexible substrates-d&posited amorphous on PDMS substrate was
transferred into acostumedesigned environmental processing chamber for subsequent laser
crystallization Figure 2.1b) and pattering processes dem 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 & 26cm. For crystallization and patterning, the laser
beam from a nanosecond pul sed f idnasecontpuses,r wi t
512000 ns in 63 waveforms, with a pulse energy from 0.04 to 1.57 mJ and a repetition rate
ranging from 1 Hzted 16 0 KHz.) was directed to the cent
focal point. The design and control of process param@agspower, pulse duration, number of
pulses) for each specific pattern was controlled by a laser marking software (Laser Stud

Professional.)
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The low thermal conductivity of the amorphous 2D materials and the PDMS substrate results in
a low thermal coductance and hence a poor heat transfer. Therafaseessential to utilize a
crystallizing process that can overcome thdsmitations. Timeresolved infrared laser
crystallization method allowed us to controllably couple a precise amount of enerdpeiace

heat the amorphous 2D layer for selective phase transformation. In this controlletdéesgal
interaction processhé heat penetration depth was controlled in a way that there is enough time
for thermal energy to crystallize the amorphous 2&¥emal for crystallization without damaging

the underlying PDMS substrate. Accordingly, a tunable nanosecond fiber lasem(hpévias

used since the PDMS has no (minimal) absorption in this wavelength and provided a great
processing controf®¥ This is critical for minimizing the laser interaction with the substrate
during the crystallization process. Comprehensive experimgate 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 adeposited amorphous layer on the crystallization of 2D matevisgds. di d n 6t
use pulse duration more than 261ngsim most cases of experimentsatisecharshlyburning

of the PDMS substrate. The symbols in each paneFiglire 2.2 indicae the locations
processing parameters where good 2D Masd WSe crystals were obtained. The curves are
fitted to provide proessing guidance. Employing the process parameters on the curves for each
pulsewidth resulted in the formation of higluality 2D crystals without creating any damage on

the PDMS substrate. However, the laser parameters to the right and above of thancurves
Figure 2.2a, b resulted in the evaporation of the amorphous 2D materials. On the other hand,
employing process parametersthe left and below of the curves did not affect the amorphous
layer. Increasing the pulse width of the laser required less pasver and pulse number for

crystallization, and vice versa. At shorter pulse durations, the width of the crystalline limes wa
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smaller than the lines crystallized by the longer laser puigths. This was attributed to heat
formation and dissipationntie. When the laser pulsdadth is small (e.g., 10 ns), the generated
heat has less time to dissipate in the amorphous matéealse inducing a smaller hesifected

zone. In contrast, higher laser puiselth provides a longer time for heat formationdan
dissipation to an area outside the laser spot causing a largefieetéd zone and hence larger
crystalline line widths. Acording to experimental observations, the laser puidéhs beyond

261 ns always resulted in the evaporating of the amorphaterials 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 sp@re used for patterning of 2D materials on the PDMS for the
subsequent studies.
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Figure 2.2 The effect of laser interactiomgith amorphous 2D MoSa) andWSg(b). Each graph represents the

effect of laser pulsaidth and number of pulses on the cajtation of amorphous layers with various thicknesses.

Raman spectroscopy was used to monitor the crystallization qualitileofaser processes
amorphous materials on the PDMS substrates. The Raman spectra were obtained at room

temperature using a 53& excitation laser from PDMS substrakeglre 2.3a, d, amorphous
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MoS,/WSe layer coated on the PDMS substrateig(ire 2.3b/e), and laser crystallized
MoS,/WSe layer on the PDMSHigure 2.3c/f), as shown irFigure 2.3. As it demonstrated in
Figure 2.33,b/d,ethe Raman spectra of PDMS and Amorphous laser on PDMS are similar since
amorphous Mo8WSe does not have any specific fRan signature. However, the active Raman
modes of MogWSe crystals including &g at ~378 crhand Aly at ~403 crh} Alyat ~ 250

cml are clearly observed inFigure 2.3c/f after the laser crystallization process.
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Figure 2.3 Optical images and Ramaspectroscopy of the samples before and after the laser deposition and
crystallization proceses. Optical images and Raman spectra of PD8)( amorphous Mo$WSe on PDMS b,

€), and crystalline Mo% WSe on PDMS ¢, f). Both the pure PDMS and amomls 2Dmaterial on the PDMS
substrate showed similar Raman peaks since the amorphous lay@notbese any Raman fingerprints. The laser
crystallized materials, however, show very sharp Raman signatures at 375 and*4@frespondingo crystalline

MoS;and at 250 cricorresponding to crystalline Wge
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Bare PDMS
Ra:0.68nm

Amorphous MoS,
Ra:8.77 nm

Crystalline MoS,
Ra:6.06 nm

Amorphous WSe,
Ra:7.59 nm

Crystalline WSe,
Ra:7.68 nm

Figure 2.4. Atomic force microscopyAFM) image and roughness (Ra) of bare PDMS (ajleggmsited amorphous
MoS,/PDMS by PLD system (b), Me?DMS crystallized (c), adeposited amorphous W#HDMS (d) deposited

by PLD system, and Me8DMS 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 deposifiamorphous 2D
guantum materials, PLD increased the roughness to 8.77 nm and 7.59 nm foarMo® Se,
respectively. After crystallization, the roughness was 6.06 nm and 7.68 nm afidSNSe,
respectively. Surface wrinkling are created because ofhigttavacuum deposition as well as
laserproduced plasma during PLD proc&85To understand the crystallization temperatures of
our amorphous layers in an equilibrium processing condition, amorphousaM&&10S layers

(with thicknessof 3, 5, 7,9,11nm) were deposited onto SiGubstrate via PLD and baked in an
environmetal tube furnace under atmospheric argon pressure. These results were useful in
comparing with our nonequilibrium laser crystallization method. The results shitvaedor
obtaining crystalline 2D materials (Mp8nd WSe) with the same quality as thosdfecated by

laser crystallization approach, the required crystallization temperatures foraid$VSe were

around 600°C. This welbeyond the temperature statyilof the PDMS substrate (~200°C). In
addition, the observations showed that the furnace demtyres above 700°C caused
decomposition and evaporation of 2D materials from the silicon substrates. These results indicate

the importance of a timeesolved naequilibrium laser processing approach in the crystallization
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of 2D materials on flexible plairms 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®crystals on the PDMS substrates. A photonics Mach Zehnder interferometer
(a), an electronics circuit board (b), Auburn University logo (c) and eagle imagealfdrated by laser

crystallization of amorphous Wgelayer on PDMS substrates.  Scale bar @me 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 danded applications ranging from electronics to photonics
and energy to sensing applicationgilizing our approach, we demonstrated the formation of
various 2D materiabased patterns on the PDMS substrate. For inst&igure 2.5a, b, candd
demonstra the fabricated crystalline Wgbased photonics Mach Zehnder interferometer, an
electronic @cuit board, Auburn University logo and an eagle, respectively. Our crystallization
and pattering process allows the realization of complex and arbitrary patiarrilexible
substrates.

The electrical properties of the crystallized samples were measyredepositing contact
electrodes and measuring theHV | characteristics. To fabricate such a device, we first
crystallized a large area of amorphous o8 PDMS followed by the deposition of gold
contacts through photolithography and sputtering prosessgure 2.6a shows a photograph
image of fabricated devicekigure 2.6b shows a thredimensional illustration of crystalline 2D
materials with two gold cont&e (inset image is the optical image of the fabricated device). To
achieve an insight into thigexibility of the fabricateddevice the IV and bending tests were
performed.Figure 2.6¢c shows the I\characteristicof a 5 nm eMoS; device. The resistance
decreased gradually in inverse proportion to the bending raBigaré 2.6d). A considerable

extent of decrease in electrical conductivity can arises since defects can be introduced into the ¢
Mo$S; crystal lattice. Bending the film (r=4mm<bending radius<20 mm) led to increase in R
compared to the flat condition (@ Y) due to reduced charigearrier mobility and mechanical

deformation of 2D €M0S,.
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Figure 2.6. A photograph image of fabricated devices &hematidllustration of crystalhe 2D materials used as
photodetector (b), IV characteristio$ a 5nm thick crystallized MoSlayer device (c), resistance of a fabricated

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

2.3Conclusion

In summary we presented a novelirect laser crystallization and largeea patterning of
amorgous2D materials (Mo 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 grecise amount of energy and hence heat the amorphous 2Dfdayer
selective phase transformation. In this controlled #iesolved lasematerial 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 tinteeional energy to crystallize the
amorphous 2D material for crystallization without damaging the underlying PDMS substrate.
Furthermore, we showed the capability of this laser crystallizatiocess to make any complex

patterns.
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CHAPTEGS

Additive Nanomanufacturing of Multifunctional Materials and Patterned

A

{ NHzOGdzNBay ! b2oSt [FaASNm. | as

3.1Introduction

The manufacturing complexity, cost, and excessivastage of the conventional device
micro/nanomanufacturing presses as well as their incompatibility with stretchable and
dissolvable substrates have resulted in considerable efforts for developing new advanced
manufacturing methods to overcome thesellehges’” Additive manufacturing (AM)
processes, commonly known as 3D printing, have attracted enormous attentiorious va
industries such as aerospace, medical, automotive, fasinid the environmeHE?2 Typically,

AM builds up geometrically complex parts at the macroscale by adding-swerdayers of
material from a slied computerided design (CAD) fil&38] This singlestep process allows

the design of custom parts and reduction of fabrication time, cost, and material consumption
compared to conventional manufacturing methddse ability to fabricate complex structures

and devices via WM 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 tedmues in the current AM technology are among the major clggten

that significantly limit their applications in printing hybrid structures and devices with complex
functionalities, including electronics, optoelectronics, flexible and wearable semsbenergy
conversion and storage devid&s?!

Among the AM categorie$! inkjet and aerosol jet printing offer the possibility of fabricating

few electronics and functional devid&d.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 fléx#5leConductive,
dielectric, ad polymeric inks are the most common materials used in 138icdlly, the inks

used for this technique are formulated with viscosities on the ordér26f dentipoise (cp). The
aerosol jet printing (AJP) is a relatively new printing technique develaopeecent years?: 28l

In this process, liquid inks are first atomized into small droplets 35 pm in diameter, then
transported to the printing head through a carrier gas. Compared to IJP, AJP is convjihtidle
wide range of materials, including higiscosity inorganic inks, organics, and high aspatit

carbon nanotube (CNT) soluti®l” 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 sysems, 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 expen&vim addition, the printed material should be

in a viscous fluid state, making it difficult to obtain materials with the appropriate viscosities.
The develoment of new source materials for IJP 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 pasafoetegiven

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, piezoelectiw hybrid structures is still a major
challengd®®4% Direct printing of multifunctional materials and composites such as, ¥t3°°

BTO, [10+1031TO 187. 104 gpens a new pathway toward the direct manufacturing of devices with

complex functionality. This has led to the emergence ofaased additive nanomanufacturing
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(ANM) as a pranising approach that could enable the synthesis and patterning of a variety of
materials with micro/nanoscale resoluti¢i{g1®

Here, for the first time, we successfully introduced a single step ANM approdadntides the

dry printing of a variety of multifunctional materials such as2JiBTO, and ITO on different
substrates using a laser source. Our novel printing method is based ositheaimd ordemand
generation of metastable nanoparticles via theegoitibrium pulsed laser ablation process that
can be laser sintered/crystallized in fBiade to form desired patterns and devices. Our novel
laserbased ANM process possesses the capability to print a wide range of dry, contaminations
free, and intrinsially 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

3.2.1Experimental 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 lensewith 150 mm focal length, an ablation chamber with a nozzle, a target
and its holder, an X computercontrolled positioning system, attenuators, and controlledAr/N

gas connected to the cylindrical holder by a feeder pipe. A substrate is placed oXY the
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 showiigare 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 guidedrtoveasdl

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 fusedasidanvex lens to generate pure
amorphous nanoparticles. The target is rotated by a step motor at an angular sifgatiés to

avoid laser piercing. During the interaction of the ablation laser beam with the target- a laser
plasma plume is formed. Thateraction of this plume with the background gas results in
thermalization and condensation of the plume leading to the formation of nanopatrticles.

Figure 3.2 shows the scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STENI images of the lasagenerated amorphous Ti®anoparticles with a size
distribution of around & nm. (3) Nanoparticles delivery: a stream of produced pure amorphous
nanoparticles are delivered to a central point beneath the nozzle head using aasafioer. 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 crystallizedtlee 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¥ 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 (LEDED) processe8® 14 18lhowever the major difference here is the in

situ and ordemand formation of nanoscale building blocks.
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Mirror 1

Substrate ----

Figure 3.1 Schematidllustration of the ANM process used for printing various functional materials on the different
substrates (a). Enlarged illustratiohin-situ and ordemand generating of nanoparticlksspulsed laser ablation of
the desired target materials in atmospheric pressure and temperature (b). Enlarged illustratiotingd fasér
sintering and crystallization of nanoparticles on the sertddhe substrate (c). Optical image of printed circuit lines

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

3.2.ZExperimental Procedure
Solid targets (Ti@ BTO, and ITO with 99.9% purity were used for laser aldatand formation
of nanopatrticles. Different nozzles witlole diametersof ~100, 200, and 300 pm were used for
the deposition. For the first set of experiments,2M@s selected as the test target. Various laser
fluences ranging from 1.9 to 2.3 J/&ard 0.074 to 0.74 J/chwere 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 sintemg 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 lasertgraréeng.,

energy, frequency, gas flow rate, ablation and sintering time, and deposition overlap) on the

printed materials.

3.3Results and Discussion

3.3.1Formation of Nanoparticle Building Blocks:

One of the key steps in this ANM process is thesittn and ondemand formation of
stoichiometric nanoparticles by condensation of lassrerated plasmas plume at room
temperature and atmospheric pressure. These nanopatrticles serve as the building blocks that can
be sintered and crystallized in rdahe during the printing process. To investigate the size and
structures of these nanoparticles, we performed atomic imaging measuréfigemes3.2 shows

the SEM and STEM images of the-deposited TiQ nanoparticles (ablation energy (AE) = 2.3
Jicnt, gas flowrate (GFR) = 2.8 SLPM, sintering/crystallization energy (S/C E) = blocked,
repetition rate (RR) = 10 Hz). The-deposited nanoparticles form an ensemble of a fluffy and
porous deposition as shown by the SEM imagEigure 3.2a. These nanoparticles arestly
amorphous with a size distribution of abouf 3m 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 thetguli lines and allows simple

integration and sintering into larger crystalline structures.
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Figure 3.2 SEM image of ablated pure amorphous Ji@nopatrticles (a). STEM (b) and HAADF (c) images with
different magnifications of ablated pure amorph®if3, nanoparticles.

3.3.2Sintering, Crystallization, and Printing Processes:

The interaction of the sintering/crystallization laser beam witksitin generated Ti©
nanoparticles at the surface of the substrate led to the formation of crystallineliQtileTo
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 inFigure 3.3. Examining the Raman data from thesitu generated pure amorphous
nanoparticles (while sintering/crystallization beam was blocked) showed a broad spectrum with
no explicit peaks suggesting that the generated madoparticles are primarily amorphous (a
TiO,). In addition, by increasing the ystallization energy (0.07 to 0.56 J@nwhile other
parameters (AE = 2.3 J/&/RR = 10 Hz, GFR = 2.8 SLPM, time = 30 s) kept constant, the in

situ generated-&iO2 nanoparticles started to sinter and crystallize on the surface of theSi/SiO
substratesThe explicit threshold of crystallization was observed by the appearance of several
new Raman peaks when crystallization energy was around 0.217a¥@hown irFigure 3.3.

The Raman lines at 447 cnand 612 crit are assigned to the,EA1g modes of tk rutile TiG

phase, respectivel}:® The peak at 521 cinlis assigned to the silicon substrate Raman vibration
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mode. The intensity of thegland Ay modes increases by increasing the sintering/crystallization
laser fluence from 0.217 J/émo 0.56 J/crA The intensity of the Raman peaks is directly
proportion& to the crystallization quality and the thickness of the printeck.@ It should be
noted that increasinthe sintering laser fluence beyond a certain threshold cablate the
printed layers from the substrate (~1 Jdar TiOy). It is also worth mentioning that, depending
on the substrate material, the energy of the sintering/crystallization beam niag incteased

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 Zi@noparticles sintered at different crystallization energies, 0.07
up to 0.56 J/ckh

Morphologies of the printe TiOz layers on the Si/Si©substrates at various process conditions
were investigated by SEM, as shownFigure 3.4. By turning off the sintering/crystallization
beam, the printed nanoparticles were mainly agglomerates of amorphousahdparticles (&

= 2.3 J/lcm, GFR = 1.9 SLPM, RR = 10 Hz), as seerFigure 3.4a and also confirmed by the

STEM images irFigure 3.2. The SEM images shown kigure 3.4b-h confirmed that during

44



laser sintering/crystallization, the nanoparticles fused together to foger larystalline rutile

TiO2 structures. As depicted iRigure 3.4b-d, the feature size, as well as the thickness of the
printed crystalline Ti@ nanostructure, were continuously increased by increasing the time from
60 s to 270 s, while keeping all théet processing parameters constant (AE = 2.32)/GER =

2.8 SLPM, S/C E = 0.3 J/J&rRR = 10 Hz). At longer deposition times, more Fi@noparticles

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 3/cwhile keeping all the

other processing parameters constant (AE = 2.32)/8FR = 2.8 SLPM, time = 60 s, RR = 10

Hz), were also investigated, and corresponding results are shdviguire 3.4f-h. Accordingly,

the density, thickness, and feature sizes of the printed [B@rs were increased at higher
sintering/crystallization energies, which was in agreement with the results observed from the

Raman spectra shown kigure 3.3.

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

e Sintered TiO, line

Figure 3.4. SEM image of aproduced amorphous Ti@blated by laser (a), sintered pi&t 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/éygas flow rate= 2.8 SLPM, sintering/crystallization energy = 0.3 Fcrapetition rate =

10 Hz, 90% overlap, X delay = 5 s) with 100 pm diameter (e), sintered Jl#D0.295 J/crh(f), 0.4 J/cm (g), 0.67

J/cn® (h) crystallization energy while time (60 s) and othenapzeters are kept constant.
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3.3.3Factors Affecting Printing Efficiency:

3.3.3.1Influence 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 thate generated, delivered, sintered to form crystalline printed
layers and patterns. For a given ablation energy (2.3%)]/deposition time (60 s), and target
material (TiQ), the thickness variation of printed TiCrystalline layers on the Si/SiQulstrate

was analyzed, as a function of gas flow and laser repetition rates, as sheigarea3.5. The

red and navy blue curves kigure 3.5a show the thickness vs. gas flow rate while the repetition
rate is 10 and 20 Hz, respectively. When GFR changed frto 2.8 SLPM, as it is illustrated in
Figure 3.5a, the thickness increased fromf5 to  3@0 nm (in 10 Hz, red curve) an®@f5to

450 nm (in 20 Hz, navy blue curve), suggesting that increased gas flow rate would result in
increased depogiin thicknesses. Iirigure 3.5b (red curve), when the repetition rate changed
from 5Hz to 20 Hz, the thickness of printed TiCrystalline layers increased from1@0 to |

275 nm. By changing the gas flow rate to 2.8 SLP\gure 3.5b (navy blue curve), while the
repetition rate changed from 5 to 2Q,Hhe thickness increased from}g5 to 4p0nm,
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/cr, as shown irFigure 3.5¢, d. A significantchange in the thickness was observed
compared toFigure 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 havechance 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 rergies beyond the+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 thieuwtynof 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 ANMprinted dots as a function of gas flow rate for 0.3 3&md 0.46 J/cfin (a) and
(c) sinteing/crystallization energies. The thickness of ANivinted dots as a function of repetition rate with 0.3

Jicntand 0.46 J/ciin (b) and (d) sintering/crystallization energies.
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3.3.3.2Influence of Deposition Time and Printing Overlap

Figure 3.6a showghe thickness of crystallized and sintered Ji@noparticles deposited on the

SiO; substrate as a function of time. The thickness increases f@f§ to 5%0 nm as the time
increases from 10 s to 60 s (green curve, 1 SLPM). The changing trendtotkiness with time

is the same for higher GFR, red and blue curves, implying that the thickness is also governed by
time. Figure 3.6b, ¢ showghe effect of deposition overlap (OL) on the thickness of deposited
TiO2 nanopatrticles. 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%stezte t

by the ANM system, while all other parameters were kept the same (AE = 23 S/GE =

0.38 J/icmi, GFR = 1.9 SLPM, RR = 10 Hz). The thickness measurement results showed an
increment of thickness from2@0 nm (for 0% overlap) to 6@0 nm (for75% overlap).

According to the experimental results, we observed that larger diameter (>400 pm) nozzles
would significantly disperse the nanoparticl
efficiency during the printing processThere was no evidence of noticeable deposition and
sintering of TiQ 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 arou®0 pm) is sl
significantly smaller than the size of the nozzle, showing a low deposition rate at a larger
diameter of the nozzle, while printed patterns with-200 um diameter nozzles have the same

size as the nozzle.
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Figure 3.6. Sintered/crystallized Ti© thickness vs. sintering time at ablation energy = 2.3 3/cm

sintering/crystallization energy = 0.46 Jfmepetition rate = 20 Hz, and different values of gas flow rate (a).
Optical images of ANMprinted circles with different overlap ratio (b). Sinteredétaylized TiQ thickness vs.

overlap (c).

3.3.2Design 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 simpiedeby the programmable
motion of the XY stage during the printing process. As shownFigure 3.7ae, we have
demonstrated the printing of different shapes and patterns on Sg8iBtrates. Experiment
parameters are provided Trable 1 The nozzle dimeter 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 vacuuniree printng of various materials and patterns.
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Figure 3.7. Optical images of printed Ti{for a-d) and ITO (e) patterns on SiGubstrate by ANM method.

Table 31. Experimental parameters used for printing patterrigigidre 3.7.

Sample AE (J/cn?)  S/C E (J/ond) 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

3.3.3Printing Compatibility with Different Type of Materials and Substrates:

To show the ANM's capability for printingther material systems, BTO and ITO patterns were
also printed by this procedsigures 3.8a and d show the SEM images of ablated ITO (AE = 2.3
Jicn?) and BTO (AE = 2.3 J/cfpnanoparticles, respectively. Based on the STEM images shown
in Figures 3.8b, e, the size of the asynthesized nanoparticles was in the range-@f r8n.
Similarly, these nanoparticle building blocks could be laser sintered and crystallized to form

desired patternssigures 3.8c and f show the sintered ITO (AE = 2.3 J/c®/C E = 0.23)/cnt,
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GFR = 2.8 SLPM, RR = 10 Hz) and BTO (AE = 2.3 Jc®/C E = 0.15 J/chln GFR = 2.8
SLPM, RR = 10 Hz) nanoparticles in the ANM method, respectively. As illustratEayimes

3.8c and f, the approximate diameter of the sintered/crystallized IT@a@dcrystal structures
became between 59 to 250 nm. Cross sectional SEM images of the printed ITO lines
confirms the sintering of the ablated nanoparticles on Sibstrate. The proposed ANM system
allows for printing various multifunctional matals for the fabrication of functional devices for
sensing and energy applications. For instance, BT&h important functional material in the
electronics industry because of its superior dielectric, ferroelectric, piezoelectric, pyroelectric,
and elect-optical properties. Using these characteristics, Bl 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 heystal dsplays, organic light
emitting diodes (LEDs), and touchsponsive screens, which can be found in smartphones and
flat panel monitors. However, it is also used in applications such asnossivity windows,
optoelectronic devices, solar cells, electroahio windows, plasmonics, and lam-a-chip

biosensing.
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Ablated ITO nanoparticles (SEM)

.
& >,

b Ablated ITO nanoparticles (TEM) ‘ c Sintered ITO ‘

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

Oneo f the fascinating advantages of this ANM
numerous substrates, including flexible substrates, paper, metals, glass, and ceramics. This is
because of the dry printing and precision laser sintering nature ofNMe pkocess. Hence, no

liquid, polymer, or other binders are used in this system, and neppmsssing steps are

required after the printing process. This enables applications in a variety of fields, including
biosensing, photonics, storage, and senétfi¢?® Figure 3.9 shows printed ITO patterns onto

different substrates, including copper, alumina oxide@4, PDMS, and paper (AE = 2.3 J/gm

S/IC E = 0.39 J/cA) GFR = 2.8 SLPM, RR = 10 Hz, used for all). Tetsdy will be further

extended in future in order to understand the interaction of the sintered nanoparticles with

various substrates and reveal their proctasctureproperty relationships.
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Figure 3.9. Photographic images of Ti®atterns (200 pmine width) printed on (a) copper, (b)28, (c) PDMS,
and (d) paper.

ITO lines with variable resistance values were successfully printed byimealresistance
monitoring during the printing process, as demonstratédgare 3.10. The resistance thaao

be controlled over a large range fronklY t o 10 MY is ideally suit
electronic circuits. The resistance of printed lines was altered by repeating the printed path
(number of the printed layers) to increase the thickness, whilletigth and width of the printed
resistorline remained unchangeéigure 3.10a shows the schematic diagram of the printing
process and redime resistance measurement. First, two ITO contacts were fabricated on PET
substrate. By connecting two contacts to a digital multimeter, the resistarilbe tifie was
obtained in reatime during the printing process. As shownHFigures 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 resisés, 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

relationshipsas shown irFigures 3.10b-d.
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Figure 3.10. Reakttime 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
confact pads on a flexible PET substrate while the resistance is measuredtimeeadh a connected multimeter to

pads (a). S/C E = 0.156 J/&nRR = 10 Hz (b) S/C E = 0.156 J/&nRR = 20 Hz (c) S/C E = 0.23 J/énRR= 10 Hz

e) S/C E = 0.23 J/IcihRR = 20Hz (d).

3.4Conclusion

In summary, this paper reports the first demonstration of a novel-dased additive
nanomanufacturing method that enables the printing of various functional materials on different
substrates. This new method allows thaiim and ondemand 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 laserrdered/crystallized on various substrates in-tiea¢. 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) &fNikprocess 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, solutitnee, and intrisically pure that can be simultaneously laser
sintered and crystallized to form contaminatfoge multifunctional materials prints on various
rigid and flexible platforms such as PDMS, Si/gi@aper, and ceramics. This method enables
the future additivemanomanufacturing 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 resarch 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 industrieB?%?”l The onventional lithographypased processes for manufacturing
electronics are often complicated, time and enexaysuming, relatively expensive, and produce

a large amount of waste materials (washaiganing disposal requirement8¥8 Thus, much

effort has been put ward inventing new techniques for direct printing and additive
manufacturing of electronics on desired flexible and rigid substt8ted?”: 2234 sych as
polyimide and polyethylene terephthalate (PE¥)!3"] Different fabrication strategies have been
proposed for additive nanomanufacturing of electroh#s*3! The most common direstrite
technologies in the field of prietl electronics are inkjet printing (IJP) and aerosol jet printing
(AJP)[126. 144148l Thege technologies allow the precise deposition of liquids containing functional
materials. Recently, Patil et al. printed silve ( Ag) nanowi r es'jonrflexible st anc e
substrates via inkjet printing® Gilshtein et al. demonstrated inkjetinted indium tin oxide

(ITO) patterns with a resistivity of 3210 g cm on soddime glasd!®® Chen et al. showed
aerosol jet printing of Ag§2whon bellumse $ibderepaper r e s i
substraté'*’ However, the current ink formulations used in IJP and AJP processes make device
fabrication more complicated because thegune toxic solvents and additives that limit the

substratedés compatibility [FA8Alsh inozdeeciogginghre de v i
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IJP is a common and extremely complex phenoméf8riurthermore, to guarantee a high
conductivity of the printed structures, aerosol printing allgurequires a high sintering
temperature (e.g., ~280 AC) and aate)l Thiskmitssi nt er
the AJP to only a few types of substrdtéd.As a result, a new direct printing and patterning
method is needed to overcenthe 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 addélve 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 electiortracks, electrodes, and antenHas.%5l
Transparent conductors such as ITO are utilized in the printing of components such as flexible
strain sensors, solar cells, and organic #gnitting diodes (OLEDS}°%1%% The main principle

of our ANM printer is the irsitu formation of pure and dry nanoparticles produced by
condensation of lasgrlasma plume in atmospheric Ar pressure, which is then guided through a
nozzle mto a substrate that is sintered in fidale, 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. FHEs and sensors suchrdi€ldesommunication

(NFC) tag antenna, IT®ased 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 prongsiachnology for future manufacturing of the
FHEs and sensors directly from dry and pure nanoparticles generated and sinterddnrand

and in reattime.
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4.2 Experimental Setup

Figure 4.1. Schematic illustration of ANM process for dry printing Ag dii@® on flexible substrates (a). A 2 x 2
c? printed Ag NFC tag antenna (four loops with a total length of ~32cmand ¥1.38 m r esi st ance) cor
a selfpower 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,
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. Theaendevere focused onto the
surface of targets and substrates via UV convex lenses. Depending on the type of the materials
and substrates, LA and LS beamsdé energy were
nanoparticles. Focused LA beam hits the matatargets, which will result in the formation of
plasma plume that interacts with background Ar gas resulting in condensations and formation of
nanoparticles olemand. These nanopatrticles are then directed toward the substrate through a
nozzle with diferent diameters ranging from 100 pm to 300 um using a carrier gas. The LS
beam with suitable energy sinters and crystal
surface in reatime. As more nanoparticles arrive, the deposition increases ants far
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 tangéh 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 welsdhe number of laydsy-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 shorterwavelengths (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 sinteringesrerguld 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 Tprinted Ag NFC tag antera (four loops with a

total length of ~32 cmand ~1.38 cm resi stance) printed on a
mounted M24LRO4E I C was programmed tFkguré aunch
4.1c, the group website pops up on display by holding the cellphone in the proximity (~ 1 cm) of

the printed NFC t@ Figure 4.1d demonstrates the printed FHEs circuit on the polyimide

substrate via ANM process.

4.3Results and Discussion

4.3.1Nanoparticles Generation and Sintering

To confirm the nanoparticle formation and analyze their size distribution, we pedorm
scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)
measurements on the-generated nanoparticles. While the LS beam was blocked, we collected
laserablated Ag and ITO nanoparticles (ablation energy (AE) = 2" ¥@as flow rate (GFR) =

2.8 SLPM, sintering/crystallization energy (S/CE) = blocked, repetition rate (RRHz)1L0he

SEM images of the unsintered and lasietered nanoparticles are showrFigure 4.2a and d.

Figure 4.2b and e shows the brigfield (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 rarigeroh3liameters.

The unsintered nanogiles 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 nanopatrticles. The sigtenergy

was 0.08 J crAiand 0.13 J crifor Ag and ITO, respectivelffigure 43s hows a Cr oss S &
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 laseablatedAg and ITO nanopatrticles, respectively (a, d)-BFEM images of laser
ablated Ag and ITO nanoparticles, respectively (b, €). SEM images oklagared Ag (c) and ITO (f).

Figure 4.3. Crosssectional image of printed and sintered silver nanopastmheSiQ substrate via ANM process.

SEM images inFigure 4.4 show the morphological and electrical resistance evolution of the
sintered Ag nanopatrticles at different sintering laser energies. By increasing the crystallization
energy while other paramese(AE = 2 J cii?, RR = 40Hz, 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 um) are kept constant, the nanoparticles start to fuse together. The highest
porosity wasseen at the lower sintering energy (~0.03 JZymand the lowest porosity was
achieved at the higher laser sintering energy (~0.11'3)cas shown irFigures 4.4a andi,

respectively. It should be noted that the laser energies below the abovementivest |
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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 (shdwenupper right corner of the figures).

As it has shown iffigure 44ai,40Y ¢cm and 7 Y cm resistance wer

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 ower of each figure (8. 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 és) a function of the number of the printed paths at 4
different repetition rates 10 Hz, 20 Hz, 30 Hz, and 40 Hz.

4.3.2Factors Determining Electrical Properties of the ARtiMted Lines

For the given process parameters (AE = 2 ?PcB/CE= 0.09 (Ag) and 0.39 (ITO) J thGFR

= 2.8 SLPM, laser beam overlap= 93%, deposition time in each point= 20 ms and nozzle
diameter size= 300 um), the thickness variation of the printed Ag and ITO lines on the polyimide
substrates was analyzedfadir different laser repetition rates (i.e., 10 Hz, 20 Hz, 30 Hz, and 40
Hz), as shown irFigure 45. In the case of AgKigure 4.5a), at 10 Hz repetition ratehd
thickness increased from ~1 um to ~60 um when the number of printed paths increasetbfrom 1
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 numben-sifui generated and sintered
nanoparticles increase at higher repetition rates. itheence 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 comprehengly discussed in our previous wdtk? where we showed that the
thickness of the ANMprinted TiQ is directly proportional to the number of printed paths and

repetition rate.
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Here, we have also performed a systematic studyvistigate 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!*?? Figure 4.6a-d represents the retime 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 '7,c8ICE= 0.1 J cht, GFR = 2.8 SLPM, laser

beam overlap= 93%, deposition time in each point= 20 ms, and nozzle diameter size= 300 um).

As shown inFigure 4.6, the electrical resistance of the printed lines decreased by increasing the
number of printed pas and hence increasing the thickness of the printed lines, while the length

and width of the printed resistor line remained unchanged. Also, increhsingpetition

ratefrom 10 Hz to 40 Hancreased the line thickness and hence reduced the resistamcaa

~16 Y cm with just one p aRgbre468angdthahusingd@Hz |1t ¢
repetition rate and orfei me printing path, the resistance r
the same resistance at 10 Hz repetition rate, the nuaih@inted paths should be around 30

ti mes. The Ag resistance could be tuned frol
abovementioned process parameters. As a result, the-pdiitéd lines and materials could be
potentially used to realize fully printdeHEs. The print resolution of the ANM was tested down

to 100 um using common commercial printing nozzles. Printing thinner lines (e.g., < 100 pm)

may be possible using smaller diameter nozzles since our ANM technique uses nanoparticles

with an average s&zof 310 nm.
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Figure 4.6. Resistance of ANMprinted 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).

4.3.3Reliability Testing of the ANRtinted Ag nies on Flexible Substrates

To test the reliability of the printed lines, we printed a set of Ag lines with the experimental
parameters shown ifiable 1 The reliability of these ANMrinted lines was investigated under

the static and cyclibending studiesConsequently, 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
berding radii and compressive stresdagure 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% straifrigure 4.7b-d shows the variations in ehelectrical

resistance of printed Ag lines as a function of different strains at three different numbers of
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cycl es. The r es ) andadha strain an liha deyiee wérepdalcuRited using the

eqguations:

RS_RD

aR = 00 1
R_u (%) = X1 (1)

V]

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

where R, Rs, tsubstrate Roena@re intial resistance, undestress resistance, substrate thickness, and
bending radius, respectivelf® 161lIn the case of Ag, the resistance increased as it was bent for

just one cycle, but the values of the resista did not change drastically from the initial
resistance values (e.goR 10. 4 Y= cInl .t50 YR cm at the maxi mum
is shown inFigure 4.7b-d, the resistance increased more at higher bending strains (lower
bending radius). As shown irigure 4.7b, the largest change in resistance was for conditions

whee t he initial resistance was 22.4 Y c¢cm, and
Also, the smallest change in the resistance seEigure 4.7b was for resistance changing from

an initial resistance valfuel0of9 1Y0 .c8m Yatc nd .t008 %
The results from the 50 cycling tests are demonstrat&tgure 4.7c. According to the results,

the resistance increased only slightly. The mean average of the overall change in resistance was
1.97 Y c¢m. T h u s could thleradeea lafgg straimwitlp & ight increase in their
electrical resistance. The results for 1000 cycles for different strains are presefigdren

4.7d. Also, we observed that during the first 50,000 cycles, the resistance increased %r a 10

cm Ag line up to ~20 Y cm (i.e., 100%), then
more than ~38 Y c¢cm at 1,000,000 cycles. Rel ax
and the final measured r esi s tiaiondrebendimgsradias2 7 Y

beyond 40 mm (0.19% strain) and after numerous folding/unfolding cyele®nstrates the
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reliability of ANM printing process for manufacturing flexible electronics and sensors. Similar to

the IJP and ASJ printing, the increaselgceical 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 theresistance. 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 thegkiMd Ag line
forlcycle(b)and5@ycl es (c) . (I'nitial resistance: red, 10.8 Y
Y c¢cm; Blue, 22.4 Y c¢m)-printBdeAg tinesrafier 1060 syaclést(dy; (Initiél resistarce: et M
6.4 Y cm;, Dblack, 2Bl ¥e¢m8.8r¥eom)6.5 Y cm;
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Table 4.1- Experimental parameters used for printing sampldsgire 4.7.

Figure AE[Jcm?  S/CE [Jcnd] 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 30 to 40 20 300
c 2 0.08 2.8 40 lto7 20 300

4.4 Functionality Demonstration

4.4.1Printing 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 pspEm be exploited for strain
sensors, touchscreens, and motion detectors applicBfiins.

We used a servohydraulic fatigue testing machine for displaceroetrblled stretching tests, as
shown inFigure 4.8a. ITO lines were printed onto the PET substrates (55 mmx5 mmx0.175
mm) using process parameters reported previdtfdlBtretching tests for the printed ITO lines

on PET were performed for different stretcladks. 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 instanc&igure 4.8b shows the change in the resistance when subjected to 0.18% to
0.9% displacemerior a printed ITOGs ampl e wi th initial resistance
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 chsragewnd

~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 HA tbeasamples.

0.9% displacement

0.18% t0 0.72%
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Figure 4.8. Digital image of fatigue setup used for stretching tests (a). Change of resistances iprid ITO

strain sensor during 100 cycles at different strain levels (b). ITO bending results printed by ANM system for 1 cycle
;I nitial resistance: purple, 420 Y c¢cm; black, 550 Y
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 thEO 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 kigure 4.8c. The initial resistace of printed samples was

bet ween 420 Y cHiugure 48d ghéws the normalired resistance variance of
strain sensor during 20 seconds at 0.19% strain and 9 cycles. The inset irkageerd.8d
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shows the printed ITO strain sensor on PET satesti~urthermoref-igure 4.8e, f shows the

SEM images of an ITO line before and after stretching. As it is shoviAigiure 4.8f, under

0.9% displacement applied strasmall cracks appeared in the line that dramatically increased

its resistance. Increasatrain levels increase the crack density and widen the spacing between
them, and hence the resistance increases. Adversely, when the cracks close, the resistance

decreases.

4.4.2Ag Temperature Sensor

Temperature (°C)

Figure 4.9. Optical image of a bent temperature sen&@). The inset image shows the -ipw picture of the

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

Ag meandess haped ri bbon (300 em widt hprinechas al. 5
temperature sensas shown irFigure 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 tempeFagure. 4.9b

presents the percentage of resistance change at different temperatures. The sensor temperature
coefficient resistance was extracted to be aB@ix 107*°C~* which is comparable with

other Agbased temperature sens6fé.
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4.4.3Printing Flexible Hybrid Electronics (FHES)

We designed and constructed several device pjrqgjot s t o demonstrate th
applicability of our ANM process in printing FHES on a polyimide substiitgite 4.10). As it

is shown inFigure 4.10a, on the first step, conductive Ag tracks of the designed circuit were
printed on polyimide subsites. Surface mount devices (SMD) and packaged electronic
components (ICs and ligletmitting diodes (LEDs)) were mounted on the predefined positions
(Figure 4100 ) . | C6s pins and LEDs p-pridted cim@trugnga onnec
fastdrying Ag mint. The ATFTiny 85 was programed by configuring an Arduidoo as an In

System Programming (ISP) using the Arduino IDE software. The program initialized the
designated pins (0, 1, and 2) on the-AfRy 85 board (running at 8 MHz) as output pins for
LEDadasd ran an infinite | oop for sequentially
5V voltage to the circuit, as shown kigure 4.10c-€e , the LEDG6s were turnir

order.Figure 4.10f shows the circuit operating while it is bent amdler 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 workng under bending pressure (f).

4.5Conclusion

In summary, we demonstrated a dry printing additive nanomanufacturing of FHEs and sensors
on flexible polyimide and PETsubstrates. hsitu lasergenerated nanoparticles inside a
microchamber were used #®e 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 d

to 1 Y cm and 100 Y cm, respectively, were ac
and repetition rates while using optimum sintering laser energy. We ran mechanical reliability
tests such as cycling (0.08% to 0.5% strain) and stretchiag%@to 0.9% displacement) on
additively manufactured Ag and ITO on 127 pm thick polyimide and 200 um 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 rgsliAlso, ~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. eTprinting 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 ad sensors.
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CHAPTERO

Ink-Free Printing of Copper via Additively Manufactured Electronics

5.1Introduction

Conventional manufacturing techniques such as photolithography and vacuum deposition,
involve many steps such as mask design and fabricatipmndr wet etching that are expensive,
time consumingandenvironmentally harmful. In addition to that, these technigelyson high
temperature processing, therefae limited to conventional substratesch asrigid silicon

wafers and printed circuiboards since hese substrates are able to withstand the high
temperatures and pressufEs4l A well-suitedtechnology is needefdr flexible or stretchable

electronic devices

An alternative approach is the additive manufacturing or 3D printing, which allowseioa

of complex patternslayer 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 aaralso enable the use of a

wide range of substrates, including flexibéexd wearable substrateblicro-scale additive
manufacturing (AM)technologiessuch as inkjet printing (IJP) and aerosol jet printing (AJP)
haveemerged as a solution for printableagtenics technology*>2°. The direct writing nature

of AM eliminates waste of materials and many post processing steps of conventional methods.
Many micrescale additive manufacturing techniques use-baked marials, such as
conductive, restive, and dielectric inkdVietal inks are needed to be annealed after prirging

the nanopatrticles sinter together for conductivity, alsdto remove thesolvents/additives in the
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inks 2 221 Here he annealing temperature fisuch lower than conventional manufacturing
technique, which enables the use of flexible substrates in is0ele AM techniques.
Nowadays, flexible substratase recognized as one of the key foundations of printed electronics
due to their extreme light eight, ability to conform and bendind their wide range of
applications includingin wearables electronicdlexible displays,soft robotics,energy and
storagd?*?,

Conductive materials such as gold (Au), gilg&g) and copper (Cu) have many applications
such as solar cells, flexible hybrid electronics, sensors, batteries and super caPcitbrs
Gold has high conductivity and it is also resistant to oxidatiowekier, igh price of Au limis
its usefor printed electronicsAs 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 ¥5while silver is the68") 1. Therefore, copper printed electronics and
copperbased inks formulation are attracting great attentitmwever, there are sonabvious
problems in coppebased inks printing.

Firstly, melting temperature of Cu is moreanh silver. High electrical conductivity and
resistivity of printed Cu demands optimized sintering process which is morel8tariC
Flexible substrates such as PET, PDMS and paper cannot tolerate at that sintering temperature
(>150 °Q 2% 1671 To overcome this limitation, polyimide (PI) kapton with higlasstransition
temperaturecan be used. Pl kapton is lightweight with a good thermal stability which makes it
an ideal substrate for flexible and wedeatechnologies. Different ink formulations have been
reported to lower the sintering temperature of copper &8, Intense pulsed lighgintering

(IPL) has been proposesd amethodto sinter agrinted Cufilm by flash lamp exposuréhis
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technique enables inkjet and aerosol jet printing on theseraditive flexible substrates without
damaging underlying substratél.

The second challenge is that achieving low resistivity and long stability dbas&d Cu
printed is difficult sincecopper is easily oxidized into copper oxide (CuO) and cuprous oxide
(Cw0) whenexposedo theair environment!’*17% Some studies suggested stabilizing agents
such aspolyvinylpyrrolidone (PVP)in synthesizing copper nanoparticles (CuNPs) to protect
from oxidation*"&178],

Deep knowlede, extensive effort, time, and cost ink formulation in one hand, post thermal
treatment to eliminatsolvents and additivesf inks on the other hand, has been resulted in many
effort to invent new dry printing technolod§?: 166 17281l Sreenilayamet al. showed an
additivefree process by using of laser ablation in liquid for nanoparticles generation and using it
for aerosol jet printing, however, their technique still needs post procé$8inglso, control of
multiple parameters such as atomizer flow rate, sheath flow rate, nozzle sizeg @petd, base
temperatureand print height is not simple to gatfine print Multi-material print via AJP is
guite challenging due to different viscosity of the materials, cleaning of the nozzle to avoid
blockage and so on'®l The author reported a novel #ilee and dry additive
nanomanufacturing (ANM) technique to print multifunctional matsrand multimaterials such
as TiQ, BTO, ITO and silver on rigid and flexible substrates in a single step process with no

need for post processiﬁg’lv 166, 179, 180]

In continuationof our previous work, we haveused theadditive nanomaufacturing technique
as a dry and inkree processo directly print and sinterCu nanoparticles on flexible Fdapton

substrates. Odemand dry Cu nanoparticles generation via a laser ablation process eliminated
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the inkrelaied challenges mentioned before. In additidry, ink-free, and imsitu sintering of
nanoparticles accelerates the printing process since no post treatment Wéeddthwed the
good adhesiorof printed Cu to the PI kapton substraperfect mechanical reéhbility under
different bending radii and cycleand some electronics devices and sensors to demonstrate the

capability of our technique.

5.2Results and Discussions

¢. Schematic showing the laser
sintering of Cu nanoparticles
which are direct on the surface

of substrate via a carrier gas

intering laser
‘Smtermg
Al

)

. . a2
b. SEM of image of u-

. |
generated Cu nanoparticles - a

400 pm

d. SEM of image of
sintered Cu nanoparticles
on the PI substrate

a. Schematic of ablated Cu nanoparticles
generated by 1064 nm pulsed nanosecond laser

Figure 5.1. Schematic of additive nanomanufacturing printer. Enlarged illustratiamn demand Cu nanopatrticle
generation (a) and 4situ 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 Pl kapton
substrated).

In principle, additive nanomanufacturing printer begins withkdemand Cu nanoparticles

formation by laser ablation @f solidCu target inside the chamber while an inert, i@seargon

(Ar), is pumped in, as depicted igure 5.1 The generate@u nanoparticles are streamed out
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of the chamber through a nozzle by Ar carrier gas (19188M), and are focused on the surface

of the substrateSimultaneously, whil€u nanoparticleare depositingn the substrate, a second
laser passing through centef the nozzle sinters Cu nanoparticles. Enlarged schematic
illustration of oademand ablated and sintered Cu nanoparticles are demonstraigdran5.1a

c, respectively. Scanning transmission electronic microscopy (STEM) and scanning electron
microscog (SEM) were used to examine the morphology of ablated and sintered Cu
nanoparticlesFigure 5.1b shows STEM image of edemand ablated Cu nanoparticles with an
average size of ~10 niithe Cu nanpatrticles withsuch asmaller radius can effectively reduce

the temperature required for sinteriRy 184 SEM image of laser sintered Cu nanoparticles is
shown in Figure 5.1d which confirms the Cu nanopatrticles sinter and fuse togeathéorm a

larger film. 1064nm pulsed fiber laser coupled to a galvo scanner is used for the target scanning
and ablation process. A second 1064 pulsed fiber lasgrassedthrough the nozzle arfdcused

onto the substrate via a convex lens used for the sintering process.

" Innl  LnnL""Innd
AUBURN T

UNIVERSITY

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 thepotentialof ANM technology to print some @fications such as

antennaheaterjnterdigital patternshumidity and temperature sensor on flexible substrates

o
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Figure 5.3. XRD plots of ablated Cu nanopatrticles (a), and sintered Cu nanopatrticles (b).

XRD measurements of agxposed generated Cunmgarticles before and after sintering is
shown inFigure 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. Thesmall peak at 36is showing the presence afsmall percentage akidein the
ablated and sintered nanoparticles due to exposure to the air in ~43wmesstudies 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
(185 The printed Cu samples with ANM printer were done at atmospheric pressure and room
temperature. Creating an inert atmosphere Witharound the print head, to eliminate water
vapor and oxygen, will definitely improve the quality @tygensensitive materials such as

copper and aluminum.
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Gasflow rate, laser ablation powetaser 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 he ANM processto 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 sizéhandozzle and substrate
distance kept constant 0.5 W, 400 um and 1 mm, respectively. The summary of results has been
shown inTable 5.1. It is worth to mention that increasing the power of ablation laser will result

in generation of more nanoparticlesdaherefore 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 Flow Rate

(SLPM) Pass Layer Resistance wS&A &0l Resistance wSaAaildl Resistance wSaiaadl
OKO I at Printing OKO I at Printing OKUL I 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 - 55 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 - 3.4 42 6.1 48

30 5.3 238 2.4 19.6 3.8 27
40 4.5 93 2.3 14 29 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 3.5 14.6
50 4.2 31 3.2 15 3 13
48T 120 . 16
244 Ablation power: 48W Ablation power: 60W ¢ 12 i Ablation power: 60W
40| Printing speed: 2 mm/s E 100 Number of layers printed: 20 13} sintering power: 1.24W
_ 36} Gasflowrate:1SLPM - Gas flow rate: 1 SLPM —«ﬁ: Gas flow rate: 1 SLPM
Gl Sintering power: G 80r (jne length: 10 mm 9.10 L Line length: 10 mm
§ 28| 02w 3 Printing speed: 10 mm/s g 9f Printing speed: 10 mm/s
g24t 0271w 5 60r 5 8¢
Dol s B . w7
8 s M 3 8 6
4 lg F } 05W 1 r 40t ® 5[
8 i Z % : 20 g !
b I = 2t 1
N B . o it b1
10 20 30 40 50 0.5 06 0.7 08 09 1.0 1.1 1.2 1.3 14 1.5 20 40 60 80 100 120
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14
d 28} ppiation power: 60W € 161 ablation power: 60w Height 16um f 13 | Ablation power: 60W ]
24| Sintering power: 1.24W J e g, | Sintering power: 1.24W 120 Pass
Gas flow rate: 1 SLPM 12[ S?”_'OW rate: LSLPM 4 12 Gas flow rate: 15LPM =
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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 printedsC 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 1dy®isdsured 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 Postprocessing method Resistivity Reference
(OY. ¢

Bulk Cu - NA NA NA 1.68

CuNPs 1-Octanethiol Pl Inkjet IPL 24 Ref[186]
CuNPs Polyvidone Pl Inkjet 275 C° Thermal sintering 11.6 Ref.[177]
CuNPs Polyvidone PI Inkjet 200 C° Thermal sintering 3.6 Ref.[187]
CuNPs NA PI 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 showirigune

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. Sultsd#r power will result in

better melting and sintering of Cu nanopatrticles 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/&igure 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 Bown in theFigure 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 astil/itysof printed 1cm Cu

lines as a function of number of printed layers are plottédguare 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 is1 . 6 812 ThYe cimowest resistivity that we

comparison ofnaterials, solvent/additive, method, post processing and resistivity of printed Cu
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using different technologiesuch as inkjet and aerosol jet printing with our ANM techgids

demonstrated iffable 5.2

20 b
18 oAb « Sample 2 16 - « Sample 2
) e ad . * Sample 3 * Sample 3
16}a rbaad saaa A A 14 - A
& WA = A X
o 14r @
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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 Gimllines is measured with a
multimeter under ambient condition and is plotted as a functional ebyglapay and pemonth,

as shown irFigure 5.5a-b. The resistances of printed Cu samples exubiongterm stability

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

Back of the substrate

Figure 5.6. Photograph image of printed u

pads
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Low-temperature solder pastsedto mount SMD components ofNM Cu printed pads
The solder paste used is SMDLTLFP Chipquik wahmelting temperature of 138°Q@ll
componentsvere placedn Pl kapton substrateith 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 inFigure 5.6ad, we successfully mounted ®69 Y r esi st or using ref
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 oRI kapton substrate to fulfill its functiongt for future flexible and
wearable applications, the printed Cu must remain adhered well Bl #@oton substratelhe
adhesion of thénkjet printed Cuto the substrate is a major probleResearchers tried adding

cellulose to ink or substrate prettieg to increase the adhesion of printed Cu to the substrates
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[188] Here the adhesion test @NM printed Cu films to the substrate was performed according
to the American Society for Testing and Materials (ASTM D3359) procedure.-Qubgattern
(Imm s@ce)wasgenerated on the printed sple using a multblade cutter. The adhesion tape
was applied to the sample and then removagure 5.7a shows a 1 cm by 1 cm printed Cu
before the adhesion tegtigure 5.7b shows the remaining area rate after thee tigst which
shows ASTM 5B (the highest level of adhesien5B and lowest is OB In addition, as
demonstrated ifrigure 5.7c-e, the resistances of printed Cu samples was measured before and

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

resistance.
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Figure 5.8. Initial and final resistance of Gprinted 1 cm line samples at different bending cycles and radji. (a

Photograph image showing wélinctioning Cubased flexible hybrid electronic at different bendiadir (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 @rinted sampled®l. For example,

biosensors directly emects 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 sWfitthes
Similarly, for devices that actively measure strains or harvest energy from strain (strain sensors
and pezoelectric generators, for instance), the response to strain should be consistent throughout

the entire device lifetimg2%,

Figure 5.8 demonstrates another adhesion strerggh of ANM printedCu on PI kapton
substrateHere we have performed bending test at 18K 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 application§heinitial and final resistance of 1 cm printed Cu lines at different
bending radii andycles are plotted ifigure 5.8 a-d. Resistance ofhe linesis stable at first 1K
cycle in all different bending radii. At higher cycle (10K and 100K), the resistance is increasing
slightly likely due todefectscreated by the compressiertension cycle. A 4 LED flexible
hybrid electronic circuit printed by Cu nanoparticles were subjected to two different bending

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

5.3 Conclusion

We has used a new dry additiwenomanufacturing 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 generatelemand dry Cu nanoparticles in
preence of an Ar gas. The generated Ar jet flow carries the Cu nanopatrticles onto the surface of
polyimide kapton substrate. A secondary laser sinters the Cu nanoparticles without damaging the
substrate in regime. Using this technique, we were able to te 12 O Ycm 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 polymicgpton 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 priftagad
patterns, flexible hybrid eleanics, antenna and sensor that has wide range of applications in oil

and gas industry, flexible electronics, medical and energy storage.
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CHAPTERS0
Multimaterial Additive Nanomanufacturing and Dry Printing of Flexible
Hybrid Edctronics

6.1 Introduction

With the emergence of the internet of things (IoT), 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 integrat&rious functionalities, including sensors,
batteries, displays, and electronics directly onto different surf&8&¥Sl Printed flexible
electronic devices are often lightweight, bendable, stretchable, andblesawith potential
applications in healthcare, energy, aerospace, and defense indt&tri&8 Currently, flexible
electronics are mostly fabricated with a single material in a singlet&8$&¥. 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 muléteral configurations.

Currently, stateof-the-art printed electronics revolve around-b&sed manufacturing techniques
such as inkjet and aerosol jet printing (IJP and AJP¥ 28 148 These direct priimig methods
overcome the challenges of conventional lithograpased processes, which require expensive
manufacturing facilities with complex and wasteful proce8§8&g 79 180. 196, 26211] |5p gnd AJP
techngues 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
[212218] For example, SKgr-Scott etal**°! reported a micrometescale pinting strategy by fast

switching between viscous materials which are extruded through a single nazigin Liu
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etal??% developed an extrusidmasel multimaterial bioprinting platforncapable of depositing
multiple coded bianks in a continuous manner with switching between different reservoirs. Ke
Sun etal??Yl showed 3D interdigitated microbattery architectures by printing concentrated
lithium oxide-based inks. Although these extrusibased printing methods have been used to
fabricate functional devicd€??7] the construction of multimaterial architectures often involves
sequentially printing individual ntarials 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 asatakstop ink flow on demand witha
introducing defect&2® 22

Ink-based printing techniques have several other disadvantages as well. The ink formulation is
complex, and developing individual functional ink requires extensive effort, timecast. 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 ifk&l. Thus, multimaterial printing imainly limited

to nonfunctional materials due to the trad# between ease of processing and function&fit);

Also, using solvents and additives for tuning the concentration of the inks requires atlditiona
surfactant removal and thermal annealing steps, which complicates the device manufacturing
procesd'®t 231 Moreover in solventbased printing methods, only materials that are soluble in
the printing solventan 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 paimiein a

single process step.
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Here we introduce multimaterial additive nanomanufacturingA(NM) and dry printing
technology for printing various pure materials and hybrid structures in a single print. This
method can eliminate the need for assemblyycedhe need for pegrocessing, and promote

the efficient design of multifunctional devices. This partizjeparticle and layeby-layer
printing approach is capable of printing various materials by switching between the target
materials in a single ruduring the print process. The-BNM is a lasefbased technique that
generates nanoparticles-damand 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 printedtimeday 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. Tagomoof 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 tagan (BTO), titanium dioxide (Tig), tin oxide (SnO), zinc

oxide (ZnO), aluminum oxide (ADs), and silver (Ag). In addition, to demonstrate the capability

of the MMANM system, fully printed multimaterial devices such as Ag/ZnO photodetectors and

Ag/Al 03 electronic circuits are prepared and tested.
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Figure 6.1. Schematic illustration of the multimaterial additive nanomanufacturingARN) and dry printing
method (a). An example of the process flow for printing a multimaterial conductor/insulator {B¢/Alybrid
structure (bg). First, Ag antenna pattern is printed on the polyimide substrate (b). T0Og lAyer is printed on a
section of the Ag lines as an isolating bridge layer (c). Ag is printed crossing over the top ofQhdayédr to
complete theNFC antenna device (d). Photograph of a completed circuit with a M24LRO4E IC chip mounted on the
printed antenna (e). Closg optical image of the printed insulating.@ bridge with the crossed Ag lines (f).
Image showing the flexibility of the multimexial printed hybrid NFC antenna (g).

6.2 Experimental Section

A schematic representation of the dry printingAMM method is shown irFigure 6.1a. This

dry multimaterial printer consists of a nanoparticle generation chamber, a nozzle, a target
carousel blding 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 nanopatrticles as

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

To denonstrate multimaterial printing, we first printed a silmsed NFC tag antenna with
Al20s as the isolating layer. First, the target carousel was adjusted to position the Ag target for
laser ablation and nanoparticle generation process. The nanopasirkeguided toward the
substrate through the nozzle using an argon gas flow. These nanoparticles were then laser
sintered on the flexible polyimide substrate in #&ale (Figure 6.1b). After printing the first
predesigned Ag layer, the nanoparticle geti@mastopped, and the printer head was quickly
pumped to remove the residual silver nanopatrticles. Then target carousel was rotated to bring the
Al>Os target in position for nanoparticle generation and subsequent printing pro¢egses §.

1¢). 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 nanopatrticle
generation and printing processésgre 6.1d). The NFC tags are maetically 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 readeéfigure 6.1e shows the completed circuit where the M24LRO4E IC is
mounted on the printed circuit. The mounted M24LR0O4E IC was programmed to launch the
group's website when brougto the proximity of a cellphone with NFC systefRigure 6.1f and

g show the closeip optical images of the isolatinga8l; layer between crossed Ag lines and the

flexibility of NFC antenna, respectively.

The importanparameters for the ablation of agatr and nanoparticle generation are laser power,
scan speed, and repetition rate. Alsopun 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. Ingeneral, 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 samps 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 nvemtiost we

have previously shown the possibility of employing different types of lasers (e.g., 248 nm

excimer laser) for both ablation and sintering proce$&es™!
5.3Results and Discussions

To get a betr 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, TiQ, SnO, and ZnO, as shown irigure 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 irFigure 6.2e-h show the deposited and las@ntered BTO, Ti@, SnO and ZnO

nanoparticles, respectively.

Figure 6.2. STEM images of BTO (a), T2 (b), SnO(c), and ZnO (d) nanoparticles generated BANM printer.
SEM images of BTO (e), Tigkf), SnO(g), and ZnO (h) sintered by ANM printer.

The effect of laser sintering on the crystallization and sintering of BTOp, T8O, and

ZnO nanoparticks were further studied by Raman andra§ spectroscopy methods, as shown

in Figure 6.3. After the sintering process, the Raman spectra clearlyeshthe characteristics
vibrational modes of the samples. For instance, the Raman modes of the sintered BTO samples
were observed at 260 ¢m302 cm® and 717 cril, representing the crystalline characteristics of

the samplesKigure 6.3a). Similarly, theRaman active modes of TiXcrystals, including 137

cml, 386 cmb and 625 cit (Figure 6.3b) were observed, indicating the anatase phase of the
crystallized TiQ samples. The Raman spectrum of SnO showed th@honon mode at ~204

cm Y(Figure 6.3c), andZnO showed the representative Raman modes at 435574 crh?!

(Figure 6.3d). Figure 6.3e-h demonstrates the-Kay spectra of sintered BTO, TiOSnO, and

ZnO, respectively, reconfirming the crystallinity of the sintered nanoparticles.
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Figure 6.3. Raman spectra of sintered BTO (a), sintered (), sintered SnO (c), and sintered ZnO (d). XRD plots
of sintered BTO (e), sintered Ti{), sintered Sn@g), and sintered ZnO (h).

The versatility of the MANM technique enabled us to directly print niplk materials onto the
desired location, either sid®/-side or in a layeby-layer configuration. As an example, the-Ag
SnOZnO heterojunctions were printed sibgside as shown ifFigure 6.4a. The closeup

views of the junctions are shown Figure 6.4b-d. Also, as shown irFigure 6.4e and f
BTO/ZnOITiG;, 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 SEMsssection of the Ti@zAg multilayer produced by the MNM
technique is presented kigure 6.4g. Energy dispersive spectroscopy (EDS) element maps
shown inFigure 6.4h-j indicate the caglity of heterostructures formation made of multiple

materials with clear boundaries.
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Figure 6.4. Optical image of siddy-side MANM printed AgSnO-ZnO lines (a). Optical images of AgnO (b),
Zn0O-SnO (c) and AgsnO (d) junction. (e, f) Optical image$ BTO, ZnO, and TiQ printed on polyamide in a

single run. Crossection of printed Ag on top of Tidg). EDS elemental maps of printed Bi®g hybrid structure
layerby-layer (hj).

To understand the correlation between the number of printed laygrheurthickness of the
printed lines, theirheight profiles were measured and analyzed using a KEYENCE optical
microscope. As shown iRigure 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 nfogons.

6.5b represets 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 ffuare 6.5a,b,the resistivity of the 10

mm lines at different pass numbers was calculated and plottedure 6.5c. Accordingly, we

achieved resistivity aslowas~1x1% m at a t hickness of ~1 &m.

94


https://onlinelibrary.wiley.com/doi/full/10.1002/admi.202102569#admi202102569-fig-0005

N
S

0 T r
a b c40 d = Intial Resistance
18 r e _ 6« Final Resistance
16 1 _ 8 E.3v5 1k cycles
£ 14 k : o7 'C‘ 30 as
=12 & Q6 o o
[ o (=3 Q
g 10 ] 55 .25 54
£ By = 7]
s 8 ] [ 220 2
= l x 3 2 r3
3 15 -
4 y 2 ['4 — -
2 b ! 1.0 2 v
.
0 0 L L L L L
0 20 40 60 80 100 0 20 40 60 100 0 20 40 60 80 100 20 18 16 14 12
Pass Number Pass Number Pass Number Bending Radius (mm)
——— - T T T 25 e ———— —
@ g| —=—Intial Resistance f 5.0 L —=—Intial Resistance 18 =— |ntial Resistance
o Final Resistance . | —e—Final Resistance 4 +— Final Resistance
7+ 10kcycles . 4.5} 100k cycles 208 gm cycles
c | g
o 6 o 40r o 15
o o t o
c c c
85 » 8 35} 8
° = 7] @ 10
] @ t . o
&4 © 30t «
-— . | s i
/ 25} p [ - WA ¢
3« [ = —_— — oy AR R
L AR AR AN 2
2 S S T 2.0 L . . L L 0 T S S —"
20 18 16 14 12 20 18 16 14 12 20 18 16 14 12
Bending Radius (mm) Bending Radius (mm) Bending Radius (mm)

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 printéde&gunder various bendirrgdii and

cycles, including 19(d), 1¢ (e), 16 (f), and 16 (g) cycles. Digital photo of customade bending and cycling
machine (h).

The mechanical stability, structural durability, and electrical properties of the printed lines were
characterized byerforming bending and cycling testSiqure 6.5d-g). The cycling test on a
series of 10 mm printed Ag lines on 12x4x0.1273polyimide substrates was performed using

a custommade bending systerkifure 6.5h). The initial and final resistance of printédes at
different bending radii (120 mm) and cycling numbers (A0, 1, and 16) were measured

and plotted, as shown Kigure 6.5d-g.

To demonstrate the multimaterial printing capability of the approach, various devices were
designed, printed, antested. For instance, since photodetectors are an important class of
optoelectronic devices and sensors that translate optical information into an electrical readout
2321 we printed an array of AZnO photodetector printed on fible polyimide substrateas
shown inFigure 6.6ac with 2D and 3D optical images:irst, Ag electrodes were printed,
followed by switching the target and printing ZnO. The electrical and optoelectronic

performances of the fabricated photodetectors wereasaored 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 frequek&yshown inFigure

6.6d,e the photocurrent spontaneously increased upon UV irradiation under different voltage
biases (35V) and different illumination power densities (0.15 to 0.55W)jcriThe device
exhibited good flexibility and stability even afterrakng under different bending radkigure

6.6f,g). The UV intensity dependence kigure 6.6h shows linearity over the power density

from 0.15 to 0.55 W/cAy and the sensitivityismaes ur ed as 0. 6 €A per 0.1
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Figure 6.6. Digital photo of flexible AgZnO 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 ligig {@ensiti
Photoresponses of the Zphotodetector undefarious illumination intensities under different bending radii (f,g).
Peak current of photodetector as a function of power deftgity

Another significant challenge in printed electronics is t@ai@dine crosovers without shorting
the circuit™?3. This requires a multimaterial printing capability for printing an insulating layer
between the conducting lindsigure 6.7a shows an example of a printed multimaterial flexible
electronic circuit on polyimid using Ag lines as a conductive layer andQallayer as a

dielectric isolator. To print this device, we designed and printed the first Aglayer Ag lines
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exhibited a resistivity of ~1.2007°Y m. By rotating tx@etheAlsOs get f 1
dielectric layer was printed on the pefined 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 heaight profile inFigure 6.7b,c shows the

printed multilayer stack of Ag/ADs/Ag. After printing, the circuit electronics component,
including theM24LRO4E IC, ATTi ny 85, two 1Kq resistors, and
the printed flexible circuits, ahiewn inFigure 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 aifing&B5
microcontroller to read the NFC Data Exchange Format (NDEF) message from a phone via NFC
program to control two output LED'She expected operation of the circuit shows that the

printed insulating AlOz layer completely isolated the bottom ang tmetal layers. Also, the
crosseebver 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 confirmdbat separate multilevel metal interconnects were

successfully formed.

a

A|203 400um
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Figure 6.7. Digital photo of the MANM printed lines of flexible hybrid electronics (a). 3D optical image of the
printed AbO3 as the isolator layer between crossed Ag lines of tR€ ldntenna (b). The height profile image
printed AbOs 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 blueQfswEching

via NFC communication controlled by a mobile phone.

5.4Conclusion

In summary, we developed a new dry multimaterial printing technique that is capable of printing
multiple materials sidéy-side and layeby-layer. The unique feature of thischnique was the
generation of dry and pure nanoparticles through pulsed laser ablation of solid targets. The
generated nanoparticles directly exited from rbezletoward the substrate, where they
weresinterecby a realtime laser sintering process abom temperature and atmospheric
pressure. A target caroudwlding multiple targetsvas used to bring different targets in
engagement with the ablation laser beam to print multiple materials. To demonstrate the
capability, ZnO photodetectors with Ag elextes and multimaterial A§l.0O3 FHE circuits

were printed and tested. This versatile and uniqu&NW printing technique was used to print a
variety of materials such as Ag, BTO, BiGnO, ZnO, and ADs that could be used for broad
applications rangindgrom flexible electronics, optoelectronics, energy storage and harvesting,

spaceand 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 tteation in recent years due to its many advantages and
potential applications. Their flexibility makes them more durable to damage and other
environmental stress. In addition, flexible substrates are lighter and thinner than rigid
substrates, which makkem the ideal platform for lightweight applications such as wearables or
medical sensorg3>240]

One of the key advantages of flexible electronics is the ability to use in curved or irregularly
shaped structuresuch as the human body. In addition, the most significantreatf flexible
devices iswhere the printed material needs to be able to withstand repeated bending and flexing
without delaminating from the substrafEherefore, the reliability of flexiblelectronics is an
important issue because the failure of fléxiblectronics can cause safety problems, as well as
operational malfunctions. Manufacturing defects, crack and delamination are some causes of
reliability failure in printed electronics proes®t 24¥244 |mprovement of such challenges has
become a key issue in printing different nanoparticles on flexible substrates. Polymeresibstrat
have attracted extensive research interest for flexible oralkaelectronic devices. Among
them, polyimide (PI) is a compatible and promising substrate because of its high heat resistance
and stability, excellent mechanical property, and high chémgsistancé?*°!

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

reliability of printed materialdy 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 afeathe printed material to adhere the PI substrate, which wepro

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 ewassly a
the surface of the material. This can help to prevenksracd 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 tremuobtured?*® Rahimi et al. also
reported CQ laserinduced carbonization fotrench formation of Pl and then trapping of
aqueous silver (Ag) ionic ink solutions into the carbonized redfdéAsHowever, these
techniques not only use differemimbers of processasd setups which makbem complex

and costly.

In recent years many cesffective directwriting and additive technologies particularly for their

use in printed flexible electronics have been explored as alternative approaches to conventional
clearrroom processes with attraat features including reduced material wastage and scalable
manufactiring 105197, 138, 24251 Among the additive manufacturing technigéfes® 251 22

inkjet printing, aerosejet printing, screeiprinting, and gravure piting are some examples of
patterning processes that can be used for flexible electiéhié&® 126 191, 2535] golyents,
additives, surfaents, ad 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 ide&° While designing an ink, several considerations are made,
namely, reducinghte offeering effect, improving wetting on the surface while suppressing ink
spreading, longerm ink stability, and compatibility with a given printing techni¢fd& Another

crucial aspect of printing processes that use ink is that the additional surfactanalrantbv
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thermal annealing steps complicate the device manufacturing pFeéessistly, pinting
multifunctional materials (e.g., ferromagnetic, piezoelectric) and hybrid structures with current
technologies is still challenging. Therefore, a new printing techniqneeded to address the
aforementioned challenges of current printed eleatsotgichnologieg%®!

In our previous works, we proposed a new emof additive nanomanufacturing printet: 17

This printer addressed some of the challenges of current printed electronicsjuechny
producing pure, dry and solutidree nanoparticles, and alpointing multifunctional materials

such as titanium dioxide (T} 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 nanomanufacturtmgcee (SANM) to easily

form trench structures on Pl substrates and subsequently filling and sintering the trench
structures with the Ag nanopatrticles. The present approach reliesthn fibrication of trench
patterns using laser etching process, fe#ld by filling and laser sintering the trench patterns
with the Ag nanopatrticles. Filling and laser sintering the nanoparticles onto the trench structures
of PI will result in increasingn 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 Schematidllustration of trench formation on Pl substrate via 248nm laser etching pregeSstiematic
illustration d completed trench pattern formed on the Pl substtjtdr{-situ Ag nanoparticles generation, and laser
sintering of the delivered Ag nanopaltis onto the préormed trenchd).

7.2.1 Subtractive Nanomanufacturifigench Formation

We have developed system which is capable of simultaneously fabricating trenches on the PI
substrates followed by filling these trenches with desired nanopartieles 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 iadiaas 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 hittingutti@ce of Pl substrate. The schematic

of trench formation process is demonstratefiigure 7.1a. Absorpton 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 thresth value to cause an irreversible change in the PI surface and forms
trench. This modification threshoftlence depends essentially on the material and the number
of laser pulses applied to the same spot.

For deeper understanding the PI etching proogssinvestigated the influence of number of
laser pulses, laser beam fluence, laser repetition rate amtbenuof scanning path on the
formation of trench onto the Pl substrates. Flexitlle u b st r at dahick) bought2fréna m
AmericanDurafilm were used for all the experiments. The typical distance between the head of

nozzle and surface of Pl substrate kept5 mm constant during all experiments.
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Figure 7.2 Laser ablated 300 pm diameter craterslisuibstrate at different number of laser puls®s Depth of
ablation plotted as a function of number of pulbg @D view of ablated crater using 40 lagerses €). Laser
fluence of ablation was 0.48 J @m

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 thehalogy of the Pl surface was
observed and measured with an optical microsdeigere 7.2a shows theP| substrate subjected

to 1 up to 40 laser pulses. As it is showrFigure 7.2a, either the ablation does not start with

the first pulse to around 5 putser the crater depth is too small to be measukglire 7.2b

shows themeasured 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 peigase 7.2c shows 3D surface
morphology of uniformly formed crater on the Pl substrate irradiated with 248w@imer laser

fluence: 0.48 J crand 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 mage of PI surface. 2D and 3D view of 10 trench formed on Pl substrate
(c) and @), respectively. 2D and 3D view of 32 um trench formed on Pl substjasad €), respectively.

For the trench formation, the XY position stage Hhas move according todesirable
preprogrammed patterrkigure 7.3a b show the 2D and 3D view of flat Pl substrate,
respectively. As it is demonstrated figure 7.3c, d, 10 um trench created while the laser
fluence, number of scanning path, and repetition rate are 0.972]) Zrtimes, and 5 Hz,
respectively. Employing 08J cn? laser fluence, 10 Hz repetition rate, and 10 times repeating
the scanning path, 32 um trench formed onto the PI substrate, as it is Bigoven7.3e f. The

nozzle diameter size, delay on each sput the overlap were set to be 300 pm, 20 ms &@@6l 6

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 0.979,camd fourdifferent repetition rates (5,

10, 15, 20 Hz) wermvestigated and the results have been plottédguare 7.4a-d.
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