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SUMMARY

Flexible electronics are attractive for new applications because of their flexible forms as
well as properties of light weight and portability. The circuits are usually printéebale
substrates such as plastic, fabric, and paper, which are delicate and heat sensitive.
Traditional photolithography with the use of high temperature and corrosive chemicals is
not suitable for flexible substrates. The fabrication of flexible edaats requires fast and
low-temperature printing processes in order to minimize the damage of the flexible

substrates.

In this research, a higihroughput nanoparticle laser patterning process for flexible
electronics is developed, where nanoparticlesistered with low power laser while they
are selectively deposited to enhance printing quality. Copper and silver particles are
successfully deposited on paper and polyethylene terephthalate (PET) substrates. To study
the processtructureproperty relatioship, the effects of process parameters on the
deposition performance are assessed. The thermal effect of laser on the morphology and
porosity of films is observed under scanning electron microscope. Chemical composition
of printed pattern is also charadgized using Xray diffractometer. The sensitivity of
electromechanical property with respect to the porosities, as a result of different laser power
densities, is analyzed. In theoretical studies, a multiscale model of deposition mechanism
is developed, Wwere an analytical adhesion model predicts the deposition performance
based on laser irradiation, particle size, temperature, efalastic properties of particle
and substrate, and deposition velocity. The mechanical properties of nanoparticles are

predcted by molecular dynamics simulation to construct the strugiuoperty linkage at



nanoscale. A controlled kinetic Monte Carlo simulation model is applied to build process
structure relationship to predict the morphologies of the printing results atoads. The
developed process is demonstrated and applied to fabricate hydrophobic and hydrophilic
patterns with controlled oxidation levels on PET substrate, and flexible electronics on PET

and paper substrate.
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CHAPTER 1. INTRODUCTION

Flexible electronics are attractive for ngdneration electronic products because of their
flexible forms as well as properties of light weight and portability. With the ability to
conform, bend oroll into any shape, flexible electronics have various industrial and
medical applications such as electronic paper, rollable display, flexible mobile device,
implantable sensor, etc. Despite the great potentials, flexible electronics are still confined
to lab level experiments till today because of their poor durability. Crack within the printed
circuit and weak bonding between the prints and substrate can cause detachment and
delamination. Therefore, the fabrication of flexible electronics imposes rediemdes on
manufacturing processesigure 1 shows the statef-theart of flexible electronics
fabricated with different processes. Flexible electronics are usually printed with the roll to

roll, inkjet printing, or soft lithography prcesses.

Traditional photolithography can print highsolution patterns and circuits with a
small feature size. However, its use of high temperature and corrosive chemicals is not
suitable for flexible substrates. Flexible substrates such as plastic, fatd paper are
delicate and heat sensitive. The fabrication of flexible electronics requires low temperature
printing processes in order to minimize the damage of the flexible substrates. In addition,
the photolithography process requires complex dtapike fabrication of mask, deposition

and etching, which makes the process expensive.



Inkjet
printing
(a) Functional components: (b) Organic fieldeffect
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Figurel. Stateof-Art of flexible electronics

Direct writing technologies such as inkjet printing, direct pen writing, and screen
printing avoid the need of masks as in the lithograghgure 2 shows theavailable
techniques for microscale direct printiid]. Energy beam printingnethod include
focused ion beam (FIB), focused ion beaehemical vapor deposition (H8VD), and

direct laser writing. These processan print small featusawith high resolution. However,



the processsarecomplicated and expensive because high ensgogycesanda vacuum
working environment are requiredPhysical contact nmbods include dip pen nano
lithography, screen printing, grare printing and nano imprint. These processre
capable bfast and large scale printinglowever,printed patternscan easily deteriorate,
andsubstrate and tool damagfien occursLiquid dropletmethodssuch as inket printing

and electrenhydrodyramic jet printingcan also print high resolution pattermtowever,
these processes have limitations such as clogging and limited featurd bzesaterials
alsoneed to be solvable to tishosersolvent and suitable viscosity is required. Therefore
the available material choice is limited. To avoid the use of solvent which is
environmentally harmful and to broaden the range of material selection, research for
printing dry particle deposition system haseb conducted8-10]. Thesemethodscan
performfast and large area printing with inexpensive airmple procegs Moreover,a

wide selection of material type can be used. Despédadvantageghey havdimitations

in small feature printing with high resolutionow durability of the prinis thechallenge

that needs to be overcom&mnong them, arodynamically focused nanoparticle (AFN)
printing allows to deposit various patterinsmicroscale[10]. However, the processing
time is long, since the nozzle prints patterns serially, and the durability of prints is low
becausehe structure hasigh porosity. Therefore, these processes hhve limitations in

printing flexible electronics.
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Figure2. Selected techniques for microscale direct prinfifig

Auxiliary methods have been developed to enhance the performiaghese direct

writing processes. Especially, laser sintering is the most frequently used method to improve

the performance of additiyainting. For example, Chioleriet al.[11] reported that inkjet

printing combined with a laser system can imprtheelectrical properties of the printed

silver lines. Ahret al.[12] introduced laser in a nanoparticle deposition system to enhance

the mechanical property of the depositedzfiln. Likewise, here have been attempts

improve the deposition process with laser. The literature will be reviewed in otetail

Section2.2 However most of these processes have theis§ thermal damage. Since

laser is either coaxially or eccentrically affecting the substrate directly, the use of high laser

power increases the temperatwk the substraten heat affected zones. Damage is

inevitable for flexible substrate which is walrable to heat. Therefqreleveloping

manufacturing processes to print durable and-pgtiormance flexible electronics with



low processing temperature is essenfialaddition,there is an absence the study of
deposition mechanismwith particle impat and heat annealingf low temperatureThe
lack of understanding of printing mechansmas well as processructureproperty

relationshifg makes the quality control difficult.

In this researcha nanoparticle laser patterning (NLP) processhigh throughput
direct writing of flexible electronicds developed. Nanoparticles are sintered with laser
while they are selectively deposited. As a proof of concept, copper and silver particles were
successfully deposited on paper and polyethylenetitvalate (PET) substrateBhe use
of low laser power, low aerosol pressure, and-vecuum environment makes the
proposed process a levostandlarge-area deposition method. Small particles around 100
nm are used so that laser energy could effectivalgster to particles, while thermal
damage induced by laser system is minimized. With different laser conditions, porosity and
chemical composition of the deposition can be controlled and localized, which could

improve the performance of printed patterns.

To characterize the thermal effect of laser, chemical composition of particles has
been analyzed using-bay diffractometer (XRD). The extent of oxidation with different
laser power levels is quantified. Electromechanical property is also analyzed for the
purpose of sensing applications. It is shown that the property is sensitive to the porosity
difference caused by different levels of laser irradiation. The microscopic images taken by
scanning electron microscope (SEM) allow us to measure porosity afterirgin In
nanomanufacturing, microstructural evolution and mechanical deformation mechanism are
essential for elucidating physical phenomégmd]. Furthermore, process modeling and

analysis expand the knowledge on the adhesion mechanism and {stogetsseproperty



relationship for the hybdi process of direct printing and laser systéfnmultiscale
adhesiormodel isdevelopedo evaluate the impact of process paransetad understand

the physical phenomenon. The deposition mechanism is modeled with an analytical model
as well as molecular ydamics (MD) and controlled kinetic Monte Carlo (cKMC)
simulations to understand the physics related to nanoparfidie developed procebas

been used to fabricate novel patterns on flexible substrates such as hydrophobic and
hydrophilic surfaces usindifferent oxidation levelskirigami electronics on papers, and

durable strain sensar

In the remainder of the dissertation, Chapter 2 provides the literature review of
relevant work. Chapter iBtroduces system design and integration of the NLP probess.
Chapter 4, performansef the printingare evaluated The printing performaneewith
different printing parameters as well as laser condit@resstudied to build process
structureproperty relationship. In Chapter 5, process modeling and analggisovided.

A multiscale model is developed to study deposition mechanism of the printing process. In
addition,a cKkMC model is built to analyze and predict the morphological changes in
mesoscaleChapter 6 introduces possible applications fabricated th#hNLP process.

Finally, in Chapter 7, conclusion including future works and contribui®addressed.



CHAPTER 2. BACKGROUND

Thischaptemprovides the basic background information associated with printing pescess
includingaerosol jet printing processmddepositionprocess with lasein addition, study

on the model for depositioand laser effect on particlesill be reviewed as well as
applications withtheir fabrication methodsAerosol jet printing process including
aerosol deposition metho@DM), cold spray(CS), and ranoparticle deposition system
(NPDS), which hae been developed and studied in the Innovative design and integrated
manufacturing lab (IDIM) in Seoul National University (SNU) since 2008, will be
reviewed in Section 2.1. Auxiliary methods have been developed to enhance the
performance of the deposition process as a hybrid appfbdiclEspecially, lasesintering

is the most frequently used method to improve the performance of additive
nanomanufacturing. Both dry and wet deposition methods with [aesesswill be
reviewed inSection2.2 Furthermore, modslfor particle depositionwill be reviewed
There are many researchers studying particle deposition by analytical and computational
modek. Thesewill be reviewed in detail and their limitatismvill be discussed in Section

2.3. In addition, moded of nanoparticles with laser treatment will be covetadsection

2.4, applications developed with direct printing methods and their fabrication methods will

be discussed.



2.1 Review onaerosol jetprinting process

Nanoparticle depositiorsian important additive nanomanufacturing process for thin film

coating, which has been applied to lithium ion batteries, gas sensors, electrode, electronic

devices, water splitting, dye sensitized solar cell, and others. Compared to other processes

such @& atomic layer deposition (ALD) or chemical vapor deposition (CVD) to produce

thin films, direct nanoparticle deposition provides reduced process YWe#.studied

nanoparticle deposition processes are aerosol deposition method and cold spray deposition.

Aerosol deposition method was first developed by Akeidal. [15, 16] in the late 1990s.
Figure3 shows the schematic diagram of the pro¢é3k This proess sprays aerosol of
initial bulk particles at room temperature to produce ceramic f{lb@. Successful
depositions of ceramic particles such as4] TiO,, BaTiOs, and Pb(Zr, Ti)Q@ with few
micrometers to tens of micrometers thickness were repdrée2il]. These flmshave been

utilized as sensors, fuel cells, batteries, [€ic.

Figure 4 shows the schematic diagram of cold spray pro¢28s Cold spray
process normally accelerates metal particles witkemanic velocity in a heated gas stream
through convergingliverging nozzle[23]. When particles hit the substrate with high
velocity, plastic deformation of éhparticle causes deposition. Metal particles such as Cu,
Ti,Zn,andAl of typical diameter of 50 em have
of heated gas is around 500°C which is under the particle melting point, therefore the
deposition is in theolid statg24]. Thermally induced stress is lower than laser engineered
net shaping process which completalglts the particles. This will be discussed in Section
2.2 In addition, because of low process temperature, compositions and phases of initial

mateials remain steadyl3]. Cold spray catings can be used in various industrial

b



applications. For example, copper coating can improve heat conductivity between
electronic devices. Aluminum coating can be used as a corrosion protecibstainless

steel coating can protect the surface fronamand corrosiofi25).

X-Y-Z stage

mass flow controller DCPOS“ ion
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Figure3. Schematic diagram of ADM proceds/]
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Figure4. Schematic diagram of CS proc¢2g]



Recently, a dry spray process which capakit metal and ceramic particles at room
temperature, called NPDS, was developed by Gl [8, 26] in 2008.1t is a solvent
free and diect printing process of inorganic nanoparticlegure5 shows the fabrication
envelop of low temperature particle deposition systeomparing coldspray method,
aerosol deposition methpénd NPDS[27]. ADM typically prints ceramic partice
whereas CS method normally prints metal particles. However, using higher velocity than
ADM and using smaller diameter particle than CS method, fmdterial deposition is
available in NPDSFigure6 shows the selected deposition results of NIPZ8R Ceramics,
metals or mixed particles can be deposited on ceramic, matgdolymer substrate. For
example, TO2, AlO3 [29-31], and Ni particles[32, 33] were deposited. MuHiayer
deposition was also studig8d]. Figure7 shows the system configuratifizi/]. The NPDS
system is composed afcompressor, particle feeder, nozzle, vacuum chamber, vacuum
pump and controller. Dry raw particles are stored in the particle feeder without any pre
treatment. Compressed air frothe compressor carries particles to the nezzAfter
passing the nozzléhe particles impact on the substrate and deposit becauskimmdtic
energy. This process is in a low vacuum and room temperature environment. Deposition
mechanism has been investigaf8d]. Computational fluid dynamics was used to study
micro nozzle with supersonic particle depiosit{36]. The deposited films were used for
energy applications such as dye sensitized solar cell (DS3$£) 37, 38 and

electrochromic windowWECW) [39-42].
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The major challenges of NPDS process include low adhesion force, low density,
and high surface roughness, which potentially lead togloality and lowdurability of the
films. Recently laser irradiation, as an auxiliary method to enhance the performance of the
deposition process, was developed in the laser assisted nanoparticle deposition system (La
NPDS)[12). Figure8 shows the system configuration of-DMNPDS[43]. In this system,
laser is directhapplied through the nozzle to the deposited particles to improve the particle
bonding and adhesion with substrateng thesintering effect. The introduction of laser
enables a broad range of materials to be deposited, which also increases the ghality of
films. With laser irradiation, mechanical property and morphologyhetieposited films
can be improved. However, tmeal damage on the substrate is inevitable whithdirect
irradiation method. Therefore, a new method for laser sintering was developed to solve this
problem. Laser improved nanoparticle deposition systerN@DS) uses indirect laser

irradiation[44]. Figure9 shows the system configuration ofNPDS[43]. Laser is applied
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on the path of nanoparticles so that gimig occurs while particles are flying. While

avoidingthe substrate damage, morphology of the deposited film was impf{ddeds|.
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Figure8. System configuration of direct laser assisted nanoparticle deposition system
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To improve the patterning capability, AFN printing was developed byelted
[10] for direct patterning of dry nanoparticlésgure10 shows the hardware schematic of
the AFN printing systerfi7]. This process usekesimilar deposition mechanisasNPDS.
With a smaller nozzle outlet than that of NPDS dast excitatiorpurge control, this
process can aerodynamically focus nanopatrticles. Therefaanprint patterns onto the
flexible and inflexible subst ranbeeostrollgd t h hi
by opening and closing the valve for aerosol flow and x, y directional stage movement.
However, the printing speed of AFN printing is slow, sirlce nozzle prints patterns
serially. For large area deposition, the requiremeatvatuum state and slow mess time
canbe a drawback. In additioby sprayng theparticles, the edgef the printingis not
clear. Therefore, when developing applications that include narroslbgapeen patterns,
such asa capacitor, complete separation thie patterns is notealized. Furthermore,

durability of the deposited film is low because of high porosity.

Vacuum gauge <
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5

© |
Flow

Control
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Figure10. Hardware schematic of the AFN printifig
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In summaryFigurell1 shows the history of low temperature deposition praess
using particle[27]. Cold spray method was developed in 1980s for metal particle
deposition and various methods to enhance the proesstwdied. In late 1990s, aerosol
deposition method was developed. Auxiliary methodf ss plasma and laseesgadded
to improve the process. In 2008, NPDS was developed. After that, AFN and LaNPDS was
developed to improve the process. The nanopatrticle laser patterning process is developed
in this research in order to overcome the linmtatand improve these processes further.
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Figurell. History of low temperature deposition processes using pai@de
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Tablel shows the comparison of particle based printing systems. ADM, CS, NPDS,
LaNPDS, AFN and NLP processsarecompared with feature scale, temperature, vacuum
state, printing speed, durabilitgnd printing type. Among #se methods AFN printing
can only print small featuseof tens of micrometers. However, the printing speed of the
AFN printing is relatively slow because it prints patterns serially. In addif@porosity
of AFN printed patternss large which results in low durability of the printed results.

Therefore, here is a need fahigh throughput and durable nanoparticle micro patterning

process to fabricate flexible electronics.

Tablel. Comparison of low temperature particle printing system

ADM CS NPDS | La-NPDS AFN NLP
Schema Nozzle V
S AP I v
dlagram Printing result g
Feature 500em 500em~ | 500em~ | 500em~ | 30em~ | 50em ~
scale ~10 mm 10 mm Im 10 mm 10 mm 10 mm
Room
USRI temperature RT RT ~35 RT ~60
-ture 800
(RT)
Low
Vacuum 1 atm -0.8atm | -0.8 atm | -0.8 atm 1 atm
vacuum
Printing
speed ~10 sec ~5 sec 200sec| 200sec | 500sec| 200 sec
(1 cnd)
Durability + + + +++ + +++
Printing , : Line : Point Line
type Line (1D) | Line (1D) (1D) Line (1D) (0D) (1D)
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Figurel2shows the feature size and printing time of low temperature particle direct
printing processAs discussed earlieNPDS, LaNPDS, CSand ADM have fast printing
time butthey can only printlarge featureswith sizesof hundreds of micrometers to
millimeters AFN printing can print smaller featurestens of micrometergdowever the
printing speed is slow compared to other processes. To manufacture flexible electronics,
the manufacturingrocess should be able to print small featufetens of micrometers
with fast printing speed. Furthermotie printed results should have high durability which
is the limitation ofparticle based depositiggrocessNLP process was developed to meet

therequirements.

Printing time

(second/cm?)

600 AFN
500
400

Required for future ; La-NPDS NPDS
300 flexible eledtronics ‘

i CcS
200 | _-- NLP
V4
100 |. : Target prolfess T
0 T i i = allil. T

100 10! 10? 10° 104 10° 106
Feature size (um)

Figurel2. Process envelop for low temperature particle direct printing processes
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2.2 Review onprinting system with laser

Laserprocesshas beermapplied toa deposition process as an auxiliary method to enhance
the performance of additive nanomanufacturifitd]. Normally, by applying laser,
reliability of the final product increased. Laser enables high quality ssri@ite good
mechanical propesds. In addition, new materialsan be combined. Manufacturing costs
canbe reduced by minimizing wasted materials during the process. Three main examples
of using auxiliary laser in dry particle deposition proessge selective laser sintering

(SLS), laser baskdeposition, and laser engineered net shaping (LENS).

Figure13 andTable2 show the schematic diagrams and detail process conditions
of each process respectivgy6-48]. As illustrated inFigure13 (a), in SLS method49-
51], laser beam is focused on the particle layer in the powder bed, and heat facilitates the
formation of necks between the particles. By repeatingtioisess layer by layer, 3D parts
in micro to mesoscale can be built. Ceramic, metal, ghasspolymer particles (polyamide,
polystyrenes, thermoplastic, polyurethane, etc.) are normally used. The process uses high
laser power around 100~200 W to paljiahelt the particles to form a dense 3D part.
Normally the temperature of this process goes up to 1000°C. Layer thickness of the process
is around tens of micrometers to few millimeteaasn d r esol uti on i s aro

addition, high vacuum or ultfaigh purity inert gas environment is required.

Figure 13 (b) shows the laser based deposition method. This meéshggically
applied to aerosol deposition method or cold spray deposition. ADM argkfssition
normally produce films with low adlen force, especially for hard materidlsser is

applied n order to achieve high quality deposition with homogeneous and pore free
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characteristics antb extend the range of materials and applications. Laser can also make
build rate faster and reduceopessing cost by removing the needs for gas heating as in CS
method[52]. Combining laser with CS method has been demonstfatayget al [53, 54]

reported that less than 1% porosity was achieved in metal coating. Several attempts were
made to optimize the process, such as Coaxially Laser Assisted cold spray (COLA) project
[55]. Laser can also be applied to preheat the substrate to a temperature below the particle
melting point so that particles are softened and deformed more significantly during the
impact[24]. Although particles are not fully melt, this process also useslénghoflaser

power,and the temperature reaches around 1000~1400°C.

LENS utilizes laser to weld the pades which comes out from the nozzle to build
complex 3D structurgs6]. Figure13 (c) showsa schematic diagram of the procelsaser
system is located coaxially with the nozzle in the system. Téest similar methods
including laser metal deposition, direct energy degmn (DED), direct laser deposition,
laser deposition welding, powder fusion weldiagd laser cladding. Different from the
laser based deposition methods, LENS uses higher temperature to fully melt the particles.
With this process, metal particles dodly melt and a melt pool is formed on top of the
base material and solidified. This process creates metallurgical bond between metal and
substrate thusadhesion forcencreasesVarious kinds of metal materialsan be used
including iron, titaniumandtungsten with different laser conditions. The major challenge
of this process is thadhe efficiency of the process is not high. Heat transfer from laser to
themelt pool is inefficient Lossof heatto the surroundings significant[57]. Moreover,
real time process control is difficult because of the limitations in monitoring techniques.

The process quality needs to be improj&gi6q].
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Table2. Comparison between laser based pngntnethod$43]

SLS Laser based LENS
deposition
Sintering method Sc_)lid ;tate Partially melting Full melting
sintering
) Ceramic, metal, .
Material glass Ceramic, metal Metal
Energy High power laser| High power laser | High power laser
Temperature 800 ~ 10006C 1000 ~ 1400C 1000 ~ BOOC
Dimension 3-D 2-D 3-D
Layer thickness 16 ~m50 300 ~m5( 100 ~m4(
Research institute University of Russian Academy, Sandia National
Texas of Science Laboratories

In wet deposition processes, laser AB®been used as an auxiliary method. For
example, Chiolericet al [11] has combinednkjet printing with laser to improve the
nanoparticle coalescence and reduce the resistance of deposited silver liaeal. K2
combinednkjet printing with selective laser sintering to fabricate flexible electronics with
metal nanoparticles. It was shown that high resolution patterns can be printed in low

temperature circumstances and the limitation of the direct inkjet printing methsd
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overcome Likewise, laser is often combined with inkjet printing to improve particles

coalescence and to achieve high resoluttin63].

In summary, & of these processes introduced above use auxiliary lasahince
the process performances. However, most of these processesmgeeaegarding
thermal damageincethey use higlevel of lasepower, andit is coaxially or eccentrically
affecting the substrateResearch of hybrid process combining lased ary particle
deposition mainly focuesson 3D structuring. Therefore, they use higbel oflaser power
to melt the particles and build dense 3D parts. Laser based deposition method uses lower
level oflaser power to sinter the particléfowever, the temperature of the process reaches
around 1000°C. Thus, hese methods cannot be usedflexible substrate which is
vulnerable to heaEspecially severethermal damage is inevitable &heat affected zone
with high temperature conditioin addition, leat induced deformation of substrate is
permanenf64]. When laser is applied, it melts not only the deposited materiallsothe
base material. As a resulhe film is not pure ancheed more post processto fix this
problem Therdore, thee is a need fora new method which can apply laser process
utilizing the advantagandreducingthermal damageat the same timén theNLP process,
low level of laser energy is used for printing. This can be realized using the nanometer
sized particlesvith scale effect. Even though this process alse pisestic deformation of
the substrate for the adhesion between pastantel the substrate, tiéghesttemperature

of the substrate is less than 100T®erefore the deformation is not critical
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2.3 Review on modelsfor particle depositionand laser effect

In aerosol jet printing, venthe particle impact the substrate, it eithedhereor rebound

from the substrateMany researchs have studiegarticle impactmodel For example,
Dahnekd65] built a simpleelastic model. Rogers & Re¢@6] and Kadomtseet al [67,

68] built elasticplastic moded. Later,Qin et al [69] developed the particle impact theory
considering surface asperity def@tion. Although there are difference$ie basic idea is

the sameWhen small particles impact, kinetic energy is converted to elastic energy and
deformed. If the stress excesglastic yield limit of the soft material, plastic deformation
happens and ergy is lost. In the restitution process, if the stored elastic energy is smaller
than total adhesive energgtweertheparticle and substrattheparticle will be deposited,
otherwise it will rebound66]. A mathematicalmodel of the impact and adhesion of
microsphere based dhe contact surface adhesion energy, Hertzian theorg classical

impact theorywas built[70].

Deposition process has been also simulated to analyze the nsschith various
computational to@d Ogawa[71-73] usedMD to model single particle deposited on
substrate and studied their structural variation with different incident spaegles, and
crystal orientatios of the particle.Carrillo [74] used MD model with theoretical
calculations to study nanoparticle deformation and its relationship with system parameters.
A surfaceenergyof nanoparticles considered to predict nanoparticle adhesiém result
was compared with classical Johnson, Kendall, and Roberts (JKR) thieavgver, MD
usually deals with single particle because of its limitation in time and length dégle®
14shows the length and time scale of different simulation {g&sMD can only simulate

the behavior ofsubmicroscale structusefor a period ofnanoseconsl Therefore, the
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deposition process modeled by MD normally prestice epitaxial growth of the film§76-

79], or theadhesive energy between nanoparticle and substrate by deta¢dBe3t].

Kinetic Monte Carlo (KMC) andinite element method (FEM) are capable of simulating
larger scale model than MD. However, most research still focuses on a single particle
analysis. For example, Akedl9, 82] studied change of local temperature and pressure with

a single particle and the substrate using FEM. G&tah [35], studied bonding mechanism

of ceramic particle innanoparticle deposition system with numerical analysis and
experimental resultdhere aredepositionmodels which simulate multiple particles with
KMC [83, 84] but the process arenot similar to the aerosol deposition of particlEsese
models studied sedimentationpulsed laser depositiggrocesseand only focusdon the

dislocation and island growth rather than deposition mechanism itself.

Likewise, there is an absence in deposition model which consider multiple particles.
Therefore, with the existing depositionodels, i is difficult to see the sintering and
bonding of the particlebecause they are limited single particle analysisTherefore,
morphological changes of the printed results are difficult to study with these current models.
In this research, degition and laser effect are combined in the integrated coarse grained

cKMC simulation in mesoscale.
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Figurel4. Simulation with nanomaterials across different scpiés

Furthermoe, there is an absence of moddlich predics printing of the particles
considering both kinetic and thermal ener§jodels of particles treated by lasare
normally focused on the particles which are not movifi.[85-97] is the main approach
for simulating laser effect on nanoparticlés.is usually used to elucidate sintering
mechanism of certain nanoparticle such as Cu, Alp,Ta@d Au. Most bthesemodels use
different initial conditiors such as particle size, orientation, and different sintering
condition such as pressure and temperature, then analyze the results to explain sintering
process or mechanisrBimulated esults include neck diartex, number of pores, flow
stress, hardness, average grain size, density, atomic mobility, relative shrinkage, relative
rotation, surface area, characteristic sintering time, etc. Usually these results are compared
with the results fronanalytical or expemental model to validate the modeidto propose
new orbetter explanation f@intering mechanisnfror exampleBuesseet al [98] studied
growth of TiG nanoparticles by sintering. They analyzed evolution of nanoparticle surface
areaduring thesinteringprocessto study sintering mechanisrghu et al. [99] studied

sintering of two copper nanoparticléhe aligned and randomly oriented partiolesre

24



studied tacheck the deformation and rotation in the necking part. &aalt[10( studied

the consolidation of two or three aluminum nanopatrticles and investigate the effect of
temperature, particle sizand crystallographic orientation on tketering effect.The
dominant sintering mechanism is examined by measuring shear stresses and mobility of
atoms near the necking aréa.addition, here have been numerous attempts to simulate
microstructural evolution during sintering process with KM@d®l. Their models are
usually based on grain growth and pore migration process. Particularly the Ising or Potts
model, where state changes by minimizing system energy without information of time, has
been used to simulate morphological change of particlesintering[101-114]. For
instance, Tikaret al. [10§ used a KMC Potts model to simulate three major processes of
sintering, including formation, diffusion, and densdiion. This method was successfully
applied to a threparticle model. It can predict microstructural evolution by simulating the
expected topological changes and the kinetics of densification. Shrinkage rate with respect
to time was derived from simulatn results and compared with the one predicted by
sintering theory. The model was further extended to complex powder bed compacted with
large numbers of particles with arbitrary shafge¥7]. Haraet al. [111] used KMC Potts

model to predict sumicro sized nickel particle sintering and validated by comparing with
focused ion beanii scanning electron microscope (FEEM) images.Olevsky [117]
simulated microstructural evolution during sintering process with KMC model, which is
combined with continuum theorythe resulting images of the microstructures as time
series were used to calculate constitutive parameters of sintering stress and normalized bulk
viscosity. Bprk et al. [114] studied microstructural evolutiomd sintering behavior of

powder compacts composed of spherical particles with different particle sizes. It was found

25



that densification rate, final relative density, grain size, grain growth, total number of necks,
neck areaand pore size of particles vad with different initial particle size distributions.
Other KMC models were also used for sintering analy$is5-119. For example,
Westerhoffet al [117] used offlattice KMC to simulate particle aggregation. The
relaxation time for surface evolution and the influence of elasticity on sintering were
investigated. Simulation results were compared with Kiecgadlandertheory. Limet al

[1200 compared the rate of neck growth in atomistic KMC simulation with classical
continuum theory prediction and-gitu tunneling electmo microscopy{TEM) observation

of gold nangarticle coalescencé&urthermore, phase field simulation is often used for

sintering analysi§121, 127.

Likewise, there is an absence of model to predict printing of the particles considering
both kinetic and thermal energy. Current msaain only analyze one aspect which is not
suitable for the hybrid systenihere are few tteempts to predict deposition withermal
and kinetic energyHowever, almost all of the modsldeal with the process with high
temperature which inclugdanelt pool[56, 123 124]. In the NLP process, particle deposit
with kinetic energy of impact and thermal effeeiow particle melting poinat the same
time. In this reearch, molecular dynamics will be combined with an amalythodel as a

multiscale approach to introduce thermal effiache particle impact model.
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2.4 Review onfabrication process forapplications

Wettability isanimportant surface property for vaus applications such asli-cleaning
clothes oruilding walk. It can be controlled by pattern width. Yoenal [125 studied
wettingproperty of silver pattesiprinted viaAFN printing with different pattern width
Width of the patterns were changed from 100 t0 $nanddifferent contact angteof
the water dropletvere measured Furthermore chemical composition can change the
wetting propertyChunet al. [126 machineda copper platevith laserand annea&dit as

a post process order to getifferent oxidation degreef the material CwO and CuO
has differenhydrophobic and hydrophiliproperty.Other than these two studies, many
researchis studiedwettability changeof the surfacg127-13(. Some of them use bio
mimic structure such as lotus leaveshtve super hydmhobicity [131-133. Current
fabrication processantrolwetting propertyeitherwith pattern width omwith chemical
compositionof the materials None of theresearch reported usesttern width and
chemical composition simultaneoustycontrol wetting propertyn this research, pattern
width and composition of the materials will be controlled at the same timethsiNg.P

process.

Paper substrate is widely used in flexible electr®nising the advantagef low
cost, light weight, and ecdriendly [134]. Recently, kirigami structure was used to
fabricate various intriguing applications. Hwarey al [135 fabricated tunable
mechanical metamaterialsrough hybrid kirigami structure. To have functionality, it was
first either spray coated or casted followed by mixing of the functional materials and then
cut with CQ laser. Gacet al [13€] fabricated paper fish sensdyy printing graphene

followed by plasma treatment on paper and folding and cutting with scissors. Although
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these results were successfullypbgpd asa sensor or metamaterials, the fabrication
proceseswerecomplicated with several steps. Cutting and printimgemot performed
within one system which requirgsosition referening between the processes. This
referencing technology is highly demanding when the patterns are complicated in micro
or nanoscaleln NLP process, cutting and printing candmductedwithin one system

and kirigami electronics were fabricatedsgsoof of concept.

Strain €nsoris one of the most widely studied applicatsom direct printing
technology. This is becaugparticlebased senssnormally havehighersensitivitythan
sensors fabricated hyther processeld37]. Figure 15 shows review o strain sensors
fabricatedwith differenttypes ofmateriat. In most casegjauge factor is controlled by
the materials, not by the process itself. In additthmabiliies of the printed senseiare
low. Theyare normally printed with inkjet printing or soft lithograph proc&ggh these
processest is difficult to control the performance of the application by the process itself.
In this research, performance of the sessman be controlled bysing different laser
conditions. In addition, strain sensors and conductive lines can be printed tog#iher

one system
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CHAPTER 3. SYSTEM DESIGN AND INT EGRATION

A high throughput direct writing process for flexible electronizss developed, where
nanoparticles are sintered with laser wihiley are selectively depositedhis process is
called nanoparticle laser patterning procesSdation3.1, system configuration ardktail
printing process will be introduce@he wholeNLP process is consist tivo processs
printing process and cleaning process. Th@Bde explairedin detail intwo subsections.
In Section3.2, setup of the actual systesmd detail specifications of the procegt be

explained.

3.1 Process configuration

The proposed NLP processbased orthe concept of commercial laser printer in NEDS
aspreviously introduced in Sectidhl It is a hybrid process of NPDS and laser process
to selectively deposit or selectively control the properties of the printed results. The NLP
process consists divo steps printing and cleaing processs Figure 16 shows the detail
process sequencethie NLP process to print strain gauge pattdinis figure only depicts
anozzle laserpath and printed area. In this diagram, detail laser system, particle feeding
systen, and substrate moving system ag describedThese systems aexplained in
Section 3.1.1in detail Figure 16 (a)}(d) show the printing process and (e) shows the
cleaning proess.In the printingprocess, Wenthe nozzle scasthe substratén y-axis
direction laser scamand selectively shirsson the substratthrough the nozzle x-axis
direction As thesubstrate moves, the laser scan path changes based on the pattern design.
Meanwhile, @rticles are constantly fed through the whobdgea ofnozzle outleton the

substratein z-axis direction As shownin Figure 16 (b), the aea printed with laser
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irradiationis illustrated ina dark color whereasreaprinted without laser irradiations
marked as #&right color. However, onlythe laser irradiategbarticlesdeposit andemain
on the substratafter the cleaning proceds.the cleaning process, brustcarefullyused

to remove thdaser unirradiate@articles without damaging the printed patterns.

1—:\ Laser (@) 1—\\ (b)

scanner
Laser

Nozzle

Nanoparticles

Particle
l printing

%, direction W Printed without
Printed patt: sx Substrate f laser irradiation

Printed with laser irradiation
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Figure16. The processesjuence of NLP process
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3.1.1 Printing process

Figurel7isthe system configuration of tipeocesslt is composed afwo parts deposition
part and laser art The dashline shows the path of the particle flow atme solid line
shows the path dhe laser beanSpecifically, egposition @rt consists ofir compressor,
aerosol generatonpzzle,chamber, motorized stagend stage controlleThesubsonic slit
nozzlewas designethy Chun[27]. The nozzlenlet has a circular shape withdiameter

of 10 mm.The nozzleoutlet hasa square shapef size0.4 A 10 mn?. The size of the
nozzle slitidarge enough for the beam to pass without energyAoftsidized bed aerosol
generato(TSI 3400A, TSI IncorporatedUSA) is used asn aerosol generatolt usesa
continuous drive of bead chain to carry particles from the powder resentbie &rea
where theyare mixed with compressed airCompressed air carridbe particles in an
aerosol state and goes through the nozzle to the sub3inateressure of the compressed
air was setis1 bar.The dchvamber was designed and fabricatgth acrylic materialand
used to prevent the aerosol of partsdlem spreading to the surroundindhe size of the
chamber isL50A 150460 mnt. Different from the NPDS system, vacuum pump was not
used in the process. The compressed air goes out from the chambgin tinfele to make
pressureinside the chambercongant This system uses atmospheric condition for
deposition. This is because laser process helps deposition even without a vacuum condition.
Particles moving with lower velocitare more likely to deposit because high kinetic
energy makes particles rebound from the substrate. This will be disdussaction5.2.6
and5.2.7 If the chamber is im vacuum state, the velocity of the particled be higher

because of the largpressure difference.
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Figurel7. Systenconfiguration of NLP process

In order to maintain théser path through the nozzleozzle and chamber were
fixed in their positios andthesubstratevas moved during the printing proceske rozzle
was atbched on top of the chamb@&he sibstrate haler is located below the nozzlehe
otherend of itwas attached to the stage which is located outside the chamber to prevent
contaminatios with particles A motorized sage(AM3-0602 Micro Motion Technology,
Korea)was usedFigure18 shavs thecomputeraided designGAD) modelof the system
including thechamber, nozzle, substrate holdsend stageSupporting parten each sides
andthebottomof the stage were fixed tbe surface platd?article flow andaser pattare
separatedt first When the particles enter the nozzleey arestarted to geaffected by
laser Figure19 showshowthestage moved he middle part isbellows made with rubber.
As the stage moves from the left to the righg substrate holder which is attached to the
stage moves together withe deformation of the rubber bellovidaterialand geometry

of the bellowsvereselected considering the deformation range and stiffiiégsbellows
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should follow the motion of the stagéthe lengthand diameter of the bellovesesmall,
the deformation range is smallherefore,travel distanceof the stagas small. If the

material is too stiff, idoesnot follow the stage movaentand slip occus.

Particle

Figure18. CAD model of chambenozzle, substrate holdand stage

Nozzle

Substrate

Figure19. CAD model othow substrate moves
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Thelaser @rtconsists ot laser source, optical isolator, beam expander, attenuator,
reflective mirror, laser scanneaand controllerThe optical isolatoris used to @ventthe
damage of théasersource from theeflected beam when usiageflective substratélhe
beam expander expands the beam size oo 6 mm. It reduces the divergence and
controkthe input beam diameter to minimize the spot dibe. dtenuator is used to control
the laser poweprecisely.The reflective mirror shifs the path of the lasdreamtowards
the laser scannefhe laser scanner contsahe laser patbased on the pattern desidin
is interconnected witlaser marking softwa (EZCAD, Integrated Technology INC, USA)
The laser beam goes through the nozzle and directly sbim¢he substratdetail laser
conditiorsaredescribed irTable3. In this systemultraviolet UV) laser was used (Rave
355'm, Advanced @towave Corporation USA) because metals normally have high
absorbance near UV wavelengithe absorption coefficierdf the nanoparticles used in
the process is anagd inFigure20. Both silver and copper particles have high absorption
coefficiens near UV wavelength rangi addition,a nanosecond puldgpelaseris used
to effectivdy transfer heatompared t@continuous modkaser A pulse ofthe highpower
beamis repeatedvith a nanosecond pulseidth, while continuous mode laser ssthe
same averagedpower continuously High thermal energy is transferred to the particles
within ashort period of timeThis can reduce thermal damage preventing the accumulation
of the heat compared tbecontinuous moddn addition, sincéhe process us@ananeter
sized patrticles, the efficiency of the heat absorption is bagause ofarge surface to
volume ratio. Therefore,qwer level of the laser is relatively low compared ttee other

processes introduced 8ection2.2 The highest laser power used was 800 mW.
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Table3. Laser conditions

Property Value
Wavelength 355 nm
Power <4W
Spatial mode TEMOO
Frequency 30kHz
Pulse width <15ns
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Figure20. Absorption coefficient of silver and copper particles
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3.1.2 Cleaningprocess

The cleaningrocess was done aftigse printing process to remove the particles in the area
without laser irradiatin. Brushing,air blowing, and taping methaivere testedrigure21
showsthe methods andheir results.The deaning method should completely remove the
undesired area without damaging the printed patt@atde4 shows the comparison of the
methodsThe lrushing methodan remove the particles efitly, at the same time cagse
less damagen the printedpatternsThe air blowing method cannot remowe particles
even though there was no damage on thetgatirpatterns. The taping meth@an
effectively remove the undesired particles. However, it also resqmavds of the printed

patternsTherefore, the brushing method wsesected as the cleaning process for the NLP

process.
D
' Laser
+ Lasepunirradiated area
4w Laser irradiated area
|
[ AN ] '
1. Brushing 2. Air blowing 3. Taping
| — » -l | — o
Figure21. Cleaning methods for area without laser irradiation
Table4. Comparison of cleaning methods
Brushing Air blowing Taping
Cleaning A
Damage on patterns A A
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3.2 Process design and integration

The hardware was organized and integrated based on the system design described in
Section3.1 Figure22 shows the actual hardware setup for the printing sysiéme path
of the laser beam artdeparticle flow aredescribedvith asolidand dasline respectively
The laser beam goes througle thozzle and foces on the substratélhe printing was

conducted on the laser focal point.

There is a power loss inside the laser scanner and the nozzle. Therefore, there are
differences between the applied laser power and actual laser povadfabtsthe particles.
Figure23 shows the measured points of fmver leveldo evaluate the power loss. Point
1 is the point where the beam entersl#serscanner. Point 2 is the point where the beam
passes through the scanner and enters the nozzle. Point 3 is the point where the beam passes
through the nozzle. The power measured at point 3 is the actual power that the particles are
affected. Laser poer levelswerechanged from 25 to 800 mW. These were measured and

set at point 1.

Laser Laser
source Laser beam path scanner |-

Substrate
holder

—

Figure22. Hardware setup of NLP process
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The measured power at each posilisted in Table5. Almost half of the power is lost

when it passsthrough the laser scanner. The half of the remaining power is lost when it
pases through the nozzld.aser energy density was calculat@ctordingly. The laser

power was converted to the energy density considering laser spot size which has the
di ameter of 50 & m aThetalculatesl energyidensiteslwésb,i on t i
0.31, 0.76, 1.40, 2.62, and 5.86 J#dor 25, 50,100, 200,400 and 800 mW of applied

laser powerespectively.

Optical Beam Attenua
Source |- . i —
isolator expander -tor

=

Laser
scanner

Substrate

Figure23. Measured point of laser beam power

Table5. Energy loss of laser beam

Point Laser power (mW)
1 25 50 100 200 400 800
2 9 19 43 95 188 437
3 6 12 30 55 103 230
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CHAPTER 4. PERFORMANCE EVALUATIO N AND ANALYSIS

To study the processtructureproperty relationship, the effects of process parameters on
the deposition performance are assesBedluation of thenewly developegbrocess and

the printedresults was done with various characterization methuste are mainly two
factars thataffectthe performance of the printing: printipgrameterand laseconditions

In Sectiord. 1, selected printed results with the NLP process are introduced. In S&&ion
printing performances with different printing parameters are analyzedreBoéution of

the process will be evaluated. In addititire effect ofthe printing conditionson adhesion
andtheeffect ofthestandoff distance (SoDyn theprinting will be invesigated.In Section

4.3 printing performances with different laser conditions are analyifezithermal effest

of laser on the morphology and porosity of films are observed under scanning electron
microscope. Chemical composition of printed pattern is also characterized usayg X
diffractometer.The dectricaland mechanicgbropertywill be analyzed andiscusgd in
Section4.4. The sensitivity of electromechanical property with respect tgthmnesity as

a result of different laseenergydensities, isanalyzed.Finally, the processstructure

property relabnship will be built
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4.1 Printed results

Copperand silver particlesvere used to print patterns boardpaper and PET substrate.
They were bought from Sigma AldricBubstrates were bought from stationery and the
thicknes=f paper and PET substratas 0.32 and 0.12 mm respectivéfigure24 shows
SEM imags of raw particlesThe diameter of the particles were samissthan 100 nm.
Theseraw particlesvere used for printing without any pteeatmentFigure25 shows the
optical images of the printembpperpatternswith different magnitudesked boxesnarked
on the leftfiguresare magnified and shown on thght. Various patterns were printesh
paper and PET substraféhe gplied laser power wa400 mW, whichis equal to the
energy densitpf 2.62 J/cm. Other laser parameters wethee same aslescribed ifTable

3 and laser scan speed was 50/sThe aerosol pressuocé the compressed awasl bar,
feedrateof the stagavas2 5 g and SoD was 3 mnBy changing laser scaimg area

and timing, nultiple lines, cross lines, and curved patterns were printed.

Figure24. SEM image of raw (a) coppand (b) silver particles
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(a) Paper

Figure25. Printed result of various patterpsnted with copper particles on paper and
PET substrate

4.2 Printing performance with different printing parameters

Many process parameters are involved in gnmting process. ifst of all, material
selection of nanopadie and substrate is important for printing. Specificale selection

of nanoparticlsincludingmaterial typediameter and phase as well #sselection of the
substrate includingnaterial typeandsurface roughness affect the printing resuitseese
features are related to the properties of the matefiatthermore, printing conditions such
as temperature, humidjtgnd vacuum statef the suroundingsalso changehe printing
results. Moreover, the printing process itself has different process parametbege and
type of the nozzleSoD, aerosol pressurstagefeedrate carrying gasype etc. can be
controlled during the printing pross.The effect of printing parameters will be studied in
this sectionln the laser process, wavelength, laser scan speed, frequency, irradiatjon time
and power level can be varied. The effect of the laser parawetebe discussed in

Section4.3.

42



4.2.1 Resolution

Among various process parameters, stage faggland laser scan speede the main
factors that can affect the limgdth of theprinted patternsThereforethe minimumline
width which is regarded aeprocess resolution was evaluated with diffedaser scan
speed and stage feeate. Figure 26 and Figure 27 show thechange ofline width with
different conditionson PET and paper substrate respectivElys test was donwithout
turning off the laser to see the correlation betwiertwo parametersCopperparticles
were used for printing materialLaser energy density was 1.4 Jfcrhaser scas the
substratewith the scan speed of 2.5, &d 10 mm/s Wile the stage ismoving with the
velocity of 5, 10, 20and 40em/s If the scan speed of laser is higher than 20 mm/s, the
patternswere notseparatedThe linewidth decreasesvith higher laser scan speed. The
minimum linewidth was50.87 em on PET substratén case ofpaper, it was 28.64m.
The focal size of the laser beam used in the pras&8m. It is assumed thaheachieved
minimum line width is theeffective areaof the Gaussiashapebeam Papersubstrate
requireshigher level of laser energy for depositidrne cetail printing mechanisrelated
to the laser energy densityll be discussed ilChapter 5If the focal size of the beam can
be reducedr Gaussian beam shagenbe controlledwvith additional optical components,
the resolution is expected to decrease accordinghe mtternscanbe also printed with
controlling theoperatingtime of the laser.The minimum line space/as measured using
this methodThis is important for applications in flexible electronics suclaaapacitor.
Not only the distance but also the complete separation betweerat@esaportant. A
conductivity test was done examinghe complete separatiafitwo adjacent linegrigure

28 shows theoptical image and confocal result of the adjacent liwésen the line space
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was 30em, the lines were not completely separatddwever, when the lingpace was 40

em, there was noontact arearl herefore there was rmmnductance between two lines
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Figure26. Line width with respect to stage feeate and laser scapeedon PET

substrate
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Figure27. Line width with respect tetage feed rate and laser sspeed on paper
substrate
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Figure28. Optical imagesind confocal resuttf adjacent lines

4.2.2 Adhesion test

Adhesion test was conducted to test the adhesive force and durability of the deposited
pattens. Scotch tape test was condudt#idwing the method shown in the literatde3§.

Figure 29 shows the printed copp@articleson paper substrate with different printing
conditions beforeonducting the@dhesion test.aser energy density was 1.4 JfcFigure

30 shows the imageof the sample after twice of detachment test The aea printed
without laser irradiation was completely removed aftgece ofscotch tape testHowever,

most of the area printlewith laser irradiation remaineéspecially, adhesiobetween the
substrate and the particles time area printed with laser irradiation waisrablewhen
particles wee printed with proper process conditiorfZinting conditiors for durable

adhesion wrefeedrateof 25 e m/ s and of&80smnls. scan speed
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Figure29. Adhesion test of printed results: Before detachment

Scan speeq
2.5mm/s 50 mm/s 100 mm/s 200 mm/s
Feed rate
25¢ m/ s i B ¥ |
50e m/ s 3 i r i
75 m/ s ¥ -

Figure30. Adhesion test of printed results: Aftevice of detachment test
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4.2.3 Effect of SoD

The dfect of SoD was also tested. Sinttee NLP processs a direct printing method,
whetherparticlescanbe printed on the curved surfacewas testedFigure 31 shows the
printing process othedifferentcurved surface SoD is different through the nozzle length
direction.Figure32 showsan illustration of the locatiof the nozzle and curvesdibstate.
Figure33 shows the printed resulfEhe ®pper nanoparticles were successfully printed on
the curved paper substrateaser energy density was 2.62 Jfand laser scan speed was
50 mm/s. The aerosol pressure of the compressed air was 1 bar, feed rate of the stage was
25 g amd SoD was 3 mmAdjusting a laser focalpoint is importantto effectively
transfer thermal eargybut smallerrorcanbe acceptedvithin a depth of focusln optics,

the depth of focus is thelistanceof toleranceof the best focal point where the beam is
judged to be in focusMicro-ElectroMechanical SystemsMEMS) process is highly
sensitive toSoD which isa main drawbackThe NLP processs less sensitive to SoD

compared taghe MEMS process.

Figure31. Experimental setup foriigct printing on curved surface
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Figure33. Depositionresults

4.3 Printing performance with different laser conditions

Evaluation of the process atlde depositionresultswith different laser conditions was
studied With lasertreatment, sintering of nanoparticles occurs and morphologies of the
printed pattems change The morphological changeof the printed results will be
investigated with SEMind confocal spectroscopy addition, thermal energy the laser

can change theompositionor phaseof the materialtself. It will be evaluatedisingXRD

analysis
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4.3.1 Morphology

In orderto see the sintering effect of laser, microscopic imaderinted patterns were
observedunderSEM. Figure 34 shows SEM imageof the copper patterns on paper and
PET substratewith different magnitudesAs marked withcircles, sintering of the
nanoparticles was observetihe ranoparticles areoalescd and their boundaries are
combired together formin@piggeragglomerated particle&specially, for PET substrate,

clear interlayer between the copper patterns anddelB3tratevas observed.

(a) Paper

Figure34. SEM image of coppepatternsurface
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In order to evaluateéhe sintering effect with different laser energy delest
morphology changes were comparédure35shows the SEM imag®f thecross section
and surfacef the copper patterns printegh paper substratgith different laser energy
densites Surface image was taken at random place on tdpeoprinted pattern<ross
section imagevas observed bguttingthe pocket on the printed patternsf{ milling.
They were not clear because of thedeposition and melting @he particlesThe particles
processed by FIB at the boundaeynd to reeposit on the adjacent area, precluding the
observation of the clear cross section. Besides, particles are melteddoyltbam energy,
because beamenergyis high enough te@utahole Therefore, as the last step, fine milling
is conducted with low enerdyeamin order to observe clear cross sectidowever, he
surface isstill affected by the ion beam ener@{ill, we can see the trends thatthe laser
energy density increasesprpsity decreasebecause othe sintering effect.Porosity is
related tothe contact between particles and affedisth electrical and mechanical
propertes If the porosity is largethe contact betweerhe particles isveak Therefore,
path of the elecbnsis hinderedThe esistance of the priatl patterns small accordingly.
Likewise, if the porosity is smallhecontact area between the particles is lafgerefore,
mechanical propertys stronger than atternswith large porosity This will be discussed

morein detail inSection4.4.
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Figure35. SEM image of copper patterns, cross section and surface image with different
laser conditions

Theseobservatiosareonly limited to the top or few hundredénanometers from
the surfacelaser penetration depth aridm growth rate were compared to see the
sintering effect through the depth direction. Firgitical and thermapenetration depth
werecalculated for coppeFigure36 shows theoncept obptical and thermal penetration
depth.Optical penetration deptis the depth where the photons reach. As the photon
interack with materials, heat propagatéeepe139. Thereforethethermal penetration

depth is larger thathe optical penetration depth. Optical penetration depth is calculated

by

) pil h N

whereUrefers to the absorption coefficigi®(. For copper materidl, is 14.6 nm.

Thermal penetration deptdan be modeled by

| el 2

51



Laser
beam
I Optical penetration depth

Thermal penetration depth

Figure36. Optical and thermal penetration defitB9

wherea and Urefers to a thermal diffusivity and pulse duration respectij/&ig]. For
copperparticlg the value obisp® p p m m#sand pulse duratioim the processs 20

nsTherefore the thermal penetration depth i

Afterwards, the film growth rate was calculatedt is assumed that the film only
grows when the laser is irradiated and film growth rate is steady with time. To calculate
thefilm growth rate, thickness of the film arigde time that the area is exposed tol#ser
irradiation should be calculated firgtigure 37 showsdiscrete area toalculate thdilm
growth rate Size of the area and laser beam is drawn larger for understaSaicg. the
stagemovesand the laser scarthe substrate in the nozzle length direction, the laser
exposure time of the discrete aredependent on the laser scan speed and stage feed rate.
Laser irradiation time is replaced with the number of laser scan in the diseat® ahe
discrete area of 305 0 2glaserscars the area 10 timeshen the stage feed rate is 25
e nsand laser scan speed is 50 mrirlgure 38 showsthe measured thickness of copper
patterns with different laser energy deresitThicknessof the film rangesfrom 15to 30
em with differ ent Therafaes lie fillm grewthgrats aled. 5 s3 t 1 e s .
€ netan These values aresmaller than laser thermal penetration deggtbopper with 20

ns laser pulse conditiod herefore, laser can affect through the whole arghanlepth
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direction.Afterwards, opper printed patteswere cut tothehalf with the cutteto observe

the cross section to the bottoRigure39 shows theSEM image of the cross section of the
whole film. Althoughslightscratches are observed in the cross section because of the shear
stress applied by the cuttesame structures were observed inside the cross section. In
addition, sintered particles wer also observed near the substrdtieerefore, itcan be
concluded that grticle sintering effeds consistent throughout the depth directidhis is

becausehe NLP process uséaserwhile printing. Laser affects the whole printed area

Nozzle

length
Stage feed

-—

Laser beam
Discrete area

pm

Laser scan

T T

=100 K Substrate |

Figure37. Calculation of laser irradiatronumber
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Figure38. Thicknesshangesith respecto laser energy density
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Figure39. SEM image of cross section in depth direction

4.3.2 Composition

Thermal energy of the laser can change the ptrasempositiorof the nanoparticleXRD

is acharacterization method which detects crystalkstructureusing Xraydiffraction. By
analyzing peak location and intensity, periodic atomic arrangeimé&imé materialcan be
analyzed Thisis related tathe material properties such pkase andomposition The
changeof composition with laser irradiatian the NLP processvas measured with XRD.
Figure 40 is the XRD results showing thexidation degree with different lasenergy
densites Oxidation degree changed with different laser conditigvisen the patterns are
printed with the laser energy of 0.31 and 0J/é&t, Cu and CpO peaks are observed
With 1.40 J/crAand 2.6 J/crhlaserconditions CuOpeaksappea Howeverwhen treated
with higher laser energy, @0 peaksappear againNormally, oxidation degradethe
electrical property ofthe printed copper pattern¥he copper particlearenot completely

oxidized even witlthe highestlaserenergyirradiation.
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Figure40. XRD results of printed copper patterns with different laser condjt{ens
0.31, (b) 0.76, (c) 1.40d) 2.62,and(e) 5.86 J/crh
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4.3.3 Particlerecycle test

In the NLP process, nanoparticles are printed in the whole area and oplgrtisdes with
thelaser irradiabn remain after the cleaning process. Since the particles are also printed
in the undesiredarea and removed afterwardscé@nbe regarded as waste of material
This can also cause environmental issues. Therefore, chance for recycimgpved
particles was checked. XRD resultstioé removed particles were analyzed and compared
with those of the initial particleS'hey werecomparedwith raw particles as well as the
particles which go through the printing process without leeatment Figure41 shows

the composition of theaw and removeadhanoparticles. Results showed that removed
nanoparticles showhe same peaks as those of raw particles or particlesoutitaser
treatmentThe printing proces#self without laser treatmemnly applies physical energy
Thereforecompogion of the nanoparticledoes nothangeln addition it can be assumed
that laser effect on the flying particles andn the area near the laser irradiatiare
negligible in ths processThese resultshowed the possibility for particle recydecase

the recycled particles have the same compositsiise initial particles.
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4.4 Processstructure-property relationship

Process parameters affect the structure of the printed results as discuSsetiom4.3,
Specifically, different laser energy levels change the porosity of the printing. These
structural changesrerelated to thelectrical and mechanical propertesthe printingby
changingthe contact area anthe distance betweethe particles Therefore, the fpcess
structureproperty relationshimeeds to bstudied.In Section4.4.1 electrical properties

of the deposited patterrand their changewith bending and folding aranalyzedwith
different laser energy denigt In Section4.4.2 mechanical property of the printed

patterns will be analyzed. Cracks after the cycle test are observed.
4.4.1 Electrical property

Electrical property of the printed line wasalyzed. Rsistivitywas calculated as

voov2h 3)
U

where'Y is the resistivity,Y is the resistanc®. and0 is the area of the cross section and
the length of the line respectivelyResisanceof the copper and silver pred line was
measured witlan ohmmeter and cross section geometry was measuredawihfocal
spectroscopykigure42 shows the results dhe confocal spectroscopy¥he cres section

of the printed lineshows triangular shape atitearea can be calculated with the geometry.
Figure43 shows thecalculatedresistivity withdifferent levels of laseenergy As a laser
energy density increases, resistivity decreasésth silver and copper printed linéhis

is because adporosity difference. Athelaser energy density increases, porosity decreases
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as shown irFigure 35. Thereforethe contact area between particisdarge resulting in

low resistivity.
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Figure42. Cross section geometry of silver conductive line

0.02 T T : : ;
—&—copper
- ¥ —silver
0.015 1
£
o
¢ \
P \
£ 001 ]
=2
vt
?
@
o
"4
0.005 +
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Laser energy density (J/cm?)

Figure43. Resistivity with different laser energy densities
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For flexible electronics, electrical property with bending and folding is important.
The esistivity with different radius of curvatws@nd bending directiawere measured
and analyzeavith different laser energy density leve@®pper nanoparticles wepginted
as a line with 8 miA 1 mm size on PET substrafiéhe conductive wes wereconnected
with a silver paste at the end of the printed line. After the silver paste is completely dried,
UV cure adhesive sealant\/-5500, Skycares Inc., Koreayas coatd on top of the
conductive lines and silver paste. After curitigg UV resin @anpreventthedamage on the
printed sample from external force or contaidt.the sample with bending and folding
tess shown in Sectio.4 were packagedwith thesemethods.Figure 44 shows the
hardware setup for the bending téidte ample was fixed in the stage atte stage was
moved in xaxisdirection for bending motioriThe stagdraveled for the distance of 2000
emwi th the velocity of 100 em/s. After each
stabilization.The bendingvas repeated 100 tim&Sharged coupled device (CCD) camera
was located in yaxis direction to observe the bending curvature of the sampla. Da
acquisition (DAQ) devicgNlI USB-6009, National Instrumentsorporation USA) or
source meter (Keithley 2450, Keithley Instruments, US&} used to gather resistance
data.The 4 terminal sensing method was used as illustratdéigare 45 to reduce the
measurement errérom the2 terminal sensind-igure46 shows the normalized resistasce
with different radius of curvatuse Three different samples were tested and averaged
values a well aserror bas are marked on the graphs the radius of urvature decreases,
resistance increases. This is becalisence betweetine particles getfurtherwith larger
bendingand the electrons are hindered from moving freEhe @pper lineprinted with

1.40 J/cm laser treatment shows the changéhi@normalized resistance from 1 to 1,75
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whereaghe copper lineprinted with 5.86 J/cilaser treatmernghows thechangefrom 1
to 1.5 The dange inthe resistance ofthe sampleprinted with higher laser energy
irradiation wagrelativelysmal. This is becase it has lower porosityrhe change in the
distancebetween the particles is smallarthe sample with low porosityrherefore,t is
less sensitive to bendinlj.can be concluded that changee of resistance with bending
can be controlled by laseorditions by varying porosityAs a resultthe performance of

the drain sensor can be desigread controlled

Figure44. Hardware setup for bending test
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Figure45. Bending test with 4 terminaknsing
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Figure46. Normalized resistance with different radius of curvatures

Figure 47 shows the optical image dhe bendng test with different bending
directiors. Convex and concave bending was teskégure48 is the result of the convex
and concave bendinghe resistance is related the the distance between particles
discussed earlieContrary to convex bendinthe particles get closer irconcave bending
and the resistance decreada both convex and concave bendingsistance change of
copper line printedwvith higher laser energy density is less sensitivah®bending.
Therefore, patterns printed with high laser energy density caremdde bending range
with constant resistancé can be usedor the printed circuit applications or straend
pressuresensors which require wide sensing rar@e.the other hand, electrical property
of the patterns printed with low laser energy déynss sensitive to bending. Therefore

is suitable forsensiblesensor applicabns.
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Figure48. Normalized resistance with different bendtigections
Conductance ahesilver patterns printed on paper with folding was testeglire
49 shows the circuit design and hardware setup for the foldingXésgjht emitting diode
(LED) is used to check the conductandeltage was 5 V and R1 was 1000R2 is the

resistance of the silver patterns and the value varieshéfiolding motion.Conductance
of the slver line printed with low and high laser energy density was compared with

different folding degree by observing the LEDobmpared to the bending motion which the
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distance between the particles in the whole area changes, folding q@pugnsain the
certain area but the distance between particles changes more drastically. Folding can be

regarded as the bending walkmall radius of curvatur&igure50 shows the reswgiof the

folding tess. The sglver line printed with low laser density was not conductive with@L80
folding, whereasheline printed with high laser density was conductive with@f@ing.

However the brightness of the LED decreased which meansthitbaesistancehas
increased in a large orddfigure 51 shows the resuli for the foldingwith the different
directiors. Similar tothe convex and concave bending discussed earlier, outer folding
refers to the direction that tlaverage distandeetweerthe particlesgets larger, whereas
inner folding refers to the direction that tharticles get closein case of inner folding,

both samples were conductive with 836lding. However thebrightness of the LED with

the sample printed with low laser energiecreasedlt is shown that sensitivity of
conductivity changevith foldingis alsorelated taheporosity which is controlled by laser
energy levelFigure52 andFigure53 show the results for the repeated foldingg€eBhis
test was conducted with the silver line printed with high laser eneligyestigatevhether

it is conductive even with the repeafettling tests With threetimes repeated folding tesst

the results wrethe same.
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Figure49. Experiment setup for folding test
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Figure50. Folding test results: Outer folding
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Figure51. Folding test results: Inndolding
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4.4.2 Mechanical property

Mechanical propertyvasevaluatedvith a cycle testChange of resistance with repeated
number of bending was testé&esistance chang&ith 100 times bending @emeasured.
Figure 54 shows the resultef the cycle test Resistance change was stabilized after 70
number of bendingn the low laser irradiated sampl@&herefore, as aensor application,
70 times bending can be performed as an aging proctissti#fe aging processhesame

performance withirthe error of 3.6 % is expectedh the high laser irradiated sample,

performancewas stabilized after 45 number of bending and the resistance was constant

afterwardsGauge factor was calculated as

e v IYTY
"0 6 QD O 0 st— h (4)
YO0

whereY'Yis resistancehangeandYdj 0 refers to the strairFigure 55 shows the strain

with bending.Strain value was calculated with

. %5 (5)
w
W .
- h (6)

where- is a maximum strain ahe crosssection,a is the radius of curvatur® is the

location of the neutral axigndwis the distance of the measured point from the neutral

axis Maximum strain value was 0.0&auge factowas2.01and0.31for low and high

laser irradiated sample respeety.
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Figure56 shows the SEM imagef the crackin the copper printed pattermsth
low laser irradiabn after 100 bending testMultiple cracks are observed vertical to the
bending direction because of straincethe NLP process uses raw particles without
binder and the process temperature is, kv densityof the structures low compared to

other processes.hE structure ae vulnerable tothe deformation andracks aresasily

formed
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/1

5.86 J/cm?
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0 20 40 60 80 100
Number of bending

Figure54. Cycle test

Neutral axis

y ./ i i

Figure55. Strain with bending
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Figure56. SEM image of crack after 100 bending test

To analyze the crack initiation, resistance change with cycle test was abserve
carefully and it wa found that the change of the resistance is significant in the first several
number of bendindgResistance changwith thefirst threetimesof bendingwereobserved
separatelyFigure 57 shows the results dhe normalized resistance wittihe repeated
bending testfor three timesAs marked with circleghesecond derivative of the graph is
positive in the first bending, whereas it is negative from the second bending. This means
that crack is initiated from the first bendirg.addition, dfference betweethe maximum
and minimum resistangecreasesvith repeated bendingotionin thelow laser irradiated
sample. This ibecause crackzropagaten the initial stageHowever, difference between
the maximum and minimum resistance is similaith repeated tesin the high laser
irradiated sample. This [secause the structure is more stable Vatier porosity.Figure
58 shows the gauge factaith different number of bending. Gauggetor is in the range
of 20 ~ B depending on the laser condition and the number of beirdthg initial stage
After the cr&k stabilizationgauge factor converges to 2.01 and 0.31 respectiv@lgnd
45 number of repeated testreneeded for crack stabilization in low and high lssszrgy
irradiated sample as discussed earlier. The sawifiiehighlaser energy irradiatiobpegan

to stabilize morequickly.
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In summary, in the NLP process, lassmnditionsaffect the properties of the
printing. Laserprocesscanchange twamain characteristics: chemical compositiand
morphologies of the printed structurd$ie changes of physicatqpertes are related to
the variation ofchemical compositionFor example, wettability changesong with
different oxidation degressof copper.Electrical conductivityalso variedy the oxidation
levels ofmetal particlesThese changes are ordgpendent on the material selectiom.
this researchpur focus ison morphological changetasercancontrol the porosity of the
depositedstructurein theNLP processThe pocessstructure relationshipan bebuilt by
systematic characterizatioand quantification of structuredVith high laserenergy
irradiation, becase of the sintering effect, porosity of the pingtdecreases araldenser
structure is formedn this research, SEMnageis used tocomparethe porosity of the
structurequalitatively Quantitativeanalysis is needed to butlde relationship between the
guantified porosity and electromechanical propertiese porositieswere measued with
image processings showrnin Section5.3. Theimage processingpproachncludes bias
anderrors because theneasurement idepement on the light condition. In addition, the
analysis idimited to the small area which cannot always represent the whole structure.
Therefore,bias is inevitably includedl'he BrunauerEmmettTeller (BET) methoduses
gas absorptiono study surface area including the pore size distributimwever, this
methodis limited to open pore measuremehhere are other methods developed to study
theporosity of structuresFor exampletheKelvin equatiorcanbe applied taneasure total
pore volume BJH and Dollimore-Heal methods carcalculate volume, area, and

distributiors of mesopore§l41]].
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With ahighlevel oflaserenergy porosityof the structurelecreasesf the number
of holes within the structuredecreasesndthe diameter of th@eck betweenparticles
increasesthe averagedmean free path of the electomcreasesThis results inlow
resistanceTable6 shows the selected examples of conductive copper elestatneated
with various methodand their resistivity valueldl42). Resstivity of the coppepatterns
printedwith the NLP process is higher thdrat ofother processe3he resistivity can be
further reducedFor example, igher laserenergywhich does not damage the flexible
substratecan beused In addition, oxidation degraddke electrical propertiesOxidized
printed patterns can be reduced widshlight sinteringorrocessFurthermorelasereffect
on different substratenaterialsneeds to be explored. Tieds a p@sibility that particles
are embeddedn the porous papemlhese embedded particles can affect the properties.

This effectneeds to beharacterizd and comparedith the densePET substrate

Table6. Selected examples of the resistivity of conductive copjestrode fabricated
with various methodgL47

Materials Method Resi st icm)
Cu nanoparticle Ink jet 20
CuO Laser reduction 31
Cu(OH)(NQG)/Cu(NGs)2 Laser reduction 240
Cu(OH)PQ Laser direct structuring 9.18
Cu(OH) Intense pulsed light 5.27
Cu(OH)(NG) Intense pulsed light 125.1
CuO Intense pulsed light 10
Cu particle Flash light sintering 80
Cu nanopatrticle NLP process 693
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The properties wh bending and foldingvere analyzed|If the strain is appliedn
the direction thathe distance between the particles@atther,resistancéncreasesiVhen
the structure is deformed and strain is applied, cracksit Especially, since the NLP
process is ary particle depositioprocesswith alow level oflaser energythe structure
is not dense. Thefore, cracks are easily generate@rackscan be useds a working
principle of a strain sensoby controlling thecontact area betweethe particleswith
bending and foldingin the early cyclescracks are ot fully propagated, thereforéhe
sensomperformance is not stabilizetl.the cracks are fully developed and stabilized with
more cycles steady performanseare expectedMore systematic characterization of
fractureneeds to beonductedo studythe nonlinear relationshifpetweenreffective strain
and resistancd-or examplegracks with the repeatedimber ofbendingcan be observed
to understandhe crack propagatioprocessCracksneed tobe quantifiedand compared
between the printed patterns wikiferent laser conditionsThe diange of resistansés
less sensitive to the bending and foldoyglesin the high laserenergyirradiaed sample.
This knowledge can be utilizetd design and charactee#lexible electronicswith the
process. To use ¢hprinted patterns aommercial flexible eletronics, more experiments
needto be done twerify the performanceaccurately. For exampléhe gauge factor can
be calculated with different raddf bending,speed of loading and thethickness of the
film and the substrateéA larger number ofcycles can be testet evaluatethe life
expectancyf theelectronics The effect of temperata andhumidity on the performance

can be tested.

Moreover when analyzing the electrical property with bending fotding, UV

resin wa used for packagingtrictly speaking it is the propery of the metatpolymer
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compositeghat wagneasuredPolymer can work asdampematerialwhen deformegand

life spanof the fexible electronics can be extad by protectingguticlesfromtheoutside
However theelectrical property iglifferent fromthat of the pure metal printin@radeoff
between the reliability and the performance can be studied andlemtiwhen designing
flexible electronicsin addition,otherelectromechanical properties can be measured and
guantified to complete the processructureproperty relationship For example,
conductivity of the printed circuit can be quantifiddbt only the porosity but alsthe
hardness, modulus of elastigigndtensile strength of the printed filoan be measured by
nano indentationThese structural properties can be linked to electromechanical properties

as well.
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CHAPTER 5. PROCESS MODELING AND ANALYSIS

To help establish the procesisuctureproperty relationship inhe developedprinting
process a multiscaleframework tomodelthe nanoparticlelepositionis developed An
analytical adhesion model predicts the deposition basgutamess parameters including
laser irradiationfemperatureand particle size as wellas the mechanicadropertiesof
particles. The mechanidgroperties of nanoparticlesepredicted by molecular dynamics
simulatiorsto construct the structwgroperty linkage at atomic scale. A controlled kioeti
Monte Carlo simulation modes developd at mesoscaléo build a processstructure
relationship to predicthe morpholog of the printed film. In this chapter, the developed
multiscale framework is described. In Sectibrl, an overview of the framework is
provided.In Section5.2, multiscale modetombining analytical antMD modelis studied
to elucidate the deposition mechanism of the prote&ectionb.3 morphological change

of theprinted patterns with diffent proces parameters msnalyzdwith thecKkMC model
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5.1 An overview of the multiscale framework

Understanding the eposition mechanism of aerosol jet printing is artpnt to fully
control the processThey are studied with analytical model and computational tools to
allow engineers to predict the behavior of products and performance of manufacturing
process. Many researchers studied the deposition mechanisamaistical modelfFEM,

and MD modelas dscussed in SectioB.3. Most of the studieslo notconsider thermal
energy which is essential for the NLP process. Some of the studies includelteiects

But they are dealing with high temperature including the melt pool.

To study the deposition mechaniswth thermal effectan analytical model and a
MD modelarecombinednto a multiscale modelaser condition and particle size are the
main factors for deposition in the NLP procgas verified in experiments. With lolaser
power, particledeposiion is not successful. However, high laser poresulsin substrate
damage. In addition{ wasfound that particles with the size 6fe mor above tend to
rebound and no pattern candpgmnerated. For smaller partislef diameter under 100 nm,
they can balepositedundercertainlaserconditions This scale effect is usually attributed
to the large surfact-volume ratio of small particleand more efficient laser energy
absorption. Herethe gale effect of particless examined by analytical and simulation
models.In addition, kinetic energy is different with different particle sizénetic energy

is animportant factor in the particlenpact model.

The proposednultiscaleadhesiormodelis shown inFigure59, where information
is exchanged at different length scalBise diameter ohanoparticleis similar tothelaser

wavelengthTemperature change of the particle itself is difficult to measure. Therdfere,
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analytical model ofasernanoparticle interaction proposed by Pustovatbal [143 was
used to estimate temperature chamgehis model, heat capacity and absorptiondaare
important, which are also dependent on the size of partitigis.temperature asninput,
theelasticplastic properties of particlegth different temperaturemepredictedwith MD
simulationsas a structurproperty analysisFor particles, liese propertiesre also
dependent on thparticlesize.With the mechanical properties of substrate and particles

along with temperaturgparticle size and otherprocess parameters, depositicen be

predicted withan adhesion model wittlassical partle impact and bonding.

Laser-nanoparticle heating model

Molecular dynamics model

Classical particle impact and bonding model
Drpesiionsesi

Mechanical properties | :
of substrate and particle i

Figure59. The proposed multiscale adhesion model
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The applicationprocedureof the developednultiscale adhesiomodel is described
in Figure 60. In the analyticaladhesion modelthe concerned parameters are material
properties such as mass, density, as well as mechanical properties of particles and the
substrate. Process parametsush as velocity of the particle are alseeded Elastic-

plastic properties such as Youasgnodulus, Poissés ratio, andhe elastic yield limit are

dependent on temperature of the particles and substrate which can be controlled by laser
conditions.In this study, theegmperature change of the substrats measured byn IR
camera and its properties witkspectto different temperatusewere found from the

literature. In additionthe effect oflaser on nanoparticles studied.

Process parameter Material selection
Laser energy density Substrate material type
Velocity of particle Particle material type, size
| |
Particle property Substrate property
Particle temperature Substrate temperature
Laser nanoparticle heating model IR camera measurement
v v
Mechanical property Mechanical property
Molecular dynamics model Literature value

Deposition prediction
| Classical particle impact and bonding model \

Figure60. Process flow for deposition mechanism model
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The introduction of lasechanges the morphologies of the peohtfilm. The
adhesiommodel for aerosol depositias normallylimited to single particle analysi$he
prediction ofmorphological changeequires a model at a much larger schieaddition,
laser affects particles throughout the particle flow from the beginning of the nozzle to the
substrateThe timescale of laser irradiation is few milliseconaisd the thickness of the
printed patternss in the scale omicromete. Simulationmodek which can predict larger
sizesand longer timescale than molecular dynarareneededTo predict the morphology
of deposition results, a controlled kinetic Monte Carlo elofldepositions developedo
study the morphologies of printeiiims with laser irradiation.The processtructure

relationshipat the mesoscalsan beestablishedvith this model.

5.2 Deposition mechanism

5.2.1 Classical particle impact and bonding model

Figure 61 illustratesthe particle impact model for depositiddince particles go through

the elastic and plastic deformation during the impact on the subdtnatagdhesion of a
particle to asolid surface vasanalyzed with the theory of Rogers and Rg&®]. When

small particles impact, the kinetic energy is convertethéceelastic energy. If the stress
exceeds the elastic yield limit of the softer matdsitiveen particle and substrapdastic
deformationhappens and energy is lost. In the restitution process, if the stored elastic
energy of a particle is smaller than the total adhesive energy, the particle will be deposited.

Otherwise it will rebound.
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Q;: initial kinetic energy ‘

Qp: energy dissipated
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Figure61l. Particle impact mdel for deposition

The initial kinetic energyd and energy stored as plastic deformafiorcan be

calculated based on

5 Paoh (7)
C
Lo B , j _U, j
av ae Qe
5 ¢ U U ﬁ (8)
C
respectivelywhere
r ]
U L (9)
oL UL

is the limiting elasticvelocity.” h& handv are the density, masand velocity of the

particle respectivelypis the elastic yield limit of the softer between the two bqdied

L T ot 0 (10)

is an effective elastic modulushere
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' is Poissofs ratig andO is Youngs modulus of each bod§Q pfx). Therefore, the

remaining energy when the particle is in the stage of restitigion 0 .

YOOy (12)

is a total adhesive energy between the particle and the substrate, which is the sum of the
mechanical energ) and surface energy . The mechanical enerdgy and the surface

energy’Y can be calculated based on

Y 0 _ . h 13
N (13

Y ¥ “—— I h (14)

respectively,where0 is the external force applied to the contacting bodies, which is

normally a gravitational forcé can be calculated as

¢

0 0 oY Y 0 oY Y 0 (15)

where¥ is the surface energy per unit gread’yY is the contact geometry parameter

Thiscan be calculated as
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wherei is a radius of the particlei andi arethe projectedadii of elastic and plastic

deformatiornrespectively

The criteria whether the particle will adhere or rebound are

0 O Y : Particles adhere (17)
0 O "Y : Particles remain on surface (18)
0 0 "Y : Particles rebound (19

In order to calculate the vals®f 0 , 0 hand™Y , the elastieplastic properties ofhe
particle and substratehich aredependent othetemperaturgarecalculated as described

in Sections.2.3t05.2.5
5.2.2 Temperature change oagicles- Model ofnanoparticle heated by laser
The emperature change of nanopartsolgth laser irradiation is calculateahalytically

The thermal energy of nanoparticles interacting with laser fol[a43

N ~ Q7Y E oy e (20)
wﬁ—b . 0O 'YOU™

where” andware the density and heat capacity of the particles respectvaty "Yare

the volume and surface area of the particlés, the temperaturepis the time,Ois the
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constant intensity of laser irradiationjs the efficiency absorption factor, ands the

energy loss from heat conduction. If the heat capacity and efficiency of absorption are

assumed to be constant with time, and heat conduction between particles and convection

during timeo can be ignoré, then temperature changes of nanopasicéa be modeled

by[143

Q:
O
o

(21

_<

»
]

—_—

where"Y is the initial temperature andis the radius of particlesSince it is difficult to
measure the temperature of nanoparticle itdedreticaland literature values are used for

validation.

It has been reported that various properties of particles such as melting point,
absorptivity and thermal conductivityary with differentsizes[2, 144, 145. In Equation
(21), theabsorption coefficierdndspecific heat capaciigre dependent on the size of the
particles. Theywere obtained from experimeniThey were measured using differential
scanning calorimter (DSC) and ultravioletvisible (UV-Vis) spectrophotometer
respectively.Figure 62 shows the absorption coefficients thle copper particles with
different particle diameter®&oth types of particles show the largest absorbance near 355
nm wavelengthThe exact values ane @ rand] g T YFigure63 shows
the DSC results with different particle size. Heating rate was 25 K/min. Copper particles
with diametesof 5 em and 0. 1 & m s htke®SCdcuriehsmalle n t
decrease is the glass transitionirp. The highest peak which corresponds tahe

crystallizationprocessis followed byalarge decrease which is the melting point. In order
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to analyze the specific heat capacity at room temperature, particles were analyzed in the
temperature range of @ 50C with the heating rateof 10 K/min. The specificheat
capacitesof theparticlso f di amet er &rep® @ paud/kdgK@ndddt e m

p tJ/kgK respectively. Finallythe temperature change of tiparticle was calculated

with Equation(21). Figure 64 shows the estimation of copper particle temperature with

different laserconditiors. The emperature othec opper particle of

reaches2500C with laserirradiation of energyevel of 6 J/cnt, whereaghetemperature of
5¢ m ¢l pattiele only reacks500C. These values are reasonable becthessintering

temperatire of copper particles is 208608C.

|
———————————— = - =F5pm
| 1, B g
1 o \\\ ~emef-0.1 pm
/2 i
4 pal T
Ao R .
—_ l"vl ! | =
S b ! -
© 0.8 |‘ < il Sl
S |‘ ’/ & I ~ -
8 TI iz
= AL 1 \
© % ] | \
'g 0.6 I_ I \
7] ! 1 ‘
2 A I \
< 1 i \
L Y )]
0.4 1 Y
| S <
1 S
0.2 n 1 N L A =

200 300 355400 500 600 700 800 900
Wavelength (nm)

Figure62. Absorption coefficient of copper particles
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Figure63. DSC results of (a) &8m and(b) 0.1em copper particles
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5.2.3 Mechanical properties of particldsMolecular dynamics model

MD modelwasbuilt to estimatanechanical properties of hanoparticles with differergssi
and temperatus2 Mechanical properties of nanoparticles are difficult to be measured
directly by experiments.flthe interatomic potential is accurate and elecpbanon
coupling effects are negligible, the results of MD simulations are reliableefbne,
efforts were made to find accurate interatomic potentidlee embedded atom method
(EAM) potentialdeveloped by Mishiret al. [146 which successfully modelgatoperties

of various copper structeswas usedT he crystaktructure of copper sfcc structure with

the unit cell length of 3.6 . In this modela polycrystalline structure was modeled
opposed taa single crystalline structurd-igure 65 shows the comparison betwetre
single crystalline and polycrystalline structsir€&rain boundaries andlefectsare the
important factors to be consideed for estimating mechanical properte in the
polycrystalline structureThe built structure was first relaxed for energy minimization.
Afterward, niaxialtendi e pr oper ti es s uc hthealasticYi@dlimig 6s mo
were calculatedDuring the uniaxial tension processsothermalisobaric condition was

assumed

Figure66 shows the polycrystalline copper particle before and after uniaxial tension.
Figure 67 shows the comparison of strestsain curves of polycrystalline structure and
single crystalline structure. If the particle is modeled as an ideal single crystalline structure,

Young6s modul us and the elastic yield | i mi
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Figure66. Polycrystalline copper particle before and after uniaxial tension
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Figure67. Stressstrain curve of single crystallirend poly crystalline copper particle
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The particletemperature was changed to 300, ,68@d 900 K. The emperature
condition was changed by assigning the atomic velocity according to the tempérhéure.
particlesize was changetb 25, 50 and 100 nm. Tenodela particle with the diameter of
tens of nanometewith MD, the computational coss too high.The particle modelvas
simplified to a disk shape with periodic boundary conditions in order to model bigger
particles.Using periodic boundary conditiawith simplified shapethe simulation cost
was reduced considerablyigure 68 and Table 7 show the results with different
temperature conditionshe sizeof the particle was fixed to 100 nm. Witnhigher
temperatur e, Y o u rs glighdy fromo 2198 to .23 GiPandtheelastice
yield limit also decreasesom 79 to 58 MPaFigure 69 shows the stresstrain curvs of
different size of copper particlesh& emperature of thparticle was fixed to 300 KVith
asmal |l er parti cl etheeldstcyialdlitisdecreasd#able@ishowsatimed
resultssYoungo6s demedsedroms3.03 to 0.19 GPa arithe elastic yield limit

decreasefrom 79 to 3 MPa.
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Figure68. Stressstrain curve of different temperature of copper par{(jpéeticle
diameter: 100nm)

Table7. MDr esul t s of particleds mechanical pr
conditions

Temperature (K) 300 600 900
Youngds modU( 2.98 2.74 2.23
Elastic yield strengtiMPa) 79 68 58
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Figure69. Stressstrain curve oflifferent size of copper particle (particle temperature:
300 K)

Table8. MD results of particlebs mechanical

Diameter of particle (nm) 25 50 100
Youngbés modu 0.19 0.85 3.03
Elasticyield strengthMPa) 3 16 79

To validate the model, results were compared withetterimentand simulation
results from literaturelt was difficult to find publishedresuls regardingmechanical
propertes with different temperatureonditionsin nanocrystallinecopper structures.
However, in bulk structusge x per i ment al results shhew t hat
elastic yield limit decreasas temperaturencreaseq147]. Furthermorethe effect of
particlesize was also compared with experimemtadl simulatiorresults.Table9 shows

the tensile test resulfsom literature[148 149. These are resultsf specimens that are
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machine cut from the nanocrystalline metal, prepared by powder metallinggiameter

of the powder is shown in the tabWlthough there ere somedifferencsin Young 6 s

modulus thevaluesof elastic yield limitwere similarto those ofMD results Zhenget al

[15Q studied thestressstrain curve of copper nanoparticles with MD simulatigigure

70 shows the resultsThe @pper nanoparticles of 4, @nd 8 nm diameter sizeene

analyzed.

Youngos

mo d u |

us

of t he

model

nm. Howe'er, theycamat predict the elastic yield limit of the particldsis concluded that

the MD model is reasonable becatisepredicted properties are in tsamerangeasthe

data fromtheliterature.

Table9. Experimental results of copper medical properties of nanocrystalline metal
from literature[148 149

Mi cr o (1 Nano(50nm) Ref.

Youngo6s (MRad u 484 484
[148

Elastic yield strengtiMPa) 170 385
Mi cr o (5 Nano(25nm) Ref.

Youngo6s (MRad u 467 361
[149

Elastic yield strengtiMPa) 83 185
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3 Cu Nanoparticles
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Figure70. Simulated properties of pper nanoparticles by MD moddl5Q

Theoretically,if the crystal structurof the materisdares a me, Youngo6s
should havehe samevalues. In addition,the elastic yield limit should increase with
smallergrain siz. If the grain size is smaller, the mater@ntains fewer dislocation
Therefore particles with smaller grairan endure more strain in the elasiinge than the

particles withlarger grais. This is als&known as the HalPetcheffectgiven by

¢

(22)

Sl o

whereQis the diameter of the graip, is the elastic yield strengttand, and™Qare
constant which are the material propertiessingle crystalline structure, particle size is
equal to the grain size. However, in polycrystalline structoaeticlesconsist of several
grains. The gain size is smaller than the particle sidethe grain size is smaller than
critical grain size which i$0nmfor most of the metalshe HallPetch effecwill not work
[15]]. This is because smaller grains under 10 nm are unable to suppdisltdoation

with strain. This igalled the inverse HalPetch effectnodeled as
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~ Y ﬁ (23)

where0 is the probability ofa dislocation being absorbed by the grain bouedar
However, this effect is difficult to observe by experiméingure71 shows the HalPetch
relationship forthecoppematerialby severaktudies Only the data marked as gray cigle
reported the inversdall-Petch relationship witlthe grain size of 16 nnj152. Although
the grain size is largely dependent on the manufacturing protdssassumed thahe
grain size gets smaller wigmaller particle sizan this researchrhe gain sizewasaround
15 nm in the model Therefore trend that the elasticyield limit decreases witlsmaller
particle size can be explainedth theinverse HaHPetch effectFigure72 shows the effect
of grain size orthe mechanical properties simulated ttys MD model Eventhough the
sizes of the particlesare thesamef the grain size is smallethe elasticyield strengths

lower.
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Figure71. Hall-Petch relationship for copper by sevestaldieqd 15]]
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Figure72. Effect of grain size on mechanical properties (particle diameter: 200 nm)

Another possible explanation is the difference in computational simulation and real
model Figure73 showsanillustration of the explanatioror thereal particle, probability
that defects exist is lower in smaller partidi@ereforetheelastic yield limitis higher. On
the other hand o the MD model since the grainand defectsire generated artificially, if

the size of th particle gets smalledefecs become dominant. Therefothe elastic yield

strength decrease

Bigger particle
@ _gemma ®)  cesEses
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’ \ i 5 o \
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Figure73. Effect of defects on mechanical proper{@sMD model and (b) real particle
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5.2.4 Temperature change of substrate

Temperature change of the substrate with laser irradiation was measunéciad (R)
camera (CX 320, COXJigure74shows the image frotmelR camera othenozzle, PET
substrate and laser irradiation pointBy analyzing the col® temperature can be
measuredFigure 75 shows the tempetare change with timelhe laser power was 600
mW, laser scan speed was 50 mm/s, stagdr at e wa,andadrosd presssire was
1 bar.Substrate temperature decreasbenthestage is moving antthe aerosol is ejected

because of heat transfeeffect This cooling effect is showinom 5 to 20 seconds.

=

Figure74. IR camera (CX 320, COX) image with laser irradiation
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Figure75. Temperé&ure change with regard to time
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In the systemthe nozzle is located above the substrate. Therefore, it was difficult

to measure the temperature without the cametited. Calibration was done to estimate

the real temperatur&igure76 shows the calibrated temperatufée emperatursof the

substrate increase up to 60 and 70°C wherafty@iedlaser powerare400 and 600 mW

respectively.
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Figure76. Temperature change withgard to laser power level
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5.2.5 Mechanical properties of sulvate

Mechanical properties @he substrate ar@so related to the deposition of the particles as
discussed in Sectiob.2.1 The elasticplastic properties oPET film with different
temperaturewereanalyzed. The temperature ET substrateeachesround 70°C vth

laser irradiationas shown inFigure 76. The properties oPET film with different
temperature were found from the literaturg153. Table 10 shows the temperature
dependent mechanical propertiesSPET fim.You ng 6 s mothkelastcyielda n d
strength of PET substrate decrease withgher temperaturd hese values wengsedto

calculate the values of and™Y which areintroduced in Sectio5.2.1 It is shown that

theelastic yield limitof PET substrates lower than that afhe particles.

Table10. Temperature dependent mechanical properties of PETXB3)

27 2.25 48.9 28.85
60 1.61 46.0 18.95
100 1.07 38.6 12.69
140 0.36 22.3 4.17
180 0.15 13.5 1.98
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5.2.6 Prediction of the deposition

First, the adhesion between the substrate and the particle was studied. As disoussed
Section5.1, particle size and laser conditiarethe most important factors for deposition.
The radiusof particles variesf r o m 0 . {Tlee adResian with and without laser

irradiation was predictedParticle energy is calculated as

o U Y. (29

Therefore, as discussed$ection5.2.1, if the particle energy igreatetthanzerq particle
will rebound. If the value ilessthanzerq it will adhere The FEM results studied by Chun

[27] and Choi[43] were used to estimate the velocity of the particles.

Figure77andFigure78show the resustof the modelWithout the laser irradiatign
none of the partickeadhers. However, if the laselnas apowerlevel that is highethan
400 mW particles which haveadius smaller than 900 nwill adhereTo make the particle
and substrate adhere, the value®f 0 Y shouldhavea negativevalue Three
methods can beonductedo lower the valuel) reduce) value, 2) increasé value,or

3)increaséY value.First, to reduce thé value, either velocity of the particle or the mass
of the particle should decreadéhe \elocity of the particles can bwainly controlled by

the aerosol pressuréhe nmass of the particles can be controlled by the size of the particle
assuminghatsame type of material is used. Therefamg ofthe reasoswhy only small
particles under cetain criteria adhere is that the kinetic energy is smaller tihainof the
bigger particle. The dfect of the particle velocityon depositionwill be discussed in

Section5.2.7with sensitivity analysisThe particles arenorelikely to depositwhen the
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velocity is low Secontly, the energy dissgied in the plastic deformation should increase.

0 is also related to the mass and velocity of the pastitlewever the elastic yield limit

@ and the limiting elastic velocitye are the most important factorAs discussed in
Sectiors5.2.3and5.2.5 if thetemperature increaswith laser irradiationtheelastic yield

limit of both particle and substradecreaseThis resulsin higher energy dissipation tfe

plastic deformationTherefore,particles which reboundwithout laser irradiationwill

adhere with laser energbove certairlevel. As the particle sizechanges mechanical
propertiesalso changeHoweverthe value otheelastic yield limit is adopted as the softer
between particle and substraide dastic yield limit of PET or papesubstrates always

lower than tlat of the particleTherefore the plasticdeformation is dominantly controlled

by the substrate propertieshdre is no need to get the quantitative relation betwsen
particle size and mechanical propefinally, to increase the total adhesive energther
mechanical energy or surface enehgs toincreaseThe nmechanical energy is related to

the external force as well as contact geometry. These values are related to the projected
radius of elastic and plastic deformation whare dependento’y oungés modul us
Poi ssonds fick and the sabistrate asevellfpselastic yield limitof the softer

body. The surface energy is determined by the material type of the substrate and the particle.

It can beconcluded that @atterial type is alsan important factor for adhesion.
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Figure78. Adhesion condition with laser irradiation of 400 mW

After the adhesiorof particle on the substrate, particfgarticle adhesion occsir
Since the particle corseo the original statafter the restitution processiring the elastic
deformation, radius of plastic deformation was predicted with diffeetsustic yield

strength of the particldzigure 79 shows the illustration of the concept of projected radius
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of elastic and plastic impa€154]. Figure 80 shows the relationship betwe#re elastic
yield limit and radius of plastic deformatioAs the laser energy density increasése
temperature of the particle increas&herefore the elastic yield limit decrease With
lower elasticyield strength, radius of plastic deformation increasdich results in lower

porosity. It eventually results in low resistance as discussedjune43.

Figure79. Projected radius of (a) elastic impaaid(b) plasticelastic impac{154
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Figure80. Relationship between elastic yield limit and radius of plaigformation
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5.2.7 Sensitivity analysis

Figure81 shows the results of sensitivity analysis with different particle spdesllaser

energy densitys 2.6 JJcm.Young o s

i 60dMP4a.Ragicle speednainly affects

the value of the initial kinetic energy . If the particle speed decreases, initial kinetic

energy decreases. Therefore, whole particle energy decreases accaaduiggyticles are

likely to adhereon the substrat&Vith the particle velocity of 300 m/s, particleradius

below 336 nm are expected tadhere With higher velocity of 500 m/spnly smaller

particles of radius below 247 nm are expected to adhere.

ad

Even though the elastic yield limit is a more important factor to determine the
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Furthermorethe effect of the substrate temperature which can be controlled by

laser energy density was analyz&ayure 83 shows the results of the sensitivityadysis

for substrate

temperatur e.

Youngos

mo d u |l

300 m/s. When the temperature of the substrate gets higher, particles can easily adhere.
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5.2.8 Validation of the model

The deposition mechanism model was validaté the experimental resultBiameter of
the prticles was varied from 0.1 o 5 Theyrnwere bought from Sigma Aldrich and
ThermoFisherScientific companyFigure84 shows the SEM imag®f the different sized

copper particle

Printing was done with different aerosol pressure and laser energy levels on PET
substrate. The aerosol pressure changes theityetd the particlesFigure85 shows the
images of the samples right after they were took out from the chamb&iganeB6 shows

the images of the samples after the cleaning process.

Figure84. SEM image of the (a) <100nfh b ) 0. 5a~nld. 5( ce)m 3. 25 ~5
copper particle
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Figure85. Printing results of different sized particles before cleaning process
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Figure86. Printing results of different sized particles after cleaning process

The particles which have diametem n d e r  Oere &uccessiullywprinted under
any tested conditions. Printing of the partsclgith diameterof 0.5~15 e m was al s
successful. Witlthehigher particle velocitythere are some marks in the area without laser

irradiation. Tresewereobserved undeheoptical microscope-igure87 shows the optical
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images of the samplswith the highest laser irradiation @.5~1.5 and 3.255 ¢ nsized
particles. It is concluded that high velocitf the particleslamagsthe substratevhereas

damaes with laserirradiationwerenot significant

With the particles wi tr,printmgwasnotsumeessklr bi g
in any tested conditions. Therefore, it can be concluded that the particle size is the most
important factor for deposition compared to the particle velocity and laser power level.
These results also match with the predictediple size for adhesion in the developed
multiscale model.Table 11 shows the summary of the deposition conditions by

experimental observation.

Figure87. Optical image of the printing under condition (a)L%¢ ml bar,5.86
Jicnt, (b) 0.5-1.5¢ m2 bar,5.86 J/cm, (c) 3.255¢ m1l bar,5.86 J/cr, and(d) 3.25-5
£ m2 bar,5.86 J/cr

Table11. Experimental results of deposition with different particle sizes and laser

conditions
aser condition , o With laser irradiation
: ; Without laser irradiation : :
Particle diam (above certain energy densit)
< 1.5 ¢ No deposition Deposition
>325e m No deposition No deposition
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5.3 Morphologyi cKMC model

The effect of laser treatment on morphological change of films in the nanoparticle
deposition system is studied with cKMC simulati{@®]. cKMC is a generalized version

of classical kinetic Mont€arlo, which can be used to simulate both controlled and self
assembly processes at atomistic level with larger sizes and longer timescales than MD
[159. In this model LI-NPDS whichuses a slightly differentlaser treatment methdibm

the NLP processvas studied LI-NPDS usesan in-direct laser sintering method as
explained in Sectio.1 In the process, nanoparticles go through laser treatment in the
aerosol flow through a tube before deposition. Thus the laser beam does not contact the
substrate, anthis avoids any potential damage the substratelNanoparticles are then
deposited on the substrate through the nohzlhis work, a coarsgrained cKMC model

was constructed to simulate diffusion, laser irradiation, and deposition processes
simultaneasly for alumina particle Although this model usedifferent material and
different system configuration, $hows the potential that this cKMC model ¢apable of
predicing the morphological change of the printed resaftsanoparticle printing system

with laser procesm large time and length scalEhis modelcanbe applied with different

simulation parametsin the NLP process.

5.3.1 Controlled kinetic Monte Carlo

Since the timescale in the compldté-NPDS process is much longer than normal
microstructural evolution of laser sintering, it is difficult to use MD to simulatelthe
NPDS process. The directed particle diffusion and deposition in the process cannot be

simulated with regular KMC, because KMC da®ot contain the complete information of



the physical systems. Kinetic energy is not directly modeled in KMC. As a result, KMC
can only simulate pure sedssembly random events in bottaqm nanomanufacturing. It
cannot simulate controlled movement ofmand particles which only diffuse along

certain directions, especially in some-@vn manufacturing procesgd$5.

In contrast, cKMC allows us to impose directional constraints on diffusion and
deposition in simulating the completé&-NPDSprocess. cKMJ155 is a generalization
of KMC, where deterministic events are introduced into the model so that either a random
or deterministic event can lead to system state update. The deterministic or controlled
events araised to model processes where atomic arrangement is triggered by external
energy sources such as light, heat, electromagnetic field, or others. The modeling of these
inputs is essential for tegpown manufacturing processes, which is not possible in
traditonal KMC simulation.Figure 88 and Table 12 show the example of cKMC model
for FIB process[155. In cKMC, this is realized by introducing controlledffdsion
direction so that particles can selectively diffuse at certain direction or towards certain
location. Furthermore, different species with different kinetic energy levels can be
introduced. This information is necessary to model complete physistnsy, where
traditional KMC is not able to do so. cKMC can simulate all the kinetic events
simultaneously if the corresponding rates are known. cKMC has been implerfistied
and integrated witlstochastic parallel particle kinetsimulator SPPARKS, which is a

KMC tool developed at Sandia National Laboratofie]].
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Figure88. cKMC models forFIB [155

Table12. Example events in FIB lithography proc¢$S5

Reaction/transition event

R1

: Ga_src — Ga™" (controlled)

R2:
R3:
R4:
RS:
R6:
R7:
RS:
RO:

Ga' + vacancy — vacancy + Ga™ (controlled)

workpiece_species_gas + vacancy — vacancy + workpiece_species_gas
workpiece_species + vacancy — vacancy + workpiece_species
Ga_gas + vacancy — vacancy + Ga_gas

€ -+ vacancy — vacancy +e€

workpiece_species_gas + absorbent — vacancy -+ absorbent

Ga_gas + absorbent — vacancy -+ absorbent

workpiece_species” + absorbent — vacancy + absorbent

R10: e™ + absorbent — vacancy + absorbent

R11: Ga™ + workpiece_species + vacancy — Ga_gas + vacancy + workpiece_species_gas
R12: Ga™ + workpiece_species + vacancy — Ga_gas + e~ + workpiece_species ™




5.3.2 cKMC model of thenmnting system

The LI-NPDS process is schematically showrrigure89. Nanopatrticles in -NPDS go

through laser treatment in the aerosol flow through a tube before deposition. Thus the laser
beam does not contattte substrate, and this avoids any potentiahdge of the substrate

[44]. Nanoparticles are then deposited on the substrate through the nozzle. In this research,
an onlattice coarse grained cKMC model is built. In the coarse grained method, one
nanoparticle instehof one atom is modeled at each lattice site. It is computationally more
efficient to model larger particles instead of atoms if the physical or chemical interactions
between atoms within a particle are not of interest. Therefore, coarse grained medels ar
commonly implemented for large systems. Th&NEEDS model has 12800 fcc lattice sites.

Each site has 4 basis atoms, so there are 51200 basis atoms in total.

Particle move direction

Laser - - —
° .'..",.",. ------ R e 2
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o Laser treatment K
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3 axis stage | | Rotary
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Figure89. System configuration of thd -NPDSprocess modeled by cKM[@5]
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Events in cKMC are defined based on experimental observations in the physical
system. To observe the laser effect on alumina nanoparticles (Cotronics corporation, 200
nm), the particles were captured after laser treatment and before goungjttine nozzle.

This removes the effect of impact during deposition and focuses only on laser effect.
Particle size was measured under particle size analyzer (Zetasizer Nano ZS, Malvern
Instruments UK). Figure 90 shows the relationship between size of clusteregDAl
nanoparticles and laser power. As laser power increases, clustered particle size gets smaller.
Agglomerate state is a preferred stateahoparticles. Due to the effect of aerosol flow

and laser energy, clustered nanoparticles crack down into small ffrepe® 91 shows

the compariso of different laser treatment methods a conventional laser sintering
process, particles in steady state are heated by laser in powder bed. The surface of particles
are partially melt. Particle coalescence occurs, and larger particles are formedrdstco

when particles are moving in the aerosol flow with certain velocity, particles do not
aggregate after laser treatment. Instead, they break down into small pieces because of the
additional energy, including kinetic energy and thermal energy, indbyederosol

pressure difference and laser irradiation respectively.
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Figure91. Compaison of results with different laser treatment methods. (a) particles that
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Six types of species, including vacuum, air, agglomerated nanoparticle,
disintegrateshanoparticle, deposited film, and substrate are defined. The events of reaction
and diffusion, particularly laser treatment and deposition, are added with proper rates.

Particle diffusion, laser treatment, and deposition events are defsned
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respectivelyFigure 92 illustrates these eventin diffusion process, vacuum or air swap
their positions with agglomerated or disintegrated nanoparticles so that particles can move
forward to diffusion directiomsFigure92 (a).Laser treatment events change agglomerated
nanoparticles to disintegrated nanoparticles with vacuum or air between Faemr
nanoparticles after laser treatment are at the agglomerated statiectlvenes before. This

is modeled in KMC as bond breaking as illustratedrigure 92 (b). The effects of
deposition are illustrated iRigure 92 (c). Deposition events happen when nanoparticles
reach the substrate. After deposition events, agglomeaatédintegrated nanoparticles
change into demited film. Figure93illustrated laser treatment and deposition events with
different laser power level®atio of particles cracked varies widifferent laser powers.
Expected deposition results with different particle sizes are shown. Larger particles are

expected to form rough, porous, and thick film, in comparison with smaller particles.
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The rate of reaction is calculated afglL57]

O (29

whereO is activation energyY is the gas constarityis the temperature, amgis the pre

factor. Here, laser treatment and deposition effect are separated, because there are many

complex physical phenomena related to both processes.

Activation energy for laser treatment the energy required for brealdn
agglomerated particles. This value was reversely calculated as fJ163ing the data

shown inFigure90. The emperature of particle¥is calculded based on

ya  ( P i (30
aw
( | ®n (31

whereY4 is the amount of temperature increase from room temperatuigethe amount
of applied laser energy, is the mass of particleis specific heat capacity, is the
absorptivity,Os the laser power( is the area of laser irradiation, adi time of laser
exposure. The calculated particle temperatures are 25, 26.2,a2d.29.8°C for laser

power of 0, 50, 10(and200 M\ respectively.

In addition, deposition rates provide information about how many particles are
actually deposited out of all particles that reached the substrate. Deposition rates and other

simulation parameters such as reverse kinetic rates are difiqukasure by experiment
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or obtain in references. Therefore, they are estimated through sensitivity analysis of the

simulation model. Calibration was done with thickness dathe laser condition 0 mW.

Figure 94 shows the sensitivity analysis for reverse rate and depositionAste.
shownin Figure94, circular markers are simulated data and the straight line indicates the
reference value from experiments. If reverse rate is large or deposition rate is low, film
thickness will be smaller than real value. However, if reverse rate is small or awposit
rate is large, film thickness will be large. Therefore, both deposition and reverse kinetic

rate were set as 0.1.

Experimental data were used to check whetinesimulation model is reasonable.
Al>0Oz particles are deposited on sapphire wafer with-NPDS. Figure 95 shows the
thickness measurement with the cross sectional image of the deposited film. The porosity
of the deposited layer was estimated from the-dimoensional SEM images&igure 96
explainsthe image processing process for porosity analysis. Images were converted to
binary ones first, and the dark regions were then extracted as pores. Porosity was calculated
as the number of whole pixels over the nembf black pixels by using ImageJ particle

analyze tool.
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5.3.3 Simulation results

After the simulation model was built and rate catalog was complbediodel was run at
different temperatures corresponding to different laser powers. Each simulation was
repeated three times with different seeds to obtain statistical average since KMC is a
stochastic algorithm. These results are averaged and standatiotis are expressed as
error bars in the result graphs. The size of entire simulation model 136606 and
consists of around 40000 atoms. Simulation time is 804teys. It took around 40 minutes

with computer with 64 bit Intel Core44790 CPU. Tis8 is a relatively short computational

time compared to other simulation tools. The actual physical process takes around tens of
microseconds, which can be simulated within 1 hour. Approximately 160000 events occur
for each time step in averagéigure 97 is the simulation results visualized with Visual
Molecular Dynamics (VMD) todl15§. As simulation time increases, particles which were
initially located on the left side of the tube diffuse to the right side with laser treatment.
After particles reach the substrate, they are deposited on the substrfa@eaadim. With
different levels of laser power, the number of particles that turned into smaller

nanoparticles and the properties of deposited layer varied.

11¢



(b)

Timestep 0 '
Timestep 20 l
Timestep 40 ; '
mesepso 1
-
Vacuum Air ® Substrate ® Deposited film

Disintegrated nanoparticle ® Agglomerated nanoparticle

Figure97. Visualization of the simulation result including (a) tleenplete system and
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5.3.4 Validation

Simulation results are compared with experimental results to check the validity of the
simulation model. The predicted thickness is compared with the experimental results from
the previous wik of Ahn et al [44]. The predicted porosity was also compared with the
experimental measurement from images as shown in Set8ad Figure 98 shows the
comparison of film thickness, where the simulated values are denoted by circles and
experimental results by triangles. The thickness of the film decreases as laser power

increases. Simulation results show the similar values and same trends as experimental

results.

Figure99shows the comparison of the porosities of films predicted from simulation
and experimental estimation. It is observed that highserl power breaks nanoparticles

into smaller pieces. Therefore, it results in less porous films. The explanation is that larger
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agglomerated particles have larger interception areas that lead to hindrance of the
deposition of other particles. As a resalnall particles tend to form thin and less porous

films thanthelarge ones.
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As shown inSection5.3.2 porosity was measured by image processing with SEM
image of deposited layer. Since the tdimensional images do not provide the sense of
depth and the results are also dependent on the lighting condition when images were taken,
the estimations of porosity are always lower than simulation predictions. The simulation
predictions were based on the thtBsensional structures, where the number of deposited
nanoparticles was counted and porosity was calculated directly. Becaes@éhenental
measurement of porosity has an inherent bias, there is a value difference or discrepancy

between the two sets of values. Nevertheless, the trend and slope are the same.

To validate the simulation model where its predicted porosity value cédmnot
directly measured experimentally, a Gaussian process regression (GPR) or Kriging model

is constructed to predict the discrepancy, which is

Ow YQé& Owmp A (32

where "Y' Q& , Owip , and O w are the simulation prediction, experimental
measurement, and discrepancy between the two, respectively, which are functions of laser
power levelw, andQis the statistical random error. GPR is a constrained regression
modeling process where models toced to interpolate all data points. GPR can provide
modeling flexibility with sequential sampling compared to classical polynomial regression
model. If new data points are available, there is no need to change the previously built

model, and it can bepgdlated with the new data.

The distribution of discrepancy is obtained from the data at the laser power levels

from 0 to 200 mW. The GPR model is built using DACE (Design and Analysis of
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Computer Experiments) with Matlafl59. Figure 100 shows the GPR model for
discrepancyZero order polynomial is used for regression, and Gaussian function is chosen
for correlation mode Correlation function parameter is 1.668. Based on the GPR model
of O w, the value of discrepand® @ 1 1 rat 400 mW is estimated@hen the value of
Owm Tt ntmm o8t ks predicted. The actual experimental measurement of porosity at
400 mW is 3.22%, as elwn in Figure 99. The model prediction matches experimental

results well.

From the cKMC simulation and GPR discrepancy model, the laser power lavel ca
be optimized based on desired thickness or porosity. The prediction capability is essential
for simulation based process design and optimization. In this GPR model, there are only 5
data points. More experimental data can increase the accuracy of thpréaliRfRon results.
Likewise, in this simulation model, the complex process is simplified and modeled with
few species and events for the sake of computational efficiency. For example, in this model,
it is regarded that there is only one size for agglaeeror disintegrated particle. However,
agglomerated or disintegrated particles have different sizes. More species and events could
be defined for complexity. Sophisticated models will have accurate results, but
computational cost will increase at the satime. This simplified coarsgrain and low
fidelity simulation model is suitable for quick prediction of the trelithough this model
uses different material with an indirect laser sintering method, the developed model can be

used to predict morpholagg of the printed films by the NLP process.

122



20

\\
18 \.
=16+
Q \
g \\
g s
c 141 >
B e
a e ¥
12
A
10 ; ) . i : . :
0 50 100 150 200 250 300 350 400
Laser power (mW)

Figure100. GPR model for discrepang4s]

12z

[



CHAPTER 6. APPLICATION S

Three pplicationswere developedvith the deposited patternprinted with the NLP
processon flexible substrat which take advantage of the NLP process to facile the
fabrication procesdrirst, copper particles werprinted on PETsubstrateusing different
oxidation levelsand pattern widthito control the hydrophobicity of the surfadéne NLP
process can contrddoth pattern widtkand oxidation levelsat the same timerThis is
introduced in Sectio®.1l In addition kirigami electronics on papevere deviped in
Section6.2 These can be fabricated easily using laser cutting and printing within one
system. This is available using different lesvef laser energy. Bghanging the cutting
design, stretchable and bendable electronics were demonstratétermore,durable
strain sensor was developby printing a strain sensor withonductive line. The NLP
process is capable of adjusting the electrazad mechanical properties of the printed
patterns by changing the leself laser energy. Therefore, performance of the strain sensor
and conductive line can be controlled. Whhae strain sensor and conductive linare
printedtogether, thesolderingareacan bdocated in the area which is less affectedHsy
bending motionTherefore, thedurability of the sensor increaseghe detail fabrication

process and results are discussed in Se6t®n
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6.1 Hydrophobic/Hydrophilic surface

It is widely known that hydrophobicity changes witie oxidation degree in case of copper
material. CgO is known for hydrophobj@and CuO is known for hydrophilic materjaRg.
The NLP process can adjust the composition of the printed matesalg laser as
discussed in SectioA.3.2 The oxidation degree dhe copper prticles with different
levels of laser irradiation waexamined with XRD analysigs shown inFigure 40.
Moreover, dfferent widths of the patternsan change the hydrophobicity of the surface
[125-127]. Figure101shows the copper patterns on PET film with different pattern width
The distance between lines was varied from 100 teAQ@igure102shows the test setup
for measuringontact angle of a water dropmartdrop from the Femtofab company was
used. The neediapproaches androps 1 ¢ | oof topnod theesurfacéd high speed

camera was used to capture the geometry of the water draalanthte the contact angle.

FigurelOl Copperpattens on PET sulmytrate (400,

High speed
camera

Figure102 Contact angle measuremenstgm
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Figure 103 shows that contact angle was changed with different widthithe
patterns and oxidation degsé&¥oon et al [125 reported thatvhen the pattern wlih
changsfrom 100to 500 mcontact angle increaseith alarger pattern width but begn
to decrease froma certain criteria around 306m. It is assumed that small patterns make
waterdrop float between the pattertéowever, patterns smallénan @rtainsizehinder
thewater droplet from forming a spherical shalpethisresearchpatterns witithewidth
of 100veasmmand er contact a rexgépeforthdlaghesttlakeat o f
energy irradiated samplés discussed earlier iRigure 40, when laser energy level
increasesCwO becomes CuO with more oxidatidtiowever, when the energy density is
higher than 5.86 J/cihhCuwO appears againSince CuO is hydrophobicand CuO is
hydrophilic material, contact angle should increase again with the higher laser energy
irradiationabove 5.86 J/cldh Thi s trend was shown in the
width. I n 400 ¢ m ,phadoritactrangle of thes haghept lager enarggdiated
sample was similar tthat ofthe middle energyirradiatedsample.The contact angleof

PET substratezas800. It can be concluded thaylehanging the width and oxidation degree

of the copperpatterrs, the wetting property of the surface can be controll€de NLP
process is capable of changing oxidation degree and pattern width at the sanie time.
order to evaluate the effect of pattern width and laser energy explicitly, patterns should be

printedmore precisely with variouaserconditions.
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Figure103 Contact angle difference with regard to laser power and pattern size

6.2 Kirigami flexible/stretchable electronics

Paper isa lightweight, ecefriendly, and low cost material. In addition, it is flexible and
foldable. There are many potential applications including display, sensor, sojancell
memory deviceln the NLP process, cutting and printing can be performed within one
system without referenagbetween two processekherefore, this process can be used to
cut the printed patterns before packaginghe industrial applications withoyposition
referene issues. New applicationgan bedevelopedwvith kirigami and origami of paper.

In this researh, kirigami electronics were fabricateéigure 104 shows the fabrication
procesof kirigami electronicsusing bending andtretchingmotion of paperFigure 104

(a) showghe paper cubn the same sid&ending motiorwas appliedin Figure104 (b),
paper was cutn the opposite side, therefore stretching motion was availBiedistance

between thecuttingswas 500em. The paper was audistantetora vi n g



deformationThis area works as a connection part when paper is defolfrttezremaining
di stance i s b ideogration i$ rotavailabl@odvever,mthe distance is
too small, samples we easily brokenThis is a optimized value for the board papeith
the thickness of 0.32 mm. If the thickness or the material of the substrate changes, this
value will bechanged After the cutting,printing was done on thpaperwith the laser
energy level of 5.86 J/cinEven though therevere changes on the aetgnamic flow
because othe cuttings on the substratprinting was successfulf the printing is done
before wtting, there will belamagson the silver printingbecause ahehigh laser energy
usedin orderto cut the paperWires wee attachedwith the silver paste After that,
deformation was made and conductivity was tedtethis applicationUV resin was not
used forcoaing. Even though sampleserenot fully packageds the examples shown in
Sectiond.4.1, theywerestableandsame performansavere showmwith the repeated test

of five times.

Paper

“ Ag| |
500 pm —

J1 i

A \
"/' .
500 pm
o A N
I I _-:/’*' g
Laser cutting Printing Wiring Deformation

Figure104. Fabrication process for kirigami flexible/stretchadlectronicga) cut in the
same sidand(b) cut in the opposite side
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Conductivity of the sample was tested wikie LED light after the bending and
stretching motionFigure 105 shows the results before and after deformaiowl Figure
106shows the illustratiohow they are deforme#igure105(a) shows the bending motion

The sample was conductiexenafter the bending over 80As illustrated inFigure 106

(a), only the connected part deformesince theconnected partwere folded inthe outer
folding directionas described in Secti@h4.1 resistaceincreasd. However, the sample
was still conductiveFigure105(b) shows the stretching motion of the kirigami electronics.
As illustrated inFigure106(b), not only the connected parts but alsdabam in the middle
deformed In this casethe connected part on the rightas folded in the inner folding
direction whereaghe connected part on the leftasfolded in the outer folding direction.
Likewise, he beam located in the middieas deformed in both convex and concave
bending directioa Ideally, theincrease ad decrease in the resistance summedup to
zero. Therefore, conductivity of the sampig expected to béhe same even after the
deformation. Tese results show the feasibility théte NLP process is capable of cutting
and printing within the systenTherefore, flexible electronics using kirigami can be
fabricated. Quantified characterizain on the relationship between deformatiand
conductivityis neededn future researchn addition, in this gample, only two lines were
cut. However, if the number of cutting increast® range otleformation will be larger.
In addition, complicated geometry can be designed and cutébe complex deformation.

Laser can cut complicated and curved patterns easily.
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Figure105 Conductivity test of fabricated electronics using kirigami of paper with (a)
bendingand(b) stretching

(b)

Figure106. lllustration of the deformation in (&endingand (b)stretchingmotion
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6.3 Conductive line integrated strain sensor

The NLP processancontrol the propertpf the printed pattesi As discussed iBection
4.4, laser power changes the porosity of the patterns. The powdgreased with the
irradiation of the high level of laserenergy Therefore, changes of resistivigye less
sensitive to the bending and folding. The pattearsbe utilized asa conductive line or
sensor which &sawide sensing range. On the other hand, the portesigtis high with

the irradiation of lowlevel of laserenergy Therefore the resistivity is sensitive to the
bending or foldig. These patternsaa be utilized asa highly sensitive strain or pressure
sensorln strain sensor applicatisnunstable soldering is an issue. To prevent the thermal
damagethe soldering ofthestrain sasor printed with direct printing methods is normally
donewith silver paste. However, the repeated bendes cause the detachment or the
disconnection of the soldering paFfigure107 shows the detachment when the soldering
is done near thbending area after several repeated.tAstmarked inyellow circles, the
soldering parts are unstable aceh beeasilydetached aftethe repeated bendintess

causing malfunction of the strain sensor.
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Figure107. Unstable soldering issue near the bending area

Therefore, if the conductive liseare printed together withthe strain sensor
solderingcan bedone far from the bending are€khis detachmenproblem can be solved.
Figure 108 shows the schematic diagram and optical image ottipgperstrain sensor
printed withthe conductive lineon PET substraté-igure108(a) shows the printed strain
sensor with the geometry ofA# mn?. Figure 108 (b) showsthe stain sensoand
conductive lines printed togethéfhe mnductive lines wer@rinted on the edge of the
strain sensor withhie overlap of 1 mndistance The mnnected part marked widred box
was observed under optical microscope. There was a difference in the brighteggsnsf
in the sample. Thprintedarea ofthe conductive linswas darker compared to the area of
the strain sensor with densstructurs. The grain sensor was printed withe low laser
energyof 1.40 J/criandthe conductive line were printed withthe high laser energgf

5.86 J/cr.
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Figure108 Conductive line integratestrain sensor

Figure109shows the bending test thfe strain sensor anthe strain sensor printed
with conductive lins. The ®ldering was done on tla@ea which is lesdfactedby bending
incase (b)Thestage r avel ed for the distance msf 2000

After eachloading and unloadingycle, 500 ms was posed for stabilizatiorhis was

repeated 100 ties.

Figure109 Bending test of (a) strain sensor and (b) conductive line integrated strain
sensor
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