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Chapter 171 Introduction

In this chapter, the problem statement for this thesis is defined followed by
background information otie subject and a literature revielie rest of this thesis is
structured as follows: Chapter 2 discusses the preliminary quality and reliability findings
between printettybrid electronics that were fabricated in a mostly similar fashion,
Chapter 3 is mtivated by the results of Chapter 2 and investigates the impact of varying
carrier and sheath gas flow rate on print quality, and Chapter 4 summarizes all of the
major findings and technical contributions provided. Some background information in
this chaper will be repeated i€hapters 2 and ® makesubmiting journal publications

easier

Section 1.1: Problem Statement

The quality of printed conductors, specificallysiliver nanoparticle inks, in
printedhybrid electronics will be assessed as a fiomcof print parameters, specifically
carrier and sheath gas flow rates. Quality

macroscale and micromorphological features

Section 1.2: Background and Motivation

With the advent of additive manufacturing in evéejd of engineeringprinted
hybrid electronicsre no exception and on the rise because they help address the
emergence of multifunctional structures wathsierprocessing. Many companies are

exploring printed electronic technologies because of sorte afvantageand



functionalities (e.g.threedimensionaprinted conformal form factomsn curvilinear
surface}¥that arenotachievablehrough conventional technologies

The manufacturing quality, manufacturing defects, and manufacturing yield for
printed hybrid electronicareof differentscale as compared to that witnessed for
conventional electronic§ his stems from krge variety oflifferentprocess parameters
and process challenges. Currently thetédtls understanding of the field, specéilly for
aerosol jet printing (AJPYheemployment of numerical simulatiohglps avoid long
iterative trial and error. As a result, theesent researdeamtook afundamental
approach to the problelry computationdl modeling the print processvolving all the
necessary parameters that dictatepttoeess yield and qualifChen et al., 2018)hese
simulations have been conducted down to the particle level and provides understanding
that will help make these technologies successful. This projalttabout exploring
various aspects of this technology watfocus on the fabrication and reliability of these
products.

As additive manufacturing becomes more prevalent in the fabrication of
electronicsaddressinghe growing complexity of devices, theeis a need to create well
formed, robust circuitization, and interconnects between components mounted onto
different leveled surfaces. To connect dies and different components on curvilinear
substrates, the components will need to be bonded to the selbSwaventionally, this
has been achieved with wireboratssoldering butprinted hybrid electronicsffer a
remarkablelternative vigorintedfillets with printedinterconnects over thenihe
printed interconnect over fillet technology is discussedenmedepth in Chapter 2.

Through printed hybrid electronics, new form fastoan be obtained such as



confamable or embedded electronics with the hope that electronics can be fabricated
directly into parts themselves without the need for printed circaitds or surface
mounted components.

AJP is a directvrite printing technology built on the fundamentals of additive
manufacturing. The process involves the liquid material of interegbmized form
creating alense aerosol of mianescaledroplets withdiameters typically ranging from
one to five microns (Hon et al., 2008). The majority of inks, with a wide range of
viscosities between 0.7 and 2,500 ai2gableof beingaerosakzedcan be used fahe
AJP. The aerosiled liquid dropsarecarried by nirogen gas, denoted as carrier gas, to
the deposition head through a mist tube and then focused within the head theough
sheath gas befoteeing sprayednto the substrate. In addition to focusing and
collimating the particles within the carrier gasvilahe sheath gas forms an outer layer
around the aerosakdstream to prevent the contact between the aerosol padidethe
inner walls(which in turn willprevent theondensation of solvenéd hencéelp
prevent clogging Figure 11 shows the deematic of an ink stream as it enters the nozzle
chamber from the mist tube through the nozzle@mdinuingto the substrate (Chen et

al., 2018).
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Figure 1.1: Schematic of the carrier and sheath gas fl@@metry as well as-c)
different locations of interest in the AJP procéSken et al., 2018).

Unlike syringe printing, AJP is a natontact, droplebased technique that can be
executed with a working distanceafeto five millimeters away from the sglrate
leading to less dependence on the surface topdtagry et al., 2017). Relative to inkjet
printing, AJP allowdiner printed featuresyhich directly leads to more flexibility,
scalability, and conformal printabilityrhe printed features typidglhave controllable
ink stream widths from five microns to five millimetdtdon et al., 2008)Directwrite
technologies and specifically AdPea powerful tool in the world of microelectronics as
it allows for rapid prototyping of various componentsisas interconnects, sensors, and
thin film transistors to name a few (Hoey et al., 2012). Conventional electronics
manufacturing techniques such as photolithography or electroplating are limited due to
geometry, harsh operating conditions, and/or matpraperties that AJP helps overcome

(Salary et al., 2017).



Adjustable parameters possible through the AJP process irmitidesnot
limited tocarrier and sheath gas flow rate, nozzle diameter, working distance between the
nozzle tip and substrate, stegpeed, stage temperature, substrate type, and atomizer
energyamong othersThe properties of the ink such as its surface tension, solids loading,
viscosity,wettability, and other environmental conditions can also impact the final
guality of the trace. Bcause of the several parameters that can be changed, defining a set
printing parameter space is not trivial be
such as trace width, can be achieved through different combination of parameters, but can
then kad to a difference in another subtle featsteh asagglomerations

Silver inks that are used awide varietyof printed hybrid electronicare a
suspension of silver nanoparticles in an organic binder that is then evaporated and
sintered. There araumerous different silver inks that are all different, but as a part of
this study one ink was the primary focus, referred to as Ink A, with two other inks
discussed in Appendi&1. The nanoparticle silver inks used for AJP are compatible with
a pneumatictamizer. InkA has a viscosity of 1.1 Pa-s or 1,100 cP and contains 75.1
mass percent of silver nanoparticles in a solvent according to the manufacturer. The silver
lines were printed in a single or double pass using then@gmtdnc. AJ 200 series printer.

Two initial specimens were printed at flow rates of 80 andt&fdard cubic
centimetergper minutg(sccm)for carrier gas and 50 and 30 sccm for sheathAyas.
subsequentarying flow rate design of experiment wamductedvith carrier gas flow
rates of30, 50, 65, 80, and 100 sccm and sheath gas flow rates of 30, 40, and 50 sccm. A
nozzle with a 300nicron diameter and 7.5 mm length was used. The printer stage

temperature was constant at 50 °C and tiiret gpeed was constant at 1 mnike



printing wasconducted on FRdr siliconsubstrate with a dielectric layer of Polynier
either printed ospin coateanto the surface li@ere depositing the silver ink.

The printed lines were sintered in an oven at 150 °C for three hours after spending
a halfhour at ® °C as an intermediate dwell (Figur2). The ramp rate was a hdbur
from room temperature to 80 °C and then anotherHwlf to get from 80 °C to 150 °C.
The sintering is done in two stepscause reduced adhesion was observed without the
intermedide dwell. Moreover, itninimizes the damage to the polymer substrate tand
the interface between the printed silver trace and polymer substrate (Park et al., 2013).
The preheating step removes the organic binder from the silver nanoparticle ink without
alrupt vaporization, while the main sintering step completes the necking connectives

among the silver nanoparticles for high electrical conductivity.

AJP Sintering Temperature Profile

Temperature (C)

0 100 200 300 400 500 600

Time (minutes)

Figure 1.2: Sintering temperature profile utilized for alilver nanoparticle inks
throughoutthis research

Moving away from conventional technologies can also lead to a worry that the
technologies that will replace something that has worked for so long will not be as
reliable. Chapter 2 addresses thermal agctiurability testing conducted to investigate

6



the reliability ofprinted hybrid electronicChapter 2 also begins to investigate trace

morphology attributethatqualify a printed tracandcan mpact a devi ceds f
integrity. A good quality pringéd line is homogenous and continuous across its length,

width, and thickness as well as adheres well to its intended target. Conductive lines

require narrow width for higllensity circuity and sufficient thickness for large cross

sectional area and highrcent carrying capacity.

Section 1.3: Literature Review

The current literature available pninted hybrid electronickas been thoroughly
di scussed, but print process variation and
has not beeexhaustivey researched and is an important next step for the field to move

forward.

Section 1.3.1Printed Hybrid Electronics

An algorithm to aerosol jet print fillet structures, a surface transition ramp, that
enables an electrical transition between differevetled surfaces has been completed
(Gu et al., 2017). Finpitch printed conductors ovaricrostructurdillets allows the
following advantages over winending: (a) smaller space requirements, (b) decreased
risk of shortcircuits in high density interconaeregions, and (c) reduced electrical
length of the interconnect leading to a small and controlled electrical impedance
discontinuity. In a separate publication, Gu et al. (2017) devised a method for measuring
the deposition rate of an AJP ink stream bgptng material into an array of inkwells

with known volumes that were fabricated using photolithography.



Chen et al. (2018) developed a thokensional computational fluid dynamics
model of the aerosol carrier gas flow that is confined by an anndatispas flow to
pinpoint the fundamental fluid mechanics principles that control the overapray
function of droplet size distribution and sheath gas flow Ruésimply, overspray is the
ink particles that are deposited outside of the intended wiltlke. Their results explain
that there is an abundance of smaller sized drops in the overspray region at low sheath
gas flow rates, the overspray first reduces and then increases as the sheath gas flow rate
increases, and there is no longer a prevalehsealler particles in the overspray region
at larger sheath gas flow rates. There is a point of diminishing return for sheath gas flow
rate because at high enough levels, the particle droplets start to cross the nozzle axis and
then travel back toward ¢haxis resulting in over collimation and increased overspray.
Roberson et al. (2011) characterized the morphology of inkjet printed traces made
from amicroparticleandnanoparticlesilver ink. Scanning electron microscope (SEM)
images for traces printeditv the two different particle size silver ink as well as varying
sintering profiles are provided. Tihanoparticle inlcanattain a more conductive
microstructuresincethe nanoparticlesan sintematlower temperatures, but lines printed
with the micropaicle ink had similar resistivity. Mrostructuresith large grainsand
less porosity are more conductive.
Mahajan et al. (2013) found that a trac:
focusing ratio, defined as sheath gas flow rate divided by cgagflow rate, as well as
stage speed. The thickness or height of the traces also increases with an increasing

focusing ratio, but decreases with increasing stage speedethease itine width with



increasing focusing ratio is more dramatic in smaitezzles. The complete general

trends investigated by Mahajan are presented in Tableelow.

Process Variable Line Width Line Thickness
Focusing Ratio Decreases Increases
Nozzle Diameter Increases Decreases
Carrier Gas Flow Rate| Remains the Same Increases
Stage Speed Decreases Decreases
Tablel.1: Effect of independently increasing each process variables on printed line
geometry.

Smith et al. (2017) demonstrated that there is a general trend of degressi
width with increasing substrate temperature and that overspray is more significant at
higher temperatures. A higher substrate temperature also resulted in a more resistive line
leading to anaterialresistivity fourto five times larger than thaf dulk silver at 100 °C
for silicon, dass, and polyimide substratéfitrasonic atomizatiogeneratesiroplets of
the inkandAgarwala et al. (2017) showed that the thickness of a printed line increases
with increasing ultrasonic current. Salary et ab1(2) developed a computational fluid
dynamics model that verified the overall line morphology trends observed through an in
situ online monitoring camera when varying flow rate parametersa fixed carrier gas
flow rate and printgeed of 30 sccm andrim/s, respectively, they recommended a
process window between 40 and 100 sccm for the sheath gas flow rate to optimize the
printed line density, edge quality, overspray, and line discontinuity.

A limited amount of work has focused on the reliabilitypahted hybrid
electronics Salam et al. (2008) studied the reliability of printed interconnects by
analyzing their microstructure, particularly surface roughness and heterog€oeiky.
(2013) reported the presence of crack formation in AJP fabricated doppes subjected
to mechanical and electrical fatigue, but no images were preskfajgplonen (2016)

studied the cyclic bending reliability of printed conductors fabricated by screen and roll
9



to-roll methods Some of the key findings from this paper irad&(i) decreasig line

width increased lifetime; (iinulti-pass printing of a given lindecreased lifetime; (iii)
polymer film thick silver paste with the smallest volume fraction of conductive silver
particles increaselifetime; and(iv) decreasing dastrate thickness also increased

lifetime. Hackler et al. (2017) printed @olyethylene terephthalatibstrates using a
roll-to-roll screen printing process and exposed these test coupons to high temperature
operation life (HTOL) and low temperature ogigon life (LTOL) tests. The HTOL and
LTOL tests were defined to run for 168 hours or one week at@ZBTOL) and-25°C

(LTOL) in ambient air. At the time of thepublication the testing was not completed.

Section 1.3.2Gaps in the Literature

Therehas been some work done to begin understanding the effects of different
AJP printing parameters on the final quality of a printed trace, but there is still plenty
more to be done. Operating process windows that others have suggested are specific to
the AJPprinter used for the study, the type of ink being utilized, and less quantifiable
features such as tipgintermaintenance. Moreover, the definition of print quality as a
function of print parameters has bewastlyqualitative aside fromquantifyingalin e 6 s
overall macroscalgeometrysuch as width and thickness and average bulk electrical
properties such as conductiviewstudes have investigated the mianorphology of
the printed trace, such as its average agglomeration length scales in tasviellkason
the surface. Moreover, limited work has been damthe longterm reliability and
durability of printed hybrid electroni¢specifically AJRto estimate a life time for the

traces when exposed to accelerated thermal cycling.

10



Section 1.4: Resech Objectives
This research study began with assessing the thermal cycling durability of
types of specimens: amterconnect over fillefloF) specimen andimple baseline test
structuresThese two specimens lasted vastly different lifetimié® revelation of
fundamentally different microrphologybetween the two printed sampksygestea
possible correlation betwe@mint qualityand thermal cycling reliability. Observing these
different correlations can lead to insights into the reliabilittheftrace without@ng
through expensive and tineensuming durability testing. Potential reasons for the
difference in quality observed incluglprinting at different carrier and sheath gas flow
rates as well as the irdondition Attempts were made tadrease the solids fraction of
the ink by bubbling nitrogen to displace the solvent from the ink, but such trials led to
mi ni mal <changes i mestltfoethisstudy,tasystdmatcmesignsof As a
experiment into flow rate variationwascoedt ed and an i nvestigatio
role on trace quality was tabled for future work. Carrier and sheath gas flow rates were
varied with the hopes of replicating varying quality traces to establish a correlation
between the prinbarameterand tle print quality. Although this correlation may be
gualitatively generic, it is quantitatively specific to rnter, ink, and test specimen
used in this design of experiments. The impact of this studpreadeinsights into the

optimal range of prinparameters foprinting high quality traces.

11



Chapter 271 Ink A Reliability Studies
In this chapter, the thermal cycling durability of two different aerosol jet print

batcheausing silver nanoparticle Ink & compared and investigated for differences.

Section 21: Introduction

Additively manufacturegbrinted hybrid electronicespecially those printed with
aerosol jet printing (AJP), provide a unique opportunity for specialty products such as
electronics printed on curved surfaces. However, the print andsgnpeocesses
produce intrinsically different microstructures and defects compared to conventional
processelke wirebonds and soldering hereforeanin-depth understanding of their
robustness and reliability is imperative befpriated hybrid electraos can replace
conventional surface mounted assemblies in commercial prodJésallows for many
advantages over conventional technologies but can also be problematic given the
innumerable permutations of issues related to the material being prirtegulinter
machine itself, and other process factors that can arise. These include but are not limited
to the stage platen temperature (i.e. 25 °C or 50 °C), substrate type (i.e. FR4, silicon,
glass slide), flow behavior (laminar or turbulent), atomizerggnépneumatic or
ultrasonic), stanaff distance (1 to 5 mm), nozzle length and tip diameter, print speed
(0.1 to 10 mm/s), aerosol viscosity, carrier and sheath gas flow rate, ink chemdstry
condition integrity of translation stage, environmental dtions, and many more
(Salary et al., 2017)

A limited amount of work has focused on the reliabilitypahted hybrid

electronics Salam et al. (2008) studied the reliability of printed interconnects by
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analyzing their microstructure, particularly sugaoughness and heterogeneity. Cook
(2013) reported the presence of crack formation in AJP fabricated copper traces subjected
to mechanical and electrical fatigue, but no images were presented. Happonen (2016)
studied the cyclic bending reliability of pted conductors fabricated by screen and roll
to-roll methods Some of the key findings from this paper indicate ¢¢réasig line
width increased lifetime; (iinulti-pass printing of a given line decreased lifetime; (iii)
polymer film thick silver pasteith the smallest volume fraction of conductive silver
particles increased lifetimand(iv) decreasing substrate thickness also increased
lifetime. Hackler et al. (2017) printed @olyethylene terephthalatibstrates using a
roll-to-roll screen printig process and exposed these test coupons to high temperature
operation life (HTOL) and low temperature operation life (LTOL) tests. The HTOL and
LTOL tests were defined to run for 168 hours or one week at 125 °C (HTOL2ang
(LTOL) in ambient air. Athe time of their publication, the testing was not completed.
Limited work has been doma the longterm reliability and durability oprinted hybrid
electronics specifically AJP, to estimate a life time for the traces when exposed to
accelerated therrhaycling.

In this study, the reliability of two different types of samples fabricatiga AJP
is investigated. Accelerated thermal cycling durability results are presented and an

investigation to correlate the quality of the trace to its associatdthifét suggested.

Section 2: Test Specimens
Silver inks that are usetd print conductive features amgedin a wide variety of

printed hybrid electronicand they aréypically a suspension of silver nanoparticles in an
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organic binder osolvent. Thesolvent is then evaporatéedring sinteringafter the ink is
deposited on a substrate. There are numerous different silver inks, but for this study, a
commercial ink (termed Ink A here) is utilized. Ink A has a viscosity of 1.1 Pa-s or 1,100
cP and contais 75.1weightpercent of silver nanopatrticles in a solvent, according to the
manuf act ur er 0 sthesstpdiesdetdiled ina@ppendix Aldifferant

conductor and neoonductor inks will be studied to determine which is best in various

situatiors.

Section 22.1: Interconnect over Fillet (loF) Specimen

To connect dies and different componenta@ubstrategpads on the components
need to be bonded to corresponding pads on the substrate. Conventionallyum déese
this has been achieved withirebond technology or solderinglowever, the strain relief
loop in wirebonds adsto the space requirements, incregsarasitic lossesand
increassthe vulnerability of wiresweep problems during transfer molding processes.
Additive manufacturing mabds offer alternate methods to perform this interconnection
by using fillets with interconnects printed over them, as shown in FRyli{&u et al.,
2017). The fillets serve as a ramp between the substrate and top of the die for the printed
traces instedof printing down the die at a right angle, which would have an undesirable
stress concentration and could be difficult to print. In FiQuia, the IoF geometry is
depictedwith the substrate, fillet, and dswmponentsThese fillets are buttp layerby
layer, using a commercial polymer dielectric material (designated as Pdlyméhis
study). PolymeN is also used as a layer of adhespwamoting dielectric film over the

substrate and dies, to facilitate the adhesion of printed conductorttratese printed
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over the dies, filletsand substrate. For this study, AJP and direct write methods were
utilized to print thePolymer Nfillets as well aghe silver traces and Polymeradhesion

undercoating dielectric layer.

Interconnect over Fillet
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Figure 2.1: a) schematic of fillet (red) technology with trace (black) traversing die (gray)
and substrate (white), b) optical microscope image of fine pitch AJP traces printed over
substrate, fillet, and die, and c) SEM ineagf AJP traces printed over substrate, fillet,

and die.

This loF test specimen is populated with fourriilllimeter square silicon die of
375micronthickness on a FR4 substrate (FigAr®. For convenience of discussion, we
have defined four directioref the substrate: Nortlgouth, East andVest. A fillet is
printed along the northern and southern edges of each die, resulting in a total of eight
triangular prismatic fillets. The fillets and adhesion layer are printed with Polymer
materialN and cured wth in-situ UV curing. The fillet geometry and print process are

described elsewhere in the literature (Gu et al., 204 Z-micron thick layer of
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PolymerN is also printed over these three regions (FR4 substrate, Pdlfitlet, and
silicon die), as madhesiorand dielectridayer before the Ink A trace is printed on top.

The loF traces are printed at a carrier gas flow rate of 80 sccm and sheath gas
flow rate of 50 sccm. Othgrint parameters include prispeed (1 mm/s), deposition rate
(0.00075 nm?/s), liquid thickness per pass (5 microns), ink stream width (150 microns),
number of passes (2), and stage temperature (50 °C). The serpentine pattern of the trace
allows for different geometry of traces, straight segments and right angles, as well as
numerous trace segments for repeatability. This Ink A IoF specimen is denoted

loF171101.

Fillet 1
Fillet 2
Pad1
Fillet 3
Fillet 4
Pad 2
Fillet 5
Fillet 6
Pad 3
Fillet 7
North
Fillet 8
West East
Pad 4
South

Figure 2.2: Interconnect over fillet specimen for Ink A (loF171101).
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These traces are connected to bond padstbarinted for irsitu DC resistance
monitoring. Previous printed pad designs (outlined in AppeAdixwere unsuccessful
duetosi ntered silver pasteds (which was wused
FR4 substrateg)oor durability duringhermal cycling tests. As shown in Fig@&, this
problem was remediated by ugia conventional copp&tad FR} substrate and forming
copper bond pads by a conventional subtractive etching process. The printed silver pad
contact terminals were printet the copper pads, such that a wire could be soldered
directly to that copper pad. This hybrid method provided a more reliable connection to

the data acquisition equipment.

Figure 2.3: Improved wire interconedion method for [oF171101 on BRsubstrate, with
additive silver pad printed on a copper pad fabricated with a conventional subtractive
process.

Section 22.2: Baseline Test Coupons

As a comparative benchmasinplebaseline test structures were fabted in
addition to the IoF171101 specimen, using the same Ink A. Each baseline test coupon
board, with the batch denoted as DTC180201, is populated with 10 silver test traces that
are three sides of a fivaillimeter squard€Figure 2.4a)Each test tracis connected to

pads for insitu DC resistance monitoring. Of the 10 structures, the lower row of five

17



structures had the same stack up as IoF171101, consisting of Ink A silver trace printed on
top of al0-micronthick adhesiorand dielectridayer of Péymer N on top of FR4

substrate. The upper row of five structures had an additional layer of Pdlyasea

barrier layer on top of the silver trace, as seen in the-sexgondepictedn Figure

2.4b. The purpose of this buried test structure was ttuaisathe effect of the barrier

layer on the reliability of the printed electronic design. Five test coupon boards were

fabricated for a total of 50 test structures to allow for sufficient statistical replicates.

Cross Section

Legend
Cu Pad
Ag Pad/Trace
FR4 PCB

Polymer N-1

EOEED

64 mm

Polymer N-2
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Figure 2.4: a) Baseline test coupon board design and b) individual baseline test
structures with and without additionBlolymer Nbarrier layer.

Before I nk A was hooked up to the print
specimensthe solids faction of the ink was measured and it was determined that solvent
needed to be added in order to keep the ink wittommendedpecifications. This is

needed because the act of printing and aerosolizing tends to remove solvent from the ink.
As such0.8 mL of a specified cesolvent was added to the ink. To achieve the desired
deposition rateRinx = 0.00075 mr¥s), the DTC180201 traces were printed at a carrier

gas flow rate of 50 sccm and sheath gas flow rate of 30 3dusflow rate is
significantlylower than that used in the loF171101 specimen potentially because the
solvent content was different for the inktire twocases. Other print parameters

including print speed (1 mm/s), deposition rate (0.00075/s)miquid thickness per

pass (5 microns)nk stream width (150 microns), number of passesaf®) stage

temperature (50 °Gyere kept the same as the IoF171101 fabrication.
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Section 22.3: Macroscale Geometry

From i maging the 1 0F171101 andectd; C18020

the thiclness and width was determined by extrapolating the micro&cepale bar. The
loF171101 thickness waks2+1.2micronswith a sample size of si&nd the DTC180201
thickness was.8+1.9micronswith a sample size of eighwvhile thewidths were

149+2.5 and.25+11.6microns, respectivelywith a sample size of 30

Section 22.4: Microscale Morphology

Surface SEMmages reveatoarser surface granularity (agglomerates of larger
size and spacing) and porosity on the surface of the silver traces of loF1@dhphred
to those of DTC180201 (Figu&5). The finer granularity in the baseline test coupons
compared to the coarser surface granularity of the loF171101 specimen, allows higher
surfaceto-volume ratios in the agglomerates, thus permitting greater & efjsntering
and lower percentage of porosity. This can potentially result in higheabuilell as
interfacial strength and will be verified in subsequent thermal cycling durability tests, as
reported in Section 2. Crosssection images confirmed highbulk porosity in the traces
of the loF171101 specimen relative to the baseline test coupon (BigurExtensive
microscale porosity distributions can be observed in IoF171101, whereas the DTC180201
crosssection nearly resembles homogeneous silver anly some extent of nanoscale
porosity visible only under much higher magnification on SEM or atomic force

microscopy (AppendiA4).
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Figure 2.6: Bulk porosity (microrscale pores) is identified to be greater in the cross
section of the loF171101 tracedative to that in the DTC180201 traces.
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Through image processing wighcommerciasoftware and smart segmentation
methodology described lppendixA6, the percent bulk porosity in [oF171101 ig 8.
percent, while in DTC180201 it is just 0.36 perceritioch supportghe visual
observation that the former is more por@agure2.7). The average pore diameter and

area for the 1o0F171101 is 0.027mand 0.001% rmacross 2,617 features captured.

HV WD Mag | Det Spot) Tit X:-3.3 mm Pressure —2.0pm—-
30.0 kV 5.8 mm 15054%(SSD 2.0 (01 ° Y: 1.2 mm 83.0Pa CALCE TSFA

Figure 2.7: Bulk porosity in loF171101 highlighted through image processing
thresholds.
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Section 22.5: Effective Conductivity

The printed traces are micro and nanoporous silver structures so at best it is
possible to estimate a volume averaged, homogenized faathaf resistivity and
conductivity as is the case with other composite materials. As a result, these
measurements will be higher than tiigical resistivity of bulk silveof 1.59 x 16 ohm-
meters (Serway, 1994). Tle#ectiveresistivity of the loF17101 and DTC180201 traces
before thermal cycling were estimated by dividing the measuredvire DC resistance
of the structure by the length of the trace and multiplying it by the -sexgfonal area of
t he t r ac dnthe futarB fodlire resisance measurements need to be made in
order to remove additional resistance the setup is adding leading to a higher calculated
effectiveresistivity than in actuality-or the lo0F171101, the cressctional area was
estimated by a nominal trace widthlgf9d microns and a nominal thickness7o®2
microns.For theDTC18020] the crosssectional area was estimated by a nominal trace
width of 125 microns and a nominal thickness®8 microns.Effective @mnductivity of
the traces was then calculated by invertimg calculate@ffectiveresistivity. The
statistics of themormalized, to the largest valueffectiveconductivitymeasurements are
shown in Figure.8. The statistics of the loF171101 specimen appears to follow a
bimodal distribution, while that of tHeTC180201batchfollows a unimodal distribution.
This may suggedhat the quality of the l1oF171101 print was inferior to that of the

DTC180201 prints.
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Io0F171101 Normalized Effective Conductivity
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Figure 2.8: Normalized effective conductivitystogram plots for a) loF171101 and b)
DTC180201.

Section 23: Test Plan

The temperature profile used for accelerated thermal cycling of loF171101 and
DTC180201 was betweed0 and 125 °C. loF171101 had a Hatiur dwell at the hot
temperature and 10 °C peirmate ramps in between the two extreme temperatures, while
the DTC180201 had @inute dwells at the hot and cold temperature and 8 °C per

minute ramps in between the two extreme temperatbrgsre2.9). Both profiles
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completedbne cyclen just over arhour. The slight changes in profieremade out of
convenience based on the availability of thermal chambers in the lab and is not believed

to have greatly affecteobtained reliability results.

Temperature Profile for loF171101 and DTC180201
125
100
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25

Temperature (C)

-25
-50
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Time (minutes)
loF171101 DTC180201

Figure 2.9: Temperature profile for loF171101 compared to DTC180201.

The two or fouswire resistance of each sample during thermal cycling was
monitored by connecting each structureods
instrument (DAQ) that recorded datathva sampling frequency of one dgaint per
minute. The temperature inside of the chamber was also recorded by the DAQ with a
Type K thermocouple. Twavire resistance measurements were made at Pads 1, 2, and 3
since they were secondary pads, while faire resistance measurement was made at
Pad 4of the loF171101Pad 4 monitorall the traces printed along the specimen, while
Pad 1 only monitors the traces up to Fillet 2, Pad 2 only monitors the traces up to Fillet 4,
and Pad 3 only monitors the tracgsto Fillet 6. These secondary pads would help in
locating a potential failure site. For example, a resistance spike in Pad 4 and not in any of

the other pads, could indicate that the failure occurred beyond Fillet 6.
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As expecteckarly in thethermal cyang durability testing, the resistance of the
loF171101 traces varied smoothly as a function of temperature and no anomalous spikes
were observedHigure2.10. The measured resistance values increase from Pads 1 to 2 to
3 because those pads are monitonmgeasingly longer trace length. Pads 3 and 4
happen to measure similar magnitude resistances even though Pad 4 monitors a longer
length of trace than Pad 3 because a-fwine connection measurement was made at Pad
4, which eliminated the additional rssnce added from the wires that were used to
connect loF171101 to a data acquisition instrument. Any resistance spikes in the

secondary pads were also detectable in the pads after it.

loF171101 Temperature and Resistance Profiles
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Figure 2.10: Tempeature and resistance profiles for the first six thermal cycles that
IoF171701 underwent.

Also, as expecteckarly in thethermal cycling durability testing for DTC180201,
the resistance of the printed traces varied smoothly as a function of temperatooe and

anomalous spikes were observed. All 50 test structures are not displ&ygdra?.11
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for simplicity, but far test structures are providad representative examples. In
accordance with industry standards, increases in DC resistance of at leaste2(® fpom
nominaltemperature dependevdlues were used as a failure indicator for both the

loF171101 and DTC180201.

DTC180201 Temperature and Resistance Profiles
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Figure 2.11: Temperature and resistance profiles for the first six thermal cycles that
DTC180201 underwent.

Section 24: Results

The findings from the thermal cycling tests on the IoF171101 and DTC180201
specimens are: (i) the changes in the electresastancef the tracesis a function of
thermal cycling and (ii) destructive failuranalysis of the specimens whose DC

resistance exceeded a fiefined failure threshold.
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Section 24.1: Resistance Profiles

The Pad 4 resistance values for IoF171101 at the end of the hot (125 °C) and cold
(-40 °C) temperature dwell portions of the cyslasextractedollowing extensive
MATLAB postprocessing of the resistance data that was recorded at a sampling rate of
one data point per minute. These resistance values were normalized based on the hot and
cold temperature resistance recorded from tis¢ diycle Figure2.12). The first spike in
the cold temperature resistance was observed after they6le, but no spike in the hot
temperature resistance was observed until after 250 cycles were completed. The hot
temperature resistance of the loF171L$pecimen decreases with cycle number, which is
expected because the printed traces could be undergoing further sintering during the

temperature cycling process.

loF171101 Hot and Cold Temperature Normalized
Resistance vs. Cycle Number
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Figure 2.12: Normalized resistance of loF1Z01 at the hot and cold temperature dwells
as a function of cycle number.

For the DTC180201 print batch, 50 structures were monitored wihurDC

resistance measurements. To avoid a plot that is too cluttered and difficult to interpret, the
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hot and ctd temperature resistance profiles for all 50 structures are provided in

AppendixA3. Selectedesistance profiles are provided here, including: 1) seven test
structures that saw resistance spikes at t
structure (Figure2.13); 2) a handful of representative structures that did not see any
irregular resistance var i aRigure2ri4;3)fodrenot ed a
structures that showed an unusual intermittent drops in resistance before stabilizing t
expected values, denoted as str uEiduter es wit
2.195; and 4) two structures that had steadily rising resistances, denoted as structures
exhibiting 0c orgura2.46u dhe sevew riled structtirés ne@ll

covered traces with the additional burying layer of Polymer N and were grouped as failed
because they had a resistance spikkeacold temperature dwell. Three of those seven

also had resistance spikes later on at the hot temperature dwell, botnjoleteness all

seven failed structureds hot temperature r

having a hot temperature dwell resistance spike.

DTC180201 Hot Temperature Normalized Resistance for 'Failed'
Structures vs. Cycle Number
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DTC180201 Cold Temperature Normalized Resistance for 'Failed'
Structures vs. Cycle Number
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Figure 2.13: Normalized resistance of DTCQA301 failed structures at the a) hot and b)
cold temperature dwells as a function of cycle number.

DTC180201 Hot Temperature Normalized Resistance for
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DTC180201 Cold Temperature Normalized Resistance for
'Survivor' Structures vs. Cycle Number
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Figure214Nor mal i zed resi stance of DTC180201 0s
b) cold temperatte dwells as a function of cycle number.

DTC180201 Hot Temperature Normalized Resistance for Structures
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DTC180201 Cold Temperature Normalized Resistance for Structures
with 'Intermittent Resistance Anomalies' vs. Cycle Number
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Figure 2.15: Normalized resistance of DTC180201 structures with intermittent resistance
anomalies at the a) hot and b) cold temperature dwells as a functionleficyaber.
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DTC180201 Cold Temperature Normalized Resistance for
Structures with 'Continuous Wearout' vs. Cycle Number
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Figure 2.16: Normalized resistance of DTC180201 structures exhibiting continuous
wearout (steadily increasing resistance) at the a) hot and b) cold temperature dwells as a
function of cycle nubver.

Section 24.2: Failure Analysis

The IoF171101 specimen lasted 250 thermal cycles before a failure was observed
in the hot temperature resistance values. Subsequennpasim investigations revealed
that the failure site was in the topost trace. fie visible failure signature was manifested
as localized longitudinal cracking and delamination and was unrelated to the fillet
technologiesKigure2.17). These results helped gain confidence in the durability of the
loF technology which includes the piexal fillet as well as the traces printed on top of the
fillet.! Resistance values of this failed lIoF specimen did indicate failures at cold

temperatures prior to 250 cycles, but these resistance anomalies couldbseived

L An identical loF specimen was printed with another commercial ink as well and have bene subjected to
this same thermal cycling test. That specimen has survived 200 cycles, corroborating the durability of the
loF technobgy. The test results for these additional specimens are reported in Appdndix
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when documenting the specimairoom temperature. This is not uncommon in thermal
cycling fatigue tests where small microcracks sometimes open up initially under local
tensile stress states at one of the temperature extremes, hot or cold depending on the
specimen architecture, bubskup under local compressive stress states at other
temperatures, thus making it difficult to duplicate these resistanoeadies at room

temperature posnortem. Eventually suchmicrocracksare observed to propagate and

grow in severity, creating res@ce increases at all temperatures.

Figure 2.17: Trace delamination failure at the top of the specimen.

The initial test plan was to repair the small crack and delamination and return the
repaired specimeto thermal cycling. However, severe damage was observed upon more
extensive failure analysis. During SEM documentation, transverse and longitudinal
microcracks, which could be expected from such thermal cycling, were visible in several
locations Figure2.18a). A day later, after the failespecimen was withdrawn from the
test chamber, severe growth in delaminations and trace discontinuities were observed
(Figure2.1&). The insitu DC resistance measurements during the thermal cycling had
not picked up sth circuit discontinuities, but was confirmed with multimeter resistor
measurements after the delaminations and discontinuities were observed. This continuing
posttest growth in the damage level may potentially be from the release of Jwcked
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residual stess that had evolved during the specimen fabrication and during the

temperature cycling tesFigure 218c).

Figure 2.18 a) SEM image of transverse and longitudinal microcracks observed in some
of 1oF1711016s traces after 250 thermal <cy
c) optical image of trace delamination and disintegration.
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In addition to the already discussed surface view documentation, a portion of the
loF171101 was crossectbned and examined for internal features and damage signatures
in the trace after undergoing 250 thermal cycles. Following grinding and polishing of the
trace during sample preparation, SEM i magi
crosssection, whichis in the middle of the trace thigtspeculated toorrespod to the
interface between the first and second print pass during fabrickigurd 219). The
two passes were used to reach the desiaegthickness of 10 microns. It is unknown
whether tlis crack is the result thermal cycling damage accumulation or was preexisting
in the specimen before temperature cyclicafer work suggested theterfacefailure
was unrelatetb stresses experienced during cresstioning, grinding and polishing.
Thisinterface does appear to be a site of embedded weakness compared to the rest of the

structure, potentially acting as a latent defect site.

HV WD Mag | Det |Spot| Tilt |X:-0.5 mm| Pressure —2.0ym—
30.0 kV]4.2 mm|10244x[SSD| 3.0 [0.0 °| Y: 2.3 mm |0.83 mbar CALCE TSFA

Figure2190 SEM i mage of i nt er f actiac crosssec@on.k i n
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On the othehand,for DTC180201, despite thousands of thermal cycles, as
summarized in Table.2, the Ink A baseline test coupons showed little damage to the
traces. No serious anomalies in the electrical DC resistance values agldmmdtion or
disintegration damage similar to tistenin the l1oF171101 specimen were observed.
This indicates that the DTC18020Mint batch with hk A is more robust than the
corresponding loF171101 print batch, since these DTC180201 structuredrbadyg a
survived thousands of thermal cycles. In contrast, the loF171101 had exhibited

microcracking after just 250 cycles.

DTC180201 Bl | DTC180201 B2 | DTC180201 B3 | DTC180201 B4 | DTC180201 B5

Thermal Cycles 3,700 3,600 4,000 3,600 3,850

Table2.1: Summary of thermal cycles exposure for each test coupon board printed wit
Ink A.

The minimal damage seen in the Ink A test coupons mainly consisted of whisker
like features extruding out of some traces, which is not uncommon for metallic materials
(Figure 220). As an example, tin whiskers have been observed and documented in
equipment that used tinch solder plating in the early 20th centijtye et al., 2009)

These whiskers can be problematic if they cause short circuits as is the case when they
grow between metal solder pamisbreakoff and span across neighboring eleetr
elements. However, no resistance spikes or anomalies have been observed so far in this

study as a result of whisker growth.
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Figure 2.20: Three examples of whiskers found in Board 3 for the InlstActripons.

For the seven test structures that exhibited resistance spikes at the cold
temperature dwell, the rogtuse is believed to be the delamination of the printed pads
on top of the copper islan&ifgure 221). Although no cause for failure in tipeinted
lines were found during documentation of these structures, resistance spiked did occur
because there was a break in the circuit from the soldered wire to the actual test structure.
This could suggest that larger sizathted features are more saptble to thermal

cycling.

Figure 2.21: Optical images of pad lifting for DTC180201 B2C3.
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Section Z: Summary

Two different printed electronic specimens were successfully fabricated with Ink
A. Thefirst was an IoF specimen (IoF171101) that had printed lines traversing surfaces
at different level (FR4 substrate and an elevated silicon die) with the help of an
intervening polymer fillet ramp. The second specimen type was a baseline test coupon
design(designated as DTC180201 specimen) that is simpler in nature, containing three
sides of a five mm square on a single surface at a single level (without any different
leveled surfaces) he IoF171101 and the DTC1802¢§decimes were documented with
SEM imaging prior to any testing. The IoF171101 specimen showed coarser
micromorphology and largergglomeratdeatures on the surface of the traces as well as
greater bulk porosity within the trace. This difference is theorized to be the reason for
vastly diffelent reliability results following accelerated thermal cycling durability testing.
The loF171101 failed after just 250 thermal cycles, showing extensive microcracking as
well as delaminations, whereas the DTC180201 structures lasted over 3,500 thermal
cycles with failures unrelated to the printed traces and minimal observed damaged. The
differences in the reliability results in these two different print batches of AJP traces
appear to be the result of variableceajuality, as defined by miarmrphological
properties such as agglomeration and porosity. The ink condition such as solvent
composition and content as well as the process parameters such as the flow rates of
carrier gas and sheath gas for the IloF171101 and DTC180201 print batches were not
identical although both were printed with Ink A. Further work is needed to investigate
theeffect of ink condition namely dryneas defined by solids loading and solvent

composition as well as gas flow rate on the quality of an AJP line. The impact of carrier
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andsheath gas flow ta on trace qualityill be the subject of further investigation in a

separate study the next chapter
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Chapter 31 Effect of Gas Flow Rate on Trace Quality
In this chapter, a design of experiment is conducted to understand the impact of

carrier and sheath gas flow rate on aerosol jet printed trace quality.

Section 3.1: Introduction

Aerosol jet printing AJP) is a directwrite printing technology built on the
fundamentals of additive manufacturing. The process involves the liquid material of
interesin atomized form creating@ense aerosol of mianescaledroplets with
diameters typically ranging from one to five microns (Hon et al., 2008). The majority of
inks, with a wide range of viscosities between 0.7 and 2,50&apshleof being
aersolizedcan be used fahe AJP. The aerosided liquid dropsarecarried by nitrogen
gas, denoted as carrier gas, to the deposition head through a mist tube and then focused
within the head througthe sheath gas befoteeing sprayeadnto the substraten|
addition to focusing and collimating the particles within the carrier gas flow, the sheath
gas forms an outer layer around the aeipsdktream to prevent the contact between the
aerosol particleand thanner walls(which in turn will prevent theordensation of
solventsand hencdelp prevent clogging Figure 1.1 shows the schematic of an ink
stream as it enters the nozzle chamber from the mist tube through the nozzle and
continuing to the substrate (Chen et al., 20T8g reliability of AJP electmics is related
to the quality of the printed traces. To maintain consistent print qualiteffée of
printing parameters and ink condition mbstwell understood. This study focuses on the

influence of carrier and sheath gas flmates on importanhacrescale and microscale
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features of printed conductor traces, for a selected commercial ink printed with an aerosol

jet printer.

(a) Combination in Chamber
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(b) Collimation at Nozzle Exit
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Figure 3.1: Schematic of the carrier and sheath gas flow geometry as svaith
different locations of interest in the AJP process (Chen et al., 2018).

A prior study revealed that the reliability of two AJP fabricatedducting traces
printed with a selected commercial Ink A, was vastly different, despite using identical
values for the majority of the print parameters such as deposition rate, print speed, and
stage temperature. An interconnect over fillet specimen (IoF171101) printed with Ink A
lasted just 250 accelerated thermal cycles fréinto 125 °C before exhibiting
microcracking as well as severe delamination of the traces. On the other hand, simpler
baseline test coupons (DTC180201), also printed with Ink A, lasted ®o€r 3,
accelerated thermal cycles freAD to 125 °C without exhibiting any significant damage
to theprinted lines. Thauspectedifferences between the two print batches included the

ink conditionand flow rates of the carrier gas and sheath gas in the AJP process.
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loF171101 was printed at carrier and sheath gas flow ratessté@@ard cubic
centimeers per minut¢sccm) and 50 sccm, respectively, while DTC180201 was printed
at corresponding flow rates of 50 sccm and 30 sccm, respectively. The reason for this
difference in the flow rates is that the solvent conitestispected to kafferent in the
two print batches, thus requiring different flow rates to achieve the same deposition rate
(0.00075m¥ s). The inkdéds solvent content and
have potentially contributed to the differences in the quality and reliabilitye
loF171101 and DTC180201 prints. This study focuses on the influence of the flow rates
on the print features, while the influencer conditionis deferred to a future study.

Chen et al. (2018) developed a thoimensional computational fluid dgmics
model of the aerosol carrier gas flow that is confined by an annular sheath gas flow to
pinpoint the fundamental fluid mechanics principles that control the overspray as a
function of droplet size distribution and sheath gas flow rate. Put sim@ysmray is the
ink particles that are deposited outside of the intended trace width. Their results explain
that there is an abundance of smaller sized drops in the overspray region at low sheath
gas flow rates, the overspray first reduces and then iregeasthe sheath gas flow rate
increases, and there is no longer a prevalence of smaller particles in the overspray region
at larger sheath gas flow rates. There is a point of diminishing return for sheath gas flow
rate because at high enough levels, tirtigle droplets start to cross the nozzle axis and
then travel back toward the axis resulting in over collimation and increased overspray.

Roberson et al. (2011) characterized the morphology of inkjet printed traces made
from amicroparticleandnanopartle silver ink. Scanning electron microscope (SEM)

images for traces printed with the two different particle size silver ink as well as varying

43

t



sintering profiles are provided. Tihanoparticle inlcanattain a more conductive
microstructuresincethe nangarticlescan sintematlower temperatures, but lines printed
with the micropatrticle ink had similar resistivity.idfdostructuresvith large grainsand
less porosity are more conductive.
Mahajan et al. (2013) found increaaing a tr ac
focusing ratio, defined as sheath gas flow rate divided by carrier gas flow rate, as well as
stage speed. The thickness or height of the traces also increases with an increasing
focusing ratio, but decreases with increasing stage speede@kase idine width with
increasing focusing ratio is more dramatic in smaller nozzles. The complete general

trends investigated bylahajan are presented in Tablé Below.

Process Variable Line Width Line Thickness
Focusing Ratio Decreases Increases
Nozzle Diameter Increases Decreases
Carrier Gas Flow Rate| Remains the Sameg Increases
Stage Speed Decreases Decreases
Table3.1: Effect of independently increasing each process variables on printed line
geomety.

Salary et al. (2017) developed a computational fluid dynamics model that verified
the overall line morphology trends observed through aitinonline monitoring camera
when varying flow rate parameters. For a fixed carrier gas flow rate andpeeat af 30
sccm and 1 mm/s, respectively, they recommended a process window between 40 and
100 sccm for the sheath gas flow rate to optimize the printed line density, edge quality,
overspray, and line discontinuity.

There has been some work done to begiretstdnding the effects of different
AJP printing parameters on the final quality of a printed trace, but there is still plenty
more to be done. Operating process windows that others have suggested are specific to

the AJP printer used for the study, thegyy ink being utilized, and less quantifiable
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features such as tipgintermaintenance. Moreover, the definition of print quality as a
function of print parameters has bewastlyqualitative aside fromquantifyingal i ne 6 s
overall macroscalgeometry suiec as width and thickness and average bulk electrical
properties such as conductivigewstudes have investigated the mianorphology of

the printed trace, such as its average agglomeration length scales in the bulk as well as on
the surfaceThequality of the printed serpentine test structures is characterized in this

study by a set of selected mascale and micromorphological features described. later

Section 3.2: Approach
The study uses a design of experiment, where the two flow parameters (gsrier
flow rate and sheath gas flow rate) are parametrically varied and their influence on

selected response variables (print features) are quantified.

Section 3.2.1: Test Coupon

Test structures were designed to hsilser nanoparticle Ink Aonductor traes
of a serpentine design with five segments, for repeatability, printedPolyrmerN
adhesiorand dielectridayerthatis spincoated on a FR4 substrate. The trace segments
are 20 mm in length and are printed with one mm pitch (Fig@)e Bhe FR4 sulisate
was designed to be 24 mm wide and 24 mm long to accommodate the 20 mm long
serpentine desigiA square substrate was utilizaslit is easier to spincoat the Polymer N
layer ontosuch a geometryl'he additional space along the width of the substvate
used to print three serpentine structures on each substrate board. Typically, two print

passes are always conducted to produce a thick enough trace for functionality purposes,
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but it was presumed that differences in print features would be more obvi@sigle

pass trace because the second pass mayibg ifillpotential defects and smooth over
potential differences left from the first pass. To understand the effects of a second pass, a
double pass segment was printed on the top three of theefiueesits (€E) of each

serpentine, highlighted inlack while a single pass segment was printed on the bottom

two segments (M) of each serpentine, highlightedvimite. Each substrate board is

labeled with a board number on the rear and the bottom lofoesed is shaded with a

Sharpie such that a structure number can be assigned, with the bottom serpentine being

labeled as serpentine one and the top serpentine being labeled as serpentine three.

Board 1

DS 180907 B1 S3 |

DS 180907 B1 S2 [

DS 180907 Bl SI

|:I

t

Shaded Edge

Legend B Polymer N [ FR4 PCB
B Ag Ink — Double Pass [] Ag Ink — Single Pass

Figure 3.2: Test structure and coupon design for varying flow rate design of experiments.
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Section 3.2.2: Test Plan

Ink A at a solids fraction of 73.4 mass percent silver nanopatrticles in a
commercial solvent was used to print the aforementioned serpentine tesireul5
test structures were printed across five test coupon boards, where each board was printed
at a specified carrier gas flow rate. The carrier gas flow rate was parametrically varied,
with values of 30, 50, 65, 80, or 100 sccm. On each test cotigotihree serpentines
were printed at different sheath gas flow rates of 30, 40, or 50 sccm (Table 3.2). These
upper and lower limits for both types of flow rates were guided by recommendations
from the manufacturer of the aerosol jet printer used amuibyexperience of the team
members. Other important print parameters include print speed (1 mm/s) and stage

temperature (50 °C).

Board # | Structure #| Carrier (sccm)| Sheath (sccm
1 1 50 30
1 2 50 40
1 3 50 50
2 1 80 30
2 2 80 40
2 3 80 50
3 1 65 30
3 2 65 40
3 3 65 50
4 1 100 30
4 2 100 40
4 3 100 50
5 1 30 30
5 2 30 40
5 3 30 50

Table3.2: Test matrix for varying flow rate design of experiments.

In an effort to quantify the quality of each of the serpentines printed at these

various flow ra¢ combinations, several print features were investigated:

a7



. The corresponding deposition rate was measured using an inkwell tecf@ique

et al., 2017)

. Laser profilometry was conducted and ppgicesed to determine multiple

macrascale geometric features the trace (i.e. widit, thickness, overspray

width).

. The resistance values of the serpentines were also measured to assess their
effectiveconductivity.

. Scanning electron microscofffEM)i mages wer e taken of the
surface to examine other mascale €atures such as crystallinepdsits and

longitudinal cracks.

.SEM i mages were taken of t hesecoBrtbpenti ne

analyze the micromorphology of the traces such as agglomeration characteristics.

Section 3.3: Results

The qualityof the serpentine traces with varying flow rate parameters was

guantified by measing the deposition rate, macwale geometric properties of the trace,

effectiveconductivity, as well as the agglomeration size and spacing distribution on the

surface and in the bul

Section 3.3.1: Deposition Rate

As expected due to the varying gas flow rates at which material is being

transported in the AJP process, the deposition rate of each serpentine was different. The

deposition rate was estimated for each flate combinatn by noting the time required
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to fill a calibrated inkwell of known volume (0.0063 MmThis method was established
and discussed in detail by Gu et al. (2017). The corresponding deposition rate for each
gas flow rate combination is presented in TabBea®d plotted in Figure 3. As

expected, the deposition rate increased mitheasingcarrier gas flow rate when more
material is being drawn from the reservoir of ink and slightly decreased with increasing

sheath gas flow rate, when the stream is bsipngezed tighter.

Carrier (sccm)| Sheath (sccm]  Deposition Rate (mris)
30 30 0.00019
30 40 0.00016
30 50 0.00013
50 30 0.00126
50 40 0.00097
50 50 0.00090
65 30 0.00210
65 40 0.00158
65 50 0.00126
80 30 0.00315
80 40 0.00210
80 50 0.00180
100 30 0.00350
100 40 0.00315
100 50 0.00252
Table3.3: Associated deposition rate for each combination of carrier and sheath gas
flow rate.
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Deposition Rate vs. Carrier and Sheath Gas Flow Rate
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Figure 3.3: Deposition rate as a function of carrier and sheath thaw rate.

Section 3.3.2: Profilometry

A commercial confocal microscope was used to conduct laser profilometry on the
printed serpentine traces with varying flow rates. UsiMPa LAB postprocessing
code developed by Chen et al. (2018), the trace widbisssectional area, overspray,
percent coverage, and thicknegsreestimated, based on the height map contour
generated by the profilometry software. Examples of the height map contour plots and
out put f r o-proc€skimgrailes arepresemntediguFe 34. In the height map
contour, the substrate is the blue area representing the lowest elevation, while the yellow
and orangarea represents the higher elevation and is the printed trace. Threshold criteria
are selected for print height, to defime fongitudinal boundaries (width) of the trace and
oversprayC h e MATL.AB code is then used to pgstocess theesultsand output (i) a
threedimensional image of the trace, (ii) a tdomensional crossection that is
averaged over the length of thade imaged, and (iii) an overhead view of the trace with
width (red) and overspray (blue) boundaries. Quantitative data such as the trace width,
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crosssectional area, overspray length on each side, percent coverage, and maximum

thickness or height are algenerated.
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Figure 3.4: Representative example of a) height contour plot from VK Analyzer and b)
postprocessing plots frofMATLABfor Board 4 Serpentine 3 Segmeénieft edge.

For the four corner cases$ the design of experiment (carrier gas flow rate of 30
and 100 sccm and sheath gas flow rate of 30 and 50 sccm) as well as for the middle case
(carrier gas flow rate of 65 sccm and sheath gas flow rate of 40 sccm), multiple laser
profilometry scans wereompleted along the singfess portion of the serpentine. A
total of 14 scans were conducted evenly spaced across the 40 mm epasgjteaces, to
estimate the statistics of the variability of these parameters (Figrd Be mean and
standard devigon values are summarized in Table 3.4. Trace width, essonal area,
and maximum thickness increased, as expected, with increase in the carrier gas flow rate,
whereas the effect of sheath gas fl ow rate
increased marginally with an increase in either carrier or sheath gas flow rates. Overspray

was mostly similar across these five flow rate combinations. However, it was slightly
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elevated in the trace with carrier gas flow rate of 100 sccm and sheathvgaaté@f 30

sccm, because there was not enough sheath gas to focus the high aroaurigdf

material leading to the overspray. This is the same reason why there was a larger spread
in the distribution in trace width for the trace with carrier gas flate of 100 sccm and

sheath gas flow rate of 30 sccm, because the ink was not consistently collimated to the

center.
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Trace Cross-Sectional Area Distributions
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Trace Max Thickness Distributions
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Figure 3.5: Distribution plots for trace a) width, b) crosctional area, c) ovspray, d)
coverage, and e) max thickness.

FlowRates | Wi dt h [Ar ea? | Over spr |Coverage (%) Thickness
C=30,S=30] 119+4.7 | 63.3+39.1 11.0+£1.9 18.1+10 1.0+0.3
C=30,S=50] 112+45.7 | 70.5+37.8 9.841.9 19.1+1.4 1.3+0.5
C=65,S=40] 175+3.5 | 528+66.7 11.1+2.5 19.8+1.1 5.3:0.4
C=100,S=30 190+15.8 | 6214107 15.8+3.8 19.7+¢1.7 5.5+0.8
C=100,S=50 180+4.4 | 701+81.4 12.242.2 20.2+1.6 6.9+1.5

Table3.4: Mean and standard deviation for four corner and middle flow rate sipgts

tracesbo

wectbnaharea, overgpeag, coverage, and max thickness.

In addition to the buitup statistics for five of the serpentines, two laser

profilometry scans were conducted on each of the 15 serpentine traces, one over a single

pass trace and one over a dotjides trace. Those results are summarized in Table 3.5

and plotted as a 3bar chart for the doublpass traces in FigureGs.
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Carrier | Sheath | Pass | Width (um) | Area (um?) | Overspray (um) | Coverage | Thickness (jum)
30 30 1 429 67.3 37.4 538 1.6
30 30 2 68.5 142.4 433 37.6 29
30 40 1 47.0 717.3 34.8 64.1 1.8
30 40 2 83.9 195.7 37.5 471 3.5
30 50 1 41.8 65.6 28.1 54.9 1.7
30 50 2 70.4 183.6 29.6 437 4.0
50 30 1 514 99.2 23.1 56.9 2.2
50 30 2 71.5 209.6 204 46.6 4.2
50 40 1 38.2 54.6 259 54.8 1.4
50 40 2 748 210.2 16.9 51.1 4.0
50 50 1 60.8 1324 204 53.5 2.8
50 50 2 86.1 412.6 18.2 46.3 7.1
65 30 1 131.0 455.1 27.8 26.4 4.6
65 30 2 179.7 1191.2 17.8 26.9 11.7
65 40 1 1475 513.1 24 4 31.8 5.2
65 40 2 171.5 1306.6 18.2 292 132
65 50 1 137.9 566.9 22.6 29.1 5.5
65 50 2 157.1 1462.9 17.5 257 14.4
80 30 1 135.1 272.8 8.2 274 2.8
80 30 2 185.2 1557.0 28.8 28.5 13.5
80 40 1 168.1 661.9 22.6 31.0 6.0
80 40 2 190.7 1775.5 247 28.4 16.4
80 50 1 155.0 701.6 20.2 30.0 6.4
80 50 2 167.4 1579.4 18.2 294 16.5
100 30 1 150.2 600.3 31.9 21.5 54
100 30 2 181.8 1345.1 19.9 26.6 12.3
100 40 1 161.2 637.4 22.0 21.1 6.0
100 40 2 179.0 1382.0 23.7 33.5 12.2
100 50 1 153.7 645.9 24.0 31.1 6.2
100 50 2 163.3 1383.0 22.0 298 13.5

Table3.5: Parameters calculated for all 30 different traces.
Trace Width in Double-Pass vs. Carrier and Sheath Gas Flow Rate
200
2 150
2
E 100
= Sheath = 50
2 50 Sheath = 40
Sheath =30
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Trace Thickness in Double-Pass vs. Carrier and Sheath Gas Flow Rate
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Figure 3.6: Trace a) width, b) crossectional area, c) coverage, d) overspray, and e)
thickness for the doubleass prints as a function of gas flow rates.

Section 3.3.3Effective Conductivity

Using a commercial precision LCR meter and commercial precision positioner to
make exat contact, théwo-wire resistance of the serpentine traces were meaancd
normalized per unit lengtfTable 3.6) Fourwire resistance measurements should have
been made to ensure the removal of the resistance added from the probingresep.
values are plotted in Figure Bwith a full and abridged-gxis, the latter to best show the
continued decreasing nature of resistance with increased carrier gas at the higher flow
rates, which is to be expected given those traces have higheseotissal eeaand R/L
=1/A. The 104 mm serpentine trace resistance went down as the carrier gas flow rate
increased and was nearly independent of sheath gas flow rate. The intermediate sheath
gas value of 40 sccm led to slightly higher resistances than the 30 or 50 sccnilexels.
carrier gas flow rate of 30 or 50 sccm, the resistance values were large as the printed

serpentine density was likely below the percolation threshold because of the low
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deposition rate. A resistance value could be measured across the top most sétireent

serpentine, segment E, for a carrier gas flow rate of 50 sccm, but not for 30 sccm.

Carrier Sheath | Resistance per Lengtl
30sccm | 30sccm OvLD

30sccm | 40sccm OVvLD

30sccm | 50sccm 4173 ohm/meters
50sccm | 30sccm 1320 ohm/meters
50sccm | 40sccm 1770 ohm/meters
50sccm | 50sccm 2447 ohm/meters

65sccm | 30sccm 464 ohm/meters
65sccm | 40sccm 466 ohm/meters
65sccm | 50sccm 347 ohm/meters
80sccm | 30sccm 227 ohm/meters
80sccm | 40sccm 244 ohm/meters
80sccm | 50sccm 211 ohm/meters
100sccm | 30scan 140 ohm/meters
100sccm | 40sccm 173 ohm/meters
100sccm | 50sccm 156 ohm/meters

Table3.6: Resistancg@er unit lengthmeasurements for serpentine traces.

Resistance per Unit Length vs. Carrier and Sheath Gas Flow Rate

| q q iy Sheath = 50

- Ny Sheath = 40
- S Sheath = 30

Carrier=30 Carrier=50 Carrier=65 Carrier=80 Carrier=100
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Resistance per Unit Length vs. Carrier and Sheath Gas Flow Rate
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Figure 3.7: Trace resistance per unit length as a function of gas flow rate plotted on a a)
full y-axis and b) abridged-gxis.

The printed traces are micro and nanoporous silver structures so at best it is
possible to estimate a volume averaged, homagdrand effective resistivity and
conductivity as is the case with other composite materials. As a result, these
measurements will be higher than tiigical resistivity of bulk silveof 1.59 x 16 ohm-
meters (Serway, 1994). AJP electronics with Ink &ehbeen reported to have resistivity
5.5 times largethan bulk silverwhich has a typical value of 1.59 x46hm-meters(Gu
et al., 2017)Theresistance valudsr the varying flow rate serpentinegre normalized
by geometry to determine tledfective conductivityof each serpentinghichis plotted in
Figure 38 once normalizing to the largest value among flow rakbese values were
calculated by taking the measured DC resistance of the structure dividing it by the length
of the trace and multiplyig it by the crossectional area of the trate get theeffective
resistivity,] = R*A/L, and then taking the inverde= 1/, . The crosssectional area was

taken from the profilometry pogtrocessing resulténterestingly effectiveconductivity
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increaeswith increasing carrier gas despite thereasing agglomeration sizes that will

be discussed in Section 3.3.5

Normalized Effective Conductivity vs. Carrier and
Sheath Gas Flow Rate
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Figure 3.8: Normalizedeffectiveconductivityas a function of carrier and sheath gasilo
rate.

Section 3.3.4: Surface Imaging and Crystalline Deposits

SEM was utilized to document the surface of the serpentine traces with varying
flow rate parameters. All 15 serpentines traces were imaged at 500x magnification, both
for single pass and falouble passHigure 39). Thee was not a noticeable difference

among features on the surface between single and double passRiges310).
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Figure 3.9: Surface images for a) single and b) doublegpaaces at 500x magnification.
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Single Pass Double Pass

Figure 3.10: Comparison of trace surface between single and double pass traces.

From these low magnification surface images, the presence of crystalline deposits
wereobsenedon top of these tracesdvisible on 90 percent of the 75 trace segments
printed. Of the traces that did have the deposits, they were 1) aggregated mostly along the
edge, 2) along the centerline, or 3) randomly dispersed throughout the width of¢he tra
The third case was the most predominant, but a total of four cases (including the case of a

trace without any deposits) are presenteligure 3.1. Energy dispersive Xay
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spectroscopy reveals that these crystalline deposits are likely of silveositimpas the
elemental spectroscopy curves on the deposits are nearly identical to those on the silver
particles in the trace$igure 3.2). Similar crystalline deposits in printed metal features
have been reported elsewhere in the literai@omk, 20B). Three areas on the trace

were sampled as well as three areas on the depostsnpletenessThe quantitative

composition of both areas sampled were over 97 percent silver in each case.

& mm| Pressure = TR Det | I 56 mm| .0pm
mm| 500x|SSD| 3.0 Y: 2.0 mm |0.83 mbar] __ CALCE TSFA [l 30.0 kV 46mm 491x SSD| 3.0 1-0.0 °|Y: -0.0 mm[0.83 mbar CALCE TSFA

Figure 3.11: Example of traces with a) no crystalline deposits, b) deposits at the edges, c)
deposits along the centerline, and d) deposits randomly dispersed.
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Figure 3.12: Energy dispersive Xay spectroscopplots when sampling the printed trace
and the crystalline deposits.

Optical microscopy was also conducted to observe the surface features of the
different serpentine traces. Not muséwinformation was obtained from this avenue of
imaging, compared to 3, so just a few representative images are provigeglife
3.13). The double pass trace on the right is wider and taller, thus creating a larger optical

shadow along the edges.

~ R TN TR R T T A SR T

Figure 3.13. Representatie optical image with overhead view of Board 4 Serpentine 3
single (Segment B) and double pass (Segment C) trace.
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Section 3.3.5: Micromorphology

The surfaces of the 15 serpentine traces were also imaged at 50,000x
magnification for both the single anduble pass traces to investigate the
micromorphological feature$igure 3.4). Qualitatively, coarser agglomerate sizes are
observed at the higher flow rates, which follows the trend seen from the loF171101 (C =
80, S =50) and DTC180201 (C =50, S = §0¢cimens. The crosections of the 15
serpentine traces imaged at that same length scale do not show thifigarel 3. 5).

a) SinglePass Traces

67



b) DoublePass Traces

Figure 3.14: Surface imags for a) single and b) double pass traces at 50,000x
magnification.

a) SinglePass Traces

40

50
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b) DoublePass Traces

Figure 3.15: Crosssection images for a) single and b) doupkess traces at 100,000x
magnfication.

These high magnification images were digitally processed to quantify the size and
spacing distribution of the agglomerates. This methodology is described in Appendix A6.
The raw data extracted from the software included the agglomerate siaetideature
counted as well as the shortest distance from one agglomerate to the nearest neighbors.
This data was then peptocessed to obtain various stochastic metrics (e.g. mean values,
standard deviations, skewnest;).

Five images were post prased for each of the four corner cases and for the
middle case in the matrix of flow rate combinations (C =30, S=30; C=30,S=50;C =
65, S =40; C =100, S =30; C =100, S =50). This-postessing was repeated for both
singlepassand doublepas trace segments as wellfas both surface images and cross
section images. The size and spacing distributions for each image was normalized before

averaging across the five images, to avoid one image from dominating if there was an
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