Evaluation of Aerosol Jet Printing (AJP) technologyfor
electronic packaging and interconnect technique

S. Stoukatch P. Laurerft S. Dricof, F. Axisd, L.Seronveauk D.Vandormaé| E.Beeckmah B. Heusderfs J. Destin&
®EMMI/Microsys, University of Liége, 4000 Liege, Bplim
Tel: +32(0)4 246 62 55, E-mail: serguei.stoukatclgaae.be
SIRRIS, Collective Centre of the Belgium Technoldggustry, 4102, Liege Science park, Belgium
‘TAIPRO Engineering, Rue du Bois Saint Jean, 154102 Seraing, Belgium

Abstract viscosity is 100 mPa.s. The CSD-32 silver ink casgw of
engineered nanoparticles of 60 nm dimensions, & 804
weight in a liquid vehicle (glycol based solveri).[

During the deposition process the ink is suppligdthe
system into pneumatic activation mode by dry nigrog
(carrier and sheath gas). The ink has been depogitethe
substrates and sequentially sintered by a lases. |d$er of
400 mW power and 532nm wavelength generated 10pom s
on freshly deposited silver layer. It requires oh®0Ous dwell
tile to sinter the silver ink. Such short time dfetmal
exposure allows the thermal sintering on silver caak,
meanwhile the thermal sensitive plastic substregegains at
low temperature. The ink’s manufacture recommetals
Introduction perform sintering by mass curing process, thereirtkeand

Aerosol Jet Printing (AJP) is an innovative teclogyl for  the substrate are subjected to temperature of 1&0°80min.
a selective maskless deposition of wide range oferizds  Sirris has been developed the sintering process thay the
(conductive, dielectric, biological, nanoparticlestc.) at deposited ink is exposure to high temperature reséd
micron-scale (minimum features of 10um line and O 100°C [8]) and the thermal sensitive plastic siutistremains
space are achieved). Because it is a contactlesad®gy, it  at low temperature (below 80°C).
suits for application on any flat and non-flat xfltde and rigid Once the silver pattern is sintered, it has been
substrates, and moreover for complex 3D systemdie Tcharacterized using PLuNeox 3D optical profilomefehe

technology is particularly unique for deposition @ example of topological characterization presentetbw on
conductive silver paste on plastic substratess known that Fig 1.

the organic substrates are particularly sensitivethiermal
treatment, as a maximum temperature and time afnidle
exposure. AJP silver layer has very low sinteriemgperature,
as low as 100-150°C. The AJP silver layer finetgrat of
10um line and 10um space features is reportedigesth [1-
5].

That result is much better than a pattern reallredtate-
of-art a conventional screen printing technologgréh100-
150um is an absolute minimum value of line/spaedufes,
and it is still better than a 30pum smallest featwehieved by
inkjet printing [6]. Remarkably, the conventionatreen
printing and inkjet printing technology are nottabie for 3D
application.

Despite the advantages listed above the AJP témiyo
remains still a novel technology there number issmeist be
studied and the technology is not yet widely aceepby
industry.

We evaluated suitability of AJP (Aerosol Jet Prig)i
deposited silver layer on variety of organic sudiss for the
most common interconnect techniques used for eleictr
packaging. Specifically, we checked if the AJP eiNayer
can be electrically interconnected by Au and Alesibonding
technique. We also evaluated suitability of AJResillayer
for surface-mount technology (SMT). We performe
electrical characterization of the AJP silver lay#fe realized
a fully functional working prototype of Autonomoliireless
Sensor Node system using AJP silver conductivek tescan
electrical interconnection.

Figure 1: Silver line of 20um width printed on a d¢ass
substrate.

AJP deposition
We evaluated set of different samples there AJRersil Wire bonding evaluation

pattern have been deposited using Optomec AJ309SIEms. For our investigation, the silver layer is depasityy AJP
Sirris our research partner in the ongoing projést on following organic substrates: Pl (polyimideyrfr DuPont
developing AJP silver deposition process. Theresaneeral trademark: Kapton) of 25um thickness, FR4 of 1.6mm
commercially available silver inks that are suitalibr AJP thickness, 1 mm thick injected polycarbonate (Pi@ & mm
deposition; among them we selected the most com@®&iD- thick injected acrylonitrile butadiene styrene (ABSSome
32 silver nano-dispersion, manufactured by Cabbke fhk material such Pl and FR4 are in widely used ancbrinec



conventional materiabs a board or as a carrier for
electronic assembly. Other mateisaich PC and ABS are si
less known for that. In the tablefdr your referencave listed
the most important for the assemiphechanical and therm
properties of the organic substrates.

Table 1: Mechanical and thermal properties [10].

Material To, Operating CTE* E-modulus,
°C temperature, °C Clppn | GPa

FR4 150 -55...+125 14/7C 24

Pl 260 -80...4+210 20/n.a | 25

PC 150 -40...+130 65/n.a | 2.0-24

ABS 105 -20...+80 56/n.a | 2.3

After fabrication the test samplesgvassessed suitability

AJP deposited silver layer on 4 organic substristésrms of
different conventional interconnect techniques ugadthe
electronic packaging[9] Specifically, we checked if the A
silver layer can be electrically interconred by Au and Al
wires bonding technique. We evaluated FR4, Pl, RCABS
substrates in terms of Au and Al wire bonding. Aodly the
wire bonding on AJP deposited silver layer has tah
bondability and a status as on the date of prepdhiapaper
that the manufactured configurati@an’'t be used for ma:
scale production. We tried to bond Au wire150°C, 120°C,
80°C and at room temperature to FR4 and Pl substFatr
PC and ABS because its lower Tigg used 80°C and at roc
temperature wi bonding. We also tried Al wire bondi
(room temperature process)n FR4, PI, PC and AB
substratesWe observed several typical wire bonding failu
a wire bonding imprint and metal delaminatior

Figure 2: Au wire bonding imprint on surface of AJP
silver layer deposited on ABS substral.

Figure 3: Al wire bonding imprint on surface of AJP silver
layer deposited on PC substrate.

There are number reasaimst can causa limited bondability
for Au and Al wires. The silver AJP deposited layer a
relatively poor adhesion tthe organic material underneath.
The failure mode observed such bond pad peel stgg
poor adhesion of AJP layer to the carrier. The sigimecan bt
generally improved by adding tladhesion layer. We are also
investigating the alternative cuconditions that we believed
can improve thatGenerally speaking, the wire bonding
more difficult on the plastisubstrates; the plastic substrates
are usually much softeor at least softer than thrigid
substrateshat are conventionally used for the wire bon.
An example of such maiaf and substrates is as followi
Si, Si02, SiN, SiON and AlAu, Ni. E-modules of the rigid
substrate is above thd®0 GPa, versus FR4 is GPa and
other tested materigls PI, PC, AB have less than 3 GPa.

Based on thebonding trials we could notind a real
problem of non-bondabilityon one side the organic low-
modulus substrate causes the bondability iand on another
side we did not succeed to weld the wire bondsheo AJP
deposited silver track even on harder substratER{. The
FR4 substrate normallyuits forboth, for Al and Au wedge
wire bonding techniques.

The wire bonding on AJP deposited silver layer
limited bondability in terms of Au and Al wire boimg. We
consider that fact adefinitely not adrawback for the AJP
technology;because of the idea to introduthe AJP silver
conductive track as an alternativetechnique for the
conventional interconnect technology, specifically for t
wire bonding.

SMT evaluation

On all 4 plastic substrates: FR4, PI, PC and Ale also
evaluated suitability of AJP silver layer for sué-mount
technology (SMT)The layout of the test substrate is depic
on figure 4. Each substrate comrises a matrix of 30 S
footprints suitable for 0402 components placerr

0.50

Figure 4: Layout of the test substrate for SMT evaluation
All dimensions are in mm.

For that we triedwo the most common SMT techniques,
namely areflow soldering anca conductive adhesive. As a
pick and place toofor mounting componentwe used the
automatic SMT pick and place syster from Autotronik
(Model: BS384V). The system performsigh accuracy
mounting variety of SMT components as following: 010
0201, 0402, 060350IC, PLCC, BGAuBGA, CSP, QFP et



at placement rate up to 4000 UPH. Additionally hatt the
system has a high precision dispensing systemafdaitfor
solder and adhesives), bottom vision alignmentesysand
can perform vision inspection before and after pobidn. For
the evaluation we used dummy SMD 0402 components.

3D Printed Electronics

Microsys laboratory realized a fully functional pstype
of Autonomous Wireless Sensor Node. The system
unlimited autonomy because of energy harvestingufea
achieved by using a photovoltaic solar cells. Véesion with

We started the evaluation with a conductive isatrop solar cells has a total volume of 1.2cm3 and ex¢tgrthin,

adhesive. We investigated two curing scheduleditgrs by
cure temperature and cure time: 3h at 80°C amdirl%t

the thickness is 2mm. The system is suitable faratpon in
standard ambient environment. As depicted on therdi 8,

120°C. We placed SMD components on PC and ABthe system can be placed anywhere there is ligigemt. The

substrates and cured at 80°C and 120°C for PC @@ ®r
ABS. Additionally for the adhesive method we evadua
soldering technique on higher Tg substrates as &4 PI.
For the soldering we chosen conventional lead-Gekler
(melting point of 218°C and reflow temperature @f02C).
The soldering was not evaluated on lower Tg sutestras PC

and ABS.
;’* | Tt 5, A
o DY 0 I o i
o= A o Nl § a

Figure 5: The SMD mounted on ABS with adhesive
cured at 80°C.

Figure 6: The SMD mounted on PI with lead-free
solder.

Figure 7: Typical observation of shear mode (SMD oirR4
attached by conductive glue and sheared).

The assembly has been inspected visually and eedlua
by shear test and sequentially the failure modéhershear
test has been observed and characterized. The fealtie
shear test is in line with the results normallyadéed on the
rigid substrate with conventional finish and me®t4T
specification. AJP deposited silver layer on alleated
substrates (PI, FR4, PC and ABS) are suitableuidase-
mount technology using conductive adhesive, arahdIFR4
are suitable for soldering technique.

measurement rate is 2 units/min, working frequensy
868MHz and the system has extremely
consumption of 100 microW. The working distancel@®&m
indoor, and up to 100 m outdoor.
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Figure 8: Fully functional prototype of AutonomousWireless
Sensor Node attached to the window frame.

For the assembly of the first working prototype used
conventional interconnect technology adopted faxifile
plastic substrates. Because of severe constrainthemmal
budget for the total system, we may not use Au Wwiveding
technique to create the interconnection betweenfléhxble
substrate and the PV cell. The Au wire bonding meguat
least 150°C stage temperature that is much too fuglour
system. For the concept proof, we assembled therayssing
Al wire bonding (a room temperature process), hawvei
wire bonding has several constrains that preveatntiethod
from use it for a high scale production. The weldégks then
are sequentially encapsulated by UV curable entapisthat
is also a room temperature process. To explordtamative
method to the wire bonding in order to provide &hectrical
interconnection between the flexible substrateht die, we
used AJP silver ink. The AJP silver track was dépdsand
laser sintered. In order to obtain a continuousioetive track
between the terminal of the substrate and the Ipaidon the
die, we needed to prepare the sample in a spegiic As
depicted on the figure 10, after the bonding the wi the
substrate first we deposited a non-conductivetfilléne fillet
has two main functions; first the fillet is to inate the die
side wall to prevent the die from the short circtilhe second
function is to ensure the AJP silver track conttiara In
principal the AJP track can be also deposited envértical
wall, in our case on the die side wall, howeveisitmore
difficult to control the track thickness simultanesty both for

has

low power



the horizontal and vertical surfacetring the depositio
process.

Encapsulation

die

Bond pad on the die and conductive
terminals on the substrate

——1 Die attach adhesive

Figure 9: Crosssectional schematic view cthe interconnect:
a conventional sequence using wire bonding and engsulation.

— AJP silver track

fillet

die

Figure 10: Crosssectional schematic view on the interconnec
a realized by AJP silver layer.

For thefillet material we used UV curable die adhes
The prototype realized by AJP silver layer as aultesf
replacement wire bond by AJP silver layer, hasnehoprofile
compare to the first prototype assembled using
conventional packaging techniquehél newest prototype
inheritably thinner, it this case we reduced thaltassembl
thickness by 0.5 mm. Both prototypes have the ¢

Figure 12 Image of the interconnect details between th
substrate and the die, the interconnection realizeby AJP silver
layer.

Electrical characterization

We performed extensive electrical characterizatibine
AJP deposited silver track line (60um width, 3pmckhess
and 20mm length). For each lot of samfor the electrical
measurementse selected randomly 3 samp
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Figure 13: Layout of the test substratefor the electrical

functionalit. The figures 10 and 11def the interconnect €valuation. All dimensions are in mm

area for both prototypes.

Figure 11: Image of the interconnect details between th
substrate and the die, the interconnection realizedsing
conventional packaging methods (wire bonding an
encapsulation).

Figure 14 Details of the conductive track on the tes
substrate.All dimensions are in mm

We used 4 point measurement method and fmed the
electrical measurements on DCand AC at six following
frequencies: 60Hz, 1k 10kHz, 100kHz, 1MHz and 2MH
Till the frequency of 100kHz the value of resistivity rens
practically constant.

We compared the result of the electrical measurés
with the manufacture (Cabot) datasheet. The lovessstance
value provided by Cabdor the CSD-32 nano-silver ink is in
the range of 3 uOh*cm and can be achieved by sintering
samples at 250°C for 30mii7]. According to the Cabot 30
HOh*cm is thebest value for 150°C for 30m



The experimentally obtained value of the resistieih our
test samples is 16 pOh*cm, that is in 10 highem tttze
resistivity of bulk silver of 1.6 pOh*cm, howevaris in line
with resistivity of thin film silver tracks applieby other
deposition methods and low enough to support
applications.
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Figure 15: The resistance of AJP silver conductivirack on
ABS substrate of 6 samples.
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Figure 16: The resistance of AJP silver conductiverack on
ABS, PC, PC:1 (single layer), Pl and FR4 substrates

The figure 15 and 16 depict plots of electricalisesce
versus frequency of the silver tracks processetherorganic
substrates. On all substrates in study, exceptP@et (single
layer of silver ink deposited on polycarbonate $uabe, figure
16) we deposited sequentially 2 layers of AJP siluk. We
experimentally learnt that single-layer of silvek ideposition
is not sufficient to form an even and continuousibfer ink
track; remarkably that the substrates in study hdifferent
roughness and porosity that has direct effect an ditver
track properties. The single layer silver track floe sample
PC:1 has the electrical resistivity from 5 to 1fhei higher
than 2 layers track.

Conclusions

Apparently the wire bonding on AJP deposited silkarer
has limited bondability in terms of Au and Al wib®nding
and a status as on the date of preparing the ghpeAJP
deposited silver layer can't be used for mass qualduction.

conventional interconnect technology, specificalty the
wire bonding. AJP deposited silver layer on all lested
substrates (Pl, FR4, PC and ABS) are suitable diofase-
mount technology using the conductive adhesive, and

maragditionally to that AJP on Pl and FR4 are suitafde

soldering technique. The value of the resistivity 16
pOh*cm, that is higher than the resistivity of bsiker of 1.6
pOh*cm, however the value is in line with residivi
provided by the manufacture’s datasheet, and sinagafor
thin film silver conductive tracks applied by ottaposition
methods. The resistivity is low enough to supporngn
applications. We also demonstrated that for specifi
application (Autonomous Wireless Sensor Node pyp®t
the conventional interconnection technique as thiee w
bonding can be successfully replaced by AJP degbsit
conductive silver track.
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