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Abgtract : Therecent dramatic progressintheprinted
electronicsand flexible electronics, dueto the univer-
sty of thesubstratesinc uding thefoldableand stretch-
able substrates, has opened anew prospect inthefield
of futureeectronics. Inthis paper, silver nanospheres
inlarge-scaleare synthesi zed, the nanosilver ink with
63.88% silver content are prepared and anew type of
highly conductive and far identify distance RFID tags

INTRODUCTION

Printed el ectronics (PE) and flexible electronics,
contrary to conventional electronics, can be bent,
stretched, compressed, twisted and deformed into com-
plex, non-planar shapeswhile maintaining good per-
formance, reliability, and integration. Soit could be
widdy usedin many fields, examplesincludeflexible
and dretchablecircuitries, flexibledisplays, flexibleen-
ergy devices, smart skins, el ectronic eyetypeimagers,
soft and human friendly devices, and so on. Withthe
development of the PE and flexible €l ectronics, asthe
most important conductivefunctiond materids, suchas
nanosiver, nanocopper, d uminum, and nanogold have
gained interestsfrom researchersin academiaand in-

aremanufectured. Especidly therearenoresinand other
additivescontainingin our conductiveink which satisfy
therheological characteristicsand process of screen
printing. Thetagsexhibit the best radiation performance
own to thereisno high temperature sintering in need.
The surfaceresistance of thetags could be 80 mQ/,
and theidentify distancereach to 6.0m.
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dustries. Conductivenanoslver inksaremast commonly
used materid sdueto their low resistance.

Among those applicationswith printing technolo-
gies, RF D tagshave gained extensive atentions of the
industriesfor thewide potential market. IDTechEXx’s
estimateson thepotentia sizeof theoveral PE market
have ranged up to $57 billion by 2019, whileit has
placed the potential value of the RFID market ashigh
as$25 billion by 2018, Current, most RFID tagsare
bei ng made with etching technology. It isnot only envi-
ronmentally unfriendly but also awaste subtractive
manufacturing process, while printed RFID tagsisin-
herently an additive processwhich could savetheoverdl
production cost. Still, RFID and conductiveinks offer
plenty of opportunitiesas new applications emerge.
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Therefore, several group have being engaged in the
manufacturing of the printed RFID tags, and a so vari-
ous printing technol ogies have been attempted. For
example, L. Yang et d devel oped the RFID tag module
for high frequency applicationssuch as915 MHz with
theinkjet-printing technology'?. Thepolymer foilsare
typicaly substratesused for flexibled ectronicsinclud-
ing RFID tags, whilethe coefficient of thermal expan-
sion and moisture content of them contributing to the
undesirabl e permanently thermopl astic deformation
whichisdetrimenta to the performanceof the devices.
Theglasstrangtiontemperaturesof commercidly avall-
ablepolymer subgtratessuch aspolyethylenengphthdae
(PEN), PET, polycarbonate, polyethersulphonecyclic
olefin copolymer, and polyimideare 150, 80, 145, 223,
164 and 300 °C, respectively®®. Various approaches
have been reported during the last yearsto |ower the
sintering temperatureof NPinks. A rapid low-pressure
plasma sintering process of inkjet-printed silver
nanoparticlesfor RFID antennas hasrecently beenre-
ported by Wolf, M. and hisco-workers, although the
maximum processing temperaturedid not exceed 70
°C, plasma sintering is typically a low sintering method,
inorder to realizethe comparableresponsesigna with
the screen-printed tags, the tags must be sintered at
least 30 min. Magdassi, S., et al have presented a
new approach to achieve melt of the nanoparticlesand
sintering a room temperature®,5whilethe printed con-
ductive pattern can not be easily controlled either by
theink or by thethickness concerning the screen print-
ing method, whichfitsfor the production of RFID tags
at different frequencies. Otherwise, Tang, Y., et a. con-
ducted the post processing of the patternsfabricated
by silver nanoparticlesby themeans of soakinginthe
chlorideironsaqueous solution®, whichisatimecon-
suming process. Furthermore, Shinet d studiedinthe
selection of ink and printing processto fabrication the
RFID antennas, regrettably, the averagethicknessand
standard deviation of printed RFID antennasare 16.74
um and 1.08 um, whichislessthan therequired one
for 13.56 MHz but more than for 860 MHZ".

Here we focus on the preparation of silver
nanopheresinlarge scale. Moreimportantly, wea so
prepared the nanosilver conductive ink with the
nanopaticles and manufactured the RFID tagswith
screen printing method eventudly snceitisahigh-speed
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and continuous process and could satisfy the demands
for ultralow-cost, high-resol ution patterns, it could be
an aternativefor mass production of next-generation
printing devices.

Characterizations of shape and nanostructure
heavily rely on scanning el ectron microscopy (SEM)
and other diverse methodsthat are applied where ap-
propriate. Thermogravimetric analyses (TGA) were
performed withaTG209 by Germany NETZSCH un-
der ambient atmospherein the rangefrom 30 to 800
°C with a heating rate of 10 K/min. Then, surface resis-
tance of the RFID tagswas measured by afour point
probe measurement and film thicknesswas measured
by aProfilemeter named MarSurf XCR20. Theiden-
tify distance of RFID tagswasrecorded by UltraHigh
Frequency All-in-One Card Reader.

EXPERIMENTAL DETAILS

The preparation of the silver nanosphereshasbeen
reported by our group®, inatypical synthesisprocess,
solution A contai ned 300ml dei onized water solution,
some amount of PV P and 5% NaOH. 100g silver ni-
tratewasdissolved in 300ml deionized water toform
solutionA, Solution C contai ned someamount of hy-
drazinehydrateand 75ml of deionized water. Then, tem-
perature of solution A waskept at 6~10 °C under vig-
orous stirring and solution B and solution C werefed
into solution A with speed of 3ml/min. It isnoteworthy
that themolar ratio of the PVPto silver nitratemust be
under 0.8for avoiding the post high temperaturesinter-
ing. Then, thedispersion waswashed by acetonefor 3
times to remove the excess PV P, freeionsto obtain
wet slver nanoparticles.

Thenano-slver dispersion obtained contained much
ion and excess PV Pwhich impact the conductivity of
thesilver dramatically. So, thedispersonwaspurified
with the solvent deposit method. In detail, two timesof
acetonein volumewere added into thevigorousstirring
dispersion with. After thedispersion breakinginto two
layers, the supernate was removed and wet precipite-
tion was obtained. To obtain wet silver nanoparticles,
the process was repeated for three times. The silver
nanoparticleswerefinally dispersed by adding ethylene
glycol without other toxic additives.

Semi-automatic screen printer was used to proof
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and PET acted assubdgtrate. After proofing, sintering at
120 °C for 30s was taken and then the conductivity the
ink layer istested.

RESULTSAND DISCUSSION

Characterization of silver nanopaste

To investigate the thermal stability of the silver
nanoparticles, the mass decrease was recorded by
TGA (Figure 1), The TGA curve showsadecrease
of 32.23 wt% at an initial step from 30 to 200 °C,
which correspondsto the boiling temperature of eth-
yleneglycol. A singledeflection point and gradua de-
creasesfrom 3000 600 °C indicate the capping agent
isremoved. Finally, theresidual massis63.88 wt%
that isthe nanosilver containing in the conductiveink.
To lower down the sintering temperature and mini-
mizethe sintering time of the silver pastewith main-
taining agood conductivity, thesilver paste should be
produced without leaving ahighly content of resin such
aspolymer binders. It can beseentheratio of PVPto
silver is 0.048 which can show good conductivity.
Furthermore, thereare no toxic dispersion solvent and
other resin containingin our conductiveink, anditis
environmental friendly for moving forwardsto indus-
trial production.

Thesdlection of appropriate printing methodisinti-

100

mate connection with the electrical properties and
rheological characteristics of the conductiveink. The
measured dynamic viscosity against shear strain rate
isplotted in Figure 2. Theviscosity of the conductive
ink is17 Pas at a shear rate of 1/s. The rheological
characteristicsand adhesion are suitablefor the screen
printing method according to Helmut, K®. The color
of silver conductiveink we preparedisgreyish-green
(Figure3).

Performance of theprinted patterns

For nanoparticleink, the polymer capping agent
that protectsthe particlesfrom agglomerating must be
removed in order to makethem direct physical con-
tact. And thetermina destinationisto makethe printed
feature acontinuous conductive network. The Figure
4(a) showsthe SEM of the printed patterns after sin-
teringa 120 °C for 30s. Obviously, there is no distinct
residual polymer isfound correspondingtothe TGA
curve, compared to Figure 4(b) whereisacommer-
cidly siver paste. For thelatter, the post S ntering must
be conducted at 120 °C for 30min. So it is possible for
theroll toroll production of the RFID antennawith our
Slver conductiveink.

For the printed RFID antennas, the averagethick-
nesson aflexible PET filmwasabout 3.6 um (Figure
5), whichisareference value because of thedlightly
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Figurel: TGA (heatingrate=10K/min) of thedlver nanopaste.
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Figure2: Dynamicviscosity of silver nanopastethat weprepar ed.

Figure3: Thepictureof silver conductiveink that weprepared.

distorted of the substrate. Therefore, the printing pro-
cessand devel oped slver nanopaste arefound suitable
for theproduction of tags at frequencies, 960 MHZl.
However, thesilver nanoparticlesare accumul ated at
theedge of the pattern whilethe central regionisrela
tivethin. That is, the curing drop exhibitsthe so-called
coffeering effect™, which induced by the differences
intheevaporationrates of the conductiveink and cause
anadditiona flow to the system fromregionswith low

surfacetensionto regionswith high surface tensionf*.

The photograph of the tag aswell asthelocal
digital microscopeimage of the printed antennaswith
different magnitudesisshown in Figure6. Both im-
ages confirm agood and uniform printing qudity, indi-
cated by the sharp edge and high surfaceflatness of the
printing image. The electrons do not penetrateinto a
conductor, and the current density of whichisnot uni-
form a high frequencies, whichisdifferent fromdirect
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Figure4: SEM imagesof printed pattern with (a) thedeveloped silver pasteand (b) commer cially onesafter sintering
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Figure6: Printed RFID tag with nano silver ink after sealing thechips: photograph of thetags(a); thelocal digital micro-
scopeimage of the printed antennaswith different magnitudes (b,c); theamplified digital micr oscopeimage of the chip
position of theantenna (d); Thesurfaceroughnesscurveof theprinted pattern (e).

current. Thesurface roughness affectsthealternating
current resistance of aprinted RFID antenna®'?. In
general, accordingtorheologica characteristicsof the
pastefor screen printing the surfaceroughness of the
pattern isnot comparableto etched ones, and worsen
than that, the surfaceroughnessresi stanceper unit length
of aconductor also attributesto surface roughness at
the smaler microscopic sca 9. Thethesurfacerough-
nessand standard deviation of printed RFID antennas
are0.0706 um and 0.016 um (Figure 6(g)).

The surfaceres stance on the nanoparticle pattern
was measured to be 80 mQ/01. Resistivity isgiven as
resistivity (p) = surfaceresistance x film thickness/ 10;
by thisequation, theres stivity of the pattern wasca cu-
lated to be2.88 x 107 Q-m, which enables fabrication
of conductivepatternson somee ectronic devices, which
islower than. Theviscod agticity and rheologica char-
acteristics of the conductiveink that fit for the screen
printing must beinthe consderation, whichinfluencethe
conductivity of theconductive pasteto someextent, so
theresistivity of the printed patternsishigher than the
slver pastethat reported currently aslow as108Q-ml49,

Theperformanceof theRFID tags

To experimentally detecting the radiation perfor-
mance of the RFID antennas, the antennawas sealed
withaUHF trangponder chip, it isnoteworthy that com-
pleteunitiscalled |abel or tag after equipped (Figure
6). Thetagswasthen sendto the ChinaNationa RFID
Products Quality Supervising Test Center totest the
identify distancewith UltraHigh Frequency All-in-One
Card Reader. The RFID tags weretested by sending
signasat 960 MHz from thereader to thetag, and the
processwas repeated for 20 timesfor each tag shown
by thetesting report. The RFID tagsworked without
losingthesignd from thereader that fixed 6.0 mfrom
which. Once using alonger distanceto thetags, the
answer signal isweaker. Thereport also revealsthe
working temperature of thetagsis-30to 70°C.

CONCLUSON

Inconclusion, highly conductivefesatureson flex-
iblePET film havebeen successfully fabricated by screen
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printing with the devel oped silver nanoparticleink. The
printed pattern was sintered at temperature aslow as
120 °C within 30s to a conductivity 2.88 x 107 Q-m.
The rheological of the paste composed of silver
nanoparticles was conducted suitablefor the screen
printing method. Theradiation performancesof printed
RFID tags screen printing with the devel oped silver
nanoparticlesare perfect, with theidentify distance be
6.0 m. And theworking temperature of thetagsis-30
to 70°C
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