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ABSTRACT

Preparation of Pb-free Silver Paste Adding

Nanoparticles for Low Sintering Temperature

Park, Sung-Hyun
Advisor : Prof. Lee, Jong-Kook, Ph.D.
Dept. of Advanced Materials Engineering,

Graduate School of Chosun University.

Thick film technologies are used in several fields. Numerous types of
electronic, mechanical, chemical and energy supply device are -currently
fabricated using thick film deposition processes. Thick film system of
metal-glass—organic composite has been used to produce printed -circuits
because of their speed and repeatability in the electronic industry.

Silver powders are used in electronics due to unique properties of high
electrical and thermal conductivity. Silver paste containing PbO-based glass
has been commonly used in microelectronic packages because silver has
high electrical and thermal performance. Silver thick films with PbO-based
glass are used extensively for making electrical contacts in silicon solar
cells, hybrid circuits and other devices owing to their excellent electrical
properties.

The PbO-based glass plays a role in achieving densification of silver
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paste at low sintering temperature. In recent years, the PbO-based glass
has been restricted because it is hazardous to health and environment.
Thus, there have been intensive works on preparation of silver paste with
Pb-free glass compositions such as BixOs-based, ZnO-based, and
P2Os5-based, respectively. However, the paste with Pb-free glasses requires
high sintering temperature to obtain the high density and compatible
conductivity, compared with the PbO-based paste.

In this study, Pb-free silver paste for low sintering temperature was
prepared in order to overcome poor densification of Pb-free silver paste
using nanoparticles as a sintering aid. The nanoparticles having high
surface energy can assist the densification at low sintering temperature. For
the preparation of silver paste, the amount of nanoparticles and Pb-free frit
was changed to investigate the effects of nanoparticles and Pb-free frit on
microstructure and sheet resistivity of the films.

Pb-free silver paste was prepared from two commercial silver powders
(0.8 ym and 1.6 m in size) and lab-synthesized nanoparticles (30-50 nm in
size) by a chemical reduction method using surfactant. Silver particles with
5 wt%, 10 wt% or 20 wt% of the nanoparticles and its corresponding
commercial silver powder were prepared. Then, 3 wt%, 6 wt% or 9 wt% of
Pb-free frit (Bi»Os-based) was added to the mixed powders. Thick films of
silver were prepared by a screen printing on an alumina substrate and the
films were sintered at 400°C to 550°C. The effects of nanoparticles, Pb—free
frit, and sintering temperature on microstructure and conductivity of silver
paste were investigated.

The degree of densification was important to improve the conductivity of
silver thick film. The nanoparticles presented at the neck of micron-sized
grains led to better interconnection and less amount of residual pores, i.e.,
the nanoparticles assist good conductive network at low temperature.

However, excess amount of nanoparticles (>10 wt%) formed agglomerates
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at neck and free surface of micron-sized grains. As a result, in case of N5
Paste with 5 wt% of nanoparticles, the films had better microstructure and
lower sheet resistivity than those of pastes with 10 wt% of nanoparticles or
20 wt% of nanoparticles. The glass frit also enhanced densification of the
films by liquid phase sintering. However, the optimum amount of glass frit,
6 wt% in this study, should be used for dense microstructure since
excessive content (9 wt%) provoked low conductivity due to formation of
glass phase separated from particle network.

Improvement of microstructural network by densification resulted in
excellent conductivity of the sintered thick films. When films were prepared
by N5G6 Paste with 5 wt% nanoparticles and 6 wt% glass frit, a minimum
sheet resistivity of 25 pQcm was obtained at sintering temperature of
550°C. It can be concluded that the silver paste obtained in this study can
be a good substance for electronic devices, which could be extensively

applied in microelectronic.
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Sintering

Fig. 1. Printing and sintering process of conductive paste.
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Table 1. Sheet resistivity of metal powders

Ag Cu Au Al W Fe Pt Pb

Sheet
resistivity 1.6 1.6 2.4 2.7 5.2 9.6 10.6 22.0
(uRcm)
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Table 2. Environmental regulation of EU¥

Regulation Effectuation Contents
ELV! 2003. 7. Prohibition of Pb and Hg in auto parts
2007. Recycling to 85 wt%
5 Prohibition of electronic devices including Pb
RoHS 2006. 7.

and Hg

Recycling of home electronics from 50 to
8096

WEEE? 2007.

'End of Life Vehicles Directive (ELV)
2Reductiorl of Hazardous Substance (RoHS)

3Waste in Electrical and Electronic Equipment (WEEE)

_12_



Table 3. Kinds of organic solvents®”

.. . Coefficient
o Trivial Molecular Boiling Structural
Abbreviation Upac name ) ) 0
name weight  point ) ) formula
V1SCcosity
thyl
Cellosolve 2-Ethoxyethanol  90.12 135.6 2.05 HOC,H40OC-Hs5
ellosolve
Butyl
BC 2-Butoxyethanol 118.17 170.2 3.15 HOC-H4OC2Hy
Cellosolve
Ethyl
EA Ethyl Acetate 88.07 77.1 0.449 CH3COOC:Hs
Acetate
Cellosolve 2-Ethoxyethyl CHCOOC-H4
CA 132.6 156.3 1.025
Acetate Acetate OC2Hs5
Diethylene
Carbitol Glycol CHCOO(C2Hy4
ECA 176.2 217.4 2.8
Acetate monoethyl 0)2C-Hs
Acetate
Diethylene
Butyl
) Glycol CHCOO(C2Hy
BCA Carbitol 204.25 246.8 3.56
monobutyl ether 0)2C4Hy
Acetate
Acetate
Diethylene
. H5C20(C2H40)
ECR Carbitol Glycol 134.17 202 3.85 q
monoethyl ether )
Diethylene
Butyl HyC4O(C2H40)
BCR ] Glycol 162.23 230.4 6.49
Carbitol oH
monobutyl ether
a-"Terpineol 154.24 219 Ci1oH160
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Table 4. Physical properties and requirements of organic binders”

Cellulose type Acrylic type Vinyl type
Ethyl celluose, PAA, PMA, PVB, PVA,
EHEC, EHC PEMA, PMMA PUA

Physical

properties

Requirement
of

binder

Solubility, Stability, Purity, Thensile strength
Glass temperature, Thermal pyrolysis, Thermal

behavior, Toxicity

Well dispersion, Resin solubility, Viscosity stability
Chemical stability, Printability

_14_



Table 5. Function of organic additives for thick film paste“

Additives Function Products
Dispersing agent Dispersion, Wetting Sterox
Wetting agent Powder dispersion Triton
Coalescing agent Leveling Texanol

Thixotropic agent
Tackifier
Plasticizer

Deforming agent

Flow control
Flow control
Tackiness
Flexibility

Prevention of pinhole

Thixatrol ST
Rosin ester
BBP

Nopco ND
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Table 6. Synthetic methods of nano powders45>

Synthetic method

Synthetic materials

Physical
method

Chemical
method
(liquid phase)

Chemical
method

(vapor phase)

etc.

Gas evaporation

Sputtering

Vapor evaporation

Mechanical alloying
High energy
ball milling

Freeze milling

TiOg, ZI”OQ, AlgOg, SI’IOQ, ZI’IO, FezOg,
Cu-Zn, Fe, Ni

Co, Fe, Ag, Cu

Cds, Co, Al

ODS alloy, CuZr, AuTi, FeTi, CuTj,
NiAl, CuFe, Al

TiC, SisN4/SiC, VC

Mb50(high speed steel), AION, FeAl

Arc discharge Ni, Fe, Co
Cryomelting Al, Fe, Cu
Coprecipitation Zr02-Y203, BaTiOs, CeO..
Sol-gel TiOs, Si02, ZrOs, BaTiOsz, AlOs, Y203
Hydrothermal BaTiO3, CeO2, ZnO, Fes04, ZrO-

Organic thermal

deposition

Pt, Pd, Au/Pd, Au/Pt, Fe, Ni, Ag, ZrO,,
BaTiO3

Aerosol
Vapor hydrolysis

Chemical deposition
Chemical vapor

deposition

TiO2, S102, Al:Os, SnO-
TiO2, SiO2, AlOs.
SiC, SisNy4, MgO, TiOq

7102, TiOs, Si0s, AlO3

Mechanochemical

Fe, Cu, ZnO, ZrO;, CeO2, Al:O3
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Table 7. Physical parameters for properties of printing technology48

)

Printing Thickness Wideness Viscosity Throughput
technology (fm) (fm) (mPas) (m’s™)
Screen 30-100 20-100 500-50,000 2-3
Off-set 0.5-1.5 10-50 40,00-100,000 5-30
Ink jet <0.5 20-50 1-30 0.01-0.5
Gravure 0.8-8 75 50-200 60
Flexography 0.8-25 30 50-500 10
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uee Screen mesh
Squengee |

\7 Paste
R ’Qﬁég ¥ step

.

Substrate _r_.ﬁr" 1 | ~Emulsion
T

Mest —

2nd gtep

/

31 step

Fig. 2. Schematics of screen printing.48>

1% step : The process of using paste and mesh to create images.
ond step : A squeegee is used to force the paste through a mesh screen
and onto the printable item.

3 step : The paste is then cured (dried) creating a permanent image.
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Fig. 3. Schematics of PDP and silver electrode.

49)

_25_

Dielectric Layer




silver 3 o] 2 E 9

=

—

=

747]_%]:0]] u;].

I
=

A, A

A3 A
A 1

T AR
ok . %o of-
% & % N
w ”r o CaG 1ﬁ,o Ao BN .
o o|J ol — _ Mﬂ — = A
S ﬂirar @Mﬂpq@oy HLQ i
T R | T 0= PoX & T 5T % -
Lu T q T ° T % . 9 Yo = O A G-
g = M = g F 5 # oy i x
4 7 = o = = W v o ol o = nh
N o= ﬂm WT ,_W S o T XL O_ ﬂ_Ol ol o
- o o o T P R oo o
iy ™ : B o ° i 3 —_ X T Mo
° H = w M o © e ® A 3 N
w2 = i N T oM R i T oy
w ® s - a3 LT g Tz Q o
. X o o =) ml\ _ =Y 4 E - ™ ‘;b 63 Um m
G b o 2 SO a3 ) =
=~ < o T o TR po® = 7 R IT
5 N o | = = oo R o B oF — B =3 C
< ® < o o K = e
S ;ﬂ___ﬂzgﬁwgaw %,\ﬂaﬁmL
= 1 o W T W ok _ —_— T T X X
oo ﬁﬂi;wj RN
° o N 5 N Mo o~ B a8 % (0 o go ol
T I R ~oa W ' ~
o oy N T {8 X R
SR {0 = = o B w U N Iy
Bow 2 Y oe N i . 2o o
H ° fo- # s oF ﬂ H;l i
5 D mmeﬂboﬂwﬂoEWlmﬂﬂmoT%ﬂ:%ﬁ
Njo =N Y U ~ B e iy T N % T = = n
L Ht — ~ o F » 20 T S T
~ Mo  Ar = s N o N < o = o o = oy ~
- ° T fm — o B < Jry XA - B m wo = o) -
of il . ° R’ %c o e T X ) o
R 5 T GG %agﬂz%ﬂ@
F OB ) N = ° W W B = = 4 ®F g
IS Moo wr ~ Mo m = 5 o M o F
i OT N Of _ﬁo 0 1mr e _¢o .I.W =y ,.m_w ﬂoﬂ =
U > 2 okx =
b T wow s P T+
o8 %o o 1_,.Al
~X OW -
3

- 26 -



e
i)

g &%l PDPE 23e BE A58 silver #Ho|~Eod A8 A7]7]
1 s o), ob&e] dAAl AFEHE silver A2 AW A L HA
TRl ot AxH7] wZol, HFS FAC wE Az @H B A5 I
Ao Amrt dojA = Aol Ut

olgl g wAHE 71 AsA HE e 2719 B8-S AEEe] A

37
2EZ Agstel fe @] PHEL A7)

f
of

z4e A4 Aol o
Age Folde Be AT/ AW Folu, o] d @ vhi silver ¥F BE AL
24 Aol2EF AdE A% 71E A% tubolao Aade]l Fgd W

obyet A4 = ot WA PDP Aol fr]H o 7jojd Aom o dH

W B ATt YAl siver A4S GABANS Fa T4

_27_



A2 A APy

1. Y= silver 9A} #| =

2 AFdAE YAl silver JAHE #FAsH7] f1d =% 52 HAl
S (silver nitrate, AgNOs; 99+%)S Alg35t9 2 SFAdAZE  slol=gk3
(hydrazine, NoHy)2 AF&382t}. silver F2o|= UA=7]9 Ao 2 =8

W AN S FHA7I7] Hete] BEAbAl R FAAYE & (tri-sodium  citrate
dihydrate, CeHs5Naz07)S AF&£3F9
NGB AH ot Y silver YAFS] Alx+ 0.05 Mo AgNOsE T F ol

3023 ARkAA A3 =4l 0.1 M TddUHESFES H7sto] 1M &
b we B :

she] AWBAAG Aaeo] FEH EFUES Hvh. EFol
o] Fol 7l Fgoo] BAAQ Folmed S 5

o silver §AE AAAATE F8  we A5 S8 A4 mu)

of A% 9 dAZYE s £ G, 70T 2o oM dxA0 F

2. Y silver YA H7F A Hol|A~EQ A%

FA9 AL 2A silver Hol2EE A X357 Y3 T§AEH Y silver Y

AZ 16 mm A7S z2b= A9 silver 223 £835o] “AdA FHEETS A

l

Zotth. #Hol~E A xo] AFEH silver 2 70 wt%®E AR ow A

_28_



o

oz vig el g PbO Al iAol Wl AL Fde fed (Bi0;

Fetarh. 1o, 3 wi%e T HURLH 27 wine 714w 47
EqE FHRG Wskstel FA silver Aol 2EE AxFAY. Azw

o] ~E 0] ZAJH|E Table 89 “EFUH AT},

Abgstel #ASA Barsta, thAl ol 2E w23 ERstgc F
%317] 98te] HolAEES A3 wAA(STH00, 10 m= GFuv} 7] 3o

A = SujAE A A A 120°Coll Al 2087 12T v, 300-550°C

EK
g
tlo
b

AzxH ZFTute FE-SEMS Ab&3dto] w3 st aL, image
A8, vpx] 9t

o7 Ty FWHAITLE 4-point probe(CMT-SR 1000N)E o] &3lo] =33

ry

o

o]
=

M

analyzer(i-solution DT)& o] £3lo] FHtxgH o] A

O U 29 AlxTA 2 AEA HolxE AxFHE Fig. 49 Fig. 59

_29_



Table 8 The composition of silver paste with nanoparticle content

'Microparticles “Nanoparticles °Pb-free glass "Vehicle

(Wt%) (Wt%) firt (wt%) (wt%)
NO Paste 70 0 3 27
N5 Paste 65 5 3 27
N10 Paste 60 10 3 27
N20 Paste 50 20 3 27

1Microparticles © 1.6 um commercial powder
2Nanoparticles : 30-50 nm synthetic powder
3Pb*free glass frit : BiOs-based

4Vehicle : commercial solution(OMD Co.)

_30_



10.05 M AgNGQ, solution

2Surfactant :
0.1 M Citrate (C;HsNa;05)

3Reduction agent :
0.1M Hydrazine (N,H,)

YAging :

room temperature, 1 hour

Silver nanoparticles

Fig. 4. Flow chart for the preparation of silver nanoparticles.
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DSilver powder . .
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Inanoparticles

nei .
IMI )Silver powder :
Commercial powder(0.8 um and 1.6 pm in size)
oy . 2Silver Nanoparticles :
AgNO; + citrate + 0.1 M (NH,)

(Citrate: Tri-sodium citrate dihydrate)

3Mixing : 1200 RPM using paste mixer
“IDispersing : 3roll mill

5Mixing : 1000 RPM using paste mixer
6)Screen printing : Mask ST #400 (10 um)
. Sintering : 400-550C, 15 min
ISintering

Fig. 5. Flow chart for the preparation of silver paste.
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<«(311)

-V
% <(220)
I izzz)

a23-1 15.0kV 13.6mm x100k SE(M)

Fig. 6. XRD pattern and FE-SEM micrograph of silver nanoparticles.
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23 5.0kV 8.9mm x5.00k SE(M)

- A
—~ Al AL

3 5.0kV 8.9mm x5.00k SE(M)

Fig. 7. FE-SEM micrographs of thick film prepared from NO Paste fired
(a) 120°C and (b) 300°C.
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10.0um

7-553 5.0kV 8.1mm x15.0k SE(M)

Fig. 8 FE-SEM micrographs of thick film prepared from NO Paste sintered
at (a) 400°C, (b) 450°C, (c) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig. 9. Fraction of pores on thick film prepared from NO Paste with
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Fig. 10. Sheet resistivity of thick film prepared from NO Paste as a

function of sintering temperature.
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10 Ounlw

6.51.5-303 5.0kV 9.1mm x5.00k SE(M)

Fig. 11. FE-SEM micrographs of thick film prepared from N5 Paste fired
at (a) 120°C and (b) 300°C.
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6.55-553 5.0kV 9.2mm x25.0k SE(M)

Fig. 12. FE-SEM micrographs of thick film prepared from N5 Paste
sintered at (a) 400°C, (b) 450°C, (c) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig. 13. Fraction of pores on thick film prepared from N5 Paste with

sintering temperature.
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Sheet resistivity (US2 cm)

400 450 500 550
Sintering temperature (C)

Fig 14. Sheet resistivity of thick film prepared from N5 Paste as a

function of sintering temperature.
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61-123 5.0kV x5.00k SE(M)

61-303 5.0kV x5.00k SE(M)

Fig. 15. FE-SEM micrographs of thick film prepared from N10 Paste fired
at (a) 120°C and (b) 300°C.
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354-503 3.0kV 8.3mm x5.00k SE(M L 354-553 3.0kV 8.3mm x5.00

A~

61553 3.0kV 12.8mm x30.0k SE(M)

Fig. 16. FE-SEM micrographs of thick film prepared from NI10 Paste
sintered at (a) 400°C, (b) 450°C, (¢) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig. 17 Fraction of pores on thick film prepared from NI10 Paste with

sintering temperature.
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Fig 18. Sheet resistivity of thick film prepared from N10 Paste as a

function of sintering temperature.
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Fig. 19. FE-SEM micrographs of thick film prepared from N20 Paste fired
at (a) 120°C and (b) 300°C.
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4
52553 3.0kV 12.9mm x30.0k SE(M)

Fig. 20. FE-SEM micrographs of thick film prepared from N20 Paste
sintered at (a) 400°C, (b) 450°C, (c) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig. 21. Fraction of pores on thick film prepared from N20 Paste with

sintering temperature
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Fig. 22. Sheet resistivity of thick film prepared from N20 Paste as a

function of sintering temperature.
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Table 9. The composition of silver paste with glass content

Microparticles
(Wt%) Nanoparticles Pb-free glass Vehicle
(Wt%) frit (wt%) (Wt%)
0.8 um 1.6 um
NOG3 Paste 24 46 0 3 27
N5G3 Paste 215 435 5 3 27
N5G6 Paste 215 435 5 6 24
N5G9 Paste 215 43.5 5 9 21
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Fig. 23. XRD pattern and FE-SEM micrograph of silver nanoparticles.
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Fig. 24. FE-SEM micrographs of thick film prepared from NOG3 Paste fired
at (a) 120°C and (b) 300°C.
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Fig. 25. FE-SEM micrographs of thick film prepared from NOG3 Paste
sintered at (a) 400°C, (b) 450°C, (c) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig 26. Fraction of pores on thick film prepared from NOG3 Paste with

sintering temperature.
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Sheet resistivity (U5 cm)
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Fig. 27. Sheet resistivity of thick film prepared from NOG3 Paste as a

function of sintering temperature.

_69_



FADY A, wAEA B2 A= dol AT T Ay FHelM = AL ETL
A AP A ol B2 V] Eo] BEREIUT.
Fig. 29+ N5G3 Paste® A ## $72 400-550°Col A 15&3F I 23 %

e #9S FE-SEMo =z #zd Aoty dAe] 257t A5 AFS silver

Z7F 2aekslth. 400°Col A dA 2§ N5G3 Pasted F9¢ 7% (Fig. 29(a)),
dee =FELETES A E NOG3 Pasted] WAlFxEG AL3s7F oS 2A

Agd A &+ dRen, a5 Fadego] ol A4 pool(dhtel o #

o
o
=
i)}

[\-)
°
o
!

Ach
Sh
e
°
e
2
ol
do
o,
i)
2

450°Cell Al EA 2 g 9o
silver }AkAbol = HF 5 Qlal, ol= I ixke] Aujd B EAFH| o
A™-stel] octo] mAl G HE AW AE A & 5 A[BT 500°C oA
ol A 45 (Fig. 29(c)¢ Fig. 29(d)) WAl 7= A %= NOG3 Paste®]
SR ARz ¥ AdgEdn. ol olfr= H7ME v silver YAHE

A& silver Y AFALol o] a1 F EAFE o] (Fig. 29(e)) AZA XA ZA] 283510] w]A



, NOG3 Paste® Al

V=
“

Il
SHAIA 7

sl

A

1

ke

3}

8|

S
=t

oA 3%E

silver ¢ #}9]

71E Yx silver YA =

=]
=

w

/61—

]

(0]
=

oF

=
aA. =

2ol et s

=1
=

AAH o2 w
2

Ux silver A7 &

1

0]
pal

7t

EAHRE ©EA7

=

2] &S of mhebA
2]

&

=

[e=]

ol AAFAR

=
=

7}
N5G3 Paste® A

o
==

[e]

fu

=
6.0 uQcm, 45 nQem, 3.0 uQem L)L 25 ulemo] ot

=

=

Fig. 31

450°C, 500°C L2} aL 550°C9]
7}

& dEbH AT

2] 9 5}

7}

o] 3} of

=

o]
¥
G

7]

g 31 =1 of

X
R

¢
oW

el
K

J)

_71_



syl

: D 2SWed
& S LS
mm x5.00k SE(M)

Fig. 28. FE-SEM micrographs of thick film prepared from Nb5G3 Paste fired
at (a) 120°C and (b) 300°C.
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8165-503 5.0kV 9.2mm x5.00k SE(M)

2.00um

Fig. 29. FE-SEM micrographs of thick film prepared from N5G3 Paste
sintered at (a) 400°C, (b) 450°C, (c) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Sintering temperature ('C)

Fig. 30. Fraction of pores on thick film prepared from N5G3 Paste with

sintering temperature.
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Sheet resistivity (U5 cm)

400 450 500 550
Sintering temperature (C)

Fig. 31. Sheet resistivity of thick film prepared from N5G3 Paste as a

function of sintering temperature.
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Fig. 32. FE-SEM micrographs of thick film prepared from NbG6 Paste fired
at (a) 120°C and (b) 300°C.
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816-556 5.0kV 10.2mm x25.0k SE(M)

Fig. 33. FE-SEM micrographs of thick film prepared from N5G6 Paste
sintered at (a) 400°C, (b) 450°C, (c¢) 500°C, (d) 550°C and (e) a high

magnification image of (d).
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Fig. 34. Fraction of pores on thick film prepared from N5G6 Paste with

sintering temperature.

_80_



Fig.

()]
T

Sheet resistivity (U5 cm)
N w = a

400 450 500 550
Sintering temperature ('C)

35. Sheet resistivity of thick film prepared from N5G6 Paste as a

function of sintering temperature.
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= E N AN

816-129 5.0kV 9.0mm x5.00k SE

Fig. 36. FE-SEM micrographs of thick film prepared from NbGY9 Paste fired
at (a) 120°C and (b) 300°C.
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( ; N W
816-459 5.0kV 9.0mm x5.00k SE(M)

10.0um

Counts

Element Atomic (%)
i Ag 51.01
Bi 48.99

Energy (V)

Fig. 37. FE-SEM micrographs of thick film prepared from N5G9 Paste
sintered at (a) 400°C, (b) 450°C, (c¢) 500°C, (d) 550°C, (e) a high

magnification image of (d) and (f) EDS analysis on the region, marked

with an asterisk, in picture of (e).
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Fig. 38. Fraction of pores on thick film prepared from N5G9 Paste with

sintering temperature.
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Sheet resistivity (US2 cm)
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Fig. 39. Sheet resistivity of thick film prepared from N5G9 Paste as a

function of sintering temperature.
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