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ABSTRACT: This study investigated the effects of dispersants on the electrical resistivity of silver pastes. The dispersants in the poly-
oxyethylene-p-(1,1,3,3-tetramethylbutyl) phenyl ethers system contain several polyethylene oxide (PEO) groups (), which are affect
the viscosity and electrical resistivity of the silver pastes. The morphologies of the cured silver pastes for different dispersants and dif-
ferent content were obtained by scanning electronic microscopy. In this study, octylphenol ethylene oxide condensate, poly(oxyethy-
lene) isooctylphenyl ether (X-100, the number of PEO groups was m = 9.5) has excellent ability to disperse silver particles. A loading
of 75 wt % of silver powder was used to prepare silver paste that contained 0.8 wt % of X-100. This paste had the lowest viscosity
and the lowest electrical resistivity of cured silver paste on the indium tin oxide (ITO) film and ITO glass, i.e., 5.52 X 10~> and 6.82

X 107° Q cm. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41183.
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INTRODUCTION

In recent years, highly conductive silver pastes have been used
extensively in indusity as electrodes in various products, i.e.,
solar cells,"* light emitting diodes (LEDs),” flat panel displays,*
touch panels,” capacitors,’ and dye-sensitized solar cells.” The
electrode was obtained very rapidly by conductive silver pastes
using screen printing through a patterned screen mask, and the
cured silver pastes had low electrical resistivity. A high-
performance, high-quality silver paste should provide several
beneficial features, such as good printability, fine line and high
aspect ratio, long screen life, solderability, and good electrical
and mechanical properties, including high adhesion and
reliability.

Most silver paste-based, conductive formulations have very high
silver particle loadings, i.e., 70-85 wt %. The use of high silver
particle loading in polymers can result in high viscosity and
poor dispensability of conductive pastes, causing the cured silver
pastes to have poor conductivity and poor adhesion for some
substances. Also, a significant amount of silver powder is con-
sumed, which increases the cost of the conductive paste. There-
fore, the kind and amount of dispersant are very important
considerations because of their potential effects on the homoge-
neity of the silver particles in the polymer. The desirable condi-
tions are a high concentration of silver particles with low

© 2014 Wiley Periodicals, Inc.
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viscosity in order to help prevent the agglomeration of the silver
particles in the polymer.

In this study, we used polyoxyethylene-p-(1,1,3,3-tetramethylbu-
tyl) phenyl ethers (Triton X system) surfactants as dispersants
for the silver particles. The Triton X system incorporates non-
ionic surfactants with both a hydrophilic polyethylene oxide
group and hydrophobic hydrocarbon groups as p-(1,1,3,3-tetra-
methylbutyl)-phenyl. The Triton X system’s surfactants possess
several important characteristics, including wetting, detergency,
superior hard surface, stabilization of coatings, metal cleaning,
and excellent emulsification performance, and they are offered
in a range of hydrophilic-lipophilic balances (HLBs) to match
specific wetting and dispersing requirements.® They are impor-
tant ingredients of primary emulsifier mixtures used in the
manufacture of emulsion polymers and stabilizers in latex poly-
mers. Therefore, the Triton X system’s surfactants can be
applied extensively in various fields. For example, poly-(oxy-
ethylene) isooctylphenyl ether (X-100) dispersant usually is used
to disperse inorganic powders, e.g., nano lead zirconate titanate
(PZT) powder,9 barium titanate nano powder (BaTiO;),"°
yttrium oxide/zirconium oxide (Y,O5/ZrO,) powders,ll slur-
ries,'”> multiwall carbon nanotubes (MWCNTs),">~!7 single-
walled carbon nanotubes (SWN'Ts),'®! and nanocrystal indium
tin oxide (ITO) particles.”® Other dispersants, such as tert-

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41183
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Figure 1. Structure of polyoxyethylene-p-(1,1,3,3-tetramethylbutyl) phenyl
ethers.

octylphenoxypoly(ethoxyethanol) (X-114), also are used to dis-
perse ZrQ, particles,”® yttria-stabilized zirconia (TZ-3Y) pow-
ders,”’ and phosphor.** X-100 also is used in the field of
biotechnology, such as its use in the separation of protein from
cell membranes® and extracting DNA.** In addition, the Triton
X system’s surfactants have polyethylene oxide groups that are
used to stabilize the nanoparticles.”> Due to the steric stabiliza-
tion of these particles in nonpolar solvents, van der Waals
attractions are substantially screened and a steep steric repulsion
is introduced between the particles at contact, which avoids
agglomeration.”®

In this study, we used saturated polyester resin as the polymer
matrix because of its excellent properties of mechanical, chemi-
cal, and electrical stability. It also has excellent flexibility
strength, which makes it useful as an electrical conducting
material in the form of flexible substrates. The electrodes of a
touch panel usually are prepared by screen printing the silver
paste on to an ITO film or an ITO glass. In addition, we found
that Triton X dispersants had not yet been used to disperse sil-
ver particles. Therefore, the aims of this study were to deter-
mine how to prepare silver paste and to investigate the effects
of the cured silver pastes on the electrical resistivity when differ-
ent contents of Triton X dispersants were used.

EXPERIMENTAL

The silver powder was supplied by Thin Tech Materials Technol-
ogy, Tawian. The average particle size (D,,) was 2.14 um, the
tap density was 5.54 g cm’, the mass—median—diameter (Ds)
was 1.87 um, specific surface area was 0.68 m*> g~ ', and the

100
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50 T 4_34%3'6 T I T | T

4000 3000 2000
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Figure 2. FTIR spectrum of silver particles.
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Figure 3. Sedimentation behavior of different types of dispersants.

powder contained 0.6% of gluconic acid to protect the silver
particles from being oxidized.

The sheet resistance of the ITO film was 600 = 100 Q/[], and its
thickness was 197 = 20 pm. The sheet resistance of the ITO glass
was 500 Q/[], and its thickness was 1.1 mm, including an ITO
coating that ranged in thickness from 200 to 400 nm. These prod-
ucts were purchased from EFUN Technology, Taiwan, and Uni-
onward, Taiwan, respectively. The saturated polyester resin (ES-
100) was provided by Chia Chung, and its solids content with
30% in the n-butyl glycidyl ether solvent. Trixene BI 7960 as hard-
ness was a blocked isocyanate based on hexamethylene diisocya-
nate (HDI) biuret. The dibutyltin dilaurate (DBTDL), which was
used as an accelerating agent, was supplied by An Fong Develop-
ment, Taiwan. The n-butyl glycidyl ether solvent was provided by
ACR Tech, Taiwan. Disponer 9250 (solution of a copolymer with
acidic groups) and NUOSPERSE® FA196 (anionic disperant)
were supplied by Elementis Specialties, Taiwan.

The Triton X dispersants consisted of polyoxyethylene-p-
(1,1,3,3-tetramethylbutyl) phenyl ethers, as shown in Figure 1,
and they had different numbers of PEO groups (m). In this
study, we used various dispersants, such as 4-(1,1,3,3-tetrame-
thylbutyl)phenyl-polyethylene glycol, polyethylene glycol 4-tert-
octylphenyl ether, (X-45, m = 4.5); tert-octylphenoxypoly(ethox-
yethanol), (X-114, m = 7.5); octylphenol ethylene oxide conden-
sate, poly(oxyethylene) isooctylphenyl ether, (X-100, m=9.5);
octylphenol ethoxylate, (X-165, m = 16); 2-[4-(2,4,4-trimethyl-
pentan-2-yl) phenoxy] ethanol, (X-305, m = 30); and polyethyl-
ene glycol tert-octylphenyl ether (X-405, m=35). All of the
dispersants were purchased from Dow Chemical Company.

Preparation of Silver Paste

The silver paste was prepared by using 24.2 wt % of resin solu-
tion (containing 100 g of ES-100, 20 g of BI7960, and 0.13 g of
DBTDL) and 0.8 wt % of various types of dispersants. The mix-
tures were stirred for 1 h and then 75 wt % of silver powder
and 4 mL of n-butyl glycidyl ether were added via five millings
in a milling process using a triple-roller mill (EXAKT,

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41183
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Figure 4. Schematic illustration of Triton X system surfactants being absorbed on silver particles. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Germany) to form conductive silver paste. The curing of all sil-
ver pastes was conducted at 140°C for 40 min. The conductive
films were formed after heating.

Analysis of the Characteristics of Silver Paste

The silver paste was printed using a 400-mesh, stainless-steel
screen with an emulsion buildup (thickness of 12 pm) mounted
on a frame that measured 24.3 X 29.7 cm. The partten area
measured 1.5 X 2 cm. The pattern was printed in the forward
direction only using a squeegee that had a durometer hardness
of 80. The pattern was used to measure the electrical resistivity
of the cured silver pastes using a four-point probe instrument
manufactured by Ever Being International Corporation. The
electrical resistivity, p, was calculated as follows:

\4

where ¢ is the thickness of the film, V'is the voltage, and I is the
DC electric current supplied by a power supply (Tektronix,
DMM40506-1/2 Digit Precision Multimeter). The microstruc-
tures of the cured silver pastes were observed by JEOL JED
2300 field emission scanning electronic microscopy (SEM). The
viscosities of the silver pastes were measured by a rheometer
(Kinexus Pro) from Malvern. The experiments were conducted

1000

100

Viscosity (Pa-s)

1 T T T 1T T

0.1 1 10 100
Shear rate (1/s)

Figure 5. Viscosity of different m of Triton X dispersants.
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with a cone and plate geometry (diameter: 40 mm; angle: 4°;
truncation: 54 pm).

The sedimentation behavior was examined for all suspensions
that contained different types of dispersants.”> A 10 g of ES-100
resin was mixed with 0.3 g of various dispersants and 0.2 g of
silver powder, and the mixture was poured into a 10-mL grad-
uated cylinder. The mixture was allowed to stand for some
time, and the height of the precipitate was observed during the
standing time. First, the initial suspension height (h,) and the
sedimentation height (h) after different times were measured.
The sedimentation coefficient for each sample was calculated
using the equation S = h/hj.

RESULTS AND DISCUSSION

Effect of Dispersant Types on Sedimentation Behavior

The sedimentation coefficient (S value) of sedimentation behav-
ior indicates the powder’s characteristics with respect to the for-
mation of well-dispersed, highly stable suspensions. This
information helped us eliminate dispersants that did a poor job
of dispersing the silver particles. In this study, the silver par-
ticles contained 0.6% of gluconic acid to protect the silver par-
ticles from being oxidized. Figure 2 shows the FTIR spectra that
were recorded for the silver particles. The peak at 3433.6 cm ™'
was very broad and strong, and it was assigned to the hydroxyl
group (—OH), either from the gluconic acid, adsorbed moisture,
or both. The peak at 2926 cm ™' was due to the aliphatic C—H
stretching; the peak at 1636 cm™ ' was assigned to the § (O—H)
bending of water; the peak at 1385 cm™' was due to C—H
bending vibrations; and the peak at 1119 cm ™" corresponded to
the —C—O—C stretching vibration in the glucose bonds. The
band at 1051 cm™' was attributed to C—O stretching in the
C—OH groups of the gluconic acid, indicating that gluconic
acid was contained in the silver particles; the band at 841 cm ™'
was attributed to the stretching vibrations of the entire glucose
ring. The gluconic acid was bound to the surfaces of the partic-
ulate silver atoms through its oxygen atoms.”” The coordination
of the oxygen atoms of the gluconic acid to the silver particles
allows for a particle that has more stable functional hydroxyl
groups.”®

Figure 3 shows how the different types of dispersants affected
the sedimentation behavior of the silver particles. Figure 3

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41183
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Figure 6. Electrical resistivity of different Triton X dispersants: (a) ITO film; (b) ITO glass.

presents data for the following combinations: 2.0 wt % of silver
powder mixed with 3.0 wt % of Disponer 9250; 3.0 wt % of
anionic dispersant FA196; and 3.0 wt % of nonionic disperant
X-100 in 95.0 wt % of ES-100. The results indicated that the sil-
ver particles made with X-100 dispersant had the highest S
value, followed by the silver particles made without dispersant
(blank). Based on the sedimentation experiments that lasted 4
days, the silver particles that were made using Disponer 9250
and FA196 had an S value that was lower than that of the blank
which means that the silver particles produced agglomeration.
The major reason the blank had a good S value was the 0.6% of
gluconic acid that was coated on the silver particles, providing a
part of the steric stabilization between the silver particles,*
allowing them form a good dispersion in the resin. Disponer
9250 is a copolymer solution with acidic groups that easily pro-
duced flocculation to contain hydroxyl groups on the silver par-
ticles. The anionic disperant FA196 has poorer dispersion of the
silver particles than X-100 in the polyester. A major reason for
this was that the anionic disperant FA196 produces a negative
charge that cannot form steric stabilization for the silver par-
ticles. However, X-100 can form steric stabilization for the silver
particles. Since the silver particles contained 0.6% of gluconic
acid to protect the silver particles from being oxidized, the
surfaces of the silver particles were hydrophilic. The interaction
between the hydrophilic hydroxyl groups on the silver particles
and the hydrophilic PEO groups of X-100 dispersant is a contri-
bution from its hydroxyl end-groups, which probably occurs by
anchoring through the etherification®® reacted on silver par-
ticles, owing to the formation of ether,’’ as shown in Figure 4.
The hydrophobic hydrocarbon (p-(1,1,3,3-tetramethylbutyl)-
phenyl) groups facing the polyester make the original hydro-
philic surface of the silver particles become hydrophobic as the
moiety stabilizes the silver particles, providing effective steric
stabilization to overcome the large van der Walls forces among
the silver particles, thereby improving their dispersion effect.

As a result, the interfacial tension between the silver particles
and polyester is reduced, which separates the silver particles
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from the polyester and hinders association of the silver particles.
The hydrophilic PEO groups in the silver paste that are
adsorbed on the surfaces of the silver particles form a brush-
like layer and generate steric hindrance among the silver par-
ticles, making them become well dispersed in the resin.

Effect of the Different Ethylene Oxide Groups of Triton X
Dispersants

Triton X dispersants contain different lengths of polyethylene
oxide chains based on the value of m, and all have the same
hydrophobic octylphenyl (OP) terminus, which can affect the
viscosity of the silver paste and the electrical resistivity of the
cured silver paste. The silver pastes were prepared by mixing
75 wt % of silver particles with 24.2 wt % of ES-100 and 0.8
wt % of various Triton X dispersants, including X-45, X-114,
X-100, X-165, X-305, and X-405. The viscosities of the silver
pastes are shown in Figure 5. The results indicated that the use
of X-100 dispersant in preparing conductive silver paste
resulted in the lowest viscosity, meaning that X-100 was the
most effective at dispersing the silver particles in the polyester.
This was because 9.5 PEO groups on X-100 were adsorbed on
the surfaces of the silver particles in the conductive silver paste,
forming a thicker, brush-like layer and generating steric hin-
drance among the silver particles. The greater distances between
the core particles resulted in the lowest viscosity. When the sil-
ver paste contained m<9.5 of X-45 and X114 dispersants,
respectively, higher viscosities were produced because fewer
PEO groups were adsorbed on the surfaces of the silver at
same weight ratio, and insufficient steric hindrance was gener-
ated, leading to unstable suspensions. When the silver paste
contained m > 9.5 of the dispersants (such as X165, X-304, and
X-405), the viscosities also were greater because these silver
pastes had excessive PEO groups, which increased the thickness
of the adsorbed layers and resulted in entanglements among
the excess PEO groups in the resin. Our results were consistent
with those reported by Xu et al.>> who reported that excess dis-
persant led to higher viscosity, especially when the solid loading
was high.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41183


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

Figure 7. SEM images of 0.8 wt % of various Triton X dispersants, i.e.:

Figure 6 shows the electrical resistivity of the cured silver pastes
coated on the ITO film and ITO glass. Figure 6 shows that,
when the cured silver pastes that had m<9.5 of dispersant,
such as X-45 (m=4.6) and X-114 (m=7.5), were coated on
ITO films and ITO glass, they had the largest electrical resistiv-
ity, i.e., 8.58 X 107° and 9.36 X 107> Q c¢m and 7.97 X 10>
and 6.95 X 107° Q cm, respectively. For X-100 (m =9.5), the
electrical resistivities were the lowest on the ITO films and ITO
glass, ie, 552 X 107° and 6.82 X 10> Q cm, respectively.
That means the X-45 and X-114 dispersants did not do a good
job of dispersing the silver particles, and their heterogeneous
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(a) X-45, (b) X-114, (c) X-100, (d) X-165, (e) X-305, and (f) X-405.

distributions resulted in the cured silver pastes having greater
electrical resistivities. When the cured silver pastes contained
m>9.5 of the dispersants, such as X-165 (m=16), X-305
(m=130), and X-405 (m = 35), the electric resistivities of the
cured silver pastes increased as the value of m increased for the
dispersants. Since the viscosities of the silver pastes increased as
the value of m increased, the resulting poor dispersion caused
the cured silver pastes to have greater electrical resistivities. In
addition, the PEO groups were nonconductors, so the existence
of greater numbers of PEO groups on the surfaces of the silver
particles meant that there was greater resistance to the flow of
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Figure 8. Viscosities of the silver pastes with different contents of the X-
100 dispersant.

electricity, i.e., higher electrical resistivity. Therefore, the X-100
dispersant had a suitable amount, i.e., m = 9.5, which provided
good dispersion properties for the silver particles, thereby
decreasing the viscosity of the conductive silver paste and pro-
viding low electrical resistivity of the cured silver paste.

The voids were provided by the evaporation of the solvents and
dispersants when the silver pastes were cured at 140°C. The
voids that existed in the cured silver paste also were impedi-
ments to electrical conduction since all of the compositions had
the same amount of solvent. Therefore, we did not consider the
effect of the solvent. Figure 7 shows the SEM images of the
void distributions in the cured silver pastes for various Triton X
dispersants. Figure 7(a—c) show that the cured silver pastes
made with X-45 and X-114 had more voids than those made
with X-100 dispersant because X-100 had a higher boiling point
(270°C) than X-45 (200°C) and X-114 (177°C). When the con-
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ductive silver pastes were cured at 140°C, the dispersants with
higher boiling points were discharged slowly from the paste,
forming fewer or smaller voids in the cured silver pastes; thus,
they had lower electrical resistivity. When the conductive silver
pastes contained X-165, X-305, and X-405 dispersants, larger
voids existed in the cured silver pastes, as shown in Figure 7(d—
f). This was due to the fact that X-165, X-305, and X-405 dis-
persants had the same boiling point, i.e., 101°C, which was
lower that the curing temperature of 140°C, so when silver
paste cured, the lower boiling point dispersants were discharged
rapidly from the paste, making more and larger voids, resulting
in their having higher electrical resistivities.

Effect of Different Content of X-100 Dispersant

The conductive silver pastes that contained X-100 dispersant
produced the cured silver pastes that had the lowest electrical
resistivity. Therefore, we investigated the effects of different con-
tents of the X-100 dispersant on the electrical resistivity of the
pastes. The silver pastes were prepared by mixing 75 wt % of
silver particles with different amounts of X-100, i.e., 0.5, 0.6,
0.7, 0.8, and 0.9 wt %. Figures 8 and 9 show the viscosities of
the conductive silver pastes and the electrical resistivities of the
cured silver pastes on ITO film and ITO glass, respectively. The
results indicated that the blank paste coat on the ITO film and
ITO glass resulted in the largest electrical resistivities, i.e., 9.1 X
1072 and 1.14 X 10" Q cm, respectively. This was because the
blank had the highest viscosity, and the silver particles were eas-
ily aggregated in the conductive silver paste and produced a het-
erogeneous phase, as shown by the images of the top surface
and the cross-sectional areas of the cured silver paste in Figure
10(a,b). In addition, Figures 8 and 9 show that both the viscos-
ities of the silver pastes and the electrical resistivities of the
cured silver paste decreased as the content of the X-100 dispers-
ant increased below 0.8 wt %, which caused the number and
sizes of voids in the cured silver pastes to decrease as shown in
Figure 10(c-h). In addition, agglomerates readily formed when
insufficient amounts of dispersant were added; under these
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Figure 9. Electrical resistivities of the cured silver pastes with different contents of X-100 dispersant when applied to (a) ITO film; (b) ITO glass.
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Figure 10. Top surface and cross-sectional SEM images of silver pastes with various contents of X-100 dispersants: (a) and (b) blank; (c) and (d) 0.5 wt
%; (e) and (f) 0.6 wt %; (g) and (h) 0.7 wt %; (i) and (j) 0.8 wt %; (k) and (1) 0.9 wt %.

conditions, van der Waals’ forces dominated the interaction  ates.>®> However, Figure 10(e,f) show that the cured microstruc-
between the silver particles, and the applied shear resulted in  ture of 0.6 wt % X-100 had fewer voids and larger silver grains,
significant thinning due to the breakdown of the agglomer-  but some of the larger silver particles were distributed in the
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Figure 10. Continued.

middle of sample, and some of the smaller silver particles were
distributed throughout the side of sample, which facilitated the
flow of electricity through the nonhomogeneous form, i.e., giv-
ing it greater electrical conductivity. The silver paste that con-
tained 0.8 wt % of the X-100 dispersant had the lowest
viscosity, and Figure 10(i,j) show that less voids were formed in
the cured silver paste, resulting in the lowest electrical resistivity
of the two surfaces, i.e., 552 X 107> and 6.95 X 107> Q cm,
respectively. When the content of the X-100 dispersant in the
conductive silver pastes was increased to 0.9 wt %, the disper-
sion properties were degraded, causing the conductive cured sil-
ver paste on the ITO film and ITO glass to have more voids, as
shown in Figure 10(k,1), and this resulted in their having higher
electrical resistivities, i.e., 7.19 X 10> and 8.04 X 10> Q cm,
respectively. This occurred because the conductive silver pastes
that contained excess dispersant also contained excess PEO
groups adsorbed on the surfaces of the silver particles, forming
more entanglements that resisted the conduction of electricity.

CONCLUSIONS

In this study, the Triton X dispersants dispersed the silver par-
ticles most effectively when there was a high loading of 75 wt %
of silver particles in the conductive silver paste. This was due to
the fact that the molecular structures of the Triton X dispersants
contained hydrophilic PEO groups that were absorbed on the
hydrophilic surfaces of the silver particles through hydrophilic
interaction and hydrophobic hydrocarbon groups. The hydro-
phobic hydrocarbon groups face the polyester as the moieties
stabilize the silver particles, providing steric stabilization. When
the value of m was less than 9.5, the Triton X dispersants did
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not disperse the silver particles very well, causing the cured sil-
ver pastes to have higher electrical resistivities. Dispersants that
had an m value greater than 9.5 allowed more PEO groups to
be absorbed on the surfaces of silver particles. These groups
resist the flow of electricity in the cured silver paste, thereby
giving it a higher electrical resistivity. Therefore, when the num-
ber of PEO groups (m) of X-100 dispersant was 9.5, good dis-
persion of the silver particles occurred, decreasing the viscosity
of the conductive silver paste and decreasing the electrical resis-
tivity of the cured silver paste. For conductive silver pastes that
contained 0.8 wt % or less of the X-100 dispersant, the viscosity
of conductive silver paste and electrical resistivity of the cured
silver paste decreased as the content of X-100 dispersant
increased. When the conductive silver paste contained 0.8 wt %
of the X-100 dispersant, the cured silver paste had the lowest
electrical resistivity for ITO film and ITO glass, i.e., 5.52 X
107> and 6.82 X 107> Q cm, respectively.
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