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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Polymers for Microelectronics
Guest Editors:  Dr Brian Knapp (Promerus LLC) and 

				      Prof. Paul A. Kohl (Georgia Institute of Technology)

VOLUME 131 | ISSUE 24 | DECEMBER 15, 2014

WILEYONLINELIBRARY.COM/APP

SPECIAL ISSUE: POLYMERS FOR MICROELECTRONICS

VOLUME 131 | ISSUE 24 | DECEMBER 15, 2014

WILEYONLINELIBRARY.COM/APP

SPECIAL ISSUE: POLYMERS FOR MICROELECTRONICS

http://onlinelibrary.wiley.com/doi/10.1002/app.41233/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41233/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40169/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40169/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40795/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40795/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40795/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40798/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40798/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40229/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40229/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40936/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40936/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40936/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40412/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40412/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40412/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40914/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40914/abstract
onlinelibrary.wiley.com/doi/10.1002/app.41055/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41055/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40201/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40201/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41097/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41097/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40179/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40179/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40828/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40828/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40351/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.40351/abstract


Development of polynorbornene as a structural material for microfluidics 
and flexible BioMEMS
A. E. Hess-Dunning, R. L. Smith, and C. A. Zorman, J. Appl. Polym. Sci. 
2014, DOI: 10.1002/app.40969

A thin film encapsulation layer fabricated via initiated chemical vapor 
deposition and atomic layer deposition
B. J. Kim, D. H. Kim, S. Y. Kang, S. D. Ahn, and S. G. Im, J. Appl. Polym. Sci. 
2014, DOI: 10.1002/app.40974

Surface relief gratings induced by pulsed laser irradiation in low glass-
transition temperature azopolysiloxanes
V. Damian, E. Resmerita, I. Stoica, C. Ibanescu, L. Sacarescu, L. Rocha, and 
N. Hurduc, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.41015

Polymer-based route to ferroelectric lead strontium titanate thin films
M. Benkler, J. Hobmaier, U. Gleißner, A. Medesi, D. Hertkorn, and T. Hanemann, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40901

The influence of dispersants that contain polyethylene oxide groups on the electrical resistivity of silver paste
T. H. Chiang, Y.-F. Chen, Y. C. Lin, and E. Y. Chen, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.41183

Quantitative investigation of the adhesion strength between an SU-8 photoresist and a metal substrate by scratch tests
X. Zhang, L. Du, and M. Zhao, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.41108

Thermodynamic and kinetic aspects of defectivity in directed self-assembly of cylinder-forming diblock copolymers in laterally 
confining thin channels
B. Kim, N. Laachi, K. T. Delaney, M. Carilli, E. J. Kramer, and G. H. Fredrickson, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40790

MANAGING EDITOR

Stefano Tonzani

ASSOCIATE EDITOR

Hilary J. Crichton

ASSISTANT

MANAGING EDITORS

Nesty Diaz
Maria Monte

PRODUCTION EDITORS

Cecilia Banzon
Glenn Beck

FOUNDING EDITOR

Herman F. Mark

CONSULTING EDITOR

Eric Baer

EXECUTIVE EDITORS

Subramanian Iyer
Eastman Chemical Company
Advanced Polymer Engineer
100 Lincoln Street
Kingsport, TN 37660, USA

Brian Knapp
PROMERUS LLC
9921 Brecksville Road
Brecksville, OH 44141, USA

Sergei Nazarenko
The University of Southern
Mississippi, School of Polymers and
High Performance Materials
118 College Drive
MB #10076
Hattiesburg, MS 39406-0001, USA

Mark A. Schubert
Energizer Battery Company
25225 Detroit Road
Westlake, OH 44145, USA

EDITORIAL BOARD

Rameshwar Adhikari
Tribhuvan University
Kirtipur, Kathmandu, Nepal

Rigoberto Advincula
University of Houston
Houston, TX, USA

Ann-Christine Albertsson
KTH Royal Institute of Technology
Stockholm, Sweden

T. M. Aminabhavi
Karnatak University
Dharwad, India

F. J. Balta-Calleja
Instituto de Estructura de la
Materia, CSIC
Madrid, Spain

Amar Nath Banerjee
University of Calcutta
Calcutta, India

David Benko
The Goodyear Tire & Rubber Co.
Akron, OH, USA

Anil Bhowmick
Indian Institute of Technology
Kharagpur, India

Bret J. Chisholm
GE Corporate Research
and Development
Niskayuna, NY, USA

Neal Chung
National University of Singapore
Singapore

Robert E. Cohen
Massachusetts Institute of
Technology
Cambridge, MA, USA

Antonio M. Cunha
Universidade do Minhoh-Azurem
Guimaraes, Portugal

Mohamed S. El-Aasser
Lehigh University
Bethlehem, PA, USA

Antonio Facchetti
Northwestern University
Evanston, IL, USA

Lionel Flandin
Universit�e de Savoie
Le Bourget-du-lac, France

Andrzej Galeski
Polish Academy of Sciences
Sienkiewicza, Poland

Sophie M. Guillaume
Universit�e de Rennes
Rennes, France

Atsushi Hotta
Keio University
Yokohama, Japan

Avraam I. Isayev
The University of Akron
Akron, OH, USA

Robert Jerome
University of Liège
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The Influence of Dispersants that Contain Polyethylene Oxide Groups
on the Electrical Resistivity of Silver Paste
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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 (m), 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 5 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 3 1025 and 6.82

3 1025 X cm. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41183.

KEYWORDS: composites; properties and characterization; surfactants; viscosity and viscoelasticity
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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,1,2 light emitting diodes (LEDs),3 flat panel displays,4

touch panels,5 capacitors,6 and dye-sensitized solar cells.7 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

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.8 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 (BaTiO3),10

yttrium oxide/zirconium oxide (Y2O3/ZrO2) powders,11 slur-

ries,12 multiwall carbon nanotubes (MWCNTs),13–17 single-

walled carbon nanotubes (SWNTs),18,19 and nanocrystal indium

tin oxide (ITO) particles.20 Other dispersants, such as tert-

VC 2014 Wiley Periodicals, Inc.
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octylphenoxypoly(ethoxyethanol) (X-114), also are used to dis-

perse ZrO2 particles,20 yttria-stabilized zirconia (TZ-3Y) pow-

ders,21 and phosphor.22 X-100 also is used in the field of

biotechnology, such as its use in the separation of protein from

cell membranes23 and extracting DNA.24 In addition, the Triton

X system’s surfactants have polyethylene oxide groups that are

used to stabilize the nanoparticles.25 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.26

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 (Dav) was 2.14 mm, the

tap density was 5.54 g cm23, the mass–median–diameter (D50)

was 1.87 mm, specific surface area was 0.68 m2 g21, and the

powder contained 0.6% of gluconic acid to protect the silver

particles from being oxidized.

The sheet resistance of the ITO film was 600 6 100 X/�, and its

thickness was 197 6 20 mm. The sheet resistance of the ITO glass

was 500 X/�, 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
VR

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 5 4.5); tert-octylphenoxypoly(ethox-

yethanol), (X-114, m 5 7.5); octylphenol ethylene oxide conden-

sate, poly(oxyethylene) isooctylphenyl ether, (X-100, m 5 9.5);

octylphenol ethoxylate, (X-165, m 5 16); 2-[4-(2,4,4-trimethyl-

pentan-2-yl) phenoxy] ethanol, (X-305, m 5 30); and polyethyl-

ene glycol tert-octylphenyl ether (X-405, m 5 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,

Figure 1. Structure of polyoxyethylene-p-(1,1,3,3-tetramethylbutyl) phenyl

ethers.

Figure 2. FTIR spectrum of silver particles.

Figure 3. Sedimentation behavior of different types of dispersants.
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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 mm) mounted

on a frame that measured 24.3 3 29.7 cm. The partten area

measured 1.5 3 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, q, was calculated as follows:

q54:532t
V

I
;

where t 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

with a cone and plate geometry (diameter: 40 mm; angle: 4�;
truncation: 54 mm).

The sedimentation behavior was examined for all suspensions

that contained different types of dispersants.25 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 (h0) and the

sedimentation height (h) after different times were measured.

The sedimentation coefficient for each sample was calculated

using the equation S 5 h/h0.

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 cm21

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 cm21 was due to the aliphatic CAH

stretching; the peak at 1636 cm21 was assigned to the d (OAH)

bending of water; the peak at 1385 cm21 was due to CAH

bending vibrations; and the peak at 1119 cm21 corresponded to

the ACAOAC stretching vibration in the glucose bonds. The

band at 1051 cm21 was attributed to CAO stretching in the

CAOH groups of the gluconic acid, indicating that gluconic

acid was contained in the silver particles; the band at 841 cm21

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.27 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.28

Figure 3 shows how the different types of dispersants affected

the sedimentation behavior of the silver particles. Figure 3

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.]

Figure 5. Viscosity of different m of Triton X dispersants.
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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,29

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 etherification30 reacted on silver par-

ticles, owing to the formation of ether,31 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

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.32 who reported that excess dis-

persant led to higher viscosity, especially when the solid loading

was high.

Figure 6. Electrical resistivity of different Triton X dispersants: (a) ITO film; (b) ITO glass.
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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 5 4.6) and X-114 (m 5 7.5), were coated on

ITO films and ITO glass, they had the largest electrical resistiv-

ity, i.e., 8.58 3 1025 and 9.36 3 1025 X cm and 7.97 3 1025

and 6.95 3 1025 X cm, respectively. For X-100 (m 5 9.5), the

electrical resistivities were the lowest on the ITO films and ITO

glass, i.e., 5.52 3 1025 and 6.82 3 1025 X 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

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 5 16), X-305

(m 5 30), and X-405 (m 5 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

Figure 7. SEM images of 0.8 wt % of various Triton X dispersants, i.e.: (a) X-45, (b) X-114, (c) X-100, (d) X-165, (e) X-305, and (f) X-405.
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electricity, i.e., higher electrical resistivity. Therefore, the X-100

dispersant had a suitable amount, i.e., m 5 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-

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 3

1025 and 1.14 3 1024 X 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

Figure 8. Viscosities of the silver pastes with different contents of the X-

100 dispersant.

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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conditions, van der Waals’ forces dominated the interaction

between the silver particles, and the applied shear resulted in

significant thinning due to the breakdown of the agglomer-

ates.33 However, Figure 10(e,f) show that the cured microstruc-

ture of 0.6 wt % X-100 had fewer voids and larger silver grains,

but some of the larger silver particles were distributed in the

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 (l) 0.9 wt %.
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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., 5.52 3 1025 and 6.95 3 1025 X 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,l), and this resulted in their having higher

electrical resistivities, i.e., 7.19 3 1025 and 8.04 3 1025 X 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

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 3

1025 and 6.82 3 1025 X cm, respectively.
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