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## 5072261723 : MAJOR CHEMISTRY
KEYWORDS : SILVER NANOPARTICLES / CONDUCTIVE INK / SINTERING

ROOM-TEMPERATURE-

SILVER NANNOPARTICLES.
TONG.EKGASIT, PH.D., THESIS CO-

”‘*“m (MM ACHAROEN, 55 pp.

eveloped for stamp printing,

; ung Condoch via a conductive pen. The

conductive silver il wad syhtlic<ized By’ thet ‘“ ion of silver salt solution with
sodium borohygifde. Jhe ¢ ilver \ s were highly concentrated
and highly stabilizeff’ ‘ he Silber ink was dilute to 1 ppm, the
topographic image frog at lic force mie né (AFM\shoWed silver particles size in the
pevtr, elkuctive ink (100,000 ppm) was
deposited and dried of ndition, the average size of silver
particles 100 nm. Sifver Adubpatiicies’e 3 be the larger particles at room
temperature. After conductiye’silve u k| sited and dried on substrate, the high
silver load an#sig ducy . The silver ink could
be applied ';-,”  — —— . — s s S\ A s = et film and paper without
deforming oS fver film could be improved
by thermal treatmgnt or by mechanical rubbing. 4 |I

s
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range of 5-30 nm. H
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dermerly designed for writing
and repairing, e pplied for fabricating
electrical circuit °f 'v_e silver ink was made

al technique such as

Silvér pow th Nhaixed with binder (e.g.

hydrocarbon compouyfid ,ﬂ_vf" Bloyiflg as' conductive silver ink.
\dictive hah 60-80 % (W/V) because

Ibe contacted and became a

o

However, silver cg f conguctive linkawvas \ [
when it dried on a|gibstjatesSHver-p: 0

 f sdnbrndd o
conductive silver line [6-8] "===

: iﬁir)nanoparticles with
)
\fry fine conductive

pattern and a tﬂm » high concentration of silver
= 11
nanoparticles Id not show conductive property becad‘su‘ the stabilizer protect

against aggregatiﬁ Hanoparticles. SiIver”oparticleS were shown conductive

HUSINSNINY NI
were the I togethel HoweMer §sifiter henon n il siivdr n@Roparticles

depe”ed on the size of particles‘;o-ll]. Smaller size of silver particles leaded to

QRIRA TRV Ta Y



In this work, method for synthesizing high concentration of silver
nanoparticles that had the lowest concentration of stabilizer for using as conductive

printing, drop=

The objectjfes ¢ 8 (0 dove ethods for synthesizing

small silver nanéPartigles @, lications eliye Stlver ink.

1. Developing a-iovi hod esizing silver nanoparticles as
2. % s : fects izer—coneentration on the size of
ol 1)

synhthes ot

- '
3. Analyzing the influence of concentration of sil@] nanoparticles on the

smternv Enomenon at room tem rature.

RBINENINGINT
AN TUAMINYAE



research and industrial

application, atio. and size-dependent

properties. Silver lhications in different area

Rance Q"'._; ationt [13], optical sensor

[14-15], antibacteffa L6- @.’w- duct derialifs-10].
%
AL

of science s

yagold, stlver, ‘. d copper) exhibit a strong
fithe \ ctrum of the bulk metal. This
bton frequency is resonant with the
and is known as the localized

e@onment of metal

_ }ctromagnetic field

enhancement @ th : ed mh extinction efficiency
of nanoparticlessresponsible for the intense signals. '

- PT * A—
t si I S t t derature or
Qﬁm?ﬁ 1AW N) (01D W
parti

s, forming mterconnectlorw(necklng) between Rartlcles This pheno egon

q WASNTTS UNNINYINY

employed as conductive ink or conductive paste for electronic circuit fabrication.

collective oscillation of=the=i

surface p@ 0

nanoparticl@



Then, the developments of synthesis methods for silver nanoparticles have
been explored in order to control size and shape of particles [20-21]. There are many

methods to synthesis silver nano r c s. In general, the synthesis methods are

classified into two approache d “top -down” approaches. Bottom-up
C or building up the desired

nano-objects. Top-dewiisapproa |aI can be broken up and

Physical propertles eadependent on the arranged structure
of materia nd/ St g i asing system, the

arrangement. and-defection—in-—the-structure-become-changing se that nanoparticles

have a ver "'-.-I_L : gh'Surface to volume ratio

—— '
in nanostructu‘ﬁ eads to € atalytic qﬂfrials and antibacterial

materials.

ﬁummmwmm

n metal nanopartlcles the optical property is associated with unusual electron

PRI N R

|s et
ousfadso
energy gap which leads to discrete- |ke energy evel of absorption.




The interaction between electrons around the particles and photons are resulted
in electronic and/or vibration excitation. The collective excitation leads to the

oscillating of delocalized conductiongelgecirons. The excitation of conduction electrons

is conventionally considered’ | agmon. When the photon frequency

resonates with the osci .CO el in the metal nanoparticles, the
frequency is called theslsags 3 7 emance (LSPR) frequency. The
LSPR depends on SIze, sﬁ ) APOSiIt articles interparticles spacing and

g ) .‘i‘ " " . . .
nanoparticles . oy \Fhesextifetior ensity of nanoparticles
) ] 0 W S . .
consists of two " Addscatiening 1t sEor spherical particles,

The melting temperature depression: ta.the high surface area to volume ratio

in nanoparticles i ize_become very small. The

Nas ’o sidered within the

v Q\pjnsideration [25].

dependence

two modelsythé
-
ii)

1. Thermodynamic consideration

uﬂ tiul EJ% Elmel |rﬂ ointifor small
s but also help us to understand the process of the surface melting. The

transition from solid to liquid as th§ temperature mcreﬂ will start at the sur cg of

q Wfi] aSNInisRIINYIRY

of the system. Supposed that a small solid spherical particle with radius, r, is at
thermal equilibrium with surrounding liquid shell. The infinitesimally small outer

layer of the solid particles melts such that a mass dw of the material change from solid



to liquid phase. The change in the mass of particle and its size will result in an
infinitesimally small reduction of the particles surface area, dA. The relationship

between dw and dA in spherical part‘llyre as follows:

(2.1)
where p is the densi rium. The energy balance
associated wi

(2.2)

where AU is theffhangk o |nter ange of entropy per unit

mass of a metal durigé a':"’f @ tefisiontgoefficient for a liquid-solid

interface, and 6 #is ,t melting-tempe e of I"\: articles. In case of bulk

material, it does not c@htaid #HESE -':,-r-‘r e

(2.3)

(2.4)

where T_(0)is thee‘neltmg temperature of bulk material, L is the latent heat of fusion,

ﬁtwﬁf’? mvr'mmm“m

In case of gold nanoparticles when the size of gold is approximately 1 nm, the

melting temperature is about 900 K which lowers than its bulk value (1,337.33 K).



2. Atomic vibration consideration

rticles can be understood in terms of the

The melting behavior of small

(2.6)

The in

at the surface.

itude of oscillation of atoms
u yStal structure of solid and
\ i, "the amplitude of vibration at

given temperaty ighept nat of | h e, vollime of the particles. This

effect can be descri g'ratio’c !‘ St :"‘n_\ oM @lisplacement on the surface,

5. and inside of the parfitles 5 it 7o \
V gees |

ZETRIN T e 27)

. léSuelting temperature
=
with a decreasq‘”} the size, oIIoww&quatlon was proposed

for the descrlptlon f nanopartlcles propertles

ﬂuﬂqmﬂmj N3
RIRTUNRYINEANE

temperature of the bulk material, and h is the height of a monolayer of atoms in its

crystal structure. This equation can be used to predict the melting point of



nanoparticles if the « is known. In case of nanoparticles the « is adjusted to fit the

experimental data.

Tm(K)

20

Figure 2.1 Depes fenc ibration consideration

[27]

2.3 Sintering DMefdn

phenomenon which

__g\mergy into compact

particles Whmn,sms can be divided
into two mec?@isms ' bon'@ between the primary

particles (Figure 2.2). With strongly bound particles (Figure 22 A), coalescence is the

The_sintering pedynami

changes unstabllé-aggregates of primary part

main gechanism ahdithe primary particles subséquently fuse together to finally form
a qgthpact partieles. In éas y d the ao s omjact by the
reargangement Of primary particles, Figure2.2'B. e Tinal step, the constituents of

the aggregate may coalesce to forr‘fully compacted pﬂles. In the real systeWhe

QRTRIUINIING IR Y



A: Surface area change mechanism:

strongly Roynd particles

1

Figure 2.2 Schemg sintering nechanish }particles: (A) surface area

ism-ane =(B)re amengilechanism.

ﬂuEJ’JVIEWﬁWEJ"Tﬂ‘i

2 3 Schematic diagram of é;nterlng process between two spherical partlcles

qmmmmumwmaﬂ
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1. Surface area change mechanism

The surface area change caused, b

/ntermg is given by the following equation:

§ dts /’/é__/)/_?far =9

where a, and 53 feCe ared of o time t and that of the

The sinteringfime it > fime a 0 5 pally sized spheres coalesce,
when the neck gfliusgl; ifagfl 0.88=oftie vallie\f the, radills, d /2 of the primary

particles (Figure 2, Tl rs'i t the fol pWing equation:

o B =2l K = Ad™exnlE /R T 2.10
‘ ( u"?'f:-‘: i \ 1) (240

§

The solid phase d|ffu3|on A -' -E represent the diffusion coefficient depending on
the sintering mechanisgge and the- activat : spectlvely The parameters m

@oundary diffusion

:]jwe d,, is an initial

where b, D,, 7, and € are the Wld'l of gain boundarygie pre-exponential fadipgf

A RaeenItd &lW‘WW HAa

L=6V/a, (2.12)
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where a,(zd ﬁiN ) is the surface area of agglomerate particles, V(;zdﬁiN /6) is the

volume of agglomerate particles and N is the total number of primary particles.

The essential assumptions ngede 16 ¢ culation including:

» ' d throughout the process.
3. inatigpeumber, i e S=shape. remain constant during

article.merges into homogeneous

The particlegfare Srastion ‘Detween the particles. This

state is called tHE dis efiergyof the particles is at its
maximum and the. he dispersion particles in
dispersed state are cI y packe d on ion Stale and coordination number is

i ol ,
greater than one. The' dr|V| *,*_.:..:_\ fement process can be expressed as

follows: J*"W"
=t

‘ L (2.13)

where ¢, is the‘coordlnatlon number, cN is the coordination number in the

Any ¢ mm NaIm3”
A ANNTNURIINYIAY
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The Gibbs free energy per primary particles can be related to coordination
number by the following equation:

where g, is the a enerw bet

rearrangement. / .

ary particles that prevent

parameter, th

(2.15)

where N is the ave : ‘ d‘ part "‘-.‘_ per agglomerate, A is the

o ,-_nfui?i;-ﬁ

proportionality constant, dgds«the ary particles, dy is the diameter of

agglomerate and Dy is t n,c,is defined by the following

Further essential ‘snotlons needed to cafgyfout the calculation up to now is

HULANLNINENT

2. ”he number and the dlamet? of the primary partlcles of agglomerate 0 pot

QWWR\TTI'SWNW\'JWFJ’]MI
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Effect of sintering on resistivity

The change in resistance ariseg from sintering, a material transport process

based on the atomic diffusioy ' -r / tion of surface energy [10]. The
schematic diagram of -,;_ e diffu /j fsi ering between two particles is
shown in Figure 24 Step 1 :--rf' &ace diffusion mechanisms,
respectively. Thesﬁ:—‘ i e@ centers of particles.

In step 3 and heeo! S and the center of the

spheres can mo eckNfier is also driven by the

increased.

Step 1 p 3 Step 4
Lattieg,Diffi o zain boundary
@ iffusion %, £ Diffusion

Figure 2.4 \{\ﬁ articles, step 1 and 2

p—

arelllattice and sur meChanisms,@Ppectively. These two

steps * not produce any shrinkag&}tep 3 and 4 are densification, center

AUGTHBNINGINT
ARIANTNUNAINYIAE
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The resistivity based on the geometry— the two-sphere sintering model was
introduced by Frenkel [30]:

(2.17)

where L(0) =2aa fractiong k hegtesistivity was related to

0Sbi sed on two assumptions.

1. The linear co i i g ical di jal to the decrease in the
distance b v N, ¥
2. The atomic difffisi | ihdiniainsshape\as\ielspiiefes approach each other.

The abov. Dt r lloMling%elatien between resistance and

resistivity:
(2.18)

where p{ th istivit i ﬁ‘)distance along the

| ‘J?j the spheres. The
completely sinte r=The resistivity can be
expressed in M ‘M function of time was
defined by the foI‘V\nequatlon

ﬂUﬂ?ﬂﬂﬂiﬂEﬂﬂi

0= r “L(t)/2 @)

ammnmwwwmw
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35

g0 L | — Shrinkage Model : ?
I <»  ResistivitygD: ?

Resistivity (x 10® Qm)

1.00

Figure 2.5 Regi€tivigfase fiinctign.ofghinear’s kdge ABIB0 °C predicted by the

shrinkadfe n

2.4 Synthesis gffsilyr
Generally, all# opafticles can be divided into two

main types, bottom-up and n the bottom-up approach, getting

started with-tie aton “and bt es. In -down approach is
getting starfed—from—standard—bulk-materials—to—generate—nanomaterial. However,

ofhHave two important

;
AIHANANINYINS

q,:hemlcal reduction is widely used in liquid phase, including aqueous and

methods ofsyn
.
aspects, chemiﬁﬁ method and*g

nonaqueous media. The metal nan‘)artlcles were synjifsized by chemical redli

ARIRINTUAATR I

determined by the potential difference [31-38]:
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AE=E-E

redox

where E is the equilibrium r eptial of the particles and Eregox IS the
corresponding solution patetis 372 , the particles are being. When

compllcatlon by the fact that

the redox potentlal Of“metal ’ t|cle3dep ggmber of atoms. Chemical
—

interactions in the.re w with the transfer of an

electron from the re ' i@ the. fapniatign.of an intermediate complex

Furthermore,

components, te

The con : 1 TeC : \‘\ \.*,\. slare tetrahydroborate of

alkali metal (MBH#). ifmétal, jetraborates cap re » any cations of transition

Tetrahydroborate of (\ BH,) has been frequently used as

reducing agent for.syn MP es i agueous media [36-38].
Borohydri' duce metal ions with high reduction pi ﬁ 24 V in alkaline

n 0.5-1.0 V. The
reactions of bw hydrides“oceul s mmei@te nucleation of metal

particles. The o talned metal partlcles from borohydrlde red

an W._Size ical interac assou ted with the transfer of an
com ic owered the eectron transfer energy However, it is

solution cobapér
._'_'-a

tion are small and have

ifficult to
control the reaction to obtain tl‘ larger particles. haddltlon borohydrl

q Wﬁmﬁ;ﬂ SRRAINETRY

purified before using. The redox reaction can be written as follows [34]:

2AgNO3 + 2NaBH, + 6H,0 2Ag + 2NaNOs + 2H3BO3 + 7H;
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Photochemical and radiation-chemical reduction

Synthesis of metal nanoparti

hotochemical (photolysis) and radiation-
chemical (radiolysis) proc ith the generation of high active

reducing agent such species [39-40]. These two

methods are differe 7 plie ss. Photochemical involves
energies below 60 e-é— Jation-chemic ﬁ—=er" ies of 103-104 eV. These
methods have many a o€ Slich bs.th st sggof Impurities, resulting in high
purity nanopartiel v 0h)ar Ga emperature.

"y

Photochemical redugfioh-sirt: solutior Is “WidBl, used in synthesis metal

= AT S © .
nanoparticles s esigf The particles. aihe Ifrom megal salt solution in water,
alcohols, and organi€ solyer l%de fh— ion ofilight, thBactive species are formed:

,‘ %y
f 5 .-j:f_é, .
J Ry

A solvated elet ,’."':*"'“‘f; ' producing metal particles:

cluster are formed,

which is follovma by the artlcles || he metal nanoparticles

in solution can be stabilized in the medium solution or by addition stabilizer after

FUEAETARETY "
ﬂmmmmummmw
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Physical method

|cal methods for preparation of metal

There are many different
00 i ed on combining metal evaporation
in a chamber maintained at

I nanoparticles employ inert

to powder
£ canning device

) e e — = o
Figure 2.6 L v

yarticles by inert gas
LN

_ S m; or Ar) flows into the
|
chamber and the source metal is vaporized into th

result Jawrtlcles are formed o able medium such as metal filter.

ﬂUEJ’JVIEJ‘mWEﬂIﬂﬁ
ammmmummmw

lowing inert gas. As a
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laser beam

focusing lens

Ider
i r
I
i .

Figure 2.7 Schem#ftic gha al ' t-BPnfor colloid preparation by
I ablatio i - SO it e i can be produced by
irradigifng ghe; [ ith. r'il liquid solution with the
preétnt off stabilizer.; betWen lase™and metal sheet resulted

f ' 'e
in ablaffon #rh . ‘cart b led by changing the laser

intensity afitl wa

q e PRI TGy ]

Then, the metal salts decompose to form the particles.
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Stabilizer

Metal nanoparticles are small enough to be pushed around by the molecular

collision of the surroundingynikdie,| ghi ect called Brownian motion. The
Brownian motion is a rafng A-i'- I Hior i articles was occurred leading to
aggregation of particles.“Suifacesp were developed to maintain
the stability of ene@ thethlc stabilization and steric

sufficient electros peration. Steric hindrance
mechanism ¢ : y the, adsenption, of; laige 8 such as polymers on
the surface of mg 102 . PC &hainSketWgrn approaching particles

Flgﬁ 2.9 Schel‘zlﬁiiagrams of (A) eld@ubstatic stabilization and (B) steric

U‘Hﬂﬂﬂﬂiﬂﬂ’]ﬂﬁ
Q\W’]Mﬂ’iﬂJNW]'MHWﬂEI
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2.5 Silver nanoparticles as conductive ink

There are three |mportant fa to s hat have critical impacts on the using silver

.

iclag-nitisthave the optimal concentration
(more than 1 ®=on a substrate and the
solvent were eyaforatgl, g -;v ‘ BigSwvere observed. Then,
electrical conductivi : ' ' At Jow silver load, insulation

layer (e.g. stabj

er, pf : - fhiehyreduceNsistance between silver

particles.

158, in size of silver particles is

\.
d

premelting or sinterifg terp erature. Th sif ring temperature or melting

r

The last factgffis 1 7 v
the decrease in ‘Iti,' of atdre: These, will  decrease in the surface

temperature is a result of hig| 0lume ratio in nanoparticles. Although,

a direct contact betvygensttie ._ pe_accomplished, a contact

resistance @

the resistarte .

-

phenomenon a@con

ﬂUEJ’JVIEmiWMﬂﬁ
Q»W'mmmummmw

jcles can minimize
1a q‘ between sintering
escr'ﬂd in section 2.3.
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2.6 Characterization techniques

2.6.1  Atomic force microscopy,

) ¥5er beam deflection system which
ilever onto a position-sensitive

léad to deflection of the

van der Waals forces,
niBasuredt by AFM.

Repulsive force

A A

xs.am
e
ffffff L)

J Attractive force

i
iy ﬁﬁ@m N R

the sample during an vproach -retract cyc

qWIANTT AN 1INLIAY

quadrant photodetector. Normal forces deflect the cantilever up or down, lateral

forces twist the cantilever left and right. These deflections are simultaneously and
independently measured by monitoring the deflection of the reflected laser beam.



23

¥

Laser diode

Mirror

‘ Snicroscope [44].

\ n :f‘._- surface and AFM tip
I0ge and non-contact mode.
Iose \‘ With the surface. The force
00 \‘ 0° N. The deflection of the
Meam on photodiode. If the measured
deflection is different frg _f-”,, lesi .' eedback amplifier will apply a

voltage of @ @ever to restore the

desired valt yifier applies to the

’:i"ﬁsu saf

’ 11
l, ontact mode are damaging technique both ﬂH}
rar e ve van s a@tiflg Pet enthetlp

samples are detected, and t topographlc images are constructed by scanning

q " mﬂmm ﬁ iEiabag]

given small oscillation by electrical circuit, this method can be detected the small

piezo is the le surface. The main

problems of t e and sample surface.

force between the tip and the sample by measuring the change of amplitude, phase, or
frequency of the oscillating cantilever in response to force gradients from the sample.
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Topography and homogeneity in the sample surface can be observed by AFM.

amplitude of oscillation.s ) mplitude changing to observe
the surface topograph n_acditi ) I0 characterize phase change
when the probe encountet ; Si n. Phase images often show

‘ ) I'f",: o sed for studying the
size, size distrigti | "“ arti |\ involves a beam of
accelerated electron #i g ‘r - p ” by a cathode in vacuum.
# def . Sl ‘angles by N

through thin sample e ff’z‘?—' magilified by magnetic lenses and

in sample and transmitted

hitting a fluorescent screen j rerating th ght field image. Schematic diagram of
transmission electron mie fﬂ? 4s"show 17. The interactions of electron
beam With oms in the sa ) @ of electron beam.
The images& 1 jample which can be

o g
AUt INeNineIng
QRN IUNRIINYIAL
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Figure 2.12 Schegifatic di@ agram of ra sion elkctron microscope (TEM)
2.6.3  Four-point; ,i./ :,p""byr:

jomt probe [45]. By

n the inner voltage

e Y ——
N /
-

passing a ct .
probes. If the Mple has any resrstanceto tne tlow of electu lf | current, these will be
adrop in potentlal

ﬂumwamwmm
Qmmnsmnmmmaﬂ
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2.6.4  Attenuated Total Reflection Fourier Transform Infrared (ATR
FT-IR) spectroscopy

ATR FT-IR spectroscapy : izgtion technique based on an internal
reflection phenomenop. g / igher refractive index material
impinges on the inte ~ less Sens Mﬂen incident angle is greater
than critical anglema—. diatien is cer ol lected. In addition, there is
an electromagnetic fie ' | ByoNC it is called
evanescent th internal reflection
element (IRE), t i, where the material has
an absorption band through the IRE will be

R \

\ %
S a \ Utee Wt the interaction of the
/Spe iShalso a characteristic of the

material. The molécula 7 fical cO TRosition can be obtained.
2.6.5

UV-Visible y is wide 8 t tical properties of
material in galution-phasesiig ing | anipia and the amount of
ofit -l's ; sjﬁ%’range directly affects

transmitted !

s = v 11 .
the color of rial, undergoing electronic transition. H@wever, in case of metal

nanoparticles, th?oﬂ cal properties are mb more complicated. The measured

P TE VNN

|nte of spherical particles of arbltrary size can be calculated by Mie’s theory

QxW’]Mﬂ’iﬂJﬁJW]’JWEI']ﬂEJ



Silver nanopg '»?;vr;uﬁg_ B, folgonductive ink.

Silver nitrate Ar*"-f-.‘:i?-w*‘ by dissolving 6.32 g of silver
nitrate in @ I} ( d)dium borohydride
(NaBH,) Wks i i Jatio of the reducing
agent to silver mitrate , Investjgate the optimum ratio
for synthesizeawlver nanoparticles. In this work, trisodium m‘ate dihydrate was used
as the stabilizer. ﬁtmucmg agent and stalfilifer were dissolved in 0.1 % (w/v) of

AUBTNERINEINT
ARIRITUIRING T

solution, and silver citrate complex were formed. After that, silver citrate complex
and sodium borohydride solution were loaded into the syringe which connected with

reactor. Silver citrate complex and sodium borohydride solution were injected
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into reactor and the redox interaction occurred. Small sizes of silver nanoparticles

were obtained.

After reaction, the atant parated by centrifugation and silver
nanoparticles were repeal®d shed with W€D water. The silver nanoparticles
were redispersed in ‘ 1 V5w " di wsolution. After ultrasonic, the

conductive silver irrJR was.-yielded. Pafti i  distribution, and morphology

atomic force .aai€To - he \superna shing solution were

investigated withJ#®-Vj€lblé’ shattrose -;'\‘ TR.FT icrospectroscopy. The

0 L
RN TRURAINBIA Y
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3.3 The effect of stabilizer concentration on the size of silver

%/ silver nanoparticles were depended
€’ the concentration of trisodium

nanoparticles.

Size, size distributi

on the various reactio

8.0x107, 1.6x10" t ing agent to silver nitrate
was maintain ‘ » 0, 0.25, and 0.50 %
(W/v) were used g8 et =size and morphology were

investigated hy®AF

3.4 Sintering _pifengmenanz /of; d made of silver

¥

nanoparticles,

The sintering phenom O! ol € silver ink was investigated at various
B o A

ange of 1-100,000 ppm. The

conductive,siver ink at concentration 100,0 ized and diluted to the

desired cof el |
temperature, 1 'C min.@le/

effect of mechanical
rubbing was a mvestigated The morphology changes of Sifver nanoparticles were

concentrations of

es were at room

U ANBHENEART—
QRIANTAUUNIINGIAY

obserled by AFN M Easheet resistivity of e8i’condition was measured with four-
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3.5 Characterization of synthesized conductive silver ink.
3.5.1 Atomic force micrgs

Atomic force mje ~ )i vation of silver nanoparticles
was commercial SPA=4€ omi mIerDs ko Instrument, Inc., Japan)
— - a—d"

icrometer Z-scan range

with a calibrated..2

tips with a for : nge fregue
air. All reported g¥ages, Nith sean *. : ., ge of 0.5-1.0 Hz.
. N _ \_

G‘b&le microscope

3.5.2 ransmission electron microscope (TEM)

u ion !Iew\ﬂyl ’c]nﬂlve illver inks
werq'acor ed with a Hitachi 650 analytical transmlssmn electron microscope.

Samples were prepared by placﬁ a drop of silvgesanoparticles solutiogggn

RARNIT IS NHARS

observed. The accelerating voltages of this instrument are in the range of 40 - 120 kV

and image magnifications are in the range of 1,000-40,000 times.
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3.5.3  Resistivity measurement technique

In this study, sheet resistiyi e were measured with four-point probe

d on cover glass slides and dried in
: smtered in various conditions

ambient condition. A

before measuring resistisity =

Attenuated #8tal ign _ESuribr\ Wansformigalnfrared  (ATR  FT-IR)
spectroscopy“fechniglie #ag’ pesformed ol S FT-IR spectrometer.
Germanium wasg#Sed @5 i _ on elepey R Rbe detector is mercury-
VICTT

H ; . v \ N -
samples solutiongh g slide. Afiiet thessample Splution yas dried, spectrums were

cadmium-telltride £ py placing a drop of

collected.
355

The_uartz ater before collecting the
spectrum. A reference of pure distilled water was shel blank sample. The

light sourc‘ h‘200-850 nm). The

USB2000 spe(lfﬁphot
Figure 3.3. '

Figure 3.3 Ocean Optics Portable UV-Visible spectrometer



nitrate with
(denoted as R)

Table 4.1 Condition ifl silferhadoparticl / esiZed B chemical reduction method
\
\
R
0.7
0.9

| _).o

h
e B

The con] te 0 4 Into the supernatant.

Ny Na{ﬂ(
For R = 0.7, tie*color of supernatant was changed from colorfess to yellow and UV-
Visible spectrum (hm maximum mtensgmo nm. In case of R = 0.9, UV-
th

e NEnInEAnN g -

incomplete due to the inadequate cg!centratlon of redu agent.

ammmmummmw
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A: R=0.7

Figure 4.1 UV- VISI e spgctrun at (A) R = 0.7, (B) R = 0.9, and
(C) R=1. 0 ,» 3 mﬂ; ==7) repre: supe atant before adding NaBH,4, and

The ‘ ek

— - e
was added intﬁbjupernatant, C orption peak.@p

occur.

AULINENINYING -

ion mh as nitrate (NO;), borate (BO3 ), and sodium ion (Na™) have to be excluded

q widsamInun sy

short circuit when the electrical circuit was closed.

s 1.0. When NaBH4
und 360 nm did not
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Since, nitrate ions are soluble in water. After separating silver nanoparticles
from supernatant, most of the nitrate ions still dissolve in supernatant. The result of
joynd 820 cm™ as shown in Figure 4.2A and

j _existed in supernatant and washing
show any peak around this
etely eliminated from silver

FT-IR spectrum showed sharp peak

-
| —

4000 3500 3000
Wavenum

2doo 15'00 1000*
ﬂ j !Ji|R spectrum gj(A'! supernatant, anshﬂ Etion and
(C) conductive silverdink.

'qmmn‘smnmmmw




35

FT-IR spectrum from Figure 4.2A and 4.2B showed a peak at 1340 cm™ which
indicated B-O stretching vibration. These results indicated that most borate ions

dissolved in the supernatant and wa n solution. However, borate ions were also

eliminated from silver nanopakticlgs'
nanoparticles with disti _l‘ duwater

of supernatant and washing silver

nopartlcles were purified by

centrifugation and repé |Ive 'S with distilled water. Most
of the useless residuar in.silye ' @d by water.

rsed into a suitable
ith ultrasonic mixture to
t ptlmum concentration of
T"\' ore than 100,000 ppm

I silver nanoparticles with

Figure 4.3 TEM images of conductive silver ink.
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The conductive ink made of silver nanoparticles was developed for stamp
printing, screen printing, and demonstration of conductive pen. When conductive
silver ink was dried on substrate cpnnected to power supply, the ink became

Ih Eigure 4.4C.

|

conductive and could light

\!

v - ‘\\\ . "

o
The a oprlate method for synthesized conduct&f!‘ silver ink could be
summarized into ‘rﬂeps The first ste Wunthesued silver citrate complex by
AULINHN TG
rt redoX réactio ofin n tdbe réactdr and the
optimum molar ratio of sodium hgfohydride to S|Iver itrate was 1.0. FlnaII

q w:mmmwmmm 3]

water. Silver nanoparticles were redispersed into 0.1 % (w/v) trisodium citrate
solution for used as conductive ink. When conductive silver ink was dried on

substrate, silver film was showed conductive property.
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4.2 The effect of stabilizer concentration on the size of silver

nanoparticles.

g synthesized by silver nitrate with
):Z E , aggregation and precipitation

trisodium citrate withc .

of silver citrate co : e obwved. i soluble starch was used as
stabilized silver ] arti .es. 0Ny atl . oluble starch was varied
from 0.10, 0.25_ange®" i) fas| SilowReil Riguie_4.58, 4.5C, and 45D,
respectively. ted"the crease in trisodium citrate
concentration g/ ingfegSel inprecipitation ofssilVeglicitrate complex. For,
conductive silver igh thg of of tionlof M as investigated.

Figure 4.5 Sllver citrated ;,-j_ fation (A) without starch, (B) 0.10
‘Eﬁ h. The molar ratio
iJm citrate]/[AgNOs]

,lﬁﬁxlo'z, and 3.2x107,
| e
. & er citrate
Cﬂmr'm SN INEINT

varie from 4.0x103, 8.0x107%, 1é><10 2 and 32><10 Size, size dlstrlbutlon and

QWTANTIEY UNIINYIA Y
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Figure 4.6 The photoy whic fmages of (AySitepeitfate complex that had [trisodium
fiom ‘)xlOﬂl 6x102, and 3.2x107%
synthesized from silver

citrate complexih NaR

i riv. @ B
e ‘l "-

R
iy 0.4 0.6

ﬂuwmwm

Flgu%l4 7 AFM images of silver wtlcles at various [tr odium C|trate]/[AgN

AWIRINNH PANYTHY

80 nm, respectively.
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When trisodium citrate was absent, the synthesized nanoparticles exhibited
size in the range of 30-60 nm. Silver salt was reduced to Ag® and grew to the larger

particles. However, silver nanopasic

proposed mechanism for f0\

7 were stabilized in starch solution. The

/)lcles is as follows:

Growth of silver

Silver salt solution (A
: nanoparticles

Figure 4.8 Seflemaiit difigrdm of mech Wforforthatiomipf silver nanoparticles

le[h tri d Cith _;’.T:

!
¥y X
With trisodj#im ath y “‘“? ‘a fferen \ ech@nism was proposed. When

[trisodium citrate]/[ J—was-— ,;_, 0: ess W 8ilver citrate complex was
| § oS ' bn in solution was silver salt (AgH).
After the redox reaction, 2 :"Lij';,m”
citrate. Fre{ﬁv VVVVVVVVVVV .- ndensation to form

- .
9ner|c cluster was

aplex could be reduced to Ag’ on

i
i

ﬂwn 47he synthesized silver
nanoparticles pessessed the size range of 5-30 nm as rev ed by AFM images as

shown in Figure 4‘

ﬂUEJ’JVIEJ‘mWEﬂIﬂﬁ
ammmmummmw

preferentlally
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A: [trisodium citrate]/[AgNOs] = 4.0x107

“Formati Oligomeric cluster adsorbed

' mer‘clust@nd growth on Ag® that absorb

o on citrate compound

Silver citrate comple
Ag" dissolved in
(w/v) soluble starche=g

B: [trisodium citrat

fs igomeric cluster adsorbed
"% and growth on AgP that absorb
on citrate compound

Large size of silve
complex and Ag”
dissolved in 0.1% (

Figure 4.9 Schematic diagr r ¥ silver nanoparticles mechanism with
rate] 4.0~10° and (B) 8.0x10°° before

Wil Va
: )

] edarger particles of silver

1l
citrate complex! ecause 0.10 % (w/\g) bf soluble starch could
not protect aggre@( &Of silver citrate comwpartlcles Most free silver ion still

AU fﬁ:%?mﬁﬁ?ﬂ%??
12 e Ry Y

[trisodium citrate]/[AgNO3] would increase in size of silver nanoparticles. When
[trisodium citrate]/[AgNO3] was equal to 1.6x107 size of silver nanoparticles was in
the range of 30-80 nm as observed by AFM (Figure 4.7D).
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When, [trisodium citrate]/[[AgNOs] was more than 3.2x10 soluble starch
concentration of 0.10 % (w/v) could not stabilize silver citrate complex. As a result,
precipitation of silver citrate com

ccurred. Therefore, this condition did not
appropriate for silver nano '

The smallest.sh it ha : ed by reduction of silver
citrate complex at [fs€odjMm/Cie I. NG } Was & 4.0x10 with NaBHs.
A ‘that'the, Size 0 particles is about 5-30
nm. The increas" ace ‘ of trise i e, increase in size of silver

ﬂuﬂ’mﬂﬂﬁwmﬂﬁ
QW’Imﬂ’ifUSJW]'mEI’]ﬂEJ
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4.3  Sintering of phenomenon of conductive ink made of silver

nanoparticles.

Generally, sintering ‘ghédemenon i re dependence. In 2006, Dongjo

Kim et al [1]. could deye op-a cond ppllcable to ink-jet prlntlng

\
of 20 wt. %. After fer 30 0] the size of silver particles

a\"“‘-

silver nanoparticl ~The sifver Q_:!m‘\"""' tive ink was in the range

was in the range of 290- ; , "-‘ WAV e S| terlng of conductive silver
tracks was studi aer-gtal [S]N6 .. flicles were dispersed in
tetradecane. The pd Ains-548 Wik %, of silvér nanoparticles which the

particle diam g€ "_f ' \‘ SI b film was heated with
v | B, 50-200 nm. The results
from Dongjo at silver nanoparticles
were sintered to thg

The sintering 'at room temperature. In this work,
sintering phenomenon wa _.;g;:ar':m ': oncentration of conductive silver
ink. Accorgdifg tog e rd to the center of
another pa‘ ¢ and then two particies were merged together. As result, the neckings
between the th AS \é the larger particles
were observedM

M

138 Hﬂ mmmwmm:z -

adju to 100,000 ppm or 10 wt. %. It is assumed that silver nanoparticles can

te from sgluti .ot‘yo nt|g
al j ’E Ivas et fo Pq 0
: 1
ppm and 100,000 ppm concentration. The results from A M images as shown |n

Figure 4.10A and 4.10B indicated that at low concentration of conductive silver ink; 1

ppm and 10 ppm, the average size of silver particles was 10 nm. At 100 ppm,
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the AFM images of silver film showed various particles sizes i.e. 10 nm, 20 nm, and

50 nm. The larger particles were formed by sintering of smaller particles.

==t |F =
Figure 4.10 /ﬂ images pm, (B) %pm (C) 100 ppm, (D)
1, 0(? ppm, (E) 10,000 ppm, anw 100,000 ppm.

Pl HINYNINUAN G-

S|zes of silver nanoparticles about 40 nm because of the sintering effect.
However silver film did not cond‘t because silver ndfi@particles did not configgf to

R ANIINHISE

but silver load was not enough to sinter all over film. Therefore, in this concentration,

siiver fiim couid not show the conductive property.
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Figure 4.11 ir f liyer nanoparticlesie 0. ppm and (B) 100,000

The silver ve silver ink was more
than 100,000 of Silver*particle was 100 nm as
shown in Figure posited on substrate, the
solvent was eliminated sttrical conc \' abled by high silver load and

Silv
difference 'of sSintering-mechanism-could-be-derivedaintoste, flain types, surfaces

shape because the

change mec! afis ange mechanism, the
particles werelM sed together By“Strorgiy~Hotnd and the |cles were compacted

together. In rearr?gement mechanism, Weaklg bound between particles was formed

W wﬁm:ﬂw WEIAS.

sub

ammnmwwwmw
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2a b
A\

] , pm after sintering.
and :]ﬁ)e Il represent the type

EJ
0 smterlng mechanisms.

u SB |cm rﬂ ere (w gs} ﬂ(%observed
tere

W‘ma ver nanoparticles sin by surface change mechanism, the obtained

particles were smaller than those (ﬁalned by rearrangggent mechanism. The

q RARIAIBIURTINGINY

not sinter more than this. Therefore, the size of sintered silver particles depended on
the amount of neighbor silver particles. In case of rearrangement mechanism, silver
particles could rearrange due to bounds between particles were weak. As a result, the
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larger size was observed. However, when temperature were increased by heat-

treatment, silver particles could more sinter as shown in Figure 4.13B and 4.13C.

!
nt temperatures and heat-treatment

i e conditions were varied from
r&in. a - 120 min. In addition, the

: f : — \ ."
YA ECA Y
\pf“ ‘\

o L3004
j B
Y 4

fa
00°C for 120 mjﬂIJ‘ Mechanical rubbing.

Flgure 4.13 AFI\‘@S of silver nanopartidlegfafter sintering at various conditions;

ummum At R i
a«mmmmummma 4

Table 4.2 Sheet resistivity of silver particles after sintering at various conditions.
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Sintering condition Sheet resistivity (Q/mil?)
0.613
0.021

Room temperat (?

was increase ny I Ssilver film was 0.613
Q/mil®. After he '7 10 mipy'e silver nanoparticles
was 100 nm. Howey ! ars ofysmal e atic) 8,.(50 Nm) were also existed.
In this conditiong eetffesi Ivity Q Wt-treatment temperature

e,
and heat-treatment tifhe viere v;‘f'a-

particles after sint mg as ZM"
was observed. y (it

in., average size of silver
Sheet esistivity to 0.005 Q/mil?

At room te inter to larger particles. Size
of silver particle increased with the increasing hea perature and heat-

ne, ereasing sintering

treatment €.
temperature armi sintermg ntacmea was increased by
smterlng phen ena The increased conduct|V|ty in silver filmmhas two import factors,

Q\W’] mmmummma t

In case of mechanical rubbing, AFM image clearly showed closely packed of

silver film. But the size of silver particles did not change after rubbing. This result
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indicated that contacts between particles were increased or coordination number of
silver particles was increased. The sheet resistivity of silver film after mechanical
rubbing was 0.016 Q/mil* which |

5 than sheet resistivity of silver film at room

aggicles leaded to resistivity drop. The

re ..ﬁ*" e 1 o sintering at 100 ppm
r/'r' |

"f

)ading was high enough
" dry g. The silver film became

" 4

conductive when the cg centrz on-of s gnopa . tles’in the conductive ink was

more than 100,000 gom. TREG 'r"":'F"'*‘ itveM film could be improved by

thermal treatment or by mechaficat ubbi

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw



CHAPTER V

with sodium boroNydri ‘ js0d ri  Was: ag_as stabilizer. After synthesis,
colloid silver Articles wer i : sed 1M@0.1 % (w/v). The silver
loading of condugii¥ sipver ifikfwas 108vt. 9N temAF Minages, it is concluded that

the synthesized silvg®nagBpafti s have s 1€ "Shape with an average diameter of

10 nm. The inggfase 4 céntration ) eMfigrease in size of silver

particles. After silvgF nay p ’abs the dle, an average size of silver

particles was 10@%hm. er eet ':. Aty of si \\, filfiwasiD.613 Q/mil?. The silver
45, fa‘- i

film was made higf condlu WaF reatment opfy mechanical rubbing. The

\
conductive S|Iver nk. Id b e ,g:,“ cond "\\” jjve “circuit by stamp printing,

screen printing, drop-6n-def aandp r‘ﬁ ing Bonstfation of conductive pen. It can

be applied on the temperatu "““““7"""" iesssuch as thin film polymer and paper

without defiﬂm ® e o

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw
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