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Abstract 
Recently copper has been used to replace Al metallization in ultra large scale 

integrated (ULSI)  technology because of low resistivity  and  stress-induced  voiding. 

Copper  can  be  deposited  by  physical  vapor  deposition,  thermal-induced  

reflow, chemical  vapor  deposition,  electroplation  and  electroless  

deposition.  Electroless copper deposition can be processed with high speed in mass 

production. Therefore, Electroless copper deposition would be a potential technology 

for the manufacture of ULSI. 

This study investigates the deposition of copper FR-4 substrate to the electroless 

plating, Chemical bath together added around the polyethylene glycol and 1,10 - 

Phenanthroline two kinds of additives, The coating surface morphology observed by 

scanning electron microscopy (SEM), And X-ray powder diffraction (XRPD) 

measurements the crystal structure, Then the energy dispersive spectrometer (EIS) to 

investigate the influence of additives 1,10 - Phenanthroline around the morpholine 

under different concentrations of the electroless plating reaction, Finally, the four-point 

probe to know the impact of the change of the concentration of additives on the coating 

resistance. 

 

 

 

Keywords: FR-4 Electroless copper plating 1,10 - Phenanthroline Additive Surface 

morphology Crystal structure 
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1.1 [1-2] 

Copper

- (RC) 30%

1083

 

Printed Circuit 

Board PCB Pin Through Hole PTH)(1)

Laminate  



 

2 
 

 

 

1.2 [3-9] 

18

1830 1960 ” ”

 

Pin Through Hole PTH)

/

1990 Blind Hole

Buried Hole Blind-up

 

Rigid PCB Flexible 

PCB Rigid Flexible PCB Single-Sided 

PCB Double-Sided PCB Multi-layer PCB

( / PI )

Substractive Additive
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1.3 [10-11] 

Copper Clad Laminate CCL

BT

copper foil  

NEMA  

National Electrical Manufacturors Association

FR-2 CEM-1 CEM-3 FR-4  

FR-4

Tg 130~180

FR-4

 

1. Epoxy resin 2 1

Thermosetting Plastic Resin)

 

2. SiO2 CaO Al2O3

 

1.4 [12-17] 

IC

Switch speed

- RC 

Delay Electromigration

1-1

RC
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Intrinsic Gate Delay

Grain Boundary

 

 

RC Delay (1-1)  

                       RC  2ρε0ε (4L2 / P2 L2 / T2 )              (1-1) 

      ρ  

      ε0  

      ε  

      L  

      P (Pitch) 

      T  

 

 

1-1  
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RC

1-1

Agglomeration

 

 

 

1-1  

 Cu Al Au Ag 

(μΩ-cm) 1.67 2.66 2.35 1.59 

(W/cm) 3.98 2.38 3.15 4.25 

( ) 1083 660 1064 961 

D0(cm2/s) 0.78 1.71 0.67 1.89 

Q(eV) 2.19 1.48 1.96 2.01 

     

     

     

CVD     
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[18-21] 

 

 

2-1

 

(1) Chemical Vapor Deposition CVD

CVD

 

(2) Physical Vapor Deposition PVD

PVD Vacuum evaporation Ion plating

Sputtering

PVD

trench via  

(3) Electro-Plating

Anode Cathode

 

(4) Electroless Plating
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2-1  

 PVD CVD Electroless Plating Electro Plating 

(μΩ-cm) 1.75~2 2 2 2 

 Ar C,O Seed Layer&Additive - 

(nm min-1) 100 ~100 100 ~200 

( ) RT ~250 50~60 RT 

 Fair Good Good Good 

 Poor Good Good Good 
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2.1. [18-21] 

Zn Cu S  

 

2.1.1. (Leveler) 

N+

(Absorption Sites) (22)  

 

2.1.2. (Brightener Accelerator) 

(Microscopic Roughness)

(-SH)

(Depolarization) (Catalysis)

(2)  
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2.1.3. (Suppressor) 

(Polarization)

(Complexer)

(Barrier)

(Grain Refining)

(23)  

 

2.1.4.  

Cl- (Open Circuit Potential,OCP)

Cl-

Cl-

Cl-(10~80mg/L)

Cl-

Cl-

 

Cl- (Polyethylene Glycol,PEG)

Cl- Cl-

(Outer Sphere) (Inner Sphere)

Cl- (Electron Bridge)

Cl-
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Cl-  
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2.2 [27-36] 

Chemical plating Electroless plating

Auto-catalytic plating 1946 A. Brenner G. Riddell

1947 Narcus 1957 Cahill

1964 Zebliski EDTA Ethylene Diamine Tetraacetic Acid)

Additives

 

Ni Cu Co Pt Pd Au

2-1

Fe Co Ni d Ag Au d

d s d

 

PdCl2/HCl
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2-1  

steady 

state steady state mixed 

potential

2-2  

 
2-2  
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2-3  

2-3 Evan’t Diagram

more negative

 

pH

Arrhenius 

Equation 2-1  

              k Ae-Ea/RT                               2-1  

  A  

  Ea  

  R  

E0
M 

EMP 

E0
R 

E 

Log idep 

Log i 

2HCHO 4OH-→2HCOO- H2↑ H2O 2e- 

CuEDTA2+ 2e→Cu0 EDTA 
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  T  

Nernst Equation

pH

-0.186V

-0.90V

 

2.2.1  

(1) Cathodic  

2 HCHO + 4 OH− → 2 HCOO− + H2 + 2 H2O + 2 e− 

(2) Anodic)  

Cu2+ + 2 e− → Cu0 

(3)  

Cu2+ + 2 HCHO + 4 OH− → Cu0 + 2 HCOO− + H2 + 2 H2O 

 

 

a. Cu2O   

Cu2+ + HCHO + 5 OH− → Cu2O + HCOO− + 3 H2O 

b.  

Cu2O + H2O → Cu0 + Cu2+ + 2 OH− 

c. pH Cannizzaro Reaction  

2 HCHO + OH− → CH3OH + HCOO  
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2.2.2  

 

1 Pd  4d10 5s

 Pd*  

 
2 NaOH (OH−) (Nuclephilic Addition 

Reaction) (Hydride, 

H−)  

 

 

 

 

 

Pd* 

H C O - 

O

H Pd* 

H -
HCHO 

Pd* 

H C H 

O 

 OH - 

H Pd* 

H C O  OH - 

Pd*  HCHO 

HCH

Pd* 

H C H 

O 

Pd* 
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3  [Cu(EDTA)]2  

 

 
4  

 

2.2.3 [37-41] 

pH

 

1 copper salt  

2 reducing agent

pH pH

 

3 complexing agent EDTA

Pd

H -

2n  n Cu 2+ Pd* Pd

Cu 

n 

 n H 2(g) 
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4

12.8 pH  

5 stabilizer S Se SCN N

SN

 

6 pH pH adjustor pH pH

pH 14 9.5

12~13  
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2.3 [42] 
Electrochemical Impedance Spectroscopy EIS

Frequency Response Analyzer FRA

Frequency Impedance Meter

Digital Correlation Analyzer FRA

in phase out of phase

90° FRA 2-4  

 

2-4 FRA  

� �tV� 0V ( � �tI� � �0i
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(2-2) (2-3)

 

� �tSinVE �0�                          (2-2) 

� ��� �� tSinII 0
                         (2-3) 

�  

(Impedance) (2-4)  

� � � � � � 1, ��	��� jZjIZReZ
I
EjZ me

j��         (2-4) 

ω ω=2πf 

f  

Z Z  

� � ", jZZZ 	��                       (2-5) 

Z’ Z” Z  

� � � ��� expZZ �                    (2-6) 

Euler exp(θ)=cosθ+jsinθ Z(ω) (2-7)  

                          � � � � � �
 ���� sincos jZZ 	�           

(2-7) 

Z(ω)=Z'+jZ" 2-5

(phase angle) (2-8)

(2-9)  

           
 � RZZZRe ��� �cos'          (2-8) 

             
 � �sin" ZZZIm ��              (2-9) 
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Z’ Z” θ ( Z )

(2-10) (2-11)  

              

� �
� ���



�
��
�

�
� �

ZR
ZI

e

m1tan�
                     (2-10) 

      � �
 � � �
 � 22 ZIZREZ m	�                   (2-11) 

Z’ Z”  θ Z

Nyquist plot Bode plot

Equivalent Circuit  

 

2-5  
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2.3.1 [43-45] 

Impedance

Resistance Reactance

Capactitance Inductance

 

1 uncompensated resistance SR �R  

Working electrode

Auxiliary Electrode  

 

A
L

k
1

A
LR �


�

�
�
��� �                     (2-12) 

  k  

  L  

  A  

2 charge transfer resistance ctR  

Rct

ctR

 

-neOR 	�                               (2-13) 

A
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� � � �
 ������ expa--expaAnFkI R0�                 (2-14) 

  F  

  k  

  
RT
nF�� � �  

  a0 aR  

3 double layer capacitance dlC  

/

Helmholtz 2-6 a

Gouy Chapman 2-6 b

Stern 2

2-6 c
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2-6 a Helmholtz b Gouy Chapman c

Stern  

4 warburg impedance ZW  

RCL

warburg warburg impedance ZW Nyquist 

plot 45°  

� �j-1ZW �
�

�                               (2-15) 

ω  

σ warburg ohm-sec1/2  

σ 0 warburg  

σ Rct  
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2.3.2  

Z θ time constant

Nyquist plot Bode 

magnitude plot  

 

(1) Nyquist plot  

Z” Z’

ctR dlC sR

wZ 2-7

2-8

RC

RC  

2-9

sR sR + ctR

sR ctR Cdl

Rct

Nyquist plot Cdl

 

ctmaxn 
dl R f 2

1C
�

�                  (2-16) 
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2-7  

 

 

2-8  

 

2-10
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2-9  

 

 
2-10  

 

(2) Bode plot  

Z f

2-11

sR
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sR + ctR sR ctR

Z  

Z dlC  

� �
Z
1

�dlC                         (2-17) 

2-12  

 

2-11  

 

2-12  
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2.4 [46-48] 

 

2006 [46]

  SEM X-ray

 

2009 [47] 1,10-Phenanthroline X

50ppm 24.25nm

 

2009 [48] FR-4

50ppm 5ppm

X

5.09MPa  

1,10-Phenanthroline

SEM

EDS XRD
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(3.1.2) 

(3.1.3) 

  (3.4) 
   
  XRD SEM  
  EDS EIS (3.3) 

(3.2) 

(3.1.4) 
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3.1  

 

3.1.1  

 

1. Shipley-233 (Ethanolamine) 

C2H7NO 

 SHIPLEY TAIWAN CO. ,LTD. 

2. Shipley-44(Hydrochloric Acid Solution) 

HCl HS-NO 

 SHIPLEY TAIWAN CO. , LTD. 

3. Shipley-19E (Fluoboric Acid) 

HBF4 

 SHIPLEY TAIWAN CO. ,LTD. 

4. PED-104 

NaHSO3 

 

5.  (Copper Sulfate Pentahydrate) 

CuSO4 5H2O 

249.69 

 

6.  (EDTA) 

C10H14O8N2Na2 2H2O 

 



 

31 
 

7.  (Boric Acid) 

H3BO3 

61.83 

 

8.  (Paraformaldehyde) 

(HCHO)n 

30.03 

 

9.  (Sodium Hydroxide) 

NaOH 

40.00 

 

10.  Polyethylene Glycol (PEG) 

1000 

H (CH2CH2O)nOH 

 

11. 1,10- (1,10-Phenanthroline 1-hydrate) 

C12H8N2 H2O 

198.23 

 

 

 

 



 

32 
 

3.1.2  

 

1 (Degrease) (Shipley-233 5vol%) 

(40-50 )

 

2 (Predip) (PED-104 250g/L) 

 

3 (Activation) (PED-104 250g/L Shipley-44 5vol%) 

(seed)

(activation)

(induction time)

Sn2+
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4 (Acceleration) (Shipley-19E 5vol%) 

/

Sn2+

 

3.1.3  

3-1  

  

Copper Sulfate Pentahydrate 0.05M 

Paraformaldehyde 0.22M 

Ethylenediaminetraacetic acid EDTA  0.1M 

Boric Acid 0.3M 

Polyethylene Glycol PEG  50ppm 

1,10-Phenanthroline 0 1 5 10 30 50 75ppm 

Volume 1000mL 

pH = 12.5 (adjusted by NaOH) 
 

3.1.4  

3.1.4.1  

FR-4

FR-4  7cm  6cm

 



 

34 
 

3.1.4.2  

 

3.2  

 

3.2.1  

1. Copper Sulfate Pentahydrate  

CuSO4 5H2O 

249 

55~65

24~32          1min

5min

FR-4
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2. Sulfuric acid  

H2SO4 

98 

 

3. Activated carbon  

C 

12 

 

3.2.2  

3-2  

3-2  

  
Copper Sulfate Pentahydrate 0.24M 

Sulfuric acid 0.18M 
Volume 250ml 

3.2.3  

3.2.3.1  

7cm 6cm  

3.2.3.2  
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3.3  
ASTM

Tape Test

 

 

3.3.1  

1. sodium persulfate  

Na2S2O8 

142.12 

 

 

3.3.2  

0.4A 1

0.002mA
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3-1

 

 
3-1  

TAPE 

ADHESIVE 

COPPER FILM 

SUBSTRATE 
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3.3.2.1  

 

3.4  
FR-4

X

 

 

3.4.1 X X-ray Powder Diffractometer, XRPD  

1913 Bragg X

1
 

11
 

75mm (3M#600)
 

180°  

90° 11
 



 

39 
 

(Bragg’s law)  

                            d s i nθ2nλ �                      (3-1) 

(d) hkl

hkl�2

extinction conditions X

X

X (2θ)

Instity, I

hkl�2 hklI

diffraction patterns X

 

X

XRD

SHIMADZU XRD-6000  

 

3.4.2 Scanning Electron Microscope, 

SEM  

3-3
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2 3

secondary electrons SE

backscattered electrons BE absorbed electrons AE

transmitted electrons TE X X-ray cathode 

luminescence CRT

CRT 

 

SEM

 

 
3-2  

3.4.3 Four Point Probe,FPP  
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3-3

(I)

(V) sheet 

resistance V=IR

Ω

 

 

3-3  

3.4.4 Energy Dispersive Spectrometer, 

EDS  

X X

X

X 3-4

Si-Li

Mobility X



 

42 
 

X

Oxford OXFORD INCA ENERGY 400  

 

3-4  

 

3.5  

 

3.5.1  

1. Copper Sulfate Pentahydrate  

CuSO4 5H2O 

249 

 

2. Sulfuric acid  

H2SO4 

98 
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3. Activated carbon  

C 

12 

 

4. Aluminium oxide  

Al2O3 

101 

 

5.  Sodium Hydroxide  

NaOH 

40.00 

 

6.  Polyethylene Glycol PEG  

H (CH2CH2O)nOH 

1000 

 

7. 1,10- (1,10-Phenanthroline 1-hydrate) 

C12H8N2 H2O 

198.23 
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3.5.2  

Electrochemical Analyzer

3-4 CH Instruments Model 680B Series

Phase Lag

 

 

3-4  

3.5.3  

3-3  

  

Copper Sulfate Pentahydrate 0.24M 

Sulfuric acid 0.18M 

Paraformaldehyde 0.22M 

Ethylenediaminetraacetic acid EDTA  0.1M 
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Boric Acid 0.3M 

Polythylene Glycol PEG  50ppm 

1,10-Phenanthroline 0 1 5 10 30 50 75ppm 

Volume 250ml 

 

3.5.4  

1.  

2. 250ml  

3.  

4.  

5.  

6. 2 250ml

 

7. 250ml 3~6  

8.  

9.  
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4.1  
SEM

 

 

1. FESEM  

(W1)

(W2) (A)  

(4-1) (4-1) 4-1  

 

� � � � 412 10�
�
�

�
A
WWm

�
�                         (4-1) 

              = d/t                                     (4-2) 

W1 (g) 

W2 (g) 

ρ (8.95g/cm3) 

A (cm2)  

d (µm) 

t (hr) 

4-1

23.09μm 1,10- 50ppm

5.44μm  

2. SEM  

PEG 1,10-

1cm2 4-1
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4-1  

4-3 SEM

4-1

2.37μm 4.74μm/hr 50ppm PEG 1.55μm

3.10μm/hr 50ppm PEG 5ppm1,10-

4.24μm 8.48μm/hr PEG 1,10-

1,10- 10ppm 30ppm

50ppm PEG 75ppm1,10-

3.90μm

4-2
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SEM  

4-1 FESEM  

50ppm PEG 

 

4-2 FESEM  

 

 
1,10-

(ppm) 

 
(g) 

 
 

(μm) 

FESEM 
 

(μm) 

 
(μm/hr) 

 0.4835 19.24 2.37 4.74 
0 0.3295 10.01 1.55 3.10 
1 0.2936 8.45 2.34 4.68 
5 0.2488 18.79 4.24 8.48 

10 0.1650 3.72 3.92 7.84 
30 0.1563 0.72 3.32 6.64 
50 0.1140 2.82 3.85 7.70 
75 0.1235 11.09 3.90 7.80 
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 a BK       b 50ppm PEG 

          
 c 50ppm PEG 1ppm1,10-    d 50ppm PEG 5ppm1,10-  

          
 e 50ppm PEG 10ppm1,10-   f 50ppm PEG 30ppm1,10-  

          
g 50ppm PEG 50ppm1,10-   h 50ppm PEG 75ppm1,10-

4-3 50ppm PEG 1,10-  
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4.2  

Four Point Probe FPP

Sheet Resistance Berry (4-3)  

d
�

�sR                            (4-3) 

ρ Sheet Resistance  

Rs Resistivity  

d Thickness  

4-2 4.34μΩ-cm 50ppm 

PEG 2.77μΩ-cm 50ppm PEG 30ppm 1,10-

3.65μΩ-cm  

 

4-2  

 
1,10- (ppm) 

 
(mΩ) 

FESEM
(μm) 

 
(μΩ-cm) 

 1.83 2.37 4.34 
0 1.79 1.55 2.77 
1 1.84 2.34 4.31 
5 1.85 4.24 7.85 

10 1.77 3.92 6.94 
30 1.10 3.32 3.65 
50 1.70 3.85 6.55 
75 1.83 3.90 7.14 

50ppm PEG 

4.3  
PEG 1,10-

1cm2 4-1 1000 5000

10000  
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4-4~4-6

4-6 a

4-6 b 50ppm PEG

50ppm 

PEG 30ppm 1,10-

75ppm1,10-  

        
a BK        b 50ppm PEG 

        

c 0ppm PEG 1ppm1,10-    d 50ppm PEG 5ppm1,10-  

        

e 50ppm PEG 10ppm1,10-   f 50ppm PEG 30ppm1,10-  



 

52 
 

        

g 50ppm PEG 50ppm1,10-   h 50ppm PEG 75ppm1,10-  

4-4 50ppm PEG 1,10-  

SEM-1000  

         
a BK          b 50ppm PEG 

         
c 50ppm PEG 1ppm1,10-   d 50ppm PEG 5ppm1,10-  
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e 50ppm PEG 10ppm1,10-  f 50ppm PEG 30ppm1,10-  

         
g 50ppm PEG 50ppm1,10-  h 50ppm PEG 75ppm1,10-  

4-5 50ppm PEG 1,10-

SEM-5000  

         
a BK         b 50ppm PEG 
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c 50ppm PEG 1ppm1,10-   d 50ppm PEG 5ppm1,10-         

         
e 50ppm PEG 10ppm1,10-  f 50ppm PEG 30ppm1,10-  

         
g 50ppm PEG 50ppm1,10-  h 50ppm PEG 75ppm1,10-  

4-6 50ppm PEG 1,10-

SEM-10000  

4.4  

(1cm × 1cm) 4-8 X

X-ray Powder Diffractometer, XRPD

4 40 80 30kV

20mA X 4-9

4-16  
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 4-8  

4.4.1  

100

(I/I0) 4-3 JCPDS(Joing Committee on Powder Diffraction 

Standard)  

 

4-3 X-  



 

56 
 

 

 

 

4-9 X-  
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4-10 50ppm PEG X-  

 

 

4-11 50ppm PEG 1ppm1,10- X-

 

 

4-12 50ppm PEG 5ppm1,10- X-
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4-13 50ppm PEG 10ppm1,10- X-

 

 

 

4-14 50ppm PEG 30ppm1,10- X-

 

 

 

4-15 50ppm PEG 50ppm1,10- X-
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4-16 50ppm PEG 75ppm1,10- X-

 

 

4.4.2 TC Texture Coefficient  

TC
� � � �

� � � �
 �� hklIhklI
n
l

hklIhklI

0

0

/ 

/
                     (4-4) 

    � �h k lI0  

    � �h k lI  

       n  

(Bragg) (4-5)  

�
�
sin2

d
 

�             (4-5) 

    d  

    λ X-ray (Cu) 0.154nm 

    θ  

4-4 50ppm PEG 1,10- X-ray

111 200 220

TC 1 111

1,10- 30ppm 220
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4-4 PEG 1,10- X-ray  

 
1,10-

(ppm) 
 

 
(2θ, ) 

 
(d,nm) 

 
(I/I0) 

 
(TC) 

BK 
111 43.28 2.0834 100.00 1.93 
200 50.52 1.8044 37.65 0.73 
220 74.2 1.2765 17.86 0.34 

0 
111 43.48 2.0789 100.00 2.01 
200 50.58 1.8024 34.53 0.69 
220 74.28 1.2753 15.02 0.30 

1 
111 43.42 2.0816 100.00 2.16 
200 50.58 1.8024 25.22 0.54 
220 74.22 1.2762 13.80 0.30 

5 
111 43.42 2.0816 100.00 2.03 
200 50.58 1.8024 31.36 0.64 
220 74.26 1.2756 16.78 0.34 

10 
111 43.46 2.0798 100.00 1.99 
200 50.56 1.8031 33.85 0.67 
220 74.24 1.2759 16.99 0.34 

30 
111 43.40 2.0825 100.00 1.83 
200 50.58 1.0824 39.00 0.71 
220 74.20 1.2765 25.38 0.46 

50 
111 43.36 2.0843 100.00 2.01 
200 50.48 1.8058 32.25 0.65 
220 74.2 1.2765 17.26 0.35 

75 
111 43.38 2.0834 100.00 2.08 
200 50.54 1.8038 30.00 0.63 
220 74.16 1.2771 13.98 0.29 

BK 50ppm PEG 
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4.4.3  

Scherrer (4-6) X  

��
�

cos�
�

�
CD         (4-6) 

  D  

  C Shape Function 0.9 

  λ X  

  θ  

  β  

 

50ppm PEG 1,10-

4-5 6.78 

Å 50ppm PEG PEG

6.49Å 50ppm PEG

1,10- 6.49~7.10 

Å PEG 1,10-
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4-5 50ppm PEG 1,10-  

 
1,10-

(ppm) 
 

 
(β) 

 
(θ, ) 

 
(λ,nm) 

 
(D,Å) 

BK 
111 0.2693 21.69 1.54 

6.78 200 0.4956 25.26 1.54 
220 0.5682 37.1 1.54 

0 
111 0.2888 21.74 1.54 

6.49 200 0.4350 25.29 1.54 
220 0.6716 37.14 1.54 

1 
111 0.2329 21.71 1.54 

6.49 200 0.3345 25.29 1.54 
220 0.4265 37.11 1.54 

5 
111 0.3865 21.71 1.54 

7.10 200 0.7105 25.29 1.54 
220 0.8553 37.13 1.54 

10 
111 0.3991 21.73 1.54 

6.78 200 0.8671 25.28 1.54 
220 1.6234 37.12 1.54 

30 
111 0.5090 21.7 1.54 

6.78 200 1.1500 25.29 1.54 
220 2.0714 37.1 1.54 

50 
111 0.2900 21.68 1.54 

6.78 200 0.6804 25.24 1.54 
220 0.7347 37.1 1.54 

75 
111 0.2883 21.69 1.54 

6.49 200 0.5112 25.27 1.54 
220 0.6177 37.08 1.54 

BK 50ppm PEG 
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4.5  

PEG 1,10-

4-1 Energy Dispersive Spectrometer, 

EDS  

EDS 4-17

4-24

33.75% 50ppm PEG 38.08 50ppm PEG

10ppm1,10- 45.45  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-17  

 
 

Element Weight% Atomic% 

C K 60.13 84.57 

O K 6.12 6.46 

Cu L 33.75 8.97 

Totals 100.00  
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4-18 50ppm PEG  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-19 50ppm PEG 1ppm1,10-  

Element Weight% Atomic% 

C K 54.24 80.71 

O K 7.68 8.58 

Cu L 38.08 10.71 

Totals 100.00  

Element Weight% Atomic% 

C K 55.74 81.35 

O K 7.85 8.60 

Cu L 36.42 10.05 

Totals 100.00  
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4-20 50ppm PEG 5ppm 1,10-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-21 50ppm PEG 10ppm 1,10-  

Element Weight% Atomic% 

C K 52.22 79.65 

O K 7.67 8.79 

Cu L 40.10 11.56 

Totals 100.00  

Element Weight% Atomic% 

C K 45.80 75.13 

O K 8.75 10.77 

Cu L 45.45 14.09 

Totals 100.00  
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4-22 50ppm PEG 30ppm 1,10-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-23 50ppm PEG 50ppm1,10-  

 

Element Weight% Atomic% 

C K 46.44 74.51 

O K 10.25 12.35 

Cu L 43.31 13.14 

Totals 100.00  

Element Weight% Atomic% 

C K 39.47 60.69 

O K 25.16 29.04 

Cu L 35.37 10.28 

Totals 100.00  
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4-24 50ppm PEG 75ppm1,10-  

 

4.6  

 

4.6.1 Nyquist plot  

RCL

sR sR + ctR sR

ctR Cdl Rct

Nyquist plot

Cdl  

ctmax
dl R

1C
�

�       (3-15) 

Element Weight% Atomic% 

C K 67.14 80.59 

O K 17.74 15.98 

Cu L 15.13 3.43 

Totals 100.00  
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0 50 100 150 200 

-200 

-150 

-100 

-50 

0 

Z' 

Z'' 

BK.txt 

50ppmPEG.txt 

50ppmPEG+1ppm1,10-Phenanthroline.txt 

50ppmPEG+5ppm1,10-Phenanthroline.txt 

50ppmPEG+10ppm1,10-Phenanthroline.txt 

50ppmPEG+30ppm1,10-Phenanthroline.txt 

50ppmPEG+50ppm1,10-Phenanthroline.txt 

50ppmPEG+75ppm1,10-Phenanthroline.txt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4-25 50ppm PEG 1,10-  
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4-6 PEG 1,10-  

1,10-
(ppm) 

 
R Ω  

 
Rct Ω  

 
Cdl Ω  

 12.38 110.82 7.07 
0 12.65 117.25 6.74 
1 12.70 123.80 7.82 
5 12.84 125.56 8.26 
10 12.77 135.33 8.00 
30 12.87 141.53 7.04 
50 13.06 112.44 5.05 
75 13.15 137.25 5.79 

 50ppm PEG 

4.6.2 Bode plot  

|Z| f 4-26

sR

sR + ctR sR

ctR Z  

Z dlC  

� � ZCdl
1�

                        (2-12) 

dlC Nyquist 

plot  
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4-26 50ppm PEG 1,10-  
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4.6.3  

 

4-27~4-34

RS Rct Cdl

 

 

 

 

 

 

 

 

4-27  

 

 

 

 

 

 

 

4-28 50ppm PEG  

 

0 50 100 150

-100

-50

0

Z'

Z'
'

BK.txt
FitResult

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 12.65 0.061666 0.48748
Rct Free(+) 187.7 3.3218 1.7697
CPEdl-T Free(+) 9.365E-5 2.9684E-6 3.1697
CPEdl-P Free(+) 0.83515 0.0045833 0.5488

Chi-Squared: 0.00086514
Weighted Sum of Squares: 0.024224

Data File: E:\ \ \  - \50ppmPEG.txt
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG.txt
FitResult

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 12.49 0.09206 0.73707
Rct Free(+) 180.2 4.9257 2.7335
CPEdl-T Free(+) 0.00010405 5.0394E-6 4.8432
CPEdl-P Free(+) 0.82442 0.0070025 0.84939

Chi-Squared: 0.0019225
Weighted Sum of Squares: 0.053829

Data File: E:\ \ \  - \BK.txt
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 12.89 0.068526 0.53162
Rct Free(+) 184.3 3.215 1.7444
CPEdl-T Free(+) 7.9456E-5 2.7223E-6 3.4262
CPEdl-P Free(+) 0.84395 0.0048997 0.58057

Chi-Squared: 0.00099852
Weighted Sum of Squares: 0.027959

Data File: E:\ \ \  - \50ppmPEG+5p
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 12.9 0.071017 0.55052
Rct Free(+) 202.6 3.6892 1.8209
CPEdl-T Free(+) 7.2671E-5 2.5011E-6 3.4417
CPEdl-P Free(+) 0.85161 0.0049305 0.57896

Chi-Squared: 0.0010756
Weighted Sum of Squares: 0.030118

Data File: E:\ \ \  - \50ppmPEG+10
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG+10ppm1,10-Phenanthroline.txt
FitResult

 

 

 

 

 

4-29 50ppm PEG 1ppm1,10-  

 

 

 

 

 

 

 

 

4-30 50ppm PEG 5ppm1,10-  

 

 

 

 

 

 

 

4-31 50ppm PEG 10ppm1,10-  

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 12.72 0.061821 0.48601
Rct Free(+) 189.4 3.1473 1.6617
CPEdl-T Free(+) 8.3948E-5 2.6151E-6 3.1151
CPEdl-P Free(+) 0.84062 0.0044717 0.53195

Chi-Squared: 0.00083679
Weighted Sum of Squares: 0.02343

Data File: E:\ \ \  - \50ppmPEG+1p
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG+1ppm1,10-Phenanthroline.txt
FitResult

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG+5ppm1,10-Phenanthroline.txt
FitResult
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Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 13.03 0.084345 0.64731
Rct Free(+) 205.2 4.2393 2.0659
CPEdl-T Free(+) 6.7302E-5 2.6993E-6 4.0107
CPEdl-P Free(+) 0.85567 0.0057242 0.66897

Chi-Squared: 0.0014661
Weighted Sum of Squares: 0.041051

Data File: E:\ \ \  - \50ppmPEG+30
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG+30ppm1,10-Phenanthroline.txt
FitResult

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 13.18 0.069003 0.52354
Rct Free(+) 208.7 4.7076 2.2557
CPEdl-T Free(+) 0.00010658 3.6894E-6 3.4616
CPEdl-P Free(+) 0.8329 0.0051169 0.61435

Chi-Squared: 0.0011054
Weighted Sum of Squares: 0.030952

Data File: E:\ \ \  - \50ppmPEG+50
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z'
'

50ppmPEG+50ppm1,10-Phenanthroline.txt
FitResult

Rs Rct

CPEdl

Element Freedom Value Error Error %
Rs Free(+) 13.26 0.077395 0.58367
Rct Free(+) 204.2 3.9693 1.9438
CPEdl-T Free(+) 7.0815E-5 2.6111E-6 3.6872
CPEdl-P Free(+) 0.85591 0.0053035 0.61963

Chi-Squared: 0.0012548
Weighted Sum of Squares: 0.035135

Data File: E:\ \ \  - \50ppmPEG+75
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

0 50 100 150

-100

-50

0

Z'

Z
''

50ppmPEG+75ppm1,10-Phenanthroline.txt
FitResult

 

 

 

 

 

 

 

4-32 50ppm PEG 30ppm1,10-  

 

 

 

 

 

 

 

 

4-33 50ppm PEG 50ppm1,10-  

 

 

 

 

 

 

 

4-34 50ppm PEG 75ppm1,10-  
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(PEG) 1,10-Phenanthroline

SEM XRD EDS

 

1. SEM

30ppm1,10-

3.32 m 6.64 m/hr 1.10m

30ppm1,10-  

2. X-ray (111) (200)

(220) 1,10-

30ppm 220

3.65 -cm   

3. EIS

 

4. EDS 50ppm PEG 10ppm1,10-

45.45 30ppm1,10- 43.31

 

5. 50ppm PEG 30ppm1,10- FR-4
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