creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 24011- 200000278878

2020 d 2 €

Harerel =2

32t A d e Fad
TEHERAY AVAEE A7



321 2P H o= 733l
T EAA Y AV AEE AT

Electric Conductivity Study of Cu Composite Reinforced
by 3-dimensional Graphene

20203 2¢ 254

Collection @ chosun



3 Y Her 73k
TEERA Y AVHAEE AT

Axng o FH  F
o] =B & TIHAIY AA=EoR ASH

20199 11€

Collection @ chosun



rO
FN
ugl{_a'

Azl QA =S

943 zddsn X F A3 Y ()
H ¥ =AY T S o] A 2= (9)
9 9 ZAgE o 5 o A FT ()

2019d 114

Collection @ chosun



LIST OF TABLES :ooeeeeeeeseretesssssiteeeennutteenniiiiennniieeessnnns Vil
LIST OF FIGURES teeeseeeeeeesssteeeessiieeesniuteennniieeesniieeesnnnnes Vi
ABSTRAQCT eeeeeveeeesseeeesrneesnnteenmneenniteeniieaniteeniie e eniee s X
;q] 17@- }\1% ............................................................................. 1
1.1 A T] IR cerreeeremsrsrsmnsiscnissisissistssssisisissusisssssssssasisisssssssassssssasises 1
1.2 B 0] B A s 1
Al 2FF AT e 4
2.1 AJE Y FHA v s 4
2.1.1 Cu BT Y QFE AT cvrrerrrererememsesessissesee s sensnsennes 4
2.1.2 3DIiGN-CU COMPOSILE w+eeereweseessmsssmsssssssmsssisssisssmnssissssssssssssinss 5
2.1.2.1. CVD(Chemical Vapor Deposition) s« weseersessisserssssens 5

0.0 A ] Z A J] T weeerrrrseeressiessssensssesssssssssssssssss s 8
2.3 AT A EE 2R oo 8
2.3.1 A E Y] 4-Drobe CONLACE e weseremmsmssssmmssmmsimsiiinsisssissssssinns 9
232 DC AZNAETE ZHHFH ([-V) serererrererersesesesmensensessnenenn. 9
233 DC AZNAEE ZHHH (L5 Y FA) cererrnersenensenenne 10

Collection @ chosun



A 3% AT LTI e, 16

3.1 RRR(Residual Resistance RatiQ) «w - crereseseseneserueune 16
3.1.1 OFHC Cu(Oxygen Free-High Conductivity Copper) 16

3.1.2 3DIiGN-CU COMPOSILE *wrerersrremsssrssssssssssusnsasssitsssssssssssnsnsnne, 20
3.1.3 3DIiGN-CU COMPOSItE wrerersrresrrsrsrssssssrsnsnsssssisissstssssssnsnsene, 27
3.1.4 3D-Graphene Network s e, 29
3.1.5 CU POWAET ++errersersrssrssrssssessnssssstsassssssssssssstsssss st sssssssennes 31

Zﬂ 47((;|- @% ........................................................................... 35

%I’.'E‘iﬂ ................................................................................. 38

- Vi -

Collection @ chosun



LIST OF TABLES

Table 1. 1. Electric conductivity and resistance of metals. «eeeereermeremeemmeinenn. 3
Table 3. 1. Resistance, Resistivity and Electric conductivity of OFHC Cu. ==--seeeeeee 16
Table 3 2 The RRR Of OFHC CU. ....................................................................................... 16

Table 3. 3. Resistance, Resistivity and Electric conductivity of 3DiGn-Cu composite.
20

Table 3. 4. The RRR values obtained from 4 different parts of the same 3DiGn-Cu

CompOSiteS. ..................................................................................................................................... 29

Table 3. 5. Resistance, Resistivity and Electric conductivity of 3DiGn-Cu composite.
27

Table 3. 6. Resistance, Resistivity and Electric conductivity of 3D-Graphene
network. .......................................................................................................................................... 30

Table 3. 7. Resistance, Resistivity and Electric conductivity of Cu powder. ===+ 32

Table 3. 8. Resistance, Resistivity and Electric conductivity of OFHC Cu, 3DiGn-Cu

Composite, SD*Graphene network, CU powder. ................................................................... 36
Table 3 9 Ratio Of resistivity to standard COPPET. wrrevrersssnresnnesesssisitiitinits e 37
- vii -

Collection @ chosun



LIST OF FIGURES

Flg 2 1 (a) MOld, (b) Cu dlSk ............................................................................................... 4
Fig. 2. 2. Schematic diagram for the synthesis of 3DIGn-Cu composite. =«-«wwwsssseeees 5

Fig. 2. 3. Raman spectrum of graphene after obtained by removing Cu network

part from 3DiGn7CU CompOSite. ................................................................................................ 7

Fig. 2. 4. Schematic diagram of the closed cycle refrigerator used for controlling

temperature. ................................................................................................................................... 1 1

Fig. 2. 5. (a) Indication of width and height of sample, (b) Schematic diagram of
4-probe contact, (¢) Soldering connection image between the sample with 4-probe

contact and the circuit board. .................................................................................................. 12

Fig. 2. 6. (a) The main window when the resistivity program is running, (b) The

additional window with setting parameters for resistivity measurement. =-===--==-=ee- 13

Fig. 2. 7. (a) The screen snapshot image with temperature control parameters, (b)

The Wil’ldOW indicating temperature SEQUETICE, #ewrrrerrssssnnessnnssennnsinttiiittitt it 14

Fig. 2. 8. DC Electric Conductivity Measuring Instruments, (a) open valve state, (b)

JOCK VALVE SEALE, «wrrerrerrerressessmmsmsessessesssass st ssassss s ssss s ss st 15
Fig. 3. 1. I-V graph obtained for OFHC Cu at room temperature. ==« 18
Fig. 3. 2. Temperature dependence of resistivity in OFHC Cu. e 19
Flg 3 3 -V graph in the 3DiGn7CU ComDOSite. ............................................................. 20

Fig. 3. 4. Temperature dependence of resistivities obtained for 4 different parts of

the same 3DiGn7CU ComDOSite. ............................................................................................... 21

Fig. 3. 5. (a) SEM image of 3DiGn-Cu composite, (b) SEM image of 3D-Graphene

network after removed Cu metal completely from the 3DiGn-Cu composite. =+ 24

Fig. 3. 6. Schematic illustration of Parallel circuit model. Here, it is assumed that
the current injected by current source can independently flow through 3D-Graphene

network and Schu network Chal’lnels. ................................................................................ 25

Fig. 3. 7. Diagrammatic illustration of Graphene network and 3DiGn-Cu composite
- viii -

Collection @ chosun



parts Wlth half to half ration. .................................................................................................. 26
Fig. 3. 8. I-V graph measured for the 3DiGn—-Cu composite part. ««wweeeeeemeeeeeenes 27

Fig. 3. 9. Temperature dependence of resistivity measured at the 3DiGn-Cu

Composite part. ............................................................................................................................. 28
Fig. 3. 10. I-V graph for the 3D-Graphene network channel alone. «eeeeeeseneeeeenn 29
Fig. 3. 11. Temperature dependence of resistivity in the 3D-Graphene network. - 30
Flg 3 12 va graph Of CU pOWder. ..................................................................................... 31
Fig. 3. 13. Temperature dependence of resistivity In Cu pOWEr. =weweerereeeeeeneesennnenns 32

Fig. 3. 14. Comparison of the temperature dependence of resistivity in 3D-Cu

network Wlth CLI powder. ......................................................................................................... 34

Fig. 3. 15. The conductivities of OFHC Cu, 3DiGn-Cu composite, 3D-Cu network,
SD*Graphene network, CU DOWder. ........................................................................................ 35

Fig. 3. 16. Schematic picture presenting a possible current flow between the

Graphene*Cu il’lterface. ............................................................................................................... 37

_iX_

Collection @ chosun



ABSTRACT

Electric Conductivity Study of Cu Composite Reinforced
by 3-dimensional Graphene

Cho YeJin
Advisor : Prof. Lee Chang-hoon, Ph. D.
Department of Advanced Materials Engineering,

Graduate School of Chosun University

Abstract A 3-dimensional graphene-copper composite (3DiGn-Cu) was synthesised
by reinforcing Cu particles by graphene network via chemical vapor deposition
(CVD). In comparison with oxygen-free high conductivity copper (OFHC Cu), the
3DiGn-Cu show a very close resistivity value at room temperature. The
temperature dependence of resistivity is proportional to temperature as well. To
explain these properties, it is considered a parallel circuit model consisting of a
graphene network channel and a Cu network channel. It is found that in the
graphene network channel, a semi-conductive conduction mechanism is operated,
but a metallic conductivity is dominated in the Cu network channel. A role of
interface between copper and graphene is also discussed to understand the overall
conductivity mechanism. As a result, it is shown that the pure Cu powder can be
reinforced by the 3-dimensional graphene network as well as be improved in

electrical conductivity up to that of OFHC Cu.
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Table 1. 1. Electric conductivity and resistance of metals.

=
=5 T

=7&(% IACS)

H] A & (uQ-cm)

F=T g

AGES
T 100 1.7241 1.00
> 106 1.62 0.94
i 71.8 24 1.39
&FuH 62.7 2.12 1.60
B2l 31.3 5.5 3.19
of<d 29.2 59 3.42
k! 238 7.24 4.20
W = 16.3 10.6 6.15
=1 8.3 20.77 12.05

& 24.6~345 o~7 2.90~4.06
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Fig. 2. 3. Raman spectrum of graphene after obtained by removing Cu network part

from 3DiGn-Cu composite.
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Fig. 2. 4. Schematic diagram of the closed cycle refrigerator used for controlling

temperature.
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(a)

Silver Epoxy

(b)

0

Fig. 2. 5. (a) Indication of width and height of sample,
(b) Schematic diagram of 4-probe contact, (c) Soldering
connection image between the sample with 4-probe

contact and the circuit board.

_12_

Collection @ chosun



(a) [&] main program.vi X
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R UN Current 0.00
MNext 0.00
STOP 60 0.00000 0.00
SEQUENCE
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DATA
2 e
CHOSUN UNIVERSITY
(b) [@) main program.vi b4

Fig. 2. 6. (a) The main window when the resistivity

program is running, (b) The additional window with

setting parameters for resistivity measurement.
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Fig. 2. 7. (a) The screen snapshot image with temperature
control parameters, (b) The window indicating temperature

sequence.
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Fig. 2. 8. DC Electric Conductivity
Measuring Instruments, (a) open

valve state, (b) lock valve state.
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gl ghol7] wiEol B dF FAse Aitstes ok 2 Aol 12Kl A ¢
e ol &3sk3ltt. w3 RRRS AEZ9 kot Bes FF9 28 dAA F29 di=f
A Ax=E AHEEM RRR#kel 2% EoE gdo] =oAL =

so] Atk 2 thehitH22),

p(293K)
RRR 6)
p(0K)

2 Fig. 3. 1.2 OFHC Cu¥ IVE A3 Aoz I Z7} LinearstAl Aoz
Utk A2 559 Metalicdt 44S &< & 5+ 1 =AYE 5% & F Utk
of aEme] /1271 FA RGES T F Jov MARR ANAEES 7T 5 9
=3

Table. 3. 1. Resistance, Resistivity and Electric conductivity of OFHC Cu.
| R(Q) | pRcm) | o(S/cm)
OFHC Cu | 540252x10° | 2.251 | 444237

w3k g A 63 Fig. 3. 222 vlgr o2 OFHC Cu® RRR #& T8 293Kl A
o] Hl A3 2.256042x10°°Q-ecm@ 12Kl A1 9] v A3 1.23611x10 'Q-cm® ¢13] RRRE
18.3°] Y2 Al EtH(Table. 3. 2.).

Table. 3. 2. The RRR of OFHC Cu.

Sample ‘ RRR=p(293K)/p(12K)

OFHC Cu ‘ 18.3
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OFHC Cu®| 12K%-H 297K7J};<194 SO EAC AT WAZS By 2=t SUbE
5 HAZE F7ksks AS Hol A4l w59 42 :

!_"‘_
F Quh a8l AL A 0o FHsE AE 3 RR
3

= S %o U3 Resistivity® YERH o]+ Resistances THH 2 o
o4& Jgs w] wTo T2 AETLAZE o]l ©E F Avh AT Resistivity &=
FEE BH] e AFe 5Aol7] wiol Resistivity® YEFWLTH

w3l Table. 1. 1.3 A2 [-VY 7]&7] R 2HE d& vAdS 3 3514
of that AaEo BHE Fale] HeES uf (Table. 3. 1.) t&3 o] vepd 5 9,
¥ R v Aol 138 ol HlwA £Xx ¢S OFHC Cu AZolgta 8 4 9l
=

OFHC OuW] A8}t _2.251u82- em

— - = = 1.
X uAg 1.7241u2- em 3 D

FErEloll thE A FE o ] =
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60

® OFHC Cu -

40 - .

20

Voltage (uV)
o
g

'20 . ]

-40

-60 : : : . , .
1.0 0.5 0.0 0.5 1.0

Current (A)

Fig. 3. 1. I-V graph obtained for the OFHC Cu at room temperature.
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25

1| = OFHCCu
2.0
B
© 1.5
G
=
>
'S 1.0 1
k7
B
4
0.5
l...
00f g = m mmmmE®
T T T L A L
10 100

Temperature (K)

Fig. 3. 2. Temperature dependence of resistivity in the OFHC Cu.
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3.1.2 3DiGn-Cu composite

45 | ® 3DiGn-Cu composite -

10 u

Voltage (uV)
o
L

-10 H ™

-15_ ]

-1.0 0.5 0.0 0.5 1.0
Current (A)

Fig. 3. 3. I-V graph in the 3DiGn-Cu composite.

Table. 3. 3. Resistance, Resistivity and Electric conductivity of 3DiGn-Cu
composite.

R(Q) | p(uQ-cm) o(S/cm)

3DiGn-Cu =
) 1.685141x10 2.996 333799
composite
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®m  3DiGn-Cu #1
A 3DiGn-Cu #2
3DiGn-Cu #3
* 3DiGn-Cu #4
£ '
o
G
=
Py
=
@
(0] AA
[} A
m 01 - n ]
a = a X K
*
.
T T T T L L |
10 100

Temperature (K)

Fig. 3. 4. Temperature dependence of resistivities obtained for 4 different parts of

the same 3DiGn-Cu composite.
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3DiGn-Cu composite 3+ IVE S48t 1= E5 S A3, #A, A7d=
= 77 ¢ 4 dthH(Table. 3. 3)).

Fig. 3. 4. 349 3DiGn-Cu composite &S 4F7Zto 2 Uws AL 7FA 2, zHZ
=439S stol RRR#ES B gks A=aiFA vk webA Cu-Graphene® RRRS oF
304= gth(Table. 3. 4.).

H

~

Table. 3. 4. The RRR values obtained from 4 different parts of the

same 3DiGn-Cu composites.

Sample RRR=p(293K)/p(12K)
3DiGn-Cu #1 26.3
3DiGn-Cu #2 35.8
3DiGn-Cu #3 14.6
3DiGn-Cu #4 44.8

Average 30.4(£11.1)

o] MZE5L 3}e] 3DIGn-Cu composite#HS oz /W2 ZZh o] =AH3 Aol
[-Ve digfd oz g /e AEnt yetdo] 279 Ze|v(Fig. 3. 3.). OFHC Cu®t vt
AR 2 I-V7F A9 LineardtAl AAdo®E Uga, 2Eo&EA Adr 2x=F7)d o}
g H| Aol F7slE AL Hol Metalicdt A28 7HA=2d & 4= duh A v -V
o] 2 ZE A3 B, Current - 1.0~0.07tA= = 4% 2= 0
= ot ®E okt &ty wek [-VIHze] VL2 H 9 Rabs Sd v A4S
TR} W, 2996nQ2-cm”7F Ygkal, ol & E3 EET el tE AZFESY BE el
B 170 oA du(EAda] 8). o= ETTelE

S v R ANARET A A B S o

= s 3Di Gn— CuH] A&} 2.996u82- cm
I FAGEN = — T = =1
?_E]Oﬂ EH6 i E‘/l ] ﬁ%?ag H]Xizﬂ' 17241HQ om 1.7 8)

9 AwAE 1-Ve g Aol AF7A9 OFHC Cu$t 3DiGn-Cu composite
S %S ", EE Aol7t glo], ol olfE dolr7] $3lA+= 3DIGn-Cu
composite®] A7 HEZ=vWAYSE oldfslof vt A, THoH 3DiGn-Cu
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composite®] TFx2E ¢olE a7t Advta AZFste], SEM AFE Ao B kth(Fig. 3.
5.).

B oZ9 2129 €S 2EW 3DiGn-Cu composited YA How ddH adgAEs
AbolZ2 Cu powder7b 017} oA = &Aootk (Fig. 2. 3.). o] &H3A|= Fig. 3.
5.9 (a)olA &elst 4= 9o], 33942l Graphene L& W (graphene network)el] w}
Z7FA 2 Cu network7} 398 o2 d7A B = ar

3DiGn-Cu composite®] AFE SHTHWA ZAF7F 3D Graphene1l&% FEoZ2 %
23, 21 A}o]Abol 9] Cu networkHF--ol %= 7} =
Al B712 AAsIT. A8S WAst7] Y& 3DiGn-Cu composited] A Graphene
i AlASE AL oH 22 Cu metalS AlAsEe] g AE] WEE2 Cu metal

A| A3FaL Graphene network®t WA+ ¥HE Cu-Graphene composite?] AEjZ
Hl st} Fig. 3. 5.2] (b)= Cu metalS #7138k Graphene network®] E<5 o]t}
7Hgs 2 AF{F7F Z2be] networkel w2 ZEohH WHIE pFxAAdR o] 1A
Ade = S A8 AZsle], Graphene network$t Cu networke WE 32 A4
52 a8 Bt e Fig. 3. 6. & Graphene network®?} Cu networke H#E 3|2 &%
g 23 Aol

Fig. 3. 7. & <A Zdd WEds2 714S SHst7l 98 92 3DiGn-Cu

o

VAl

AL FAT 5 AU, 0B B

rr

=

7y 7}

ot
ot

=

oo 4z

o

composite©] JFS 3DIGn-Cu  compositeo] 5] Cu  metal?r A A3t  Graphene
network®t W AT A A4 A 9 AEE =E UEd Zojth & ATt
4

—-probe contact dto] A& Ao|t},

K
m
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— 10 pm —

6

I_ l 1
10.0um

Fig. 3. 5. (a) SEM image of 3DiGn-Cu composite. (b)
SEM image of 3D Graphene network after removed Cu

metal completely from the 3DiGn-Cu composite.
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RGr network

AVAYA

RCu network

Fig. 3. 6. Schematic illustration of Parallel circuit model. Here, it is
assumed that the current injected by current source can independently

flow through 3D-Graphene network and 3D-Cu network channels.
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- - = o
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| - g »
5 ¥ a3D-Graphene sietwork

Fig. 3. 7. Diagrammatic illustration of Graphene network and

3DiGn-Cu composite parts with half to half ratio.
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3.1.3 3DiGn-Cu composite

100 - - "
®  3DiGn-Cu composite [
|
]
|
50 -
|
—~ |
2 »
~ [ |
g o "
3 "
5 [
> |
|
|
-50 + -
|
]
]
|
-100 . . : . , :
-1.0 -0.5 0.0 0.5 1.0

Current (A)

Fig. 3. 8. I-V graph measured for the 3DiGn-Cu composite part.

Table. 3. 5. Resistance, Resistivity and Electric conductivity of 3DiGn-Cu composite.

| R(Q) | p(pQ-cm) | o(S/cm)

3DiGn-Cu -
) 9.34541x10" 4506 221935
composite
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m  3DiGn-Cu composite
4.0
€
O 3.5 f
G
= [
> g
= 3.0 e
k7 .
@ Lo
o .l'.
2 5 = ...
[ ] |
- |
]
|
2.0 . m U
T T T T T
10 100

Temperature (K)

Fig. 3. 9. Temperature dependence of resistivity measured for the 3DiGn-Cu

composite part.

Fig. 3. 83 Fig. 3. 9. Fig. 3. 7.¢] A1&<9] 3DiGn-Cu compositef-i-°ll ¥ 4-probe
contact 3to] =43 Aot} Fig. 3. 8.9 3DiGn-Cu comspotie®] [-VE B Linears}t
A RE 0~+1.0 FFollA] AR Jojdl= RS AFE = vt 2EEA] dPagEe
ZrHet A= g o, OFHCSE frAFSE A-ss Holal k. T 31.2¢ 2& W=
THE 3DiGn-Cu composite©] 2| ¥k H] A &} o] g
(Table. 3. 5., WA 9).

o] X1l 3DiGn-Cu compositet & oWt WAYF wjol o] X7} vpghrar
Hg ot

= s 3Di Gn— CuH] A & 4.50682- cm
X 3l A 850 H| = == ° —
TR HEAREN = e A 17241002 cm

=26 9
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3.1.4 3D-Graphene network

807 "a 3D-Graphene network L
[
60 |
| [
40 u
[
[
< 20 -
E_/ |
0 [
% . 061 "
© u
% 20 - ] 04 - | |
> u = 021 "
n < o
-40 - - > 00 o5t
= =
[ 2 o021 a"
-60 " 04 .
u
. 064 ™
-804 = , :
0010 -0.005 0.000 0.005 0.010
_| Current (A)
' | ' | ' | '
-1.0 -0.5 0.0 0.5 1.0
Current (A)

Fig. 3. 10. I-V graph for the 3D-Graphene network channel alone.

Fig. 3. 10.%} Fig. 3. 11.2 Fig. 3. 7.9l 3D-Graphene networkFol| W 4-probe
contact sto] A& S vEkdl Aotk

Fig. 3. 10.2 3D-Graphene network?] -1.0A°A +1.0A7MA 2] AFo] thsh A4S

A3k, Current -0.01A9A +0.01A7FA] F-&ExF s st o F43 IVE

= a
g Zojth oluf HAAo® 3& wli= Metalicd H2e 7HAL JowARE Fofd

FRAME Linearstd 2 adize] mgw, eRAPAM 57l $e25E A
gol grsts AL wol, AFAA WEAA 4 BF AL AeL BT 3

[21], (Fig. 3. 11.). =3k o]yg I-Volrx e 3Foj3le 2R o] 3DiGn-Cu
composite oA %= T H|HA Holx= AL Graphene?d A Zo] 3DiGn-Cu composited]

e Row mo] Atk
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N
N
1

- m  3D-Graphene network

Resistivity (u2-cm)
- - N - - N N
o N B » [e] o N
| L | | L | | | L | L
|
|
|

oo
-

»

10 100
Temperature (K)

Fig. 3. 11. Temperature dependence of resistivity in the 3D-Graphene network.

3D-Graphene network® A3 H| A3} HA7|dE%= z+7; Table. 3. 6.3 2t}

Table. 3. 6. Resistance, Resistivity and Electric conductivity of 3D-Graphene

network.
| R(Q) | p(uQ-cm) | o(S/cm)
8.65772x107° 5.195 192506

3D-Graphene

network
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3.1.5 Cu powder

A% AT 5 gl7] wWEel] Y5l Aiks &3 F-sl= 3D-Cu network$}, H]ulst
71 913k 71¥ 9 a2 Cu powder®= A7|AE=% 23S 3Pkt
Fig. 3. 12.& Xo} Cu powder= Metalicgt &S 7FA a1 )
o)A AL 3D-Graphene network$ f-AFsHA &w71 =

H

LA

o

p

A AdS wes A & 5 dvh Current’t 04

=
| 1 of A &3 (Electrification %=+ Charging)©] < <]

d

h

m i
i

2

1.5

®  Cu powder

-1.5 1

. , . . , .
-0.10 -0.05 0.00 0.05 0.10
Current (A)

Fig. 3. 12. I-V graph of Cu powder.
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5.0

®  Cu powder

45-
e
S 4.0 .
P n
S 3.5 .
@ "y
® 30 -h"ll—ﬂ.-.-'llﬁ:
i
%
2.5+ ]
T T
10 100

Temperature (K)

Fig. 3. 13. Temperature dependence of resistivity in Cu powder.

Table. 3. 7. Resistance, Resistivity and Electric conductivity of Cu powder.

| p(uR-cm) | o(S/cm)

Cu powder ‘

Collection @ chosun

155643x10° | 2.373 | 421390

_32_



e HAAEE FE A SAY + g™ 3D-Cu network Fi2 SHAl AlSH
3D-Graphene network®} 3D-Cu networke= HE Aol FZRE o]F S A ol
v HEE F8, HEAT AMAS 7HA 3 3D-Cu networkE E=E3 ¥ Aok Al

A e thes 2

ol

R’m’r N RCu " RG7 N RCU*GT 10)
CH S 1)

RCU —Gr RCu RGT

1 1 1
= — 12)

RCU RCufGV RGT

919 Ao 249 WAA 28 ol §AA Ry S AdelE & v
CoPror

Ry = =5 13)

A A A
T Cu + Gr 14)

gmﬂom'r a gChp Cu gGrp Gr

o
-

Fig. 3. 7. 22 =7]¢] 3 Al Zo]7] w2, G A At A=3te] Ay o] &<
thar Hep, A Apy = A U = Lo, = g, ©1FFaHE, ASE 25 oFe

Ab &to] Fo thg3} o] 3D-Cu networkol]l W3k e 7+ ¢ Ut

>,
)
N
=
N

TOT

1 1 1 1
-y = 15)
Pror Pou Pacy Pou— Gr
1 1 1 1

_33_

Collection @ chosun



12 5

104 3D-Cu network
E Cu podwer ,

Resistivity (u2-cm)
[ ]
[
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[

T T T T L |
10 100
Temperature (K)

Fig. 3. 14. Comparison of the temperature dependence of resistivity in 3D-Cu

network with Cu powder.

Fig. 3. 14 WA4 1622 +3F 3D-Cu network?] #< Cu powders} 74 &%=
o)EA e niAEger YEdl 2gizelr. 3D-Cu networkel A= ==7F S7FeE
2 H) A &o] Z7lslE F459 Metalicdt A%5S BHoFa 9L, 53 Cu powderdl
Me 27t S71ds S v A Fo] Zdadts vy Ads Kol v olFE §

(

3] 3D-Cu network %3 3D-Graphene network{-& Alo]e] AV A LR WAL Fo]
dojt7] w&E 3D-Cu network’} H&FS ol Aol e el AZs)
Attt w3 3D-Cu networkoll Al Mo 2 ZF7tstthzb oF 207K F-2HE okt 7ol A

<7Vt A Cu powderdl A= Hxf A stchrl 207KE-Loll A o 543 o 2
adhs AR &S vAE WAE BT Aot At

N (e}

ofk
g
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A 4% 28

9 AHES =3 & OFHC Cu, 3DiGn-Cu composite, 3D-Graphene network, Cu
powder®}t 9bA WHI| 2 AAAS F3] 73 3D-Cu network®t HE & H 3k} (Fig.
3. 15., Table. 3. 9.).

108 3
0 ] B OFHCCu
] . ® 3DiGn-Cu composite
A 3D-Cu network ]
= 3D-Graphene network| |
[ | Cu powder
7 ] | -
10 3 m 3
] | - 1
uy

% 2 222222000000mmn.

Conductivity (S/cm)
2
1

-

o
[¢,]

n

10* : —————
10 100

Temperature (K)

Fig. 3. 15. The conductivity of OFHC Cu, 3DiGn-Cu composite, 3D-Cu network,

3D-Graphene network, Cu powder.

-

Fig. 3. 15, ¢4 g3 MZES 12 KFE 297 K7HA plotste] A7 d=xe o
sto] YER Aot} e Hol X = AAYH A4 OFHC Cu®t Cu powder?
A7NAeEE w$ He & 7MY, 257 F4A8sE OFHC Cus S7hstE=
A E A7 AEE7F £X 9 Cu powders HAsh= Ao & Hol A2 A9 A

A
VNAEREE A "9ojfds & 4 2}l Cu powder®t 3DiGn-Cu composites E3]

e
il

A}
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3k 3D-Cu networke] 1 Z= AME 8 AFS B o= Graphened} CuAlo]el
ogu gt Fsztgo] Ak AE & = Ark HlEo], 3D-Graphene network?} 3D-Cu
network’} WHI 22 AF7t 247 2205 7H4 st A g Ax o] 7pA o] Yt
A 3D-Graphene network{& 2 2 4-probe contactste] 2 &3S W ¢ 3DiGn-Cu
composite - & contactdti S wWe] AEA FHe Eo| Zolofsit)

SAIRE M2 o] Fhe A &t o] 3 3D-Graphene network®}l 3D-Cu network
Atole] oW interface”t Utk ol =™ (Fig. 3. 16.), Fig. 3. 15.¢] OFHC Cu%}
3DiGn-Cu composite®] Z#f3=1}, Table 3. 8.2 A7 HAEZolA HIEo] E oA
9] 3DiGn-Cu composite OFHC Cu%¥t&e £ 7|3 54 7HA A EA
Graphene®.® Cus 4&tst= Zlo] T3] Fonsivds A & 5

nlA] 9o 2 Graphene network®t Cu powderi= WFE=A| A2 AF
A=, Cu powderd 2§ g2olA @A7|HAExE OFHC Cu % EOo v (Table. 3.
Q), HF=A X HAS HoF= Zo] Aot} o= Cu powders ©]&3] s
72 o] MEZ ol EXolAY, Cu powderAHA o] &4 &8 Fig. 3. 12014 AF3 AAH
MZAYole] AA R 2ls] SCLC(Space Charge Limited Conduction; &% A& Agk =
Lol olgt Aojebal dekEn

Table. 3. 8. Resistance, Resistivity and Electric conductivity of OFHC Cu,
3DiGn-Cu composite, 3D-Graphene network, Cu powder.

R(Q) p(uR-cm) o(S/cm)
OFHC Cu 5.40252x107° 2.251 444237
3DiGn-Cu composite(half) 9.34541x10°° 4.506 221935
3D-Graphene network 8.65772x107° 5.195 192506
Cu powder 1.55643%x10° 2.373 421390
- 3 6 -
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RGr network

§

RCu network

Fig. 3. 16. Schematic picture presenting a possible current flow between the

Graphene-Cu interface.

Table. 3. 9. Ratio of resistivity to standard copper.

75 TF/ H] A 8 (uQ-cm) EETE g AFE |
T 1.7241 1.00
OFHC Cu 2.251 1.31
3DiGn-Cu composite 2.996 1.74
3DiGn-Cu composite(half) 4.506 2.61
Graphene network 5.195 3.01
Cu powder 2.373 1.38
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