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Study on the electrochemical formation of copper nano-scale thin film

on molybdenum diffusion barrier by direct electrodeposition
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MY E(affinity)E  LIEFRUCE = FYOM  HFYE(current  density)Q| H2p7b LIERH

2 (potentia)E LOtLY 7| L[ =8 ML FH(CV, cyclic voltammetry)E S0 S TIHSHRULCE

A

Sk M

[

0%
e
-
i
ofm
ot
fot
gl

X Oi(diffusion limited) Z=7410| F2[F IDA 7} 1:10 2| H[Z0|A
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LIEtHCHE AS =HQIUCE Ol =t KO =AM Hii=go| W4z LT pH, AT
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At Al ZH(deposition time), ™7tXMQ] =0 et XXMl F2& THS H1DXt HHP(potentiostatic

deposition) &= TIAlSt 7| 2 =40 HE = A =(diffusion coefficient)S Cottrell equation =
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electron microscopy)dt HALZFHBI0[Z(AFM, atomic force microscopy)s AMESH0] HEBHS| FE

IaES =HOISHRUCt Eot O|2X ZAFEI MM S| HIE TF{ 2E (current efficiency)S
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Lo A s ess e e 1
L Lo ZHE s e 1

2. O[BE HUZ .......oooooooeeeeeesssssssse e sssssssssssss s 4
2. 1. 2AZI(MOSFET, MOS field-effect transist..........ccoooorrerreeeeeeeeeeisssssssseseseeeseseeenes 4
2.2, LHEHH A (INErCONNECL) .o 5
2.3, L EZ 00|12 O] M (electromigration)..........ccccooooeeeeeveveveeeeeeeessssssseesseseseeeseneens 6
2.4, CHORA B 7 (AAMASCENE PIOCESS)..ovvrrrrrnirreeeeeeeeeseessssessessesesessssssssssssssssssseesssssssssssssssssssssssssssssssssssssssssssssssseeee 7
2.5, TAOH =2 (electrodePOSItion) ...........ccceeeeeeeeeseeeeeeeeeeesssssssseseeeseesesesssessssssssssseesssssssesssenenes 8
2.5 1. TARZERL THRIQ] BEA| .o snssss s 10

2.6, TATIBEBET R oot 12
2.6.1. ™ 27 ML FH(LSV, linear sweep VOIAMMELIY)...........ooeeerreeseeessscreeesssrsseeeeeeessssssssinns 12

2.6.2. TETATFRI(CV, cyclic VOIAMMELTY) coooovveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeseeseseseee s 13

2.6.3. CHA|ZE I KFR (Chron0ampPerOMELIY).........occevoevooooceeccccceeeeseeeeeeesssssssssssmsssssseeeseesesssssssssssmeseseee 16

2. 7. B TERICAAAIIVES)......ooooooeeeceeeeeeeeee s cceeeeseseeseeeesesssesssmmsssssseseseeessssssssssssssssssssesessssssssssssssssssssseeessessssssssses 19

2. 7. 1. E2EH| (COMPIEXING AZENL).....vvvvvveeeeeeeeseeeessseiessssseeeeeeesesessssssssssisssssssssesesssssssssssssssssssssssseessssssssssssnes 19

2.7.2. DI (SUPPIESSOL) corrrrrrrrrereeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeee e 20

2.8. LI AT 2 KA (NAno SCratch test). ... vwwooeoerreeeeceeseesseeeeesssesseeeeeee 21

= - - SN 22
3.1, Tolf =4 7|gh F2| Hl =a5S RIet A/E FTH|nen 22
3.2 HT T s s s s s e s e e s e e 22

3.3. Mol A 23



T B I K= = O T 24

3042, OJMITEE B oo 24

3.4.3. BHHET] B oo sssssesssssssees s 24

3.4, 4, DTBNK] KT BT ocoooeeeesseessssssssssssee s ssissssssss s 24

A, BB BIE T DIE s 26
4.1, pHOJ| [TH2 THBHEZ AT oo eeseeeee et smssssse s smssses s snnseeee o 26
4.2, HATQO 2 H ET AT oo 34
4.3, BE ANZH| 2 BT AT oo 39
4.4, T2 BEEOL ATBHK] KT B oo 44
4.4.1.pHO| 2 F2| &#oto] AKX ME FEH .. 44

4.4.2. AP0 ME FE| ZHO| ATEUK| K BT .o 51

4.4.3. ZE A|ZH0f| 2 F2| BHEROl AKX KB B e 58

4.5 AHNQ =0 M THET HE e 63
4.6.PEG 100 pMO| A S&F A|2t0] MHE TH=F B o 74

S B e AR R 80
6. RETEICIICE ..ottt a sttt a et s s e s s st e s s s s sassassssestessessesassassasasssssssaasans 82



TLRE2-10 BBEATIO] JLIR oo soeee et seseee s 4
T2 22, WHEBHMOL THRFE oo 5
T2l 2.3, CRORA B TEAIO] BESE THRFEE oo 7
a8 2-4. F7|5tst ol HIZHA| 8242k CHEHQN Aok SHRIBFS Al e 9
T& 2-5 Tl M0 ME HIUEO| BHBL rrcnreerennessnssnnssnn 10
J&2-6. MAZI|HYHFHOIM AlZHo| [HE ™ R|Q| HBtEfof CHoE 7HEf 12
A8 2.7 MEZI| LT RYOAM LIEILEE HEH QD TR BB e 13
T8 2-8 =YX FRHOIN S7tSks AlZHO| [HE TR BIBFRE i 14
229 Moot MFol Azt ZAO 2ot =AU RO I e 15
8 2-10. CHAIZEA I RFRH O Al A[ZHOYl T2 THFO| B oo 18
LR 211 IDA O EERETEZS oo sssseee st sssssses s ssssssessssssssesssssssessssssseeesssssssessssnseeesos 20
T2 31 HYUWMITOZ MESHE HIEER SR W oo 21

0

0% 4-1. (a) IDA & EII5HA| $US W] FHYMENE, (b), (c) IDA E HIIHS M9

St EAMENZ((b)2] log K: 10.55, (c)2] log K: 5.65) (d) MBiZEQ| pH ZHO| ME CV (e) LHEF:

PH 7 ZEZAOIAI Q] Voot esssssseeee s sssssssss s ssssssssseesssssssssssesssssssssssees s 26
a3 42, ToEL| pHE ZEISHY -1.0v el 27F HRE 30 ¢ 7het 2| e #H...28
2 4-3. pHO|| [FE Current tranSIent CUIVE .............cceeeeeeeerereeeeeeeesesssssssssssssesesssssssssssssssssssessesessssssssssssssssssssssesesssssees 29
O 44 pHO| T2 BEHHEIT| oo ssseeeeee s 29

a8 4.5 iRl pHE H2l5HH -1.0v e 27t MRYE 30X ¢ 7ot f2| 2ol AFM
O|O|X|(a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (¢) pH9, (a'-¢") &2 ZZ0|AM2| AFM THH O|O]X|. 31
2! 4-6.pHO|| [}Z Current transient curve & ivst? 2 BSOSO T2 o 32

= 4-7. ST 2 current transSient CUIVE ... eeeeseeeeeeeeeeeseeeeeseeeeesseeeessseeessseeen 35




QLD R oo ssssssss s 37
8 4-11. 2FAT L0 [HE current transient curve & ivs t'? 2 HEHoE J2f= 38
O3 4-12. (a): SRIML0| [HE current transient curve (b): (a)2 0~5s 2] 7Zt2 =CioH 2= . 40
A2.4-13.pH 72| =AM -08 V2| QAIIHLIZL CHE SEAIZE S 71T F2| 2ol ®FH 41
D8 4-14. ZTEAZHO R T ET | ssessssssssssssssesee s ssssssssssssssssee s 42

A8 4-15. (a) S| =EH SHAEIXS EHA pH7 O] ZHOA -08V 2| AT LIZE (b) 55, (c) 10,
(d) 205, () 60s, (g) 1205, (h) 240s 2| AlZH SOt Z4S{El FL2| 2ol AFM O|O|X|, (a'-e') &2

AL AFM THH OJ O] K] oo eeeee e seeeeeeee s senenes 43

2l 4-16.(a)pH E EH2I5IH -08V 2| QIHLE 60 2FQF 7I8t current transient curve, (b-f)

NLYSET AN SEHE BEOEOl SEM Of O] K|, coooooooeeeeeeeeeeeeeeeeeeeeeeeeseseessssseeeseseeesesesssssssssssseeneeeee 44
a3 4-17.pH ZHO| w2t SEE 2Ho| THH SEM O|O|X]. oo, 46
0% 4-18.pH Of| [}E O|EXMZEZ, MK SEY, MFE2SEMBSEHE/OIEXZEZ x 100).......... 46

13 4-19. (a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (e) pH 9 2| BEZAOA LI ATEXAH & LA

TEoE () 4 =40 E +8otE0| 549 S7tet XFHME #EBtE .. 48

B Bl oot s s s eAA AR AR AR SSRR AR RSS e RRS e RRRRR 50
8 4-21. (a)pH7 2| ZHOM LHRATRAE 2[5t 60 Z2FQF 7}t current transient curve, (b-f)
SIS AT ZAOM BEFE BEEEO] SEM O O| K| ..o eeeeeeeseeeseseeseesseeesssssesessssesssssesssssessesseessee 51



[

8 423 TR0 MHE O|2HBHE, ZHSHY, URIEMSHE/OIZHSHE x100)

................................................................................................................................................................................................. 53

8. 4-24.(a) 0.6 V, (b) -0.8V, (¢) -1.0V, (d) -1.2V, (e) -1.4 V 2| ZEHZOAN LteAINKAE F
LMo ="t () 2 =AU E $£HSHE0| =43 7t XFEMe #=2+5...... 55

3. 4-25.(a) -0.6 V, (b) -0.8 V, (¢) -1.0 V, (d) -1.2 V, (e) -1.4 V 2| =40 A FEtEl 2| tatol
ATBHK] BB oo 57

8 4-26. (a)pH7 UM 08V 2| QIIHYE CHE SEAIZE S 748t current transient curve,
(b-g) SHY ZSEERHOM ZSEHEl BFBEO| SEM OfO| K| . ...oooooooeoeeeeeeseeessseeeseees oo 59
13 4-27.(a) 60 s, (b) 120 s, (c) 180 s, (d) 240's, () 300 s () 360 s 2| SEFA|ZHA Lt AT ZHK|IAIH
T DA +=EstE (h 24 20| E $+HSIE0| =243 S7e X|HA M| +=25tE. 60

13 4-28.(a) 120 s (b) 180 s, (c) 240 s, (d) 300 s, (¢) 360 s 2| SEA|ZHO|A BEH=l 72| BHoto|

AKX E2 (AT 4-25(0): 60 s 2f ATBHK] EBHY e 62
2. 4-29. (a): PEG S =0 M2 CV (b): PEG S E0 M2 MBFF S s 63
A8 4-30. =Tt DS ETZHAM Q/Q0 e 64
8l 4-31. PEG SE0f| 2 current transient CUIVE ........veeeeeveeereereeeesseeeeeeseeseeeeesesseressene 65
128.4-32.PEG sZ0f| W2t SEE F2| SO HH SEM O|O]X|.....ooorrrnrrsemersssenessssnesesnens 65
128.4-33.PEG sZ0f| W2t SEE F2| Z2O[ THH SEM O|O]X|.....oooeevrrerresnersssenessssneseseenes 66
18434 PEG S0 [HE O|2EXBAE, HMSHY, MRESHEMSEY/OI2HSEZ x 100)

................................................................................................................................................................................................. 67
3. 4-35. PEG SZ0f et SENE FE| BFEO] HET| oo 67
22l 4-36. PEG &= 0f [F2 current transient curve S ivs t2 2 BH2oH 2= 68

123 4-37.PEG | s&0| et SEE F2| &8to| AFM O|0|X| (a) PEG (X), (b) PEG 20 uM, (c)

PEG 50 uM,, (d) PEG 100 uM, (¢) PEG 200 uM,, (f) PEG 400 uM, (a'-f') Z2 Z=AN A S| AFM EHH



12l 4-39. (a) PEG (X), (b) PEG 20 pM, (c) PEG 50 uM, (d) PEG 100 pM, (e) PEG 200 uM,, (f) PEG 400
uM Q| SN SEAE TE| BPOFO| ATBNK] EZH e 73

18l 4-40. (a) PEG 100 uM 2| RN SEA|ZHS H2|510] -2 current transient curve (b) 27|

ol

& Alztel @i

=~

ot

by

rok

I I G 74
& 4-41.PEG 100 uM O TN JEA|IZHS 2|5t A= F2| 2tate] M SEM 0|0|X|75

12 4-42. PEG 100 uM 2| ZHOIA SEA|ZHO| HE EHAET] 76

& 4-43. PEG 100 uM 2 =AM (a) 0.2s, (b) 0.3s,(c) 1s,(d) 5, (e) 10, () 40s, (2) 80 s, (h) 160 s, (i)
320's, (j) 480 s 2| AlZh SCF ZFSHEl F2 BHate|l AFM O[0[X|, (a'+') €2 =AM 2| AFM

EEDH O O] K| e eeee e s e eesseeneeeseeeee 77

N

18 4-44.PEG 100 uM 2| S=Z=AO0M SEAIZHO| W2 SAE 2| #f9o ©H SEM 0|0]X|78

18 4-45.PEG 100 M 2| S=Z=A0M SEAIZH| 2 OI2NTAE, dNSHEY, URES..79



H.3-1 2] HHEZE AT RO T oo
.41 PH Ofl TR Ry, Rpyecooeeeeooooeeeeesssseeesssssseesssssssessssssssssssssssessssssssessssssssssssssssessssssssesssssssessssssseessssssssessssssseesons
H 42 pHOJ TR ZEAEAISE oo ssmssses e

H. 43, ERAT RO [ Ry, Rpvereeeooeeeeesseseeessssseeeesssseesssssseesssssssessssssssessssssseessssssseees

H. 44, ZHATQ O [ ZEAZISE oo

H. 45 BEAZEO IR Ry, Rpveceeeoooeneeeessnseeessssseeeessssseesssssseesssssssessssssssessssssseesssssseeees

H.4-6.pH Ol [HE O|EMSZEZD HHEMBEZFY FoX| ..o
H.4-7. SHATLO| 2 O|2X B AN HMBEEL FX| e

H.4-8.PEG SZ0f 2 O|EXNZHZ N HMBEZEO =X .

H. 4-9.PEG SEO0 2 Ry@b BHIZE oo esssses e ssssseessssnseeessns
H.4-10. PEG 100 uM 2| ZHOAM SEAZHO| 2 Ry, Rpy 2 K] e
H.4-11.PEG 100 yM 2| SEXZAOA SEA|ZH| IHE O|EXSEE, HHMSHE =X ...

32

36

38

42

47

54

67



1. ME

[

1.1. 7l

gt d 7lE sE2 F0io] Ao el dFYSIAL, BEN X 7ol HZES HESHL U=

—_

B M (interconnect)= S| S ER A S| Z(ULSI, ultra large scale integration)S =0 =FHIUC
HiMo| 7= ZO0EM SA0f HiMel =7t Soteto| wet thel S F ~107 7§ 0|2
HHEE LtEHUA ZQUACE o|2fgt DA 7|=0| Lo met gteX= AOEED PC OfM

LtOt7b HZ7|ASAILE AgFdar 22 7|80 A5 AT

A 2(IC, integrated circuit)yE Tt [If 7|F HiM2 LF0lsANS HiM HEZE O|E5HRULE.

AL =FO0| Z7Igto w2t ¢F0js HfM2 SHAO ZE=HSHA ZIQUCH HXN HiMe|l A7[7t
Z0{E ZME Qi RC X[HRC delay)d&t MFLUZ7L F7tetof| a2t EHM(disconnection)dt

Ct2f(short circuity2 YL27|&= YHEZ0OF0| 12 0| M (electromigration)O] HWSH7| WHFO|CH Ol
CHA[SE AR 2| HfMH MEZ AFESIRICE F2|2] HINE2 16.7 nQm B, YF0|H0] Hjg| Z2

|.

N
o

— |

HMed 240t MI|MEEE ZHXD Qb [1, 2] SHX[Z 7|ELQ LR0|s0 HS] A

ofg@ct= EHH

mjo

Sl ZSt Xt CHOpAl Z7d(damascene process)= 0|80 F2|E HiM THEE
ALEE = UA ZIUACEH ol Cropd Z-E2 HA I E(pattern) &4, B F(electrodeposition),
B Eto(planarization) 2 g2 Soff YTl S7Y0| ORFZ|EICE M2tN, &2 Z2H|(aspect-ratio)2]

EdX] FXE(trench structure)d| F2[E M2 F A 7|AAOKCMP, chemical mechanical

planarization)= &Sl BErel Hgs TALl= OOl 382 M=z JHEa #EN 7=

deposition) & ArESI0] 7Hg w et 2| HAel FH =US Re s THSIUCL

7

i

SE 7|80l ADH Y (sputtering), S2t=0HS 27| H(plasma deposition), 2t2H7| &S 2 (CVD,



chemical vapor deposition)0i| H[S] ZFHFN=ZH2 420 SA0M ZAZ = U7 I20 =t

= Mos|7F g1, HlnH ae 40| ks F-O| UL [5-7]

SHX|2F A 2[2(Si, silicon) RO|H(wafer)R0l 27t TEEH, F2| |Xeb A2l AX7t
2ot cusi & A I EMES ANOIAZ|E ez XEZUCEL 2 AFAME=

SRS E 22l olmet 2| HaALolo SHAIZ H7H E4& FAISHAA A=K

Il
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0xX
mjo
\J
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n

MM EdES ERsSta Qo itgx|gtoz Hotsic d2(E fo|m 20 DC AT E 3 (direct
current sputtering)2 O|&3I0f Z2|EH F2 JESI/ULCL DC ADLEHTLS X O 5 d(step

coverage)O| ol st O FHE Y2 5= UL TEO| QUL [8-10]
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e SH ASS LEWI| flet EZ0[Lh HI7tM (additive)E AFESHY HfECS =9
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Ot

H=a

mjo

ol SEE ool HWdE Zott E42 T E(electrolyte)?| pH, A
M %l (cathodic potential), ZEF A|Zt(deposition time), ®7IKMQ| SE0| XFXo=Z JAYZ Lh=C}

metA = A= T pH, 2 TRl T4 AlZh H7IHQ sE& B2 M Mgt
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M Q|2 7| ¥ (potential sweep method)= AHESIY ZAHE gfato| £E4Z LOLE QALY (15, 16]
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2. O|EX Hig
2. 1. EAZI(MOSFET, MOS field-effect transist

WELL CONTACT covosTosys SOURCE :-:('i.-'i.'f'l'. A\)] DRAIN

o —cl ) Y N N ——————r e e B

[ :l‘ \.. A : \‘\ . ~_\. ._-'-..-:.-:‘ ‘ h- \ ‘I I \ \..
P Tpe P '

A
A N B RAE DN ORI NN

a8 2-1. 2AIIO| Ax

FE-AIEENE FEE MAZN EUXAHE ZATO[ZE otct RATIO| Xz Oof o2t
T2E[= NMOS(n-channel MOS), PMOS(p-channel MOS)2t NMOS, PMOS & CMOS (complementary
metal-oxide semiconductor)® &FE £ ULt ZAZIOl JFXRE AA(source), =2 Ql(drain),

HO|E(gate) M THAR =L AAE ™XKelectron)?t Ol &30 ™ &F(current)Zt L7t

rir

LotCh B2 AAE S =02 Tolst AOIE ot HEeol MES S 58 Livhe

Merof elsl 278 =0 [19]



2.2. LiEHi M (interconnect)

a™.2-2. LFH{MO| THEF

Ot Me2 O|F0X e, 1 A7/ U 4 mm =ELE EXWSICE & A &£ (components per
chip)?t 107 7HO0| 22 ZIteto] mal WEHM2 10 ~ 20 nm 37|2 FHEICH §3], AFEHL
CPU(central processing unit)2t 22 HEHM 0= LF B =2 SEH|(aspect-ratio)E 7HE! SO

H2 o EMXAES} AOIEV 9EE +

0%

St7| I8l EXHBECE. 7, 20]

7= WRHY Mz dREO0F@An2 3A 2 7Hel M=z 28 F2/(Cw= DA EIQUCH FHA,

UHEo 7tz Qi) &2 FTEHE 71T €R0lE LFHHOM LHE20r0]22|0|H (electro-

Hl

migration)0| 29| ' YSHA E|QICt LF0m WRHH2 7|2 EHO

w2

Fols &y
AlZE Z%(etching process)= S0l YTl ZHapPdo| OFZ|=ICE F2|of Hlgf =2 HX

FSOIM HUN =2 HIMZ2=z Qo) ™At

El

(resistivity)= 7HA|= YR 02 LMZE W=

o

Al

o>

2X| 2L ol2{st YHEZD0I0|A0|M2 RC A|A(RC delay)?| QOS2 X|SE|ACE



Lol AN 2E Soff 27t Mzt MFAUZIF FItetof w2t T (disconnection)dt THef(short
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siZst7| flsh F2l WRHMES ZSIZCE IBM ALE ARLE © MAXMLE HM Lzt FE
R 7|& R0|s WREHIMH HMEQ 27 nOm 2O 9F 40%8= %2 16.7 nQm 2

HIMES ZHECE HIME2 Re+8 2+ H7IHERE 7HN0, d=7t dEE o ™At

siZstr| o =fE Aol Ctopil SFo|ch chopd SFE &8 F2l WRHHe dd2

DHHEO| 3|2 HEO HEHN 7|g +ES o BA O d¥AI7IE 7[80] E[UALC [5]

2.3. Y E 2 0t0| 12 O M (electromigration)

LA EZOto|ago|Molgt TR MEEE ZHXl= 2NHE Oolsg M, TXe| 0|=0| 3%
At Ols2 Zdlste MO|CH MEX el ™Al Ols2z Qld UiMst= ™AL HE U=
a5 XSl F=52 £ OE HXR 2RXH 25 M (momentum transfer)s F YL
a5 its XEHQ 2T MHE Q8 o|ssict. 3% Xl olse=z Qs &l Xi2|of&
331t O|&st SR B A (hillock)O| H-HEH THar = CHMO| WlSt= R Qlo|Ct,

LHEZ0OM0[ A O|M2 %2 BHHO| FEMOM A Ldst=0, SUAE2EE2 =2t
Z2 01 =9 32 ME =2 TF LU (current density) H 3 U (power density) [HZ0]
LHE=0L0[ 2 0[H0] LO{LE7| Lt of2f{gt Moz 2ot HijMol et e THME2

= Q| AME|E(reliability)E T2 40| Of7|stCt.

s s = = LS = f
LIO7E ME2l =82 HaA7IH ME2l 888 daA7l= &R0 L [10] Of2{et dg2 1.

R. Black O] 2ol =43} & A2 Soff W 0F A|ZHMTTE, mean time to failure)2 AHE 5= ULt

MTTF = Aj "exp (k T)
B
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S0l

o
o=l
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=3l

Lo
IT —
= THAZE Lo

o
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e

>

£3

M (cell)

L4t
JETS

H7|eet

—

M= (cathode), =22 F-FEICE M2t

(CVD, chemical vapor deposition)dt &2 Ef

o

2l

—

Jlgsoz
k=)

I|= E(coverage)O|
AHCE LA

5tof
9= (anode),

| -
e

ts
gl
Ml =
HXH 3 (electrowinning) 2

o
(0]

.|

IS
(s

Z0|Ct.

—

—

S & (electrolyte),
2|

|

=
-
CHE 3380l

o

C

4

Cl

ChHE,

AN

2. 5. 8| = (electrodeposition)

ol =s2f

o

=2 A Y™ F(working electrode)2t 1 FEM, FH2

ofl
ol

S Ot

—

t= 2% 020

|

=
—

—

=2 AT

|

=

]

b

=)
—_

g2 =g 80|

|

=

o

gl=

|

=

}_0

3
—_

Jm B
a52=

ojn

o

ojn

SEES= N E

HEA
=

PISOM $28180] LofLE 271Kt

o1

m

[9, 10, 23]



Power |supp|y

®

Amperometer

o
v
Voltmeter

Cathodic reaction
M™ + ne - M

Anodic reaction
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el
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+
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t £
e+ S 5
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I R
O v =
s ! EEZ 3%
o - 6 g E
L .
r £ - -
= = c o =

do] Y 7kx] dRaet ol

Sk A
=1,

a3 2-4. M7|3}

0| ™ FA|(amperometer)2t T & Al (voltmeter)Of|

20

F

e
o
=

2-4 2t Z0] 7|z}

g,

.

ol
104

zl
4
orl

10
g

ojn

JEL

K| (power supply)S

N3
o

Jlra e §
od

3

b2l ?le T

oI7}5

|.

Z
<]

|.

Z
<]

uE

&d

K,

ojn

GEN=E=15

7| M= O|Ct.

o<

0l

t

N

ita

zFp

Bl

i HFREE ¢ BRI 7L

x5l

th: &

H2{H0] &= p: BE)

H2{Ho| HA= Sl A



. . measured
Current efficiency(%) = —— x 100
htheoretical
2.5. 1. DREZe Mo A
HMezg0 MFEEQ M Ao w2t CtE 42 7t =530 LIEtLY| 0

=

FEE TRo BAE siMsts Aol Fashh 29

A
ng
ogt

g2 =2 HREES =AM F= FJE Ol 52 TEHE 7HXE 10 ~ 20 nm
Z0M el =254 T30 X 2 IS TCh MEtM WRIECN TR AHHO| ¢S

238510 2|7t 2854 TS AMFAFE A0l SRS [8]

—
-

Current density

Potential

3. 2-5 Helel Heto mME HFLEO Hat

10



a8 25 = TRl Hotof GE HREEO BistS LIEHW 4ot MRIEI 2F HRIE

=

Xt AEOA i 2 =35HA Zl=0 olie] MFEEE YATFEE(ir, limited current density)E

HASICE i O] YESHA RX|El= O|FE ATl T™7|0|5 S (electrical double layer)d|Al H-S=0]

79| 97| W-20|Ct. O]= Ot2f2| butler-volmer &2 Sl LS XtAS|] dHY = UL [11]

=

oynkn acnFn
1—1(e RT —e RT )

(i: MREE, i WP REE, o CHE AL F: 2{EO] &=, n: LR 7|M & T 25)

butler-volmer 412 BHYE2| HLI0fA o T It MREE Ato[o] ZHAO| CHEH

Moot Aojc THIZH SUke0l mfet HEUE NMgao BAS GEch ok Hlmy N2

[ = —
WML << DE Q5| ™XIO|S X = (charge transfer resistance)0| ALt O DO|FSICE O] 2{Th

HitolsMg2 Chaar 2

=

rlo
e

FAIE ZHEICE [24]

RT
nFi

Rt
Re: TXO[SME, R: 7| M4, T: 2, F: W2{H0] &% i WSTRUE

n: 230 HA

rok

FE R

a8 2-5 @ 20| HuH Z MFLA(Mm > 17t 7IAE HRI== X5 g2 HAE
LIEtW= Olf= CiS2t 20t T2t 7Kt 7t 282t 0|l X (activation energy)2 213}

W7 B S7tetA =M, ool WFIE 2d%t b ?|(activation overpotential)Of 2}

FECO. 230 TAE w2 g5 ol2n €2 gE=0| F0=0 EHOp o 2 IHHRIE
7reF0{0F et HEEES HE + UL O HFS Sof RUEE X+ g+ AE

LIEFLHOY, O] F1ZHS &3} X|Hfi(activation controlled)@H O 2 £2C} [9, 24]

Loh, HojEar Hr[01ES MoloMe] #E= s=7 0 of TMHRIAEH HAEFREO

ZPHRIZEICE Ol TS Hhgel £E0f Hlof

olo

=0 3= BHCZE 0|35t SEEL W27

11



2 ZZ0|S(mass transport)= O|S(migration), 2Hdt(diffusion), CHF (convection)?| F¥S O,

20|50 Yot MFRE RAAZI= XHHY =mutz Nttt o § =itez Qg
el EoM TS BBz 5% 0|20 O|sst= F&l Jolojtt. MatMd, of fZhs =it

|1

X| B (diffusion controlled) 0|2t 1 £ =20 =KL 0f Qs ™MF[ gfo| AHELCE [9]

6. TIIEe| Y

()
x
o

0

N

=

2

2

du

rE

—
%)

<

Es’_.f
(¢}
o*)
=
w
=
a
(¢}

s
<
o,
s
8
8
(¢}
o=

i

L=
=
Jo
=
o]
g
=
=
=)

251 ofzfel . 2-6 2 Z0| A|RHR|(Einw, initial potential)OlA{FE OFX|

potentia)7}X| ML[E Q7= W, Y- ] HE(scanrate)E FXIAFHAFT= HHO|CH

(+)

Eir1itia||

Time

Applied Potential

Efinal

(-)

a3.2-6. MEZI7|HATFHUOIAM AlZHo M2 HL|2| HIIEO CHE 7HEE

[=K) s - O

12



(+)

jusain)

(+)

Potential

AR LEfLLE

HorH

2. 27 MEE7|

a

= Hel9

2I7tg|

Bop7b LIEFHCE O[eb HICH=

Of Mgt

= =
T =

Al

X

M, =7

MQI7H Qlrte

oAM= 8.

ol

Fet

Mots 25 Ol2, "It &

=
—

£ LIEHHCE Ol

H 7 (peak) H Ef

S0 et Zekk|n, 7)<t

2.6.2. =2TYHFH(CV, cyclic voltammetry)

m

CHsH C}

#Hol2t Lsv o

1o

Al&
=B

CHEXQl 7[R”O|Ct cv

S

7

Ko

b

=
-

i

1o

23510

27t0=

=
=

SFA| ™ 2| (limited potential) A0

27|20 M
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uaun)

(-)

(+)

Potential

(-)

gH

=Y

off

le et G E7sto]

HtS
[=R=]

20'
= —

217t

appict.

EARPSES

7+

uE

zl

A E

i O™ELR &

"
ol

0l

4

Y2 HHRof

HFol Z-O| LIEfLEA EIT}. [8, 10]

F2 Randles-Sevick &=

1Y

.
O
—

=of w2k Z2rEIct of2iet

i

H| == (diffusion coefficient)

shot
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2.6. 3. CHA|ZH 2| XFHR (Chronoamperometry)
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CH A ZHM Q| X}FH&H (Chronoamperometry)
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2 Lo
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o
(0]

f

7

i

Chronoamperometry
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LY 2| 7| (potentiostat)
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equation

StCt. [28]
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(-)
>
0 t
A
iI(T) 4 3
>
E(-) —>
A Sampling
time
= 3
\\/
0 s 2
: |
i >
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3. 2-10. CHAIZFH IXPEOA A[Zhoy| 2 HFO| 24|
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2.7. 7t (Additives)

S0 SH42 ML BAAIZIY| Yol CH2 B0 It 2ES HINetD Bk
UBtEOl HIHE B4, MEEE pH A5H, ¥3 Bof FHES Ash Ao SN 50|

ULt £t o2t Tzl =2JOILt EdE LIAIZI7] fls SEM. HSHA, AMA,

Hotr= 2l7tE(ligand)E ¥/E5I0] 2% o2l E3E2 &S iH3E= O|F= EHIME
LSICE M2t H3ol F=2 HOSHE 2(ZtEs= |7|3Het = (organic compounds)E O] FO{ ZILCE,

8ol M7l EIEN HAMP(equilibium)Z LIEFE £ e XL (affinity)E SOl

LIEHAHCE 23] O3t g Yot +2 e 2K, M+ Lo ML 2| 280A Ci5at 22

_[ML]
~ [M][L]

KB &4 M: 3502, L: 2[7HE)

—

K 42 23| log K & AMR3IH, 2% U 0|29 ZABHZ E(ionic strength)0ll 2|E38}7| 20
Z0o| B7Is| FC} [30-32] O|2{et E=2X|& complexing agent, chelating agent, chelant, chelator,

sequestering agent & LCHYet HEAYHZ 7tX| D UX|TH Y =F0 XM= complexing agent =

7| StRUCE

2 AF0AE HAZ O|0|=C|OtM EAKIDA, iminodiacetic acid)yg HZINZE AHESIRALCEH

IDA = HHT WO ME =8N Talet of2fe] wEAS St Aeteg Wyt

19



Cu®" + 2IDA" < Cu(IDA),
Cu2* + IDA? « Cu(IDA)

Cu(IDA), € M MO log K &2 5.65 O|H, Cu(IDA)E HdE M9 log K i 10.55 2t

o= HA T

HIEn ot ®2 85t g5 Vs HetE2 g9n77t oEn, o Y

gaeis 78 OTF S22t DA o 20| Hl SE Al ZoHEX] @ot SE0| o FLt

=~

S
>
i
ot
o
=
k=]
o
[\

>
o
o
u
4
P
ot
St
r2
b
o

. 2-11 1F 20| B

>
30
o
Rl
A
>
o
rlo

HO OH

5 s

3. 2-11.IDA Q| EXIx

2.7.2. AH|H|(Suppressor)

T2|o] XSZ dT¥Z sl HIME ZES| CHE A 7tX|e] HIIME AHESICL Ol2{sh
HIMH & 9AMA,  7t5Kl(accelerator), BEMK|(leveler)E HEMSZ  ARESHCE  [Z 6]

Hol=agdo HItHer 550[28500 H83t7| Erhs FSEHY ZASH ®BEH SHO

0Q
0Ot

F2 7IEICE MOl ZRols EBO| SAsol 3% 0/250| ER0| HAY [ 22YoR

ot
o

2SO0l ZOo{LE7| ofTet. N2 AMMz= Z2o2H

=1
2= =

2|2 (PEG, polyethylene

glycol), E2|Z2EH Z2[Z(PPG, polypropylene glycol) 0| U2l £ AHFOAME= PEG £

—

AFESHRICE Ol2ig AMM= T2l Hiles Al H3E=E RF0f D2t #HES SHS=M

=

20
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2.8. Lt A3 2 X| A& (Nano scratch test)

AL} [33, 34]
s 232X XN

olCt. LbiASaik|AIE S

I.

I.

7tAI7|

Klo

o
Kio
{0
P

P

St
b

ol 2
Cl

=0l ct.

j£0]7|

TFSHX| 7|
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TEoHE 0l
A
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—
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I
0
0
N

Mol =

3.1 Hof =d 7[E T2

A2H2HSi0) 1t 30 nm FH 2

350 nm 9|

2|2 ol of

ol |

6

TH E{(SRN-120,

A

Ch. 22|2H2] E% DC

XSt = ALY

At
- o

or

SORONA)E 0| &23}0

I
Kk
70

Ct.

2

0|&3t0] 72| Ho=agHof| ALER

=
=

22| (CuS04-5H,0, copper sulfate)2F ZH2HA| Q1 IDA

t2}ZH&E(KOH, potassium hydroxide), H4H(H,SO,, sulfuric

= 300 mL 2 1

-
==

At-&oHRALt.

=
=

Ct. AM M Z= PEG

=
pal
Ki
i

g

acidy= ALE3tY A429| pH

@ TS (electrode) T+

2 x 15 cm =

H o
Jl'lj:

oF? Eteflon housing)= O|ESIRUCE &, 3-1 IF 20| HIZE 3I2E2 1.1 ecm 2| X[FZ 7HA[H,

N

=2 Ao

Lfe| 2|

Efol 2| M32 MO Z(counter electrode)2 =2 AESIOY Ho|ZE

B

LIS AL

el AgAgCl 2

=547

XS

Al

K

7| & F(reference electrode) 2 £ A& SIS,
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/ Teflon cylinder

Teflon housin
. & g
Top view
Cu rod core
(€] Electrical contact
structure
Bottom view

Teflon support

. 4 \vafer specimen
Rubber ring

Side view

.3-1. 72| Hl==S fIe MR 14

Sfet Ao EAHA SE (M) gk
Copper sulfate CuSO, 0.01 TE o2 =
Iminodiacetic acid C,H;NO, 0.1 ASHA|
Potassium hydroxide KOH - pH =&
Sulfuric acid H,S04 - pH =H
Polyethylene glycol CoyHup00,i1 - A A

gieet IDA & sk B ME FE AHSS LOE7| fi8) Haz= A5t 42 0.05

=~

—_

M1t 0.1 ME HIFet Dt 001 M 0.1 M S F7ZHet ZAUO| CHSHM AHAFLE HAISHAC

3.3. Mol=3 Ad

®3H3 4 7Y

HA Z=&=(DI water, deionized water)2 A& Z F

o

Hef=gol A8t ZE H=of #H

Al BE M2 ME 7o

N AEoto] ZEE 7 HolEo @ 3 8= 22 Ik

XA, XS Z0|7] 2I8 of 2 Al = 2t A2
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@ Y™ 2|7 (potentiostat/galvanostat)

UE ™ 27| (Interface 5000E, Gamry Instruments)S AFESIY Holz HAZS TIMSIALCE 0|2t

A71= 7F HR, Tlof tigt 2UELE HOIHZ HetA7l= 92 oo

3.4 Poleg ZUZREO &4

20157 oM FHEE =QISHALCE o|FHA =QlE FEHE 7|F2E chronoamperometry =

tdston, FiTl o2 SAN X SHEYS UREE2 AUSIACL PEGE AHESHY

SEE grako| gHIF BHHE ALEH ZAIYKX|(E-1045, HITACHNDE A H#azrPngE ==t
Fl OMTFERE HESIGCE MALEH FAFAXISA0|E(FE-SEM, field emission scanning electron
microscopy, SU8200, HITACHI, JSM-7600F, JEOL)= 0|83t H™ &2 (surface morphology) &4
THSHRACE HElE9 %2 T/|VMEZE HASH| Qo AlE 20t #H L2E, folH

S| FtE2HO|Z= HZ

OF

ALt

I-/\A

HE7| =4

HI

(0%]
o
(0%]
H
e

SaE 2| graro] EMHAHE Y| (surface roughness)E HESt0AF I S0[H(AFM, atomic

force microscopy, XE-100, Park systems)= AMESIRUCE HIHZZEE AFESHO 1x 1 um? 2| HES

I

HotRALE.
3.4.4. ATK MY =

T2 etato] A3efK| M-S SH™E AKX Lt ATEX|A|E 7| (nano scratch tester, NST, CSM

24



Instruments)S AFESIACE A3 2HX| Alglo| 42, AFHo| Ciojot=E YYXE 0|8510] 0.25

>

=
=

mN OfAf 30 mN 7HA| ot&S S7HAI7|H 20| ALt Eot 238X Z0l= 1 mm

Z-OIY N Imm/min 2 £ 2 THE[QUCH EJH ZF U2 F 53]

25



>
11

A
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T
=2
E_
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r
el
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o
>
oo

st

Fraction (%)

Current density (mA/cm?) &

Fraction (%)

o

Potential (V) vs Ag/AgCI

0.8

0.6

0.4

Fraction (%)

0.2 4

0o

Cu(lDA

Cu(OH)

Current density (mA/cm?)

13,41 @) IDA § HIISIX| %S WO| BHBWHYE

SHHYAE

mMooo

=0 M2| cv

26

1 0 1 I 2
Potential (V) vs Ag/AgCI

H=, (b), (c) IDA & HIIE Q|

H= (D)2l log K: 10.55, (c)2] log K: 5.65), (d) HsHEC| pH =ZHO| U2 CV, (e) pH 7



FE=OICt &l 4-1(a)2 Sl

0.01 M 2| CuS0,2| HMs{EO|A o

=
[

8. 4-1(a)

IDA £ HII5HX

0|

4-1(b), (c)2t

g ag.

H7t5HA

Z 4= (log

OF X
L- O

o

2 Cu** + IDA* — Cu(IDA)2} Cu** + 2IDA" — Cu(IDA), 2 Br-35HH O] [f

2
=)

B

K)= 22t 1055 @ 5.65 O|Ch [H2tA #H80| Lo I cu(IDA)Q| A3+ 0]

tA 810

i
il

HH pH 12 O[5t Z710|A

=3
=

4-1(b)

2ofzl g

Cu(IDA)Z} A5
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3. 4-28. (a) 120 s, (b) 180 s, (c) 240 s, (d) 300 s, (¢) 360 s 2| ZEtA|ZHO|AM Z%HEl g gfato|

A3k EZ (AR 4-25. (b): 60s 2| AA2fX| E2H)
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4.5. AMN el =0 HE Hileg 2

M Molem HEsS Sof 7t # st OlMet f2| 2ol S& =HE pH 7, -0.8 V, 60
ZO| UM BEEl= A2 HQISHIUCE Ot AXHZt H7raEof mal Hetkl= 2| 299
Sx Asg MESIOX CHEXNQ AKX Q PEG o & Y2lsto Ade TIHSISULCE [60]
M 3. 4292 cv E Sl £X9| PEG sE=E FStAt SIRICH 0|28t Olf& XKL

SE7F ZOE 2 +F0 ZESHA =M AM=Zatvt 0|0Jstr| OE0|Ct M2t PEG €
X U2 H4L2FEH 10~1000 uM AIO|O|A PEG | s =& E2[5t0 cvE ZIESHCt o|= &l
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Ct 9AXAQ PEG o &IZ QI8 PEG 2
SE7t B7rE 8 ARz 7t YWlsto] 0| S0E= 0| LIEHHD O HE FFE Q 2

#7|5lH PEG & EAl 2 BR= Q=2 2F5HIULL [61, 62]

Q _ Theintegralvalues of coulomb with Cu stripping peaks accoding to PEG concentration

Qs The integral values of coulomb with Cu stripping peaks without PEG

Ol 0 ~ 100 pM 2 N&Z=FZFH 100 ~ 1000 pM 2 DSEFHCZE Lhx §F 2 #2740 2
(A

QQ e XMooz 12

ot

= xMo| mAEE! 100,M S AXO| SEE MHSACL (I, 4-30)

(a) (b)
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& 44 Ciii ETQ ) Pl ——PEG (X)
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> 0o 1.5 J—FEC (100 M)
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o 81 o
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3. 4-29. (a): PEG 5=0f| [E CV (b): PEG SE0f| [E M3l
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1.0

Equation y=arbx
Pot Low Concenation fgh Concentation
< High C
i Weight No Weighing
b.® Intercept 093752 0.65627
Siope 00033 2809284
of Squares 001986 002678

0.8 1

Pearson's 1 -0.88251 082318
R-Square(COD) 077883 067762
Adj R Square 072354 059703

0.6

Q/Qq

0.4

0.2 (100.0712, 0.62799)

0.0

T T T T T
0 200 400 600 800 1000

PEG concentration (uM)

J8.4-30. st 15=317HM Q/Qo

ZHo| s=¢Q PEG 100 yM 2 7|ELE PEG =0 ME Tz A&0l| CHsl =Qlstnxt

PEG & EX| @2 =1t PEG & 10 ~ 400 pM 20| AT X S TIASIRACH 8L 4-31 2

>

current transient curve = EH 0 ~ 20 £ AlO| HMSE MFULI ZAaste A2 2QISHRULCE

O|FA MRI=7F H#40tE O|RE PEG 7t H7HEO W2t = #HO| PEG 7t 252 RO
SES gostd SHO0| AMEAY| MR2O[Ch OfHE Olf=2 Q8| PEG s&7F 7M1=
SHEEE el #HYe FHs d4g AoH ol WE O|2XMSAE Lot gag oLt o=

[

2l 432 9| SEM O|OIX|E SsiME =olgt = UCt A8 432 2 EEH PEG 2o s&7t

ol

g8 F2| "o 27| dadts As &Y = ALE xHO sE2 27 100 pM Lt
2 sEOME O old ol A7 EOSX| s AS =Y + A=H, Ol PEG 2
Skt 4 B 3700 E oA =2avr o 3700 FeE IA FA H2 AS € & UCh £,

PEG 2| 57t S7I6tHAM BHO| 40| Ctel 0| 7[SHE ZYBICE [5, 11,29, 61]
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8. 4-36. PEG ST 0| 2 current transient curve S ivs t'2 2 HEISH Jofj=

¥.49.PEG S0 [}E R,ot A

PEG concentration (nM) X 20 50 100 200 400
R, (nm) 1.382 1.327 1.398 1.18 1.418 1.602
Diffusion coefficients (x 10° cm%/s) 7.64 7.53 4.75 5.34 3.37 2.98
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3. 4-37.PEG &| sE0f 2t FXE 32| 9ol AFM 0|0[X| (a) PEG (X), (b) PEG 20 pM, (c)
PEG 50 pM, (d) PEG 100 uM, (e) PEG 200 pM, (f) PEG 400 pM, (a'-f') Z2 ZZ0|A2] AFM THH
o|oj x|
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8 4382 PEG s&=0f HE 2| 8afol AFefX| Mg &3 Z1o|Ct 13 4-38 2 S
CHE L ATefXIAEe] Zto H|sH HLXN =2 A5 $HSHES 7t7 A2 o
2 QUCt. 38 438D ET PEG sZ7t J7teof a2t 2| 2etol 8ig|rh dilste

T2otE0| S7I5ILt7t 100 uM Ol HABICE Ol BEHAEY[QL Ht= des LEL=D
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03 439 2 SEM 22 EMh 2t A|HO| A32X| EYo|Ct @2 BEHME F2| ggto
B HYAS2R Qs A3K EMS Mt AJHK| DHESO0| AEEC @2 FEOIA
LEHLS S7tet StE2 =2 2lsi =7|7Lt WROM dE80| Ldet 25 Z0| F2| %0l
ota|7p Zdstct ol A3EHK| ERO XF2 04mm 22 R HM &2 XFo2 2FA0,
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[54-57]
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(a) PEG (X)

(b) PEG (20 pm)

(¢) PEG (50 pm)

(d) PEG (100 pm)

(e) PEG (200 pm)

5 pm
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@ PR NS PR v e R
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(f) PEG (400 pm)

100 pm

112, 4-39. (a) PEG (X), (b) PEG 20 pM, (c) PEG 50 pM, (d) PEG 100 pM, (¢) PEG 200 pM, (f) PEG 400

M 2| SEOIM SAE 72| uato] AaK| =3
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4.6.PEG 100 pM O A B2 A|ZH0]| [HE Fez &

PEG 100 uM O =AM AMEaE & O LOtENX} S A|Zhs HE[oto f2 ol 34

M
Ol

= ZQISIRUCE 8. 4-40)dt &0 & A|Zt0| M2} current transient curve 7F YX[|SH=

ox

O] LIEFRILE O 4-400b)= . 4-40)2 7| HHO|| CHo{ =tofieh O2i= o[t A&, 4-40
b)E 28 2= SHZAMM 02 =5 7|=2=2 YHO| ZAECH SHXITF 320 =, 160 =, 5 =9

Sa ZA0M LA ZARCH HOY B2 MEUSI JRIE A2 Helg 4 UCh (64, 65]
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3. 4-40. (a) PEG 100 pM2| Z=Z10|M FSEA|ZHS ©2[510] H2 current transient curve, (b) X7|
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3. 4-42. PEG 100 pM 2| EZHO|A SEHA|ZH0]| [ME EHAHE |

H.4-10. PEG 100 pM 2| Z=ZO|M FSEA|ZH0f| @2 R, R, 2| T4

Deposition time (s) 0.2 0.3 1 5 10 40 80 160 320 480
R, (nm) 0.265 0.386 0534 1.705 1904 1.268 1.241 1508 2.019 2557
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7. Abstract

Semiconductor technology, which has grown in accordance with Moore's law, is considered a core
technology in the 4th Industrial Revolution. As the level of semiconductor technology increases, the inside of
semiconductor devices has been focused on high integration and miniaturization by reducing seam and void
that act as internal defects. The object of this work was to fill a uniform copper layer without a defect using
direct electrodeposition without a copper (Cu) seed layer in a trench structure currently used as an
interconnect. Molybdenum (Mo) was used as a diffusion barrier on silicon oxide (SiO>) to prevent the purity
of silicon from being combined with copper (Cu-Si) during an electrodeposition. Since the diffusion barrier
basically serves as an electrode, it must have appropriate electrical conductivity. Cu electrodeposition was
performed on molybdenum having a thickness of 30 to 50 nm in place of tungsten (W), tungsten nitride
(WNy), tantalum (Ta) to confirm the possibility of a next generation diffusion barrier. Also, we tried to deposit
uniform copper thin film using a complexing agent and a suppressor among various additives. iminodiacetic
acid (IDA) was used as a complexing agent and polyethylene glycol (PEG) as a suppressor. All experiments
basically prepared an aqueous solution based on copper sulfate (CuSO4) in 300 mL. The pH of the electrolyte
was adjusted using potassium hydroxide (KOH). First, the reaction of copper and ligand in accordance with
the pH of the electrolyte was examined through a chemical equilibrium diagram, and the affinity was shown
based on a stability constant. An experiment was performed through cyclic voltammetry (CV) to determine a
potential at which current density was dynamically changed in a reduction region. In addition, previous
studies confirmed that diffusion-limited conditions represent copper and IDA at a ratio of 1:10. Then, the
potentiostatic deposition was carried out to find the optimal deposition conditions according to pH of
electrolyte, cathodic potential, deposition time, and concentration of the additive, which are known as
variables of electrodeposition and a diffusion coefficient according to each condition was compared through
Cottrell equation. A nano scratch tester was used to measure scratch resistance and interfacial adhesion
strength between copper thin film deposited according to variables and molybdenum diffusion barrier. The
surface morphology was confirmed using a field emission scanning electron microscopy (FE-SEM) and an
atomic force microscopy (AFM). In addition, the current efficiency was compared with the ratio of the
theoretical deposition amount and the measured deposition amount. Through the electrochemical experiment
according to the four variables, it was possible to successfully complete the comparison of the optimal

formation conditions of the copper thin film and the scratch resistance accordingly.
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