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1.1 FERPEZEIT 1T 2 WOBEC AR BT ~ DB R

EAPEREIE BBEICB W TEHRE 2 ) BEAEEZ R L TR0 e
IRPEZESTFA~HBL TV (M1-1) , ZOREZZ TV DO KIE
(ZF T DELARIEEE DAL - @ BT DI R CTh 5, ERELERIF O
—OTh HEMRER BN TlL, IEICBWTIE, K12, 131817 XL 912,
U a R EOMBIEICT ) A =D LT () edh—r (L) %
T NIV T I T4 BLRmy F U TIZEoTERL, ARy ZITLD Y
TR — R AR Lctk, s — REaxh V) — R& L TEMHD - &
ZITHZ LT, ML UTFRFR—NAREDT ) A7 —LIMERIZK LTl a D
ABBRRETERT D, Wb X~ AEEMEEN D FERERTH Y | Bl
RIZEB D CITKER FEE LR > T D[], FRiC 3%kt (3D) Mo ffEIC

BT, RO EHIMT~DERITEHLS, v/l ha=7 ADEX



/N - EERRME D720, KV /NS R - K BEMERREEICE T O R
BB RD > EHMOMESENBS KD BN TWS, ITRS  (International
Technology Roadmap for Semiconductor)iZ & % & | 2018 /(213 DRAM D/ —~7
By FIL15.9nm & FRISATWAS[2], Lo, K147 k91, b
WAL~ DEATRREIZIIFE L T 5, BHIEDIAZ D > ZIZB W T, ARA B

R R EORMGOTEKRZ G S ZFREOKRKR E LT, dl—F

\

J& DESFR[3]. BEIRE LA DRI —[4], AKFBKILDWAE[S] B D WM T E M E
WROENRAIEN[O]DZEZND, RA FORKEZN eIz, 7/ 27
— LR L TR P AT v FRENREE L7, EBRED-> X1k 5T
J AT =LK — )b ~DIR LTy THRBEICE LTI, ZhE T 0%
TOhTWo, B2, RBHS— 2D s m~ImNaSns7787 1 —4
—. Y7L yH— LRI LRHINLEWMANL, KEGD72NWAR LT v 7
EZEZARRICTADICES HWLNTWA[L4], L, DX 972N
HTEEmDFRHNONLTED, Do & REFIZENGDNEE T 5 &R
PR RORRIZ /25708, a2 IR E LTHEE R D8], £z, WAl
DIHFNC L o THIE AL T OBAHME S T = & THLDIAZLFRER M E S b
DD, FhimmAm AT 5 Z & CRABRIBERLTLEI =D, Bid

o b 2D 5 LT RE RFEREL 72 5[9], MlCh . o DT tE (&



PRIZHKS L CH— iR DTERK) CHEMALE R L OERE #2812 L5 ER0OKiE
b7 &S E I ERUGERE N SN TNDN, TEREINDERMHR EIZBIT 5 A

1 H A O BRJE TILH 72 2 b~ D ERITKT T D RA LDV TN D,

1.2 BEARECARTE BRI~ DT LV ER Y $ A

Z 2T, RO F ~ 2 BB OIEaT TR B 72V ST HETE AT O B 3
WEIE SN TWD, ZORMZFTRS <, FRBAF ML LTh—R T
) Fa—T70IReR T/ U A VIZEDEMIER L EBFE S TV 525 BE
FEHAN & AT BEN A BE - 55 NTH 0  RIZFEAD BT > T gny,
ZOMBEGEME L TiX, [IKRERIEOZNZENOFRMEZ RS, #HT
LA 7o R iRtk (M 1-5) AW eeBRimAHE TEOMZEE LT,
1986 4F Siever & 23 A L 7= Supercritical Fluid Transported Chemical Deposition
(SFT-CD)3 1 HAL TV D [11], F7z, Watkins 513 Z D LA AL FE RN 1k

(Chemical Fluid Deposition ; CFD) & % \ AR 54T 14 (Supercritical Fluid
Deposition ; SCFD) & FEOY, F / A — VRO H A ATREE LT 5[12], L
L. ZOFETEBEERR E OB 2 M ST, AR AR A~T H

SHTBICE LB TR E N T WA T RUSIEEE DN E < MIEOTERIZ



WIS OB 2545, 72, b T b AESEIEERITBER bRz~
DIEFREIIIR S . SCFD TOAME RIS EIREIORFH B METH S, FF
(2R BORR BT~ D FE R IZ B AR SER SO D 43 i) DS~ DIR A D

RROMEE 72> TS,

13 BERRET LY a v BN X1

AT N— T, BRERREBER _BLREOT LY g &
MW=/ > & (Electroplating with sc-CO2 Emulsion : EP-SCE) £IZ2-2\ T
fF9E %17 > T &7-[13,14], X 1-6 |Z EP-SCE OAf&[X % /~d, MR bk
FITATR D & B0 KR ERIRORTT O Z I RL, T b 24 LT
a2 BICBWTHEHSNTWD, L, Hlife “BbREITEREE
PN BRBIEE LIRS, TRLIRFBERE L LIZEBRD > & 21T
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WRIEDTE SN D FH AP 5N L TE[14], ZOBHIX, Do IS
LTV D R U IRFAED 2R EZE T 5 2 & T, BIAETRKT 52 &I X
STHRIZEHTIATE, ZOSET NVEEDH > R (Periodic Plating
Characteristic : PPC) & 4117 T 5[14], £7= EP-SCE #ix, LU 7%
R (REH S ZER L THEHRICT 200R) KO —EAEEDIR (REEZH—
IZT 2R ICBWTENTZ&E D > SHIEZRIMILT 2 Z LB 6N R-

TV,

LUl B, ZHVETO EP-SCE (BT AW FRIL A& B ~D—i% -
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ABFIERR SCTIE, KU & HRAR O RPARTE T & 28R FURIE O (LR &
FERSIRLARI IG5 2 L 2F 2 BEATEEAT & Do T EAT2@E L
ZHCH IR LR F T~y g v E AW ERD - X 1k EP-SCE
2 BRI O IABFRECAR IS5 Z L 2l T LWEMRD > X FIETH
LR LR FB AR v g v EAWTZERD > {5 (Electroplating
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Figure 1-2. Trend of nanoscale wiring technology
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TSV (Through Silicon Via) Nanoscale Wirino

Image of TSV structure . .
Micro device structure

\: \lanoscale wiring:
For connect each stacked For make transistor & interconnect
device N device

Figure 1-3. Structure of 3D stacked microdevice and Cu nanoscale wiring, and TSV
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Figure 1-4. Problems of Cu nanoscale wiring technology
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Figure 1-5. CO2 phase diagram and photograph of state of CO2-air phase
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@ Set @ Emulsification ®@Electroplating

Figure 1-6. EP-SCE process flow and photograph of state of the formation of sc-CO2

and Cu electrolyte.
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(a) Conventional (b) EP-SCE

Figure 1-7. Optical microscope images of electrodeposited Ni on brass substrate

(a)by Conventional electroplating, (b)EP-SCE
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sputtering Cu electrolyte
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—> < /
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Designrule & Cu-seed loss

@ @ Emulsion @
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Higher trans property Improve gap filling

80nm I \\‘
Low surface tension property by EP-SCE

Figure 1-8. Improvement examination of Cu nanoscale wiring technology by

EP-SCE
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BEA _BILRBEF AR Va2V
ARG D o X FIEDER

2.1 5

B E TR L 91T, PFEAHFERE TRONDLRA RO A —/UEK
727 /54 A TEEMECHRRICEA A S SR 2, LERoT, 77/
A — VIR BT ZE RN RGO 72 W DOHE O IA I D - & 2 RELT 571
TAPKRD LN TWD[1], HOIALD o X ITEBWTHER T R EFREIX, R A
RRE A= 2R EDORMOIHITH D, Z OXRMIEEOER & LT, #i
— RJEOVERE2]. BB AT OAE—[3], KEXIADOWAE[4]H 5O ILEM
BIWEOEWKEIRD[SINZBET bD, /. AA RO ZP <7201,

T A= VOELA~DR b LT TRENLEE LU[6],

BAEDMDIA IR D > Z D RMa DI D 7= 6> DRI 726 dikiL, BIA D

FHATH S, B2, BRBHHN— 2D > /SIS NLT7 787 L—F—,
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Tyt — LRI = EMINDRINFNL, REEDRNER N AT > TRk

IZFT 57 DICBES VLA TWA[L3], LaL, Ho XEEFIZEN
SRR T D LERIRTUE ROJRRIC 2 572 8, a2 JFERE LCHELE
251 o, BRIND O X ZEOHR A A XL EL 5 X 5, L
TeldoT AT L2WRMPADEZ R DX DR THT ENBEEIATY

60

AKETIE, ERD>TREOE R —ORA R EDO R E 5T
728 R T #RLIRFE (sc-CO2) T~ /Ly 3 » TOERWD > & Jik (EP-SCE)
[8,91% - EARFRMRA~FIH L L 5 A5, BESIRERITRE S KKk ZN
ZNOFEEE IR TR Y | [OOSR IR & | IRIR D iR E
W FE AT D BOGIER 2 EBL T & %, EP-SCE TlE, X > &K & sc-COz
EDTNTarEFRL, BROS>E 1T 5L 2L TW5H, EP-SCE (T
X o TR E 72 Ni b o & B IEIE . sc-CO2 [9]D iV K FE A A RERMED 728,
EUR— DB ENR N, ORI KV | EP-SCE % &R Bl R L.
FE~EHAT 52 8T, BRINDTOXRMEAIRRES TS Z &N TE S LM
FTE D, sEMICIX, EP-SCE O BRI & BRI DA BB~ D i

M. #5058 DORERERC D - E RRIZE LT d 2.
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2.2 FEBr

2.2.1 FEBRkF e

ARG R R bR FEOFEFE L CTHEEE 99.99% D CO2 (4N-CO: , Iwatani
Co.,.Ltd) % Fv 7=, BfEGRD - & & LT, CuSOs4+ 5H20 (1.25mol/L) & H2SOs
(0.5mol/L) % & TehitBasin % FARIIZ AW, & 2~ > ZIATRINAI L LT
ENER by 7V FF a-M 4.5mL/L, b FIVFF -2 1.0mL/L, kv LT
7 a-3 3.0mL/L (Okuno Chemical Industries Co.,LTD) . CI- (NaCl) 8.6x10-4mol/L
ZINZ., B > IR ZEIR LT, ERHID > ZHE sc-COr & DT~v /LT
2 EERT DO, BER LI - ZiRP ~FaiEEAIR U 4% o=
L7 7Y bt —T )L[Ci2H2s(OCH2CH2)1s0H] % 8 - & i IZxf LT 1.0vol%
WMLz, F72. EP-SCS h AR v a3 VEERT D720, Sk CE¥IHL
T4 63um, HE 99.5%, Kanto Chemicals Co.,INC.) %4 — RJ@iAfEmii| o
72D LTz, EP-SCS E1ERD - ik & OMEREZR LT 57212, 1Ekik
[ X 5 EMDH>E (CONV) & EP-SCE, EP-SCS I[Z LV LI-ENEhD
Hil SRR TR DL 24T > 72, £72. EP-SCS OF / A7 — )Lk — /L~ D
HDIABREN ZRRAET D720z, U a VHEMIZ TIN NU T EEEK L, £
DIy — RE &R LTzdA—/L7 A k TEG (Test Element Group) % {Ef

T E L CHWE, FOR—/VITERER 60nm, I 120nom THDH, €DHR—
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JV TEG ~OHIHRDIABMREE T, > ZIRARIMAIOFEERINEIZKE L

EP-SCS TId7/ A7 —/LiR— /L ~Gi D IA Z 73 JEBL T & % W B A IKIR & &
DI BT o7, Flz. s¢-CO2 DINRIMERZAT O IO DLk L L T~FH
Wz, BRO > IR LHEHRLE (CE : Current Efficiency) DFHH,
BLOERD > IRV ELNHREOREBLZIZOWTIL, (EHEMmE
LT, TOTE M AREBL LMK Y o R AZFHLEEE LTITo 72, ©
o E[HiFE 2.0cmx1.0cm, HE 99.99wt% DFI & FHV =, X I Pt AR Z H
oo BRI ZWILEAT S EANTIL, FER EOMIRGIS B RER LI 2 Tk
BifEvEHHE (=27 U —> 10%77RiE, Okuno Chemical Industries Co.,LTD)

B LN 10%A RIEREK (28%HCI-ELGrade, Kanto Chemicals Co.,INC.) (Z=2i&

LTREL,

222 FEREELE B X

2-112, REBXD>EFERICTHUER L7y FRXEEMICESR (JASCO
Corp.) %9, ZDEECHELIIAE SOmL, SUS316 FIZAZRZ PEEK OWN
RO 2L CRY ., EXEEMICLVIBEEEREZITo T2, BECEZEND

T)—RKeehV—KE, a7 LER (YAMAMOTO-MS Co.,LTD.) &%
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A&7 A4 Y —ICTERLTZ, 20L& XOEBEMGREBNO R —/LVT Ak TEG
ONLEZ R LTZOWRIK 22 Th D, Y — REIEEILER 1.0A/dm? & Lz,
293K - HIEZIEHESIE L L, EP-SCE & EP-SCS 1 323K + 15MPa &/ FiZ T
BRD > ERILEAT o7, RAND, AW & 72 5 ERERWR & FmiE e
FIHRIB IO~ 7%y MFHRRE 2 SER A~ A LTz, WRIZ, EHEm
ERPEMA I T RERISERICEE L, v 7 2y MEFRREREA & 2K
fElRM~t > b L, 323K ICRHHEE L7z, 20L&, FEMITELZD - ZIRIC
BELRWEIZ LT, Hx: Lck, mER 7L o> TEERISEZHFHN~ CO2
ZESID 15MPa & 72 % F THHG LTz, SR 2 iR S S 7o B sk~ +
BFRF12C 100rpm, 20 3P L CHE Lo~ /b i a VEBREE Lz, 2L
TRHAEE 2 450rpm (2 L, BRAO > S EHGBI 7, £72. 50mL D
BRED BRGNS 7 7 A 7 EM & @EAE LV EF VT, BB -
W, sc-CO KO EEHARI AFF LI v rz—7)b

[C12H25(OCH2CH2)150H] % 1.0vol%isin L, & D4 Bk iE 2 8l L 7=,
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2.2.3 4@ LRk D fEHT

B o AL OHIRR ORI FBMEE (OM, VHX-100F,
KEYENCE Corp.) % /=, £7-. &"—/TF A  TEG OWrEBIEZZ1T 9 72
2, R A A B — AT %E (FIB, FB-2100, Hitach high technologies
Co.,LTD.) Z M\ T 30kV * 0.4nA £fFCTIE S lum £ THESML L, Wi
TNEER L, ZOBEY > 7L EF M E - BESE (TEM, CM200,
Philips) Z# AW THEILZL L7z, BRI (1) 2HNT, HoEHIZOE
AL Do IAHEREMNSEH L,

£ (Fllnal _Welght—l.nltlal _Weight) <100% 1
(Weight _of _deposited Cu _(100%)
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2.3 fER LB

2.3.1.5¢c-COr» =< /L3 3 > OB

-
X

QDo TEBRIZHEN S 7 7 A TR E SE AL E O Tt R
Do X, sc-COr K OREIEMEAIRY v zF LI v rz—T)b
[C12H25(OCH2CH2)1s0H] % 1.0vol%¥sil L CHEFR L, =D HekEEA2 B L 7=,
sc-CO2 (% 323K, 15MPa TH D\ - TR & (LK FZDEIGIT—X—TH 2,
4 2-3(a)l T K O SRR BB ERSR L O o HRIZTEEICHEEL TV D,
BT S OREEZ R L THDH DI, K 2-3(b) TH 0 ECnITiln b,
{BIRFED D > ZIIT /B L TV D, K 2-3()TRLIFMA 1 0 45k - 72 b DT
bbH, “ACIRBITD > ZIRICHE L, B LI2@PERTE D, Z ORGSR,

WiRRH O > X1, sc-CO2 KO HTEMER DR TH—7e =~/ a » Z BT
ELHZEDPHLNI R oTe, - T, D &b RO b1

EP-SCE OFEBRIIFHETH D L EBEIN D,
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232 EP-SCE JEIC L B R — /LT A F HARA~DHD - & K

4 2-4 (2R —/LT A & TEG EITHREESRTE % AV T EP-SCE V£ 41T o 7o R}
Zond, X 2-4(a)iE A —LT A kN TEG DAL TH Y i — NEn/monbd,
F 72 EP-SCE 1T o 1= B2 [X 2-4(b) IR L TV D, Z DD BES — FEn
TR LI LR DD, ZORGCOFMILL T OHi THRETT 256D T
& %73, EP-SCE % KR ARIC WD Z S I3 Rl TH D Z LA B0
2 olz, 2T T, A A Z2MHET 272 OICH B L BEAT L EE2BE
L7z, X 2-4()CZ DFERZRT, HOMDITHHD > TN SN TND Z &R
Do PE- T, FIRDE AN Y — REOBEMOMEIcREL FEHTELZ

EMOND,
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2Cu+ 02+ 4H" 2 2Cu*" + 2H20 3)
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B DB IEIZ DWW TRRET Lc, RIS, CuSOs + SH20 ZiNINE 5 Z &I
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2-9 %, #ER LI ENENMREMRD o 15— B AR S
(CONV) | EP-SCE £ — iR FH &4 1/3 123 & L 7= fiil#diis (EP-SCE) |
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AL (X 2-9(b).  (c) ) 1T BA FOBRNWAL—ARFRE THoTZ, ZD
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TIL, kiR SR o 72[12], 2D Z LIZOWTik, EP-SCS @
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WT&E, ZOMEITONT, X 2-12 12787 K 512 TEM ORI & BT
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Y

(k)

Figure 2-1. Experimental apparatus; (a)CO2 gas tank, (b)CO: liquidization unit,
(c)liquidization unit, (d)high pressure pump, (e)thermal bath, (f)reaction cell
(SUS316L) with PEEK coating inside, (g)substrate, (h)cross stirrer, (i)power supply,

(j)back pressure regulator, and (k)trap.
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Figure 2-2. Geometry of hole-TEG in reaction cell for experiments in EP-SCE and

EP-SCS
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Figure 2-3. The dispersion state of EP-SCE through view cell: (a) Two separated

phase of sc-CO2 and the electrolyte, (b) immediately after stirring, and (c) EP-SCE.
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(a) Hole TEG (b) EP-SCE
(Dissolution of Cu seed )

(Cu seed layer)

(c) EP-SCS
(Cu deposit)

Figure 2-4. Optical microscopic images of the TEG before reaction (a), TEG

without Cu seed layer after EP-SCE (b) and TEG plated by Cu after

EP-SCS(c).
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Figure 2-5. Current efficiency as a function of CO2 volume fraction in hexane and
sc-CO2 emulsion with the additive-free base electrolyte at 1.0 A/dm*> and 1 h

deposition time (m:base electrolyte, o: hexane emulsion, 4: sc-CO2 emulsion).
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Figure 2-6. Weight loss of the Cu plate when immersed in different electrolytes with

different immersion time. (o: pH 3.2 base electrolyte, 4:sc-CO2emulsion using the

pH 3.2 base electrolyte, o: pH 3.0 base electrolyte).
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Figure 2-7. Current efficiency of CONV, EP-SCE, and EP-SCS with the Cu particles
(1.7g/L) using the additive-free base electrolyte at 1.0 A/dm? and 1 h deposition time

(m: CONV, @:EP-SCE, A:EP-SCS).
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a) Base electrolyte
CuSO, 128¢/L (Cu 51g/L)

| b) 313K saturated with CuSO,
CuSO, 230g/L (Cu 92g/L)

c¢) Cu powder added

12 15

Completely dissolved time [min]

O - (Cul.7g/L)
O L
™ L
a b C

Figure 2-8. Influence of Cu powder and CuSO4 on Cu-seed layer dissolution speed

(a: base electrolyte, b: 313K saturated with CuSOs, ¢: Cu powder added)
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Figure 2-9. Optical microscope images of surface of electrodeposited Cu on Cu
substrate at 1.0 A/dm? for 1 h (a) by conventional electroplating method, (b) by

EP-SCE (c) by EP-SCS with Cu particles of 1.7g/L
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Figure 2-10. Cross sectional TEM images of (a) electrodeposited Cu filled by

EP-SCS into hole TEG with 60nm in diameter and aspect ratio of 2, and (b) is

magnified image of (a)
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nm

Figure 2-11. Cross-sectional TEM image of Cu filled by EP-SCS into hole TEG with

60 nm in diameter and aspect ratio of 2.
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Figure 2-12. (a) Bright field and (b) dark field images of cross-sectional TEM with

corresponding diffraction patterns of Cu filled into hole TEG by EP-SCS.
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7 L—%&—& L TSPS (bis(3-sulfopropyl) disulfide), ¥~ L~ #— & L TPEG
(polyethylene glycol), L~~Z—& LT PEG (Polyethylene glycol) 5 X OV &D

Cl L DMAEDLERHNENTWS[A], LR b, $HOIALD > X (T
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sc-CO2 ZHIH L7z JBHEREIE I T - L KR H A4 8 T & 72[6-9], Watkins
5%, sc-CO2 Z IV TEAE 100nm LA T DR — /LA~ OIAF D - X Z 3R L
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B SRR DA MEDN S N T 28 R OEDIAR A ATREL LTV S
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Co.,Ltd)Z v 7=, EfEAD - iR E LT, WilRsiEA (BREBPRIEIKT I
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Figure 3-1. Experimental apparatus; (a)COz2 gas tank, (b)CO: liquidization unit,

(c)liquidization unit, (d)high pressure pump, (e)thermal bath, (f)reaction cell

(SUS316L) with PEEK coating inside, (g)substrate, (h)cross stirrer, (i)power supply,

(j)back pressure regulator, and (k)trap.
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Figure 3-2. AFM microscope images of surface of electrodeposited Cu on Cu

substrate at 1.0 A/dm? and 10 min (a) by CONV, (b) by EP-SCE (c) by EP-SCS.
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Figure 3-3. Distribution of carbon content in the films from GDOES analysis: (a)

CONV, (b) CONV with surf, (c) EP-SCE, and (d) EP-SCS.
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Figure 3-4. Distribution of oxygen content in the films from GDOES analysis: (a)

CONV, (b) CONV with surf, (c) EP-SCE, and (d) EP-SCS.
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Figure 3-5. Cross sectional SEM images of hole test element group (TEG) with holes
of 70 nm in diameter and aspect ratio of 5 filled (a) by conventional electroplating of

Cu and (c) by EP-SCS of Cu.
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Figure 3-6. Cross sectional SEM images of (a) Hole test element group (TEG) with

holes of 70 nm in diameter and aspect ratio of 5, (b) expanded image of (a), and (c)

TEG filled with Cu electroplated in scCO2 suspension.
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Figure 4-1. Schematic illustration of EP-SCS; (a) biphasic state before agitation, (b)

electroplating in sc-CO2 suspension.
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Figure 4-2 Experimental apparatus for continuous flow reaction system by using

canned motor pump. This reaction system is composed of a reaction chamber, a

storing chamber for electrolyte to inject into the system, and a canned pump.
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Figure 4-3. Photograph of experimental apparatus of EP-SCS for continuous flow

reaction system by using canned motor pump.
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Entry Exit Entry

Figure 4-4. Detailed structure of the reaction chamber. Upper illustration shows

anode structure and positions of entrees and outlet for circulating emulsified

electrolyte with sc-CO2; Lower illustration is cross section image of reaction

chamber and shows geometry of electrodes, four entrees and outlet.
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@ (b)

Figure 4-5 Photographic images of 300 mm diameter round-type hole TEG
electroplated by Cu by EP-SCS. The applied currents are (a) 1.41 A/dm? and (b) 2.83

A/dm?.
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Figure 4-6. Cross sectional SEM images of electroplated Cu filled in nano-scale
holes (60 nm diameter, 120 nm depth) at 20A for applied direct current on 30 cm

diameter substrate by EP-SCS with continuous flow reaction system.
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(b) <—Cu

Figure 4-7. Cross sectional SEM images of electroplated Cu filled in nano-scale

holes (60 nm diameter, 300 nm depth) by EP-SCS with continuous flow reaction

system. (a) 10 A, (b) 20A, (c¢) 30A for applied direct current on 30 cm diameter

substrate.
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