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Transistor
structure
change
history
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Al / SiO, Cu / low-K, ULK Co or Ru or Mo / air-gap
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R, C components in interconnects

l Metal

Dielectric

a9 1.4 v FE A 9 AGAEAY] FA Q4 50 ZHE
WAt AE, 4 A8/ (Cye F4d 7484 Cp=E 7449
ARAI A, [17, 18]

RC delay = R (2C; + 2Cy)
L TL WL
- 2’:‘]WT(E""‘90 s T éréo H)

_ 12, 12
= ZpETSO(ﬁ-FE) (1.1)

oy,
o w5 AR, e FAAY HFAE, e 719 &, L
o gol, Wi 34 F S F&H Aol £ Ad, T:

H: S44 Abolgl 554 72

31 —p) SR (1.2)
p = po + pPol aw T OAZD(l R)
ol u,
por M HA ¥ A HALE, W 359 % R AA A AL

=, D 4R A7



Hr} [19-21]

=, O% 1.58F Zo] ERAAAEL A77F & Wi ERAAAEHG A7)
7F Zol5W AlolE AA HAAGFTFoR ERAAAE G LT WA
HAR, 54 A7) olstr Fol = HW wide] RC AA F7F Fo] A
o|E A A FHT AXA EWRAAEIF ZopAd HAl| AT A AL
AR A VhbA = do] wAEAl fh [20] b4 ¥ 1.2¢04
20109 o]F & Fapgrt o)He] AT o] wEA FrbeA ¢
3 A E el Kole 21 A RC Adel o3 ERAAE £E7F
ol wrEA F7tet7] olHtke A& HolFil Qlth olefgh olf = <l
3l ERAAAHE A7|E FolWA Aek JiAsk7] flEiAd s widel A
3 o 9 wATEY o B ARAE A
o] At} [14, 22] 1822 A T2 A3 2]
e WA b e AEHA] S SlE HFAl oo & gl

.

ot
>
%0
s
e

N
X

7 J’—-!'“ll

5+ 7



-0-Gate delay

Interconnect delay

-O0-Sum of delay

Delay (psec)
S

D o L] L] L] L] 1
650 500 350 250 180 130 100
Node (nm)

I8 1.5 HEEA o iE AolE Asx Ay vl RC A ¢1: 180nm
EEoA AolE A} wjAd RC A Alo] & xo] wrAlsitt, [20]
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1.2. ZLE WAl 54

oA AuE viel o] HEEA EWAXAEL] 7] A A NS
Aol @A) Slei= A Zo] w2 il EA e sk Zlo] &
gsattt. A (1.2)°M #HF BIAT (p)o] 271 SAslir= Ha HAF
(o) A=} Bt ol AY(A)E wd & (pox A)o] o
m [19, 23], o1& s A (figure of merit)oletal 3t

A~
T
Aeo] AAY wid =40 FEE AT = Qe

HA AT (o) B HAAF F o)lF AY(D), 5= H 52 %
Aol k. [25-27] AARE ¥ 1.6014 Ho|Zo] mIES T
79 A% wd @A 40 nm® olstelA = TRt o w2 v A s
THAE Zlo] ARAorm FHEe & ulge s dAE £ Ads
Ao ods= AdFoltt [23] olH e AMIES SAR 3 1.29] s}

9J%o] IEEE IRDS? ZTWo|A % 20254 o] FWEQL FEH

of 7-¢] Wi T AFE A Jom oA4etar STt [24]
. Bulk resistivity Electron mean Figure of merit te::;?;t?lre
(po, pQ-cm) free path (A, nm) (pO-A, 10" am2) ¢0)
Cu 1.68 39.9 6.7 1085
Mo 5.34 11.2 5.99 2623
Ru 7.1 6.59 / 4.88 5.14 /381 2334
Co 6.2 707 482 1495

Z 11 79 9 g9 oA 55 FEEY A AAZ> (py), AR H
T olE A (1), 8% AF, 553 deld. [25-27]



40+ Co (this work)
Wire
— 00
= - Ru (Dutta et al.)
o 301 ~a Wire Dual Damascene
G Co (Mont et al.)
= &
S
ko | OO . WS S-SR S .
2 ®
-
0
7]
o 10-
(14 Models
= = « Co (this work) (p=0, Diffuse scattering; R=0.37£0.02; g=8.7nm
- = Co (this work) (p=1, Specular scattering; R=0.37; g=8.7nm)
0 = Cu (this work) (p=0, Diffuse scattering; R=0.22; g=8.7nm)

30 50 100 200 400
Electrical Cross-Section Area (nm?)

% 1.6 WA W] mE ZHE A HolElE 40 nm? ]3] =7

A IHEZE FElRTh W2 v A HoFErt [23]

year of production 2022 2025 2028 2031 2034
Node 3nm 2nm 1.5nm Tnm 0.7nm
Mx pitch 24~32 20~24 16~21 16~20 16~19
Mx tight-pitch resistance (ohms/um) 300 475 920 1450 1450
Mx tight-pitch via resistance (ohms/via) 50 53 38 64 64
Power rail layer | MO Buried Buried Buried Buried
Power rail material Co, W, Ru W, Ru W, Ru W, Ru W, Ru
M1/Mx material | Cu Cu, Co,Ru Cu, Co,Ru Cu, Co, Ru Cu, Co, Ru

¥ 1.2 IEEE IRDS WA 7]l& 2% 9. [24]
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(a) (b)

—5400
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2000 = = 2nm barrier
> 300
z ——2.5nm barrier
= 5 250 .
T k4 —3.5nm barrier
£ & 200
3 200 @ 150
q =
——Total area T 100
——metal area with 2nm barrier = 50
—metal area with 3.5nm barrier E
20 S 0
10 20 30 40 =z 10 20 30 40
Metal width (nm) Metal width (nm)
s = 2= SE I~
I% 110 (@) SAPAT T 8 34 Ao ge AR 25 9w
_ = PN - = _
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B oeRe B SRE A 2% SHEL AN FAA o)
oM IHE WY dERvol 1Al AE FHAL £ At HAD

SLE e g
AR Afol o] Ao LA Het, oju) dHEZne] Tz o] Ao
g st ouA (Ba) = A 5% ke s e 94k Apol o]
b ool wegv= Zlo] o8 A= & <A ok [35,
36] o2et AMAe Bgak o] EReNE ILE F&HF S0, £4
A% Abole] AW HeeliA B4 T3 dEEzuto] g0l el st
&3} cuvAE A es wwsgivh old, A HeeluA= 43

F AP Fall SHSATE ZBES S0, Aol A ol AR
Sol7hA) ke 27, AubA Rl EAEH e (TY/TIN) o] Eoizt 271, A%
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NUA BREEA o e zAE] val Aokt @A Ao}
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(transmission electron microscopy)¥ XPS (X—ray photoelectron
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<A Gk A b A e dAo] AAeE gl ol Fo] A
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(a) Conventional barrier metal process

b - ol s o

Metal deposition annealing & CMP

Barrier deposition
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After dual damascene etch

) Self-forming barrier process

annealing & CMP

Barrier deposition
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Aot A WA= AstE A oist 2 & olu A (AG®) 7} SiOy K.
t} k7l olop Art= Zolt), E AF oy A7) SiORTF we AS

S
(@)
(@)
0
O
2
R
-
AL
=
=2
>
1o

A 214 FE 2&AE FAAESE W Es AlS(activity
coefficient: y)7F 1 Ht} #of Hvp= Zlojtf. o] gho] 1KY Atk
e e THEV M7 HE
18t #om Fo] 4o e A
A S @A) fleiM = EREVE
ol 5 Ags 18U Aof Wk
ek 5 FAR vavls, dFvlE, W1 ol Aslew, sk dud
x 3 7 BEAEY Ay 1 2.1 AEE] vk & 21004
K

F437) 13 Bad

£ Zo] A9AYS ulsta,
A gtk At 8

TEl el EeHofok 7]
2]

=

o>

e R AEo] Wk 1§ 2.2¢004 Holx FElg V& &
)

FHE AR FEEA [41]
Criteria Mg Al Mn
AG® compared to AG® of Si02 smaller  smaller larger
Diffusivity in Cu at 450 °C
o - - faster
compared to Cu self-diffusivity

Activity coefficient in Cu <1 <1 >1
#2101 = 9 ] wjAde] A7 b e ez o] Vgl o
3 A3 gzlo] BE VEes WSS BoEn [37]
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a9 2.2 (@) ANHHQl SAPEA S (Ta) & AREEE el e] TEM Ab

D FahgA e AR A el TEM Ab
A, (o) IREARL S A ehE ARE-RE e (7 ) 9} el -t At
B4 AT AR Gk ) 9] dHERVo| ol 1

i, (d) 78 -343F A7 gagA gola B3t sk we 49
=

FUE WA o AFEA FAbEA e 2022d A ukalel] o&)

1 Axr) ok - vhAbe 7]E Koike w7h AQHsE fF ol 712

FoW FAL ¥ M FAsGon et 2ok EE WA SO,
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=
Si0, Al Atole] Cr,0; FENZ 9k 273 shablkzuks Aot
= Zo] eyt w3 1Y 253 o] VRDB (Voltage—ramp
dielectric breakdown) 23%< %3 Cr,057F ZHES E%3 TDDB

R

Cr Fe Zn Mn Ni
Solubility (at% @ 450°C) 031 10.11 488 8.11 100
low (1), high(=5)
IMC formation @ 450°C X X X X X

Activity coefficient

68.572 0.263 0.997 0.463 0.999
unstable (y> 1), stable (y<1)

Oxidation tendency
good (5i0;<AG°<Ca), good good good good bad
bad (<Si0, or > Co)

Reaction in binary system @ 450°C Cr203 Fe2Si04  Zn2Si04 MnSiO3  Ni2Sio4

Highly applicable applicable Highly applicable
EHE E F2E WA ATt SabdH e ez o] V)5

% 2.2
st Az Z70] 7 HA o AaE Rojert [34]
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As deposited (b) = After annealing
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ey
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o

1.6at% Cr

Atomic Concentration (at%)
o

Atomic Concentration (at%

(=]

500 1000 1500 2000 500 1000 1500 2000
Etch Time (s) Etch Time (s)
Cr peak as-deposited

(c' SEo Bk e — le)

XPS measured data Ref. data

-~ { I as depasited | annealed Metalic Cr  [Cr(+3) axide

7o . 4
A . e . | peak  |574.71-574.75[576.55-576.94  574.1-574.4 576.5-576.9

- -

- - )
P T

peak gap 9.2-9.26 9.65-9.96 93 9.7-99

(d) Cr peak after annealing formofCr|  metal |oxide (Cr203)

iy \:-:-.f.——';‘: ——
a9 23 (@) ZLE-AF d5 TF AF XPS g vk,
(b) IRE-AF T2 A F XPS o|Wd Zzadz 350
FUE S5 BHoR EHM e Holed, (o & AF
=0 2p eHE A oyA ¥, (d) FAY F 279 2p evd A

@ oluA T, (@ A8 2p o ARAUA W2 Ate A4
A A8 FHIUE EASE DAY F Cr0; Fuz EAAH:
2% welzeh. (34]

(b)

0.4 at% Cr

%8 2.4 (a) ILE-TE IFo dxg T STEM Az, (b) EDS A}
Aoz FAFo] FLES Si0, A Aol Z o] F3A S HoFt) [34]
o 1] - —
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2.2. wWiAle] dEYEZuto]a ol AEFA

o] Yxte] M=o AArE FA o= Ao, 19 2.6 (b) g ol o
dEZufo] Jeo] el FHoksh FiEFE Ax7F WA UIEHA FEol A
ZIAl Ha Fgo]l AR AA vjAle] ¢kds] BojAH o o) AFIF &
22 X E5o] Sl frt olelst Mxp FHel| od WA=
A Ezvto] o] FH2 4 (2.1) 7 o] AT [13, 32, 43]

(a) (b)
O O

O D)

© ©,0 O
'\f}l

O e co!lisionG)\—@:

/ K o

© 0 O O

9 2.6 (@) A& Sl o3t dHERmo]gol/de] TR, (b) i

Aol A dHEZuto] o] def| ost ¥ FA oAl I1H.

e,

_CDOZ* _ ( Ea)

Jem = W - epiexp| — (2.1)
ol uj,

C: &%, Do: FAbE, ez w8 A, p: ¥AE, ki =% A4 T
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A€

E
EM Lifetime = Aj " exp (ﬁ) (2.2)

uf
A A 5 A EE nn B2 uislWHSE, Ear @43 oy, T A
=

2 @D A (2204 Kool dYE=Rwo]IHold FHEE o
gE=Zufo]1eold &3t olyA (Ea)ol 28 AR A 4 3
3 JUuA7 A2 dPEZnfo] gyold FAlo] wHAEy] oy 9, &

r\r
ek
o

o1
38t AUAZE #tom dHERvfo] g old Aol Ao HA 2

AstA "k ol 43 vHluex sigEM, =2 WelME g
=4 YelMe A ol EAdsks 44k, A, A" 5 f1Ael wet

st oAt GepAA ok dFee] A SlAlelA 2438 el
A7F 74 7] wjZel flAleA dEERutol o) FEo] HASH
Hrh [43] wide] Sy ZRES A9 A ] &4 st ouA L
74 w7 wie] abgAeaie] Aol dPEZue] 1ol ¥
o] WrAISA At [32, 44, 45] 18 2.7 7+ wjiddeq A EZnlo)
a#el el ogk FFol WS AploR dRulEE AN FEol
e wbd, Felel ZRELR AR g Ao Fpo] s

SES] AS AW dHE=Zmto] go]do] WAYsHy] wjEe] A
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Hol Ao dHEguto] o] d-S ApAS] AHE HQ
npo] o] A o] B3t U= A AR U=
UAE oA Fateti=d HBed ouxgta & & vk F, A
AT ¥ A doR 4 E I
UAIZE AxIvkar o713 ¢ glom, IES] A9 FILE AAE Aol
o] Aol = dAaty] Wizl FabgAutae] A

Zulolaglold /st oA e} AAdky o7
oA dHEZwto] o] de] WA FEelA 19 2.8% o] AY
Hogw & THE Apdold, 19 2.8 (a), (b)elA Holx Azt
A A7 AdSsS dEERZuto] 2ol B3t UA7E AA L
AdHAEZupo] g ol o TF A 7t =t 22 4 & 9l
o} [35, 36] & Aol IWE S5 Ikl 52

= r
19] AdeluAs S48t 24 23 E2 dgE=vo] 1o &/d3}

bk ggEz

ro,
)
iy
i)
1o
Y,
d
2

o glow ol

o

= 71
AUAE FHHH o= Bluste, A7gAd iAol FEE HjAl g

Void at Void at TaN/Co
TiNICo interface interface

% (b) T A AdelM Ay
(0)~(e) FLE wjde]l Ao Ak
[13, 32, 44, 45]
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(a) (b)
R 1 E T T T T T 9
T F = 1.2F
- m -
‘;%1 0'E w <
d ;nBungl{Cican BLoK @
5] B ©0.8F
402 E SiN 5
S — CoWP, g
% : No delamination = Caiculatﬂd from AH § 1
= 3 > 40 Jm? S 0.4 Cu-0
310 E ‘5 7| Cu adatom, steps (12) .
32 < I
> 1 0-4 " | 1 1 1 J E O L i \ | " | L
0 20 40 60 0 1 2 3 4
Interface Debond Energy, G (J/m?) Work of Adhesion, y (eV/atom)
a9 2.8 (a) AW gt oy x|ef g dHERuto|ag ol &5 A%
5, (b)) Al A3 duyAe] wE dHAEZvto] 1ol d A3t oY
A %k, [35, 36]
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Az e 2ol Asl o AuAeld] AgduAE gudos

=45t g udel Wy o surt 44 338 A3 (4—point bending)
ojtt, 1y 2.99F o] F g Ho] Zo] = AdHAA AlA Zh-de

7] #2S = AdHelA A EeHAl "vk T1H I o] Alme] felM P

A W& £ % (strain energy release rate) & G#tal EdsC) whoF o
o] T3] AAA a>(hl+h2)E WFHeHA HW G 29 4ol a%}
Fsh AR gde o] HASHA Ho 17 2.10 (@) g #

7l A Qele st s el g WY oluA (U0 nee F
ofof Wtk =, ¢ 210 ()% wol Y WAT A 7 2ol
ey g oWy oUuAE Uy, @dol WA 9L Joje) gud 3

WoHE oA BESE Got 4 (23)

o7 xdE = Q) [46, 47] T3 olw o] Ge #2 Addrg] oy A9
]_

P/2b P/2b




(b)

—
[s]
—

Load plateau region i
during crack propagation
g propag U2 Uc

Load, P (a.u.)

0

0 Displacement (a.u.)
I% 210 (@) 44 = AdelM WS o st 2H=Z, (b) A Bhe
A3 3o Waeluol gg e, [46, 47]

Ge=Uz = Uc (2.3)

GC=M2(1—V22)(1 A)

2E, \I I¢

(2.5)
o] uf,

M=Pl/2, A= E.(1-v,?)/E,(1-v."), [,=hy"/12,

Ic=h;*/12+ Ah,*/12+ A hihy(h;+hy)?/4 (h+ A hy)

G A g Wy ouA Us A (2.4) ¢ #Zo] 38 4 ok a9 =
__/’I:

25 A Aol ] vhe] oA Gee A (2.5)9F Ho] BT
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Aol Az ool glom, A FAS F5 v S0, Bupabol
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- Initial crack

a9 211 FEE, sPbgA g §304 Abele] A A oluAE S
a7 91 43 =3 B AR T x
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3. A% ¥H

=l AdelA FHrtete TFRE eV A pB Y 404 A
 (100) 7]sHo] AREHTh A& 7|3 mWel] EAsk= A Akst
oS AAS7] s Sk kst A R & (sulfuric acid
peroxide mixture: SPM)S % 108 %YW HE EAF £9  (dilute
hydrofluoric acid: DHF)®Z 2%3F Al%do] =i}, ojwf SPM%}
DHF A7 %= Aw AES S8l Dol
584 Mol HaAFTE 2 &He] 22, A AIE 9 EAE otk

ol QA YT},

e

~

deionized water) =

SPM cleaning H,SO,:H50, = 4:1, 130 °C, 10min
DIW cleaning deionized water, bmin

DHF cleaning DIW:HF = 10:1, 2min

e

DIW cleaning deionized water, bmin

A2 Vs AET T AAY ede S AdE Vs ARl
q

32 iifitﬁ*



2 Atgstgon, =gto] Akl (dry oxidation) WAlE E35)9] Si0, T
A 100nm A A Z o

ol¢} ol FHlE Y¥E 43 = BUFE S AR AREE)
Row, TEM, XPS¢ AFM 45 9]

= 27 7o s ARgsielth
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3.1.3. g FF

el 2ol FEnjE A2 Si0,, Co, Co—Cr &+, Ti, TN geks M
=R xR SF st H7h AaE FHlEslth 2% A7tEd gA
WA e G Ao g9 3.1 ()9 Z FEE Co—Cr Faol &3
HE gz dxy H30% a9 3.1 (b), (0% el gakgA vl
AE Co, AHHAQl FAMIA| 2 (Ti/TiN)o] Soj7bes F2E e
olw], Si0, =& RF vl EE A¥E (RF magnetron sputter) A
HE o] &3tlsd, 55 59 9 ahel 593 Si09 4 E

He vE7] Sl @ Absh(thermal oxide) AF-el% RF AHEHE

(b)

Ti (5nm)
TiN (5nm)

TiN (5nm)

Ti (5nm)

19 3.1 SiOy/metal/SiO; ME X T2, (a) SiOy/Co—Cr F/SiO,,
(b) Si04/Co/SiO,, (¢) SiOy/Ti/TiN/Co/TiN/Ti/SiOs.

Si0; &< RF vFIMEE A¥H AujE olgste] Iyt <+
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Z A WNFE 5x107° Torr7bA o5tk o] F ol2 & 20 scem &

2]
2 ZEFdEA odEHe 0.004 Torr® %W 3 100 Wo 397 Zg=
ubE AFRTE o] T)gkel FE 7] del EHEkxvul kgt 4l A
M-S HHo= 1023 7] & F2& J3dersd =5 93 Sz

Co, Co—Cr &+, Ti, TiN2 DC vlaHEE ~9E (DC magnetron

sputter) AH|E o]&sto] F2= dIth Co—Cr w9 45 ALE
w5l AFol 4.7 at%, 7.5 at% =013t B AREEiH =5 S

=2 g, AL AT FUsA 5x107° Torr7kA ol o] &
o2 S 80 sceml® EHFHA ¢HS 0.004 Torrel ©

=~
100 W 1= Zeb=nt2 71 F 719l $% 8] Aol Sekxvt oy

2
S T AR FHE sglor], dnl el suel gAle] 3474 Eol
) R AFS AA B JHE FHEL A% 185tk
2449 P7h ARES FF &) Aol RE w2452 3349
ZesddE §d viE FF £5E fAsgon, ofF T Uit
FARE 3] FHS T 5 QA 7 AW B 242 % 3
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Film Si0, Co 4_7;;3/; orlr 5;‘2 ol T TiN
Sputter type RF magnetron DC magnetron
Initial pressure 5x10° Torr
Plasma gas Ar
Working pressure 4x107 Torr
plasma power 100W
Temperature Room temp.
pre-sputtering 10 min
Target thickness 20 nm 100 nm 100 nm 100 nm 5nm anm
Dep. Rate 72 337 30.2 2838 6.4 16.7
{nm/min)
Sputtering time 166 178 198 208 47 18
(sec)
3 3.1 uH S =24,

a9 3.2 (@) RF vFIUEE A9H, (b) DC PFIHEZ A¥H.
) o =] —
35 7 ,E:E =% Eﬂ *.31 iU
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3.1.4. €x3z7 %
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i

EERY

0g 93
SLERE
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XPS, TEM,

]

o

JﬁNO

KeX
=

AFM A

107° Torrell A &4 o]

A27A

<
T

A]

oF

o

Ho

N

o

}

TellA 14

o}

NoH, FHu

3]Ake] SMF—-800 4]

e =7 Y

o
=

3

5 °C/min, Hil &4 1AIZF

k2t

Ml 2

B9} SMF—-800

S|
=

A

a4 3.3 (@), (b) ek &t

a9 3.3 (@) A¥ dxd Add], (b) 24 dlold dA gl AFE 2]

SMF—-800 (Seoul Electronics Co.).
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3.2. AY AZ dyx A

474 73 FJr7kE fs8 9y SF H Alsss ARl oFHAl FAE
ggste] Si 7l FFEe] ME9A FE2E TEIUrh olu] o FA
A= Epoxy Technology Inc.2] EPO—TEK 353ND= A}&3}%t)
ofF o FA A HAHAE & =& 5 AEF 120 °ColA 243hE<t
AA 7t JAHUT. dH F 27| #Ede W= F7] 9 tolot
w5 adelER ez Vi FA 80%el #dst= 420 pmszlo]s
A5 wEo]l FU olF 44 w9 F7HE S& 71¥E 30mmx

3mm 7|2 Zet Fvh AALJ] AE =0 HE2S 1" 3.49 2

P

Metal film
/ 8i0, layer . é A dhgive I
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UM FHIE AEE AR JIF ARAVE BT 473 Y AEE e
Att olu A7 A Al 7)== Lloyd Instruments Ltd.2] LRX Plus A

TE= 0.08 gm/sE stgor, AW s @
Aoks A= Argtez gQlsty] S8 CCD 7hrlehE &836to] FYd=
At AFS Fa ste—we EzeA wrerk FErt A
= dgets b7 499 sk @ (P)E okl A .= &E3)

A vhe] ouA] gt $AE oA WEEE (G #hs AR

Ol

o

_21(1—vHM? 211 —v*)PEL?
C7 4EB2hR3  16EbZ2h3

(3.1)

olw], FolFe HE(v), & AT (B), A/ Alde 74 (he

DT AgE 7839 gtez zhzF 0.28, 130 GPa, 0.525 mm & AFE

St L2 59 by | Aol AR 5 mm=E MY o™, b
2

A AT a0l 3 mmel PR

gom, FUE-IF FFAA= AVMEA AR g9t o w2
2o WA =R = &2lstr] $38] 350 °C AR % +#Hle T B}
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stacking order Annealing
sample under dielectric metal layer upper dielectric | temperature
#1 Si0; Co Si0; As-dep.
#2 S0, Co 50, 450 °C
#3 5i0; Ti/TiM/Co/TiN/Ti 5i0; As-dep.
#4 S0, Ti/TiN/Co/TiN/Ti 5i0; 450 °C
#5 Si0; Co-4.7 at% Cr 510, As-dep.
#6 S50, Co-4.7 at% Cr 5i0; 350 °C
#7 S0, Co-4.7 at% Cr 50, 450 °C
#8 510, Co-7.5 at% Cr 5i0; As-dep.
#9 Si0; Co-7.5 at% Cr 50, 350 °C
#10 5i0; Co-7.5 at% Cr 5i0; 450 °C
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3.3. vlu}

=)
=1 }‘6:' ‘1‘_'_"}"4

[

3.3.1. X-ray photoelectron spectroscopy (XPS) analysis

Si0y/Co—Crar#/SiO 0l dAxel Z7o wel g&0] o' 7=s}
a1, Co/SiOy AMel Rol= AFo] oust Fej2 EAsHA He=A 4]

at7] flaid AlRe] o] WEFo R XPS
Al AT A9 ouAR =

2Ag Agah o 4
2

gk 4= 9tk XPS #42 Thermo Fisher Scientific 3]AF2] NEXSA
Z] 8

Faklth. olmf XPS

B 24 9 ol 212 %

Flood gun On
Pass energy 50.0eV
. Step 0.1eV
XPS condition
Dwell time 50 ms
scan 5-30
Spot size 400 pm
Sputter energy 2 kv
, . Interval time 20 Sec
Etching condition
Sputter rate 0.4 nm/sec(vs.Ta;0s)
Sputter size 2*%2 mm

¥ 3.3XPS 4 W oH xHA.
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3.3.2. Transmission electronic microscopy (TEM) analysis

XPS A7 s HAoR AA 2o wt IWE-IF F=
el 259 Ags A3 w437l sl TEM, EDS(Energy
Ak XPS £42 H

= 99 (400 pm) el sl o AZkel wE A HolE o]7] wjEe
_“I

AEEAR Aol o EAI7E Atk & A= A7HEAE S|
uhel &Rl diolE A% Fedky] wiitel TEM, EDS 45 ¥
slo] WastAtE TEM A& Al 22 FIB(focused ion beam) AH]E ©]
g3t AystP om, TEM @ EDS 42 Thermo Fisher Scientific
3|29l Themis Z ABlE &&sto] Attt TEM An] AR 19
3.67 #rt.

1% 3.6 TEM AH]: Themis Z (Thermo Fisher Scientific).
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3.3.3. Atomic force microscopy (AFM) analysis

AAA o2 EAZE BAst=A AFE G S ok oled
A EAo o] s iAo HARE sh7] flsl AFM HARE A

W ARINE 100 xm’2 dEAS FastA 4 5 Gtk o] 4
%9 2/ AN Pl PRt F FE, U o=
ool d Fo BAl WARE wIesle iy & 5 9k 7
2AME A48 A Fol tal EW ALY 53 AWk AFM

742 Park Systems A}l NX-10 22& &g3i9om, Adn] Azl
[e)

e ———

H

19 3.7 AFM A8]: NX—10 (Park Systems).
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41, A” AR uix B4

FAE wdeld AF ERES &8st AR b A e §4
AdelA HgellvA =715 &lstr] 98 48 =g

3'::} quLE I?_}—j?/], olulAo

(e BT

2 Iz
oo
o

Ti/TiN/Co/TiN/Ti FZAE dxg ©d3 450 °C A =4S 3
Zbebal, SIRE-AF FwelMs A% s58 4.7%, 7.5% F A =
Ao sl e A, 350 °C, 450 °C DAz =1& 747 Hrrekgiu
e 23S 10404 A3s el 74 =14

Al aYEs a9 413 2 a9 4194 & F 3
FaddMe 94 F Aus AdoAE vhe]7p Bk Fgkor, Al
T A oA MR AAR s -wg e T E 5

7] gedo] mAgsA ga sFe] Follw sl AHel FrEU:

—

d, ol AlEo] Hed Aol shFel A 27] Fdo]l AEE W
Bots ok BEE Alole] oW @ AdeldE wsh s Woks
& duistth 2R o Aol RE AL gt

3 aEel 98 AR oA uT Atk At ok 5 gk 19 4.2
Aol Belw ARs AWe o] AW A R A9 A}

AdeM 54 AdelA vrelrt dAe A5 d Ade] Ay At
71 Ao AS ekl "ok 282 R of dhuba) ubukxio] o] A

g 7 9A T3ttt Co—4.7 at% Cr A=
Ao dAY A 2ol E AW werh dgste] vheld A5 AHHe)
st WS XPSE AREAS APt A3= 19 4.3 (a),
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(a) (b)

20 20
Pure Co As-dep ColTIN/M As-dep.
After annealing After annealing
16 164
=12 =124
o o
L] m
5 8; 9 84
4 4 44
Decohesion Decohesion
0 0
000 003 006 009 0412 0.5 000 003 006 009 012 0415
Displacement (mm) Displacement (mm)
(c) (d)
20 20
Co-4.7Cr As-dep. Co-7.5Cr As-dep.
16 Penetration-= After annealing 18 Penetration = After annealing
512 Z12-
3 3
8 e 3 8;
44 { 44
Decohesion Decohesion
0 0 . . - .
000 003 006 009 042 0.5 000 003 0068 009 012 015
Displacement (mm) Displacement (mm)

T = (a) =53 ILE A5 (ErHR Y] Qe IHE), (b)
Ti/TiN/Co/TiN/Ti (&xFA <l rulAuts ALEsE FHE) (¢) Co—
4.7 at% Cr(Aw A7HE4 dibhgA e

o)
7.5 at% Cr(AE A7FEA A A uS
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94 shabgHute] 350 °C AAANE AAEguto] Taold Ao
N EFW A AUt AS ovaA Bk 4 24 8 2
3 SAE E 416 FEEel Uk

1 As-dep.
350°C annealing
450°C annealing )

] ]
o wn

-
(8]

A
J——

Interfacial decohesion energy, G¢ (J/m?)

10 -
5 .
, L il
Pure Co Co/TiN/Ti Co Co
-4.7Cr -71.5Cr
T The Cracks penetrate through to the upper wafer

O% 4.4 g o] Qe IUE AutA el shAExuk(Ti/TiN) <

2]
AR FIRE, A7HEA FAbEA 9 (Cr05) & AFSEE RES A

2] oA 2k (Go).
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stacking order

sample Annealing G O/m?)
under dielectric metal layer upper dielectric temperature
#1 Si0; Co Si0; As-dep. 230 + 1.
#2 Si0; Co Si0; 450 °C 347 + 087
#3 Si0; Ti/TiN/Co/TiN/Ti Si0; As-dep. 2.29 + 0.84
#4 Si0; Ti/TiN/Co/TiN/Ti SiO; 450 °C 7.66 + 2.88
#5 Si0; Co-4.7 at% Cr SiO; As-dep. 2.58 + 0.87
#6 SiQ; Co-4.7 at% Cr Si0; 350 °C >19.87 £ 5.36
#7 Si0; Co-4.7 at% Cr Si0; 450 °C >13.64 + 410
#8 Si0; Co-7.5 at% Cr Si0; As-dep. 3.65 + 0.38
#9 SiQ; Co-7.5 at% Cr SiQ; 350 °C >1246 + 345
#10 Si0; Co-7.5 at% Cr SiO; 450 °C >16.20 + 3.53
F 41478 w9 GV AREY A8 AR AW v oyA] g
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4.2. 9 T3l BEX

A7t WA= E¢F Si0,/Co—Cr/Si0, FxoA A dAEo] 2

Es} Si0, AW Apo]& o]Fstal A/tEA S FAske 9
e syl EiA XPSsek TEM, EDS #4118 1 dskqleh. Co—4.7
at% Cr &5 Z7dolA fxg #, 350 °Ce 450 °C A2l ZA)A

e zlo] ey 4 9 4 Alg ¥ A7 49 o
=3
=

= 4
UA v3 BA Ans 79 459 2tk e dele 1

A Kol5o]l HAFo] FUE o HAlo| wdstA EEsta Sl A
4 Ank GAYE WASA HH ¥ 4.5 (b), ()X Kol it
E W9 AFo] ZEES Si0, AW AlR olEd AE o AT,

s
350 °C dAgE FAe ZLE Y¥ 258 A W= 5 3l
O 2 o 5 9lor, 450 °C 94 R e o e aE
o R A Y2tk As & F vk ojw IUAESL Si0, Atele] A
AW 9 ZHE F& FelA 2zt aF 2p enjge A A
quA M3 zPZE 29 4.5l Feeih. dAe Ay F BF
=4 UidMe A oy A7) 575 eVel 584 eVell £Ajsk=t],
o] e AF w5 2p AF oA FolEE FILE I T N
o A AF dAES T dAFHE =A%t 2E 4 5 9
TF. Wbl ARt} abit Aol EAlets A% AR5 A3 oA J
A= 577 eV 9F 586 eVE o] FH U=, o] FE2 Cr0s E& oA
A7) 2p AT oyA groll sFEEE AdelA e A7 Cr.05 FE
2 EAFE AL BojFrh [48-51] FE&of 2 RELS dAgE
A 2> ARE AWA Cr0; FH9 FAE HoEthe Folth o
v ZLESE Si0, Alde] EAehs AFol dAEE WA dulgs #
BA o7 WhgaEte] Cr0;2 EAsHA Atk AS s dh 5,

_4

v S YAl AA P s ALE el s 2
25 AHor wFEe 98 5 14 3}
=

o, Alde] =zkel 352 u
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TEMZ} EDS #4] dolHMz 43 Ans Fddd 4 gt I1¢
4.6 Co—4.7 at% Cr &= ZolA dxe] d, 350 °Cs}F 450 °C &
A =7 Al52 TEM 9 EDS dHlo]ejo|t}, kA XPSe Angl izt
MR Axe A AgE 1Y 4.6 ()9 o] AEo] IUE F5
Yelst 127 HA Qe AS & § dov, dAe o)Fede I1¥
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As—dep. 450 °C Annealed
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Abstract

A Study on the Interfacial Adhesion Energy of
Crs03, Self—Forming Barrier for Advanced Co
Interconnects

Soon—Gyu, Hwang
Material science and engineering
The Graduate School

Seoul National University

Since 1its emergence, the semiconductor industry has been
continuously increasing the transistor density and the speed. Based
on this, the field of application has been greatly expanded. This
increase in density and speed was made possible by reducing the
size of the semiconductor transistor, and the side effects caused by
reducing the size have been solved by changing the structure and
materials.

Currently, Cu is used as semiconductor interconnects material. As
the size is reduced, the problem of increasing resistivity and RC
delay due to the increase in scattering of electrons generated at the
interface and grain boundary is emerging. In order to solve this
problem, Co and Ru, which have low bulk resistivity (o) and short
electron mean free path (EMF: A1), have a small effect of
increasing resistivity due to size reduction, so they are being
considered as candidates for next—generation interconnect
materials. Because these two materials have a smaller pgX A
value, the effect of increasing resistivity due to electron scattering

-
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that occurs as the size decreases is smaller than that of Cu.
Meanwhile, in the case of Co, like Cu, a barrier metal is required for
interconnect reliability. The barrier metal of Co must satisfy both
reliability of time dependent dielectric breakdown (TDDB) and
electromigration (EM). TDDB is a problem that occurs when Co
penetrates into the dielectric, and EM is a phenomenon in which Co
moves in the direction in which electrons flow. In addition, there is
a requirement to reduce the thickness of the barrier and increase
the volume of Co metal as much as possible in order to reduce the
resistance within the limited interconnect area.

As a solution to these problems, a technology for making a self—
forming barrier (SFB) using Cr dopant in Co interconnects has been
studied. It was confirmed that Cr, which doped in the Co metal,
migrated between the Co and the dielectric interface during
annealing process to form a thin film of Cry,0Os. In the voltage ramp
dielectric breakdown (VRDB) tests, it has been proven that Cr203
effectively prevents Co from penetrating into the dielectric material.
However, there was no study on the Cr203 SFB from an EM point
of view.

In this thesis, SFB of Co interconnects was studied from the EM
point of view. In the case of Co interconnects, it is known that the
EM phenomenon occurs at the interface between the interconnect
and the dielectric because the EM Ea (activation energy) of the Co
atom is the lowest at the interface. Since EM Ea is proportional to
the adhesion energy at the interface, when the adhesion energy of
the interface is large, the EM reliability is good because of large EM
Ea. Conversely, when the adhesion energy is small, Ea becomes
small, which leads to deterioration of EM reliability. In this study,

the EM reliability was indirectly confirmed through the analysis of
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the interfacial energy of Co interconnects. For structures
Si05/Co/Si0y that does not use a barrier = metal,
Si04/Ti/TiN/Co/TiN/Ti/SiO, that uses a conventional barrier metal,
Si0y/Co—Cr/SiO, that uses SFB, the interfacial adhesion energy
analysis was conducted before and after annealing through 4 —point
bending test. It was confirmed that the interfacial energy values of
the three structures were not significantly different before
annealing, but it was confirmed that the interfacial energy of the
Si0s/Co—Cr/SiO, structure increased by 63% or more compared to
the previous two structures at the annealing of 350 ° C or higher.
At this time, through X-—ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and energy-—dispersive
X—ray spectroscopy (EDS) analysis, it was confirmed that Cr from
the Co—Cr alloy segregates to the interface during the annealing
process to form Crs0Os;, resulting in a SiO,/Cr,05/Co/Cry04/SiO,
structure, and it was confirmed that the Cr203 layer was formed to
a thickness of 2.5 nm. In addition, through surface analysis before
and after annealing using atomic force microscopy, problems such
as void, hillock and agglomeration do not occur while Cry0O3 SFB is
formed, and the problem of deterioration of the Co surface that may
occur during annealing was effectively blocked by Cro0O3 layer.

This study confirmed that the Co/Cr,05/SiO structure was formed
through annealing in the Co—Cr/SiO, structure, and proved that
Cr,03 SFB was effective in improving the EM reliability of Co
interconnects without side effects such as voids, and hillocks. It is
significant in that it expands the possibility of Co interconnects as a

next—generation interconnect material.

Keywords: semiconductor, back end of line (BEOL), interconnect,
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