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ABSTRACT: The atomic layer deposition (ALD) of Ru using a
metal—organic precursor, tricarbonyl(trimethylenemethane ruthe-
nium [Ru(TMM)(CO),] and O, as a reactant is reported. The
high vapor pressure, thermal stability, and relatively small ligands of
the precursor facilitate efficient ALD. Typical self-limiting growth - y
and an ALD temperature window of 220-260 °C are observed w
along with significantly high growth per cyce (GPC) (~1.7 A) and
short incubation cydes (~6) at 220 °C. Density functional theory

calculations indicate that the high growth rate and self-limiting + ~ m %

behavior can be attributed to the characteristics of the

trimethylenemethane ligand. The as-grown polycrystalline films

(average grain size ~20 nm and negligible impurities) were evident [Ru(TMMNCO) 0z

from plan-view transmission electron microscopy. The variation in

film resistivity with increasing film thick and deposi was investigated with and without annealing. Films
deposited at 260 °C show low resistivity (~12. 9yﬂgm}, which Eunlm decreases (~9.8 p€d am) postannealing at 500 °C. A thin Ru
film is successfully deposited with 100% step-coverage on a dual-trench structure having an aspect ratio of ~6.3 (minimum width:
~1$ nm). The interfacial adhesion energy measured using the four-point bending test exceeds 7 ] m™, regardless of the dielectric
material and I . The Ru p permits enhanced nucleation and GPC at relatively low deposition temperatures

to construct high-quality Ru fims with significantly low resistivity using simple, plasma-free techniques, and is suitable for the
fabrication of emerging Ru films to replace Cu-based interconnects.

Y. Kotsugi et al., Chem. Mater. 2021, 33, 5639—-5651
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SiO,/Si(100) [%&U 230 1s 10.7 Pa 0.0963 10s 10.7 Pa 0-150cycle  [X-1
SiO,/Si(100) [%&UL 190 1s 10.7 Pa 0.0963 10s 10.7 Pa 0-150cycle [X-2
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ESITES

mEHTF

- Precursor Precursor RIGH! .
5 RIS BE |mmmm  |POCUSOT mgmmaaoel  |mmwm ROA 5 SR
(per cycle) (per cycle) (per cycle)

H-Si(100) AN, 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle

H-Si(100) U 150 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle

H-Si(100) U 170 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle

X-5 (190°C) X-8 (170°C) X-7 (150%C)
Cls  p/' |
2 L ! | 50 & c R sy
B e /\/W'_:' Va'ks :«f‘.‘l\' e i { N - -&) 8 K e BN A/ "\."\,.‘_,\,Mn‘w_/\\’; gy ’AN\ﬁ\“‘l-\""‘“‘-_"‘ﬂ"’ NN
WW:‘%\/'\]\/\/W\/\/\J\/V\ 0

289 28'7I285 283 281
Binding Energy (eV)

279 277

289 287 285 283 281

Binding Energy (eV)

279 277

289 287 285 283 281
Binding Energy (eV)

150°C-190° COEEH CIXRERENZVIEXPSIEEH R\ (FELEEDE)

279 277



Intensity (a.u.)

- Precursor Precursor RIGH! "
iR R B mEsE  (DIOOUSOT g oL N Bz SHBLET
(per cycle) (per cycle) (per cycle)
H-Si(100) 0, 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle
H-Si(100) A 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle
H-Si(100) H, 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle
X-5 (I2L) X-4 (0,) X-6 (H,)
- . 3 3
— 150 >
A ' 1100 @& T
L | 50 $ @
AANN L + +
POYVS (WY : : ‘~-‘ruw~v\’,m__4_}/“\f‘ / Ir AW W, 20 E E
JMMNM%WW"W 10
Ao A AN AN O
289 287 285 283 281 279 277 289 287 285 283 281 279 277 289 287 285 283 281

KBTI~

RIGEIKTF

Binding Energy (eV)

AIREEMNT90 CODIHRE. RIGEIICH, ZER Uz DERFDXPSIEE NG (ARERE D EY)

Binding Energy (eV)

Binding Energy (eV)

279 277



ESSITES

ERATF

- Precursor Precursor RIGH! "
iR R B mEsE  (DIOOUSOT g oL N Bz SHBLET
(per cycle) (per cycle) (per cycle)
H-Si(100) H, 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle X-6
Si0,/Si(100) (H, 190 1.5s 10.7 Pa 0.1444 10s 10.7 Pa 0-150cycle X-9
X—6 (H—Si(100)) X-9 (SiO,/Si)

1
| 9

] ] 1

! 1 1

| | 1

1 1 1

! 1 1
- 1 1 1 ~
S 1 1 I 5
. 1 | .
© 1 1 ©
N~ 1 1 ~—
> Pl ! >
2 el : 2
w0 wn
c : : : 150 2
< = ' 100 o
+ 1 1 1 +
S AP ~ 20 5

R \

)

10
WMNWW\/vO
289 287 285 283 281 279 277 289 287 285 283 281 279 277
Binding Energy (eV) Binding Energy (eV)

SiO,/SiEMrZE AW ZAHNXPSIRED R (BEREDNELY) .
Ko KERATHAIFRUD E—IO W EIRILF—RIICHE S,




X
mm

|(100)

X-1
Si0,/Si(100)

Intensity(cps)

Intensity(cps)

eSS

l:°—7:|:31"\)l/:\’—

63\1‘)?

2820
S . peak center XPS Ru 3dg), O
%281 6- O AreaFit & H:Si(100),/,”’
3 281. 2] ot 4
-0
02808-_____._______ el RUO
O ]
T 280.4 T e Ru(Metal)
o ] - 9 ° 'Y
— T I. ———r 280'0 - ol L L L L s
295 290 285 280 275 0 30 60 90 120 150 180 210
Binding Energy(eV) Dosing time (s)
I IR PR S S | 282.0- VR o R . —— '
— ] @ peak center  XPS Ru 3dg, 1
Q) 281 6 = | o Area Fit on S|02 " ’0-— s L
CD 1@ s e
281. 2 e o 9
02808- _____ bt _-____g:_::_’___________B_“_Q_z _________
J (I ® Ru(Metal
§ 280.4—: o u(Metal) @
280.0 1 ’0 - — e —
0 30 60 90 120 150

290

285 280
Binding Energy(eV)

H-Si(100) L:—EDERE . £EH
SiO,/Si(100) £:30cycleri® CHRIEERENESR S, 30cyclemilERuO, M. &IFEEHIICEIL

Dosing time (s)

L. Bolotov et al., Jpn. J. Appl. Phys. 63, 085502 (2024)

000 2000 3000

1

0

1000 2000 3000

0

Area Fit

Area Fit



TE M@ET“O)*&A'

30cycleRkfErRs

H-Si(100)_kt:
B3 CXHRRUE

Si0,/Si(100) L
MF (F)IARDRUDEXY

REIESIO,/Si LDEDADEL

L. Bolotov et al., Jpn. J. Appl. Phys. 63, 085502 (2024)

5nm




B |25 EE 20nm

SPMAI E%i% EDEESM

H-Si(100)_k:
FHRRUR, EIRARNRT L)

Si0,/Si(100) L

MOAKREW KIF (B)IRDRuDEFY
H-Si(100) LORE LU TERAFRNISLY

L. Bolotov et al., Jpn. J. Appl. Phys. 63, 085502 (2024)



)

urrent (p

SPM,,JJE%*%Q:G)*&A'TE

Ru/ H:Si(100) (230°C)

1 - H-5i(100)

1 10 < *
— Ru/Si(100) ]
|
. 3 '

5

] !i [l H,HI ,,,,, |lf li
2 A 0 1 2 0 10 15 20
Voltage (V) Conductance (pS)
SP 301 * Ru /Si0,:Si(100) (230°C)

probe -

Bl I
L | ll¥

Count

@Y i ]
53

o]

0 5 10 15 20
Conductance (pS)

L. Bolotov et al., Jpn. J. Appl. Phys. 63, 085502 (2024)



eSS

EMRICLDIRERDET IV
C4H6+n

& ?H; _ ﬁ }( & co

AR

L. Bolotov et al., Jpn. J. Appl. Phys. 63, 085502 (2024)




R

1. RUAZTUN—1RU(TMM) (CO) ;ZALTH-Si(100) EMR K USIO,/SiEtR LICHKEREZ
7L\ STM/STS. in-situ XPS. TEMFZRWCHIEADIRBRD AN ZX LZEdHlU7z,

2. BARICE S TREX N X L BEREIC B3 & ZRsEUT . H-Si(100) TIERELIEN S
BRAREL. BFLSBEENERUEDISHU. SiO,/SiER ClAMEHIEERKEL.
RUO,HILE %R U7z,

3. In-situ XPSHIEH AIaESALDZ=EE Z AW ZAIERRRIE. STM/STSPTEMFD AIERR
ERWVWEEHEZERL. T Y DHETICHRI CTh o7,



