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Ad, Q8 gAY, FL B 98 & o
Bowrge) A 3 FHlE Al 2 FEolA, AV b)RAE 23] ol W dlo] AR vute 23 A, ZAzte] 23
AA ek vl ¥

step Atelell 13] o]/de] dX%FJOPL TS FHE  dd. F,0b) @A F, oAz
shal, o] % thA] b)ygA B o)eAE W= AY %

EE D)EAE 28] ol MR, VAR GAUE SFu, A DEAF 28] ol wEHE AY & gov,
AAe WA W NEE ARE FA g

Wyl o gHeld, 7] AR iy A9Ede] Euzel ¥4 wuhe FYsE B, T4 =
ol upe ghds] wEAs 94 R v L LeluvE AAs] fskel FAse AL & You, dAY
H9e Bal Y AARAY FAA P45 L /TR WS Has & & Avh

T 3 WA 694 Heole upe} o], 7] 2ARHA Adddt (pristine ULK dielectric film) o &-dsts
MAA(initiator) H#E 34, L&A das FAJ59S o] wae] f-4d& (dielectric constant)o]y 7]
L, 24F T A9 WErt gle Aor Hol HuAE A9 FA e S & F AL, o] T2 AMEE
capacitance-voltage character1st1cs% %3H/‘1E A F o T8, Fourier transform infrared
spectroscopy (FT—IR) A4S Falx ddn

Adtalol functionality®] WStE A9 flas EAT 5
s

=) olg
H 8H ZAAA AAuret 2o 5A4E 7] WA gen TE

o]zl AAld % HudE vgoz B IwS O& AAS ddyeit. ot 517 Ao 2 HludsE 2 UEs
oS AAs] ddystr] g st oAld ) B il 317] AAld 2 Hlude] o) A= A ofyth
olsl =4E 37 WHo=E SAsUT.

1) 77

Spectroscopic ellipsometry(AZAF: J.A. Woollam Co., EE™: M-2000D)E o]&3le] g d HAEZ
(pristine ULK dielectric film)d} 713 A®F<Q ag&xtdbete] JAE g dAEL AA FAE 3181
=

Algo ZugE gujE FAAZA 4 9lE A]AHElo) spectroscopic ellipsometryS ZAA|Z] =4 w2lozmx | A
2o  gv =72 FZF/93E (adsorption/desorptiom)A el wEl  WskE #ebd EA(optical
characteristic)S A3 ¥ o]= & A5 open porositys AAFe 4= = Wh2jolt}, AL&-3 &vj= 5F

lojtt.

w

) AE4 FHS(Effective dielectric constant, keff)

7] Ultra low-k T34 ZAEZ 2 a8z vdto] dAE thaAd AAEZ WMEF TE(platinum dot)E
3+ & precision LCR meter (A ZA}: Agilent Technologies, E4980A Precision LCR Meter)Z o] &3l thaA
o

B0 A ¥l A (capacitance) S EAsaL, GA A T4 2 =E WZ(dot area)S AHEEY kS

Artssict.

o PN

>
>
2
—
<
>
)

g3 ddEd=2, Ultra low-k (VLK) A< zH= porous SiCOH ¥Fe(thin film)& Ab&3tgon, iCVD &4
% o]%ﬁ].cq ‘HJ:Z]' Hl—uLO @M o],oﬂg}

AF&3F ultra low-k porous SiCOH ®}eh2 Si 7] Aol 90 nme] FARZ SFEAOH | kike 2.00]aL, 45 %9
open porosityZ zteth, w3 ZFHE (refractive index)S 1.229] & zte=t),

WA= 1,3,5,-trimethyl-2,4,6-trivinyl cyclotrisiloxane(V3D3)E A}&3}¥ 3, 7WAAl= di-tert-butyl
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Qi

Al

=

=

peroxide (d-TBPO)
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A

=

Fol Hf A A (precursor) 7}

o

(pristine ULK dielectirc film)3} 7]&-©]

sealed ULK dielectric film)ol| atomic layer deposition(ALD) Hf0,5 &<

13=13
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[0133]

[0135]

[0136]

[0137]

[0138]

[0140]

[0141]

[0143]

[0144]

[0145]

[0147]

[0148]

[0149]

[0151]

[0152]
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ALD HfO, =& 24L& vexy v, &%E 350 C, 48 0.7 Torr, 7F&E Tetrakis(ethylmethylamino)

ZAFAA AAntte A Hfo] TS5 E R, 73] A" 2AF < ] =
st S & 4 k. ol& F3) pv3d3 7F AR E Fo] Whe]l &9 7] F X (open porosity)E EHHOE A
AA HE AFAe] AFE afd o= ota &S delssith

[2 Aol 10]

b whas F&Er] Heke] 10D 38 AAE &, dAE(post-bake, PBEF $HE &, o] #AE 53
Wk A3 7bzhe] S& AI7FE 1022 3 AS Ak, 0D 34 AAd 13 5datA AT,

%27 Z2AFAA Ay (pristine ULK dielectric film)2] 7= 89.2 nmoliL, k= 1.980]1om, 5H A
=2 AS A s Tl #59 FAE 102.5mm0) 3, ke 2.340|Q0TF. 5HA =2 A 3 dx@]E 3 45 PB
FAE 102.4 nm ©)3L, kes= 2.339]1900)

T 72 AA wee] 22 8l EAE] s wbadel mE 2d &0 WstE Bole

#0S %7) 2AFAA AA9e (pristine UK dielectric film)e ZHES HoF1 Qv;. 1.2419 Z4E5S
z¥= 27)] ZAFAA AA9e (pristine ULK dielectric film)ell 3k ¥ iCVD 43 A2 (post-bake) &
S YT AL (il

=~

3 in9] ZAFo] ¥ 1453 ROT WHATH} Bl 12092 obdE 2
o A Fal wuel /¥ A¥Ee Akt B3 2P aRAue s /)3
g

ool E9 ALt post-bake 34 FF A 9% 713 49F5& Fstel WA Tk A48T 5 o
EEERE

o] uwj wiulel H 7]FEE 0D &4 438 3 oF 6 9d =04 post-bake 3 F oF 20~30%2] #HS Zte=
%27] 2AFAA dAvat (pristine ULK dielectric film)e] 7] &%=7F oF 45% AEUS 18, o] post-
bake Foll FEWO 7F AT ol Ao 7|F #ra J&TE -] FdsL S-S gudrt. (WD T4
S s s A FHE S7F F post-baked| o3t FHE A dAdo] REEH o R ASH AN 1 Wt Eo]
A&EHow HasteE 2s & ¢ AL oo wet post-bake § 7] F%E JA] HAF FasA ®ok. 54 A4 o]
FHEE ¢ o) F4F Mgl BolX e AL el T 4 da, o] w ngH 2HES oF 1.26 A=E 7
=), %27 2AFAA At (pristine ULK dielectric film)e] F&Eo] oF 1.244%0o]a1, pv3D3 &2 =}
Ao ZFAEo] of 1.474% 44L& s B v multi-step deposition strategy WHS &3 &3 7|F%
(closed porosity) &, €59 4w o] YA o} oF FdE] H=H F gle 7|TEC] AA = vlFS F

~

B

A3t E¥l 7|3 (open porosity) & EHH R TAAAD F A5S &
[HA]e] 11]

SGEAE 1,3,5,-trimethyl-2,4,6-trivinyl cyclotrisiloxane(V3D3) Al 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane(V4D4) S A}g3 AS ALstas 7] AAd 99 53 2Ho 2 i(WDFAHS

ST

I Ay I 7] FE(open porosity)E 14.7%°])aL, effective dielectric constant (ker)E 2.320]AT}.

[HA]d 12]

GFA 2 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane(V4D4) S A}-&3slal, 7|# 2% 120C, &
Are 2500mTorr, FZAI7F 60 22 33 AL AQstais 2AAld 13 FL3 vhHow (VDA S 33
=

T Ay I 7] FZ(open porosity)E 13.8%0])aL, effective dielectric constant (ker)E 2.35°] AT},

A2 1,3,5,-trimethyl-2,4,6-trivinyl cyclotrisiloxane(V3D3)E& A}&3sla, 7|&# &% 120C
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[0153]

[0154]

[0156]

[0157]

[0158]

[0160]

[0161]

[0162]

[0163]

[0165]

[0166]

[0167]

[0169]

[0170]

[0171]

[0172]

b AAd 15 A PHoR (ODFAE A

ol

2500mTorr, ZZA17F 60 28 FqF AL A9
O A% 99 7)FEE 15.1%0)3L, effective dielectric constant (kerr)+E 2.340]%0T}.

7] AAd 129 Blalste] gEFAe] FRE 2l Ao, VID3E AMES AG-, VADAE AFESE A 9ol H]Eke

3
g9 7|3 E7F 3L, effective dielectric constant (ker)7F @& AL &<l&),

G2 2.4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane(V4D4) & A}E-star, 7|3 &% 120T
Aote 2500mTorr, Z2A17F 120 22 33 AL A9t A 13 93 Hoz ((WWaAS 535

o:h;}_.

o A g9 7]

¥

o

L= 9.5%0)aL, effective dielectric constant (ke)E 2.420]0t}.

[2A]d] 15]

ek 2 1,3,5,-trimethyl-2,4,6-trivinyl cyclotrisiloxane(V3D3)E A}&sla, 7|9 &% 120C, AU
2500mTorr, FZAIZF 120 22 33 AL AQstue AAd 13 I3 HHo

O A9 99 7)FEE 12.8%0]aL, effective dielectric constant (kepr)E 2.40]AT}.

of 149} vluste] kAl THE Geld AR, VID3S AHER A, VADAE AR’ Aol vk

g9 7| ¥=7) =31, effective dielectric constant (kers)7F ¥ AL &elslic).

GFA 2 1,3,5-trimetyl-1,3,5-trivinyl cyclotrisiloxane®} isobornyl acrylateZ ¥Alol AF&&tar, 7]# &
= 40C, FA4AYE 350mTorr, =2ZHAI7F 246 %, 1,3,5-trimetyl-1,3,5-trivinyl cyclotrisiloxane (V3D3)
isobornyl acrylate (IBA) : di-tert-butyl peroxide (d-TBP0)2] < (flow rate)< 3.64 sccm : 0.61 scem
D 1.46 scem® T AL Adstae AAld 13 wdg PO R (DTS TASATH.

O A% 99 7)FEE 6.8%0]aL, effective dielectric constant (kerr)E 2.560] AT},
[HA]e 17]

A2 1,3,5-trimetyl-1,3,5-trivinyl cyclotrisiloxane®} isobornyl acrylateE FA]o] A}&3&}a, 7|3 &
T 40C, ¥AYHE 350mTorr, =ZA|7F 123 %, 1,3,5-trimetyl-1,3,5-trivinyl cyclotrisiloxane (V3D3)
isobornyl acrylate (IBA) : di-tert-butyl peroxide (d-TBP0)¢] << 3.64 scem @ 0.61 scem : 1.46 scem

2 583 AL A s AAd 13 293 Ho 7 iCVWEAS 4359,

O AY dY 7] EFEE 5.8%0]aL, effective dielectric constant (ko) 2.57°] AT},

ol

71 AAle 163 vluste] SFAIE EEld Hoer, dH VFErF WAl effective dielectric constant
51

(kerp) 7} =2 AE F21skSiH.
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k1
N2

Ed]

(a) (b)

Si substrate Si substrate
EH2
| Pristine ULK film |—— 1 Pore sealed ULK film |
| ]
i —=—Hf IH —=—Hf
2 1 -
) & 8 7} L FE— 7
c ’ O"l ULK dielectric film a - } S ULK dielectric film a
[7] b= a [7] b= H
- =3 o - L >
E 1 (7] E ‘ w
o i l 1
T e o]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Position (nm) Position (nm)
EH3
20 T T
— (a) - Pristine
w46l —o—Initiator treatment |
2
(9]
2 12}
2
8 sl
Q.
©
o 4 L i i
-30 -20 -10 0 10
Voltage (V)
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k1
)
N

24t (b) :
22}
20F

18} -
16} .

Pristine Initiator treatment

k1
g
%))

[=-]
o

(c)

Al

Pristine Initiator treatment

(=2}
o
n

Porosity (%)

o
1

1
g
()

(d)

—— Pristine ULK
---- Initiator treatment

A

L 'l i 'l A 1 A A i A A i i J / [
3300 3200 3100 3000 2900 2800 2700 2600 2500 2000

=

18.00 16.00 14.00 12.00 10.00
-1 1
Wavenumber (cm ) Wavenumber (cm )
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k1
g
N

1.50

1.45 4

£ 1.0

1.35 4

)

1.30 4

n(@633n

1.25 4

1.20

#0 #1 #1PB #2 #2PB #3 #3PB #4 #4PB #5 #5PB
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