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The impact of high-temperature porogen on the integration of novel

2-phase low-k materials

Student: Mu-Lung (Kima) Che Adpvisor: Dr. Jihperng (Jim) Leu

Department of Materials Science and Engineering

National Chiao Tung University

ABSTRACT

A Solid-First™ scheme, which-defers the removal of porogen until the
completion of chemical-mechanical polish (CMP) step instead of post
dielectric deposition, is employed for-the preparation of low-k dielectric in
this study in order to circumvent ithe reliability issues encountered in
integration of as-deposited porous dielectrics. This study uses a spin-on
organosilicate, methylsilsesquioxane (MSQ), as the matrix, and two
different polymers, polystyrene-block-poly-4-vinylprydine and
polystyrene-block-poly(ethylene- random-butylene)-block-polystyrene, as
medium and high temperature porogens, respectively. In order to elucidate
the impact of such porogens in the Solid-First'" scheme, we compare the
materials properties and processing characteristics among the following
three types of materials (a) “solid-only” low-k materials from matrix only,
without porosity as control, (b) 2-phase low-k materials (matrix + porogen)

which interact with all backend processing steps, and (c) the porous low-k

il



materials after the removal of porogen phase.

The refractive indices decrease with the increasing porogen loading.
The mechanical properties of these materials used in different integration
schemes were investigated using nanoindenter and FTIR analysis for
different porogen, PS-b-P4VP, loading (porosity). The modulus of 2-phase
films is higher than its porous form, and even better than dense one, for
porogen loading below a critical quantity (~30%), which can be attributed
to its enhanced degree of crosslinking in MSQ matrix due to the
plasticization by high-temperature porogen. In addition, the moisture
uptake in 2-phase low-k materials is lower than those in its porous low-k
materials. Such characteristics illustrate the benefits of using 2-phase low-k
for the integration of porous low-k. The process interactions with major
backend processing steps-of 2-phase-low-k as a function of porogens are
also investigated involving the decomposition temperature and morphology
of 2-phase low-k materials. systems. The feasibility of using a
high-temperature porogens in Solid-First ™ scheme will be discussed and

recommended for integration.
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Electrical Chemical Mechanical Thermal

Low dielectric constant Chemical resistance Good adhesion High thermal stability
Isotropic property Low moisture uptake High hardness Low CTE
Low dissipation Low solubility in water High elastic modulus | Low thermal shrinkage
Low leakage current Low gas permeability Low stress Low thermal weight loss
Low charge trapping High purity Low shrinkage High thermal conductivity
High electric-filed strength Etch selectivity Thickness uniformity
high reliability No metal corrosion Crack resistance

Long storage life

Environment safe

2.3 WA R Ew 2 |E 2N
2.3.1 i+ § § tpiwdg i (Chemical Vapor Deposition » CVD )

PR R0 B de b o AL e B ) Hepr X W2 WH

o

L 554~ (precursor) ¥4t FHEAR HE g 4p? A AHE e F AL F A

ETTRS
~

SR R BN ENCT R R E > - AT AR T EBREMY X5 CVD

WA S 2 BR EERRH AR 2T E AL CVD 23K F

CSEE BR o TR AT RS H A BBz - o

S ST A ARG R AR e E 4 T (monomer ) 73 230

ey 31 558 (solvent ) ¥ » 12352 it B4 % (chemical solution )

13



f o L -t 1A R LA R F TR dE 4 5 8 (Spin-Coater ) p ey B F o
FI g SR PFAT A A g 4 > BIRRII AT BB L P i
oo YR A E A2 4~ 29 (ad-deposited ) WA BmF SR O
BfoE M E G AR ZE 0 R - 8 0 (baking) ) FRERAE
WY AR R R AR R R Y 23 A A RS T e B
& (Cross-Linking ) ## % 5 M2 # 2 £ 2. B A6 /&% - B2 #X spin-on 2_ 4%
BLLERY FAT WA R o REHAE RN 4 (gapfill) & ¥ iE RN

I3 it (local planarizationy)» R 2R { ¥ & BB ;xAF HREH M

F R E R R R R g AT R G 2 A
PoRa AR NI BRAEAD o T RAHABBRE S AP ¥
BEARD R R A THA Rk BRI PR
it o

241 & - p e @33y (Fluorinated Silicate Glass » FSG)

Briz - F % (Si0,) 12 ¥ 8B 3942 2. » HRIET Mi&

14



B 24 }E!:*i,’lt*‘c S SiOzéi%’T s heBl 2.8 om0 W MR M HARTY 4y 4 0 18 K
BT 35~39 v fls A PP ERBAR ( Fluorinated Silicate Glass >

FSG) [15]° FSG z 2 =:id ¥ 2 f]* * HEipinfh iz 2 = SiO, ek p+ >
@~ SiIFy~CFg~CFR, 8 20 2 Fidl e AR EFZ 845> 4

¥ AR > E 5 en Si-F AR ¢ R 4o A T L ok s ok
FEVNREEHAEY LD AR TIEL A > ¥R d Pl R EN
BEL 2% 55 238332 HF > £ £ Ti~ Ta~ TIN £ J7) %
g R AR FAY LG T 0 o K (delamination )

B AL BEREFEF A0 # A RehT AR S DB [16] -

242 @i g v (Carbon-doped Oxide » CDO)

CDO 2z # Spi fE58 R 5 > A2 S HAcH 29 #77 > 2 4T ¥ 85
525~332 % $vuilsz PECVD ®lAz 9 435 A & ehipr
#H 4 o CDO 2. S~ (precursor) %% » Wi BV¥V A 574 3 § 1
methylsilane ( IMS ) ~ dimethylsilane (2MS) ~ trimethylsilane (3MS) fv
tetramethylsilane (4MS ) 1% &~ + [17-19] 2 H ¢ % 3 % e &~ F >
4r tetramethylsulance (TMCTS ) [20-21] - octamethylcyclotetrasiloxane

(OMCTS ) [22]4r dimethyldimethoxysilane (DMDMOS ) [23] > %1%

4o B 2.10 #7517 o b —‘F‘Tﬁxi«% A W A3t 0 CVD ®/ & K4 7 ESEpE
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FE2ZELE » O, 8 ENOF5 % (L& > 2% 1 C/SIW B o
CDO st $3F7F #Si0, { M2 1 T 8?2 %57 AHpfer -5 ibp

¢ i 7300 Si-0 4k Si-CH B~ iz £

ga\:/

¥ 4 28 (cross-linking ) °

BT BN Rz & 1Y F (polarizability ) > & T % KA T K Bice T K
Z i ERFECDO BT i (Ao AT W i) b g RE
CDO #flenp 2 ~ it Efef 2 H - £ 2.2 5 CDO & PECVD SiO, %
iz vvfieod 29 2 % g 3 CDO HHRE e f M4 o2 v

3 AE A 4R B ES > H AR ki (coefficient of thermal
expansion, CTE) {v Cu (~17.7 ppm/°C) %2 TaN (~6 ppm/°C) #pif >

AF AR L PE A R § AR S B AR [24] P om0 &
B 90%:hL AR T & 23 CDO % 902 F 4z ¢ hi 4 TR 0 A
P ®#F (Intel) # * Tokyo Electron &) Aurora' ™ 5 @ 4 AWML RS
2 (TSMC) 7 = =% Applied Materials #F % 5 BLACK Diamond™

Gorr v i 90 2 f HlARY & 23 74 P H B iR S CDO HA -
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0 5 > G“‘*Si/_
\S.li Uf
ﬂ‘ §iZ ) : \\‘ii'f

Si—-o

o | }ﬁ,_ft:f i

N

B12.9 CDO 2 f + 4 -
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H CH H CH
\S/ 3 \S‘/ 3
N /7N

H H HC H
(2) IMS (b) 2MS

CH,

/H/O\Si-—-H
H3C\/Si \

Q H
\ 1 ;{

. / \
n,e 0" CH,

(e) TMCTS

H,C OCH
3 \S/ 3
1

VRN
H,C© OCH;

() DMDMOS

H;C CH
3\/ 3

H-C CH
S 3 \s/ 3

N 7N
H C C C

Hj Hj Hj

(c) 3MS (d) 4MS
CH;
H3C\/Si 1\
O\ H \,H
/ S1

1 \
H3c'51\o/ CH,

(f) OMCTS

H,C OCH,CH
3 \S/ 2 3
1

7N\
H,C OCH,CH;

(h) DEMS

] 2.10 The typical precutsors of CDO materials °

# 2.2 CDO # PECVD oxide & %1 5 2. vt g [24] -

Property Carbon-doped oxide PECVD SiO,
Dielectric constant <3.0 ~4.2
Refracvive index <1.42 ~1.46
Stress Tensile Compressive
Elastic modulus <10 GPa 70~80 GPa
Hardness <2.0 GPa 7~9 Gpa
Density < 1.4 g/em’ 2.2 g/em’
Thermal conductivity <0.4 W/mC ~1 W/mC
CTE <10 ppm/°C <1 ppm/°C

18




%23 B3 2 CDO #it o

B 3 ARP L 5
Black Diamond™ | Applied Materials PECVD
CORAL™ Novellus PECVD
Aurora™ Tokyo Electron PECVD
HOSP™ Honeywell Spin-on

243 7 § *=¥g 3 & 3+ (Silsesquioxane based materials)

F3REgang a3 FFE G &0 (inorganic) Si-O 4% 25 8

-5\:\

e (organic) | & F F av gk o H iV & o 3 83§ 5 (RSiO5), > B 2.11
BV EEHORLE L enit B g A R s & (hydrogen )~ = 2 (alkyl) ~

éé’fﬁz’ik (alkenyl) ~ *= § .28 "Calkoxy) = %4 *%2 & (aryl) & | &~ 5+ F

< PG VAF R EM > AR T (spin-on) BWARY o 1T R

BH AR aae 5% L2 7 & # 3 % (hydrogen silsesquioxane °

HSQ) £ ¥ A # 3% = (methyl silsesquioxane > MSQ ) = f& ™ 4 & #4L o

19



@ (b) g

\Si—-°!'.3-—8i/R
R 5 R » o’ o7
i 0-. --'O--._| 0'-- — / 0 /
~5r S{O 5 s'ib Rl 0% 25t /a ©
0 -Si-|-0—
O. . - r {l) “/S = /Si"“'R
Sk A Sl — A -Siw (o] | 0
Z (0] o—. (o] |/ /s
R v H \ Si—0—Si
/ \
R R
(Te)
d R
© R R () !“.I-- R
‘ej—0—S§I 0~ " O0=—g;j
SI \o H.‘ - .
y R S 0
ol i lo o si-R
R-SiQ_ R %~ RS Q9 Ry
R-Lei—0-ksi'" o i
oS | Sk | b<5—9¢—g 0
y O\, R Si- 'R
S ~0—¢,~0 R ol \ O,SI\R
X r~ OTSI”
R
(T0) s (Th2)

B 211 & 5 &R 7“1,7 (a) is (ladder) & &4+ 2 (b)~(d)

H % (cage) AR -

2431 % & # § *% (Hydrogen Silsesquioxane » HSQ)
HSQE#-BF R AZE2FF%ER~L»F 4335 (HSIO 5),° 7!

MR S g s B 1E > R A gk (cage) 2 M6 R

P

5% (network) 34 4o 212 %77 [25]° o4 — %1 %% @ HSQ
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Ay I B AT A BT ED 3.0 0T o 2@ HSQ AE T
PRETFF e EY Si-H R FTE RS0 aF G
Si-OH 4& » £ ¥ Si-OH 4= v » Wt chwi k2 ¢ 715 OH # e
BoAKMEARREFERS X RROPEINEH TR TS

o1 2 o

2.43.2 9 £ # § *= (Methyl Silsesquioxane » MSQ )

MSQ £ HSQ 24 4pin » 4 & Z w07 2L kB-k HSQ ¥
T RF R o 4ol 2,13 fF [26)6F1 5 T A § RS ATk el A <
P OREAR R Fpt 2 4 R #icie it HSQ B & k17K (k~2.7)°MSQ
2 HSQ 4p b 30 7 on e 2 3V S § o s BV AR VA
AR FEE R 27 AT HA o d 3t T A E e i @
## MSQ +* HSQ #7 # it 2 #fE 2 it > ot R BB HEd L F U5

AR AR BRE R MSQ (FAE T LA
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H\ [‘)/
Si—0—25i H
\{\ ] N Si/ \S O—)—
0 i OH i
S‘I/ O_ﬁii:"' e \Oaﬁs{rH lxo ’
i | ‘ e
P A,
s g sgrd i SHE e
- H/
H H 0

{ Cage Structure :1

1: Network Structure )

Bl 2.12 HSQz £+ % fﬁ
HaC 0]
SI—O—SI}! ‘/ \ 0
N s SRl L TR
S‘| O_E')S|IH‘CH3 C‘J OHS/ ixo
0 r,S:iE)---O-;;Si ‘ e
| o7 |/0 \CH3 O\ / -
/S|—O—Si\ / \\ o
HsC ch HaC
Cage Structure Metwork Structure
Bl 2.13 MSQ 2 £ A& *1}#
224 BHEICZPFIRGEEATHK
Material Trade name K value Supplier
HSQ FOx 2.9~3.0 Dow Corning
MSQ RZ25-15 2.6~2.8 Hitachi
MSQ HOSP 2.6~2.38 Honeywell
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2.4.4 SILK™

SiILK™ % Dow Chemical #7% & 2_ — fARAsFEZFREFRZ
W GNF AT B AR 215 907 o SILK™M 2 AR ¥ 9 5
265 BEAAE G A RASEIF NS HBRLT > P BB T S
450°C (T,>490°C) [27] i 8 IBM * 2000 & 5 7 & kg # 1 ;44
SILK™ @& # %+ 0.13 um s B fllfz? » # v L EMBHF T HEEERE >
d 3 SILK™ e ik 4 (CTE) 58 B 2 Sl 84238 & 4238 150
CPH CTE * B 2% 37 5 LEECch #* SILK™ #&a @ #
CVD z CDO # & o p = &3 IBM ¥ Sony ~ Fujitsu & -° S 17 7R %

Fwr [28-29]

R - functional group

B 2.14 SiLK 2 & 4 -
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245 %3 m)4 g 8 (porous low-k materials )

"EF AP T E e > 50 % K RC delay > &7 { AR
e R ARFFE AT TR G FRT - A MATH(k<2.5)
2R SRR EE R e 2 B A THRY o B a2
HPUARERATEER Fiz5 (23) 20T F&: 1097w
AR F BT ED 15~25 24 e G AR AR Y kK
M 25 2 A AL S AR A T HR (ultra low-k materials » ULK) o 1
SiOp 5 b > Hp2 SiO, i & ¥ 8,5 39~42> w§ SiO, p 3R3- 4 F
E I 50%;fs 0 Hpoox /i OHleT SHEHE KT 25 2 o - R A H
B3R ZARRATHBGEIFRFIRA R WAL 00 T e
BUME R0 e 2L K 8kiEH i % 72 (spin-on)
PR A C RN IR TR e ¥ % ST ER NS IEAT e ¥ S s Kl

12

23 A8 (1) “§ 5% (aerogel) ~ §73% (xerogel) 27 4% F

AR FEAME I hpE R s fﬁﬁcéﬁ (alcohol-type ) % # & §_H
£ A (co-solvent) » #-3 i 3l » T AR IR o BE ARG H > NBH >

BRIV B A R Ed s A D I ] o (2) K
¥ &) (templating agent ) # %27 I HWIHFH L - AR 5 B LA
(surfactant) » 7~ §_&x %~ “Tdp 2 AT A ( pore generator > porogen )

d3 R BB AT OF B E AAHE 3,520 3 A& (ordered)
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AL B A o dEd BrA AT AL R PR ARG o

gh'{

RS 239 > EP MRS B PR P che AER D AfE

piu CVD 3 \j\,;bf%;:ihr}ﬂﬂ/‘?dgga’{ﬁ.&—é‘ 7 &7

94
1

W R G2 FRHRBE S S RKE S ALE > XV ERRT

B2 N RIS ERR R R A Ao

PR
/
=t

R e fedn 4]0 %3P P A 0 B2 T B R
R €n§ M MA T A i fig B 2 'I‘I—E‘* RIS R

A e o BRI G 0 3R s [ 2 A BRI E 4T K

g AU B s k] g A AR %

CMP

)‘1 S

[ 2.16 #7m 0 kA

Bl 2.15 = 23 CMP # Zxprs 4 & & (delamination ) 2_ /= -
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FoormAnd kra Ll ERFeR T RS FH R
Mook R AR R RECE P 2R A P

Fo@ e M TAEAEH (Qae~80) > B 2.17 5 @Az #ri * 273
RSB RATHATCAL 2T a AEFR 5 0 530140

TEW A ERRL G ee Lo ki BRI B -

RIERA S A2 K 1 > Bk Ak & R F S 2 o i E

N

FFERXARASG A AAYERY B EITPBATEL LG R

WA > P SRR R R BT AT 0 42 R

H-l-

P

i 4 B 217 S g e
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Y

TR AT AR

W
2
R

N

24 27 Solid-First™ #7#% 4

i % 4274 F & (high temperature porogen ) 2. ™ A T 44414 Sfd
PIEIE N A - A AR M R B MR (lithography )

4% (etch) ~ % (clean) ~ £ 1t (metallization) rz % & 44

B (CMP) # @ BRAlART > 4 #p 82 427t AlA o o a0 B

P i AhEFEATE AL PR &L AR



\

AN SRR, - TR R ML S Aic 0 A E RIS

3H L o AT HRA L AF B R ER G BAFER L BFL

=0

TE B EACTUE AL AR S S HPEE N PREE &
fo L AR ATAIS ARV E O B AL S L E R IR S L AR AR

NA AR R N SRR B A RN ARI
Feh B o @ B F Rt Solid-First™ 2. ® > 1 %>+ Solid-First™ ¢

R L R T AR DR 2K

2-phase low-k material is spun onto a ES layer.
Porogen remains in the ILD materials after curing of dielectric module..

Porogen remains in the ILD materials after patterning,
deposition of diffusion barrier { Not shown in the drawing ),
Plating seed and electroplating of copper.

Porogen remains in the ILD materials after CMP.
The 2-phase system will provide better mechanical strength to survive CMP

A permeable, ES layer is deposited onto a completed metal layer.
Porosity formation can occur before or after this step pending on the result.

Thermal or other post-treatment is used to remove porogen, which diffuses through
ES layer into ambient, to form porous low-k ILD in the previous metal layer

B 2.18 Solid-First™ # 727 %, B °
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2.5 BB 423 F & (high-temperature porogen) 2_i% #
"4 #| (templating agent ) #% R EREE AT KR 5
Bl i 0 E 0 R R IR RBE A RBE R
Lpd gtk S ZAFRR LR R Fl - o R
AZ T [31-37] R A A P AT 3 A (ordered) ¥ &
B (disordered) & #& > 7 B #7|*x » 5 k& (lamellar) ~ = * (cubic)
#Af ~ » > (hexagonal) 3aff = fE7)3" » B MG HEACK] 2.18 #7577 o
TLMBEHEIALE A N IEL AR DG R
(surfactant » S) ¥2 & #% L 34 (inorganic matrix » ) B e 3 (%% #1351
A= o JU3E R B S A A F i ?;’r—fri‘ Rt > E AL HE S/ e
VB E A4 2.5 2 e 323 9 (electrostatic) £ & (ST > ST >
SXT » SMT) [3841]~ #4F & (SI°-NI°) [42-43] - #3/5 &
F R O (S'H) (XT) ) [44-45]m2 2 & @425 5 (S-1) [46]z 4 >
A4 25 BB kB> 1992 #d Mobil F x4 1 & X f 3t
4 MCM-41 {= M41S = £_F] 5 #3 4¢%8 A (ammonium ) 0% 6 &%
FIELHERET (S foivihygs (1) hz kppsd » fl* AH4
FFET A E e E A 2 Rk 7] (hexagonal micelle
rod array ) [38-39] - ¥ ¢} Pannavania & A 74| % ¢ M g99%5E (amine )

foaoEal (S) frapenifaomy (1) F¥ ST Eamils o %
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e sitas BE  H (metal oxide) [42]e fe H_F it chgp 3 & ¢ 4

REE R G SRS S AT B R o SRR Rt LA R o
pd2 T > 7 Aok & (hydrophilic segments ) £ g ok £

(hydrophobic segments ) ¥ & & 4 9% 4 B 5 % 4 F (amphiphilic block

copolymers > ABCs) # @ 2 #2+ Ap 4tk - B a5 f1% & 3 £

A

QLA EFRLREF AT RS Y o 2 A HEEE AT E A

% EHAM TP Aw i ® (methylsilsesquioxane, MSQ ) | 2. ¥ #7
A3 A4 §#% MSQB ABCs i T chia faR 2 > 4
MSQ X #3 2 L EpF > H Raend bt Fo € A B F L iR e T
Si-OH #h B s% 3 % 5 8i-O-Si 22 #5835 -k B4 o “711 MSQ frd {2
BEe A 2 BRI R R RF A F R A 2 iELaip
KA A B ERR AT HEIDI KEHE N MSQ P 0 A 2 f A&
A A 2 B [5-6,44-45] -

Fobo A BRSF LS 5 IRARLF A G Y WA
FiERALG BRI o XA o FIL &F RATE R %A
374 Solid-First™ # 4z »+8 % chd 4p 8 M A T Ml @ stz 5 3
PEATHA > A FRETHLE o s hFRATRY 8 H > A #
2 f2:8 & (decomposition temperature » Tq) & 7 § ¥ (5 LAY & o

kb B R AR o &AL T B R ATk & (high-temperature porogen ) °
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Fobo 2 ARE FEF O R A F 0 E BN JRE KPR S R

S

4>

B GG EM R0 A 2.6 97T L B A

P AR AR EAER AP T g2 A ER 2

H > BAEGRE R T W JE B 300°C 0 Bt & 350~450°C 2 B [14,

AT) o 4R A F 0 > ERAF BRA XA 400 4 BHAEL
AW (dex R AFHF RA) s+ 0 3T UG i A R
B RHIRRR -

B ARG EEFFEFRDRIL > PF T di-block
polystyrene-block-poly-4-vinylprydine (. PS-b-P4VP ) 12 % tri-block =

polystyrene-block-poly(ethylene-random-butylene)-block-polystyrene

(PS-b-PE-b-PS) » & f& 7% +1GfEAte et d 5 ¥ % (benzene) e 14
BIiR &~ 3 T5 AP TR ¥ eng BAT A o H AL RE R SR 2
RRER-E & WAL R N - A e R SR N S I

S R Sy 5
Ex i foEam i R RN
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(@) Lamellar (b) Cubic

ttttttt

7 1 o4 S [SonmBUAREE | o ke
AlIPO- MCM-48 SBA-6 SBA-16
dodecylamine

(c) Hexagonal (d) Disordered

¥ i e - . .. &
BB 20 nm < p

MCM-41 Zr-SBA-15 HMS WZr-TMS14
1\‘9,'5' rf*fﬂ‘:‘:'? »

® 2.19 Ordered and cl}as_,%fde;e_d_ ?}‘@gs of mesostructured materials
HO %

# 2.5 Various surfactant/inorganic (S/I) mesostructures and the reaction

conditions.

Interaction Example

S MCM-41 mesoporous SiO, (at basic pH)
St Al-dodecylphosphate mesostructure (at acidic pH)
ST SBA-3 mesoporous SiO, (at acidic pH)
SMT Al-dodecylphosphate mesostructure (at basic pH)
Sope HMS mesoporous SiO, (at neutral pH)
No° MSU-1 mesoporous SiO, (at neutral pH)
(S°H")CTY) SBA-15 mesoporous SiO, (at acidic pH)
S-l Nb-TMS1 mesoporous Nb,O
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%26 BRABEHURLIARLEFER

Processing step Upper limit (°C)  Solid-First™ (°C)
ILD deposition or cure 400 250~300
Lithography <160 <160
Plasma etching <150 30 (RIE N,H,)
Wet clean <100 <100
Barrier/seed deposition <250 <100
Electroplating <70 <100
Annealing (Cu or low-k) 300 150
CMP R.T. R.T.

SiN ES depositon 400

26 AP kLB ERREH
2.6.1 Generalized Mixture-Rule

ARMATHHE LY - BIEH R SR E R LB
R PRk SR ALTRZ T AL TR o T
A gty - B E S AT R R s B
R A9 W S R U R N e A Y e U o e R
Generalized Mixture Rule (GMR) [48] o v #-#7% \Hf'i::—g—] . 7 d
B EARTES  FZ4p (Fe FAVF) AT EEMREZ Y 0 X ER

gy it T IV BRI T2 okl % 0 GMR 2 58 40T
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M: iz e @R A2 ARG B (elastic modulus » E)
Vi A
PR T RSB i=1~N

o FoT A

¥ooh— e e iR Y scaling fractal parameter “J” k£ T 0 @ 3
s 2 H SRS FEE S J=1~00 F G- BAApES
(2-pahse component ) 4t & Yoz M (E) > B (24) ;87

Foor AT

E!=(1-V,)E] +V,E;

He 84 2 9% 2 A4 (strongphase); whll % 2 E# "2 % - 4p

( weak phase ) °

26.2 K FEBRILT M
v B IR 3 > VUBEARL - BRSPS
3 JF (weak phase) 4 i >~ 241 (strong phase) 2 ¥ » i Bk H #H4%

ik (My=0)s V5 Hita i (o) [49]> Bl (25) &
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O A T o L

B 1/
c—(1 1/J VI/J — pc
3 (1-p)" =7, P I ——— (2.6)

AT L F ARG SRR o bR e AR T 2 P e
BREFE RS TR BhEM % &7 % (26) 27 LER ik

IS - SR

FIH AR 0 PR (9 —>0) PREFEIHE L Bl AT

LR o oAl

PURE R S R R I g S R A T [50] > @ ¥ scaling fractal
parameter (J) 2 778 53V BT Ry AR B 0 J EAR | LS

BEFAAL > REPBTEDF]ZF s 70 0 TET kE AR



FE iR T o] B B EH e

2.6.3 Scaling Fractal Parameter (J) ¢35 3¢

1.J=0
R MR BRI o R SRR R e

1.J=1
B AR FReat g £ £ 4k (cellular) & = 382544 (Hexagonal )

%*#"%E'J FITENRF T eanit o MEJET UG A 1T

1. % 3F %34k 7 4pid % (interconfct) % = + 3t jF & §_open pore
FEJEE %] BERETRL -

IV. Open pore 57J i& ¢ +* Close pore ‘| °

A 14

2.64 3Lk AR

FENIHBHAPFERPPIENTRR A F o F - BT
PP dtE A o B EE O I - A R AR R Rl 30
R enJ (B o Bl 0 23 IF g (L dg B0 P 2 B LT

PRI ARTESBEE Il
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Lo— SR S e R B 3 sl F 3R R0 @ 2 g - IR
2. MEF VIR A A o 3V 0 Te Ak R T AR R ARAR S
3. F I M F P - BERR EpF 0 34 F % _close pore % = open pores °

4. 38 F FOl eIt A T FERA] > B 4 3L A F R R SR

265 H 2%

FaAPr v a2 @5 - B Rd % RSty
BRI BBl oo T 1S SRR AT AR KRR
SRR T o 4 AR S B 8 0 L e
PREELZBRG PR EAEE G LN R R 25 SR A
4ot 353 v ek 3ty (Cunifermyspherical ) ~ Fl42 (cylindrical ) 2 &_
P 3 A5 2 A55F (cubic pores) [51-54] 0 B ¥ 02 % — 3@ 24
AENI P R U I S, S B RPIES FAE A S - SR S

23k ALRBHD ARIE S F f E = % 2 5] > Budier [51]% 21 7] model :

2/3
E
Ec=1—ﬂ{i%) @ =1-121-0" (2.10)
145 Eudier #74% 112 323 > d close pore # % & open pore 2 f&/ 3 4

X Deriticar ) E ¥ 05240 FIVHF AN B EOPFRE 0 IV € T fpad
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Bh-42> aF @ >07520F (2.10) 5%H#-¢ 2 »c o

o

e SUE 5 72 . ,
R o B GUR 2 AR s S AR s S N H 4p ke > T 2L H

"Jf""!‘lf'__].' _‘i“;:"y‘ f',:{ A ;\“ “‘LE‘E _;_{a['é, o &ij;’?\‘zﬁ@.‘ _FT_ A3 fL o, W —g'\;,l.;i_; e *E -\ _H,
,,:l > vz, _\ 7 72 L= pa
PSP N2 T E o A E - i R BR R g

L

SERE LA A S
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33
I
i
i
AR

oo
N
i
F

=

3.1 % & x.
3.1.1 &+ (Matrix)

(1) Polymethylsilsesquioxane

MSQ > CAS No.68554-70-1 » % & >95% > GelestInc. 2 & o

CH; CH {-}-\
S Si—CH
D/S] [SH HJ—T_{[ ,f“ 3
CHi- o Ao o 2
3 Sl/ 0-2si— i, CH; 'f’
E)[I 17— 5i- +{J -ff-n § RU’JE-’.IL {'}

]
5'51 -} Si' .5 -0
rl \ 1

CH; CHa ““‘n - 1:“

{Cage Structure) (Network Structure)

3.1.2 % 423" ¥ & (High-temperature porogen)
(1) Poly(styrene-block-4vinylpyridine)

PS-b-P4VP > 10% PS > CAS Np.26222-40-2 »

Sigma-Aldrich Co.# # -

CH, } \ CH,——CH

O O
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(2) Poly(styrene-block-ethylene-random-butylene-block-styrene)

PS-b-PE-ran-PBu-b-PS > 31% PS » CAS No.66070-58-4 >

Sigma-Aldrich Co.# # -

—{CHQ—CH %—{CHQ—CHQHCHQ—CHQ—CHE—CHQH CHQ—CH%
n m m n

3.1.3 ;3# (solvent)
(1) Tetrahydrofuran

THF > CAS No0.109-99-9 > 3 & 299:9 » ECHO # # o

(1) n-Butanol

CAS NO.71-36-3 » % & >99.4 > Scharlau # & -
C C C
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32 R %A FEHE YA

A&7 4] * Solid-First™ 3 ;2 & 2 A %73 2 M 4 T &4 & 4p

1=

AT R o ATtk A (porogen) M T £ H R = 2 1 A "55%",% ’
11 8P f# 4 as-deposited & WP FlILF fril A2 & P AE o @] 3.1 5 AFT
TR HRNARR 0 50 RV A AN NP RE F
TH AR A A T AR (a)® e 7 MSQ 7 “solid only”

MATHI (b)) 77 7 Bt bldedt F &5 4pst (2-phase) M4 7
AL > 1 x (c) &L= IY F FHF "f {82 %341+ (porous) ™4 44
Foo B B b M AR, A AR T AEE R
BYowR o AU g g G 2000 rpm 2 aE B R R
T Ee 2 p SRR 2600 PdE e A LR BT HD BTk
¢ 5 12 1°C/min &2 8 i# 33 30°C ~ 50°C ~ 80°C ~ 100°C & 30 ~ 4& >
150°C ~ /| Pr e 4238 (7 0% (Baking ) » B {8 #3385 E 30k T 78 %
B ot - FehF a0 2 C/min A g K AR T
dp R REFR (Curing) Rz =58 H o o2 1 & p 0 d ¥

as-deposited & % ® 2.5 /3 & (THF > Ty~66C ; n-Butanol » Ty~118C )

=t

FRARN > NP EFREDEFEE A FH 2P DR ELER (a)>

-

L ARG T L WA

{

‘Lﬁ
=
P

(b)~(c) BiRER S WAHZ T2

'

*
?’:
£
Niud
o
e
A
v
3&)‘%

SR EF RN FIMEE AT 0 £ 3] G AR
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M i MSQ ; D % di-block copolymer porogen ; T % tri-block copolymer
porogen ; 0~ 6 ~ %] 5 0~ 60 wt %2 porogen loading ; a ~b B| 4 5 320

TCT& 400C2 H R R -

%31 #FPHRSEWUFIEELM G

Porogen type

Porogen ratio (wt %)

Curing temp.

none

0

320

none

0

400

PS-b-P4VP

10

320

PS-b-P4VP

10

400

PS-b-P4VP

20

320

PS-b-P4VP

20

400

PS-b-P4VP

30

320

PS-b-P4VP

30

400

PS-b-P4VP

40

320

PS-b-P4VP

40

400

PS-b-P4VP

50

320

PS-b-P4VP

50

400

PS-b-P4VP

60

320

PS-b-P4VP

60

400

PS-b-PE-b-PS

10

320

PS-b-PE-b-PS

10

400

PS-b-PE-b-PS

20

320

PS-b-PE-b-PS

20

400

PS-b-PE-b-PS

30

320

PS-b-PE-b-PS

30

400

PS-b-PE-b-PS

40

320

PS-b-PE-b-PS

40

400

PS-b-PE-b-PS

50

320

PS-b-PE-b-PS

50

400

PS-b-PE-b-PS

60

320

PS-b-PE-b-PS

42
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BE LT
£ 7 (TGA)

v

SN AR
£l (BET)

1T | .
;;’L;J ],/T:_ - ﬁi % S r—":] IL
Ao n RN EA . S
g B (C-V) £ 8 - -
SEM FTIR QCM

n&k

® 3.1

A2 AT R B e

43
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3.2.1 Solid-only & 4 § 4Lz % &%

Br— 20ml 2 #5550 4e > 1.5g (9 MSQ 7 13.5g 9 THF » 11 4¢3
BRI B MSQ = 23 &> THF ¢ > i@ 2 & 5 5% solid contents 2_ ;%
B TEALEBEE Y o #* w LB MSQIARINF IR wIE 0 L e
% 0.45 um PTFE i B4t F 4 B3 % » T iip> (100) 2 # & [
B b oo B8 51 2000 rpm 2 60 f) codk i £ R ORIE S g0 2

itis@ 2 5Z 2 A#rE 2 Solidonly ™4 & 444 E s HF * o

3.22 & 43N (2-phase) &hAd itz @&

Be— 20ml 2 & S350 #-MSQ &4 £ & | A vt 2 porogen (10~
50 wt% ) M E G A MEHEA MRS A RTRRATIFESR 2D
f3s AP o # 2 A L 5%solid contents (AR 0 T B AL REH F o @
*oE R MR RN FIE Y wR o F 124 045 um PTFE g B e 4
Beidite o F iR (100) 28 & FAL Y b o 5815 12 2000 rpm £ 60 )
chl i 8T R ROE SN SRCEARDS MR R RN R T R R R Y
b et E BAHNIEER ) At REXZE AT A 4EN R

BRI Y
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3.2.3 %34 (Porous) A iz 8l #

Bo— 20ml 2 #5570 #-MSQ &2 72 I £ & 7 4+ 2 porogen (10 ~

Eu)

RN
N

|
v PV

o

S0 Wi%) T E G EAAENEY c ukE AT RAF
fExr A AT > @ 2% 5%solid contents 3% 0 & B AREE F o
* o LA R R Wi 0 £ Y 4e % 0.45 um PTFE i B 04t F 4
Beipite > LR (100) 28 & FAELY b o 515 12 2000 rpm 2 60 )
i P R O SRS o B R E R T g v
TR AT A AR R A RE A LR AF LA RS

FRHREER Y .

33 REAHRE
3.3.1 # & & 7k (Thermal'Gravimetric Analyses)
REPAPBA R ARSI F2 pd Rorgd s FATFF4T
UF st AR e — i ? BEA T RME RS b L BABEAR - H L
EEHHER BRI FLFERYFZFL - A H T TGA
AT A FRE R 2 % @ 48 5 3150 5 TA Instruments TGA
Q5007 o H#if £ 2 ATV A K § 306 £ 424 0> & 100 ml/min
A ET o A AT S kg o mANFAIEESF AT 80C

PR 30 Ak LD 30CIEE THRER B A E F § AT
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T 2 10°C/min 2 2R iE F f 30°C R 3 800°C BL AT i Al 2 F
BRG o hsUR AR (T) $F2 £ £F A0 (wt %) FH @ TGA

K

332 w2 a A4k (BET)

F A% * NOVA 1000e " 2t A A4k > 1M § F T2 g g
o By fRARTY A 7 ‘v 8 (porogen loading ) £23% 4. % (porosity ) z_ &
b ko B SRBAL DGR BB R AT BRI R

4

H5CLBA  FEZ NP ERPBANDRA - B F BRI LR S
FREIYRNT > P ES BRIk T EE N o FE F -]
F“é:*fé ’ 7] 1l 2°C/min1-f-l‘;§v_5g j; eip 3 ?% 4OOOC (TZTd) , 1:}3,53__1-]

E@b ’ Té i]{/;%cl —i E*JL ‘;H;%IJ;E %%%@A}ﬁ;'Eﬁéfg‘: o %;TJ‘Z%;Z‘—: %;B;g:]ll ?g;iEIJ;?;%

34
[

>

WREF Y F o ERAEY

i

E”BET%W?‘;ﬁﬁgpx )

2

(&1
=K

B4 (PP) 2 1t EUFTHFREDERERS Sv 00 RBEH R

R AR RS B S RN SR N S L

A2 E o
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3.3.3 WE i irst & § Rk (n&k analyzer)
Lz £ 8 4§ % #k (optical dielectric constant) ¥ 37 &¢% 2 T

G o(e=n') ARE 0 FENE AR DS HERFHATE

» 2

e

\

i

il

228 o A7 7 11 n&k Technology Inc. 2. n&k analyzer 1280 B~ ¥ %
AR E R BREBITE S B G SR I G L RAR R R B A n&k
analyzer + > 12 190 ~ 900 nm 2_ j& £ 3 By Base-line 2_ 475646 2 o B~
TR o B2 A2 M E SRR Y 2 Y n&k analyzer 2§ &

FoooviAp ke gk & g BRI E AT SR G o BT 2 ke (3.1) b2

)

Forouhi-Bloomer Dispersionelation ¢&;curve fitting » # & 5 112 L #1 &

B2 AT R e 84 2 o(refractive index 0 n) ~ 3 & (thickness > d)

F By o
. B E+C,.
n(E) = n(o)+ 0 0
(E) =n(o) ,-§=1 BT B C, e (3.1)

E: »&tky &
B-Craf T+ 47 M2 $ik
By~ Cy:dcB~C % M2 %k

g - number of term

n(w) > 1

3.3.4 & X =t k¥ K (Fourier-transform infrared
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spectroscopy )
S ML PR R ) R BT 0 VR R iR

ﬁﬁl’v Efiv#E T > - ,T*KFL"’TJ_IFLW”"GF‘H-M F1H 7 s F ik

‘%‘“

T AR RS CRRY TR EL 2 SR EY L

"

BAEFME 2 A PR ¥ 2 Nicolet Inc. #t4 & ¢ MAGNA-IR

Technology Protage 460 #* transmission mode * Jj& ¥ %t ¢ & fdE g3

2 AR FIERA T R G AL E e FHRHIS D RT O R
A %% FTIR holder 2o FF » ¥ #4-H 2 ¥ »v3d » § § « FTIR 4 vp#8 @ >
$ 4000 3] 400 cm™' ik #c (Wwave number ) # F > 12 4 cm’ fR T B
P 32 = > 1% i background @lz¥ o & F P~ 7 0 & S FlaL ¥ o 3 F iR

T2 @ P TR SRR AT T A F R4 M2 FTIR Blg¥ -

3.35 & % & =& (C-V measurement)
AT 2 AT ¥ Bk (ko dielectric constant) 3 & o X EEE T %
SR (C-V) BR R SR T F EE ~ (23) 497 RE - 2 A1
AR 329 AT TR F L MIM B RRIFREF T F B
HF %A & HEL (contact mask) * @94 F 2t e g f
p A L FA S A REE 2 I B2 2 ST 0.5~

10 pm 2 gFEic s 1 R4E > TRES AR R e RE A BB
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TEARAR I R 2 e AR TR A L3 {17 2300047 £-5 (probe
station ) P $R 2.k B R Warde B3 FE AL B[ T R AR 0 Y

Keithley 590CV #|# 2 3 % & 1935 (2.3) 7 drif 4850045 %

BAvm ff = ] 35¢ A2 3L > BETERINPT FE AT HB

2 &Y 4B 33977 0 B # 3200~ 400~ 800 um = fE 7 f B S
LF BRI PR3V S0 d 30 R G A~ ] 2 48 £ 23 Aluminum dot)
o5 A2 TFE TR {cR 34 - e TR F- A MR
B P A E g Ape &% (curve fitting) #-C/A B & 5 - 2
RN L - SO A imiiﬁgiﬂ’%—‘&i% b AR

7L
13 o

B it ey

»}

®3.2 MIM &7 LH -
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& 3.4

200 ym
400 ym 4| 800 pm

B33 AFHer*2 4B ELYTAB -

Capacitance, C

Area, A

1% W e &% (curve fitting) " 1% k (B

|l
(w
T\
W
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3.3.6 #Fm i 7+ B4 (Scanning Electron Microscope )
AF2 7 ¢ % 22 SEM 4|54 %] & Hitachi 4200 2 2 JOEL 6500 » #
&ﬂ%’j’ﬁﬁ R R ERFEAG o RATRARIT T DT F R ER
it m A G SHZ L AT 1 SEM RELEZ X THE M4 T
2 E B R B EERE L o ¥R T2 A R ¥ n&k

analyzer 7 & |2 B R 1F— 1t di o

3.3.7 z #F By &k (Nano-indenter)

*R 2 E S 5 5 (thickness < 1.5um) A% 5 &KX B %
P RERPTE ez R R RGEBRR R EE FRKA TR
2_ 38 i #c (elastic modulus) et *#2_ 2 X BA ik 5 MTS corp.2.
Nano Indenter XP system > 257 &'Bl4c® 3.5 #77r > ERIRIE 5 & *
Berkovich 2} 3% *7 2] ngE 7 B2 B 2 0.5~20mN 2 f j& > * K ik & -
HiAvd 207 VERB T NI o B B s [55] &4
FI* 2K BRARSERAF LT (loading) fr#§* (unloading) P+ ¢
FE SR MR B A M2 A e A STT S R 2 A e
B+ (initial stiffness) > 4B 3.6 4o 3.7 #77 o F] 5 B Aokl 2 82
fic#ic (reduced modulus) 7 (3.3) N enbf ik > g7 7 #0018 2 RAH

Ftor (34) 5% TR EEE R E T B R
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_dr_2p

5= J;Em/g .................................................................. (3.3)
L_(I_VZ)_I_(]—Viz)
E.E E,

g 1

He

St 4742kt (Initial stiffness )

E, . %25# # (Reduced modulus)

P4 RAE2 §j7 (Loading)

h: B R =4 & (Displacement of diamond tip )

IR Ned- 3t ESES- A T

LR AR 2 ke (f~1.034 for indenter of Berkovich type )

E~E; @ j&w s BRa B2 84 i# (E~1141 GPa for diamond tip )
vyt E S RR E 2 vt (poisson’s ratio, vi~0.07 for diamond tip )
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LOAD REMOVAL

SURFACE PROFILE AFTER *

INDENTER INITIAL

SURFACE

SURFACE PROFILE
UNDER LOAD

¥ s ‘

F13.6 HELBRAEE BAFAEEEY L 86 7

=
=

loading

unloading

Load

.- hf—»l \
- hm

Displacement

F3.7 LARARERZ | P FEERA M GR
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3.3.8 % ¥ 5 Wik = # (Quartz Crystal Microbalance)
dF - REATEME F AT EEE AR AL kF

THEHE TR o R S IR A R S

i

TR 2 RHce AT RYF L p FleX2 7R HMMKE = (Quartz
Crystal Microbalance * QCM ) ¥ 5 -k § % jx £ 2. # PR E - QCM % -
A P LR T 2 EE (piezoelectric device ) » 3+ & & ¥owx ¥k
FEEE S e o RE k2R o B HEEATE 1005 o

QCM #7# * 2 2 H M5 - BV 2 RLSHMW > § 4R

]
ke
™

ERADE A - e A Ve ¥R ¢ T Ao 2

[
s
bo

BAXBEBRVF B DL AR 0 - w7 JEd Sauerbrey

equation k =& [56] > 4oiF Bpop

2
c =2l
=
VPG Y o (3.4)
Af ==Cp A AN e (35)
He

Cr: ® % fu B2 57 F1+ (sensitivity factor )

foi FE &4 A2 X RAE S (initial frequency )
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Pyt FEZBR (~2.648¢g+cm )

byt B EEZ TR (~2.947x10" gem” sec?)

d (3.6) AT HFRKFEFLELTE LMWL IRPF R 205

BV R ORGRIE G E LR 2 WA TR R

(ﬂd\

Z 4532 QCM 4eB 380 # 3 (1) M3 4E - (2) 7 )

i

ENRMWZEZEM . (3) BRELZFF - (4) pHETTR - (5)

R Bl ks 12 (6) BEFHRZTGKAE - KA 20 0@

1\
Iy

S 2 P E LM EEEF S OMHz S E S N A ATcut ¥ B 5 A
BT 5 AT G oc BRI M 0.16cm’ 0 4oB 3.9 #Tn o B &%

,?F;f;\i;‘%—;‘;é

™
R
~F
o

YD TR o E TSR E AR S e &



m&\‘,
iy
TR
.
eH
5
-E
N
G\
(\\
3
S
i
B
=
=
]
g

(w
By
>
&=H
—
et
=\
25
[
"
H N
i
o
)

ok § o FESR 2k F A feis > TRIE - RIS Lo B L

% e

Bor (35) RF @R R my o my £ my 2 bt T L R Rk

—

FZEER A

T )
To Vacuum Pump Temperature

monitor

— A
2 | i
50 N‘ Quartz Cry
T : _I_I — e B GPIRB interface
¥ -
N2 =
Freq. counter
Homemade HP 53131A
Osecillator

Vapour\Source
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.@

01
£aL

N Ok
]

AR T e e e

B 310 gz * 2 p % (homebuild) QCM i 5 °
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FrE BEHHEE

Am2 AL BEACITFRE AT AMZEF DT FF o 7 LBy
fAg BATT R ARG AP BABRTR FREFIBTFHCERT o B
BEHZAHPAEFBRERE R KRBT P
Solid-First™ #l f2.2_ 7 7 1+ fadh D 25k 21 iz 3k o

i ® Solid-First™ = ;22 7 (44 » Z X E# 7 PS-b-PE-b-PS 2
PS-b-PAVP & fa#4 B f28 & =t 300C2 % ~» + > Wi MSQ/porogen

A AR kALY B R ARIU R Ao M AT T 3 (@) 3 MSQ X 5iE 7

B8 R B Aue 2 “solid-only” M 4@ # 4 > (b) i 300~350°C H

2z
4

it sz

7 MSQ £ % A3t kalenddp (64 T HAL > 12 (c) KA 400

~450°C BT > #ART F A DB L SRR AT HEEZ B FH

AR o dow B 1L ATor e

41 #BEF 2 F+
411 BEAIFR AR TN

Y - K= P2

L7 i 49 & % Solid-First™ # 22 JF & F > 2 A & FH 4 %

porogen 2 # A f2 R R (Ty) T A E A 4N 4k SenfE e s o d £

T a7k (TGA) 77 % 5% % &1 » ¢+ = di-block §v tri-block & % ~
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3

F_k

FARBT > HE2%ERF AT A B 5 313 C 390C » & °
337 A 400~450°C = > # ",’TT » 4efe Bl 4.1 (a) ~ (b)#77F > @ % porogen
2 TGA S S50 4 4.1 ¢ o 7 AL @l 4.1 ¢ e (a)~(c)d ¥ 5 T
% MSQ * 4v > 10%2. PS-b-P4VP i i porogen P¥ » H jp e i% it 7 2
Ta/£ 313 CH# = I 325Cr4 F o3z %] % PS-b-P4VP ¥ pyridine (7N
TEMSQ HOH K2 EAL AT Hadd BRA AP 4 52

BAFER S BUS

100 = -
N (€)
= =
=
: g
g (a)
E
o (1. j
=
(alPure P5-b-PE-b-P%
A | ——byPure P5-b-P4wF
(CIMED + 10% P5-b-Payp
=
a . 1:I|:| . zan . an:n . Iﬂln . b= ]

Temperature (C)

Bl 4.1 5 porogen & 4p % tu2. TGA F %% ¥y -
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# 4.1 Porogen 2 3k & FAL & T o

Porogen abbreviation
Poly{styrene-block-4vinylpyridine} PS-b-P4VE
Chemical structure Decomposition Temp. Tq sg Tq 1008

——HE ——cH, #CHE—CH—)H—

@ @ 324°C 400 °C (2hr )
i

Porogen abbreviation
Poly(styrene-block -ethylene-random-butylene-block -styrene) P3-b-PE-b-PS
Chemical structure Decomposition Temp. T4 s¢ Tq4 1008
CHy —CH—HCH, —CH, CHZ—CH%—{CHg—CH
% 'ﬁ H A #
‘THZ 390°C TBD
CH,

4.1.2 MSQ A 2 #fE T

F5 0 AF§ % (MSQ) B s EIEE 4L > 2o it B S ¢ H

A"

4 mE K ~F %I FTIR 8% “solid-only” 2. MSQ /& % & 5 iF
50°C ~ 150°C ~ 250°C ~300°C ~350°C ~400°C % # o Hi- ;g B fs » H 1t
FREFNLE o j5d B142 2 FTIR %337 €& MSQ itz 1 & &
ob Sex jr i 1Si-CH; 20 o A ) =3 1273 em™ 12 2 781 ecm™> @ 2972
cm’ % #cdsfe (alky chain) 2. C-H & fc « 5 ¢ 1130 em™ 4+ 1030 em™
TR ISR RIS MSQ ¥ cage & network 2 Si-O-Si k= %t

Mgk o
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Absorbance

Wyavanumbers (cm-1)

B 42 7k FiE A T 2 % MSQFTIR & fc & 3 -

"TEBRLCHER S P2 AT R 4.2 ¢ RS BRI A it
$ 1= 3400 cm™ % F2. O-Histretching * jc& 12 2 903 cm™ 2 Si-OH
SO s EREFFCER L E A Rl o F B A A 300
T famEERR 2% o % - B AP 2 A 1000 cm™ 7] 1200
om’ z 0§ B A2 3 MSQ ¢ cage B2 Si-O-Sizt#(1130cm™)
BeiB B 0 0 @ network 2o Si-O-Si 2 (1030 cm-') B & IAp £ ik
$oo0id A BEBATEFERL S PR 35 0 4 Si-OH s
& (condensation) & Jix b > cage ‘Bt § At duBARY E b % 5

network S o P A FF g 3 > MSQ 2 2 PBAEAR (degree of
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cross-liking ) S F i B R 2 F A @ A o B AT %%E’ 1T B 42 ¢
network B |TiE #r ikt G 1F L L% MSQ 2 FHAR A 2 8 5 o FH LR
B & 150CP MSQ 93 50%=+2 28> e & § FLEAHLA T 300

Crutp  BmR "% 3 A3 85%m 1t -hg FHitER(300C -
350°C ~400°C ) erfi-in™ » 2 FTIR Bl ¥ B4 & 2 £ B -7 7 cage
2 network 2 vt B > st £ B F g 2 5 BB MSQ E S R hE

£ FlE2- o

413 A 4p 5 HAL2 SR T

¥oeobo 50 1% FTIR ZRL A B AT R R T A 4p 58 HRL & sop 3n
porogen A f& & i 2_ % { k&= ph#a % Solid-First™ 422 /8 & + o
Z 4 & R BF % porogen & LIRSk gt aE o Bl 4.3 (A)Tr 5
PS-b-PE-b-PS 2. IR wqfc k3§ » H 4 & jci 5 1130 em™ 2. C-O 412
2 =% 2900 cm™ 43025 cm™ o™ 4 %( Aromatic )£ #4285 (alky chain)
e C-H gt o Fl5 B A Rgis § e MSQ 2 AASLE 4 » 7L &
AT S e IR AR P %P 0 PS-b-PE-b-PS & MSQ &4 ¢ h
B4 A5 B 4.3 (B)R] & PS-b-PAVP 2. IR s fc %2 > % 7 & 3000 cm™
% [{e0 C-H 2B 7h » %% 1400 em™ 2 1600 cm™ AL % 7 1 e C-N 2

C-C %%’tuﬁ—,- B 7 “A”]I”Lé ’]“‘73}7‘5: ﬂL IR ?"‘ 1T Py ,:»,#B \"H'
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Lk kP PS-b-PAVP &

PS-b-P4VP z_

A ¥ I PS-b-P4AVP 2_ 3

OCi?é;‘i’;r}‘}ﬂ'% )
‘fr’ FTIR

28 R e

Absorbance

Absorbance

] 4.3 Porogen :

FAR R R AL AT B EVE

PR T e TGA 2

2 A #g B E A Rl T APt R

MSQ P #82 %117 o Bl 44 5754 10%
BT 2 FTIR &k » 2
/R.)i

BT A 32000 T 2 » -2 f 350

TSR PR - B TGA

N

] G
m PS-b-PE-b-PS
] v ) ) ) ) ) ) )
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
1 |®
PS-b-P4VP

— T — 1 1 UL T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(A) PS-b-PE-b-PS, (B) PS-b-P4VP 2 IR sz k3 o
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005 —
i PS-b-P4VP

: /\
i 25°¢

Absorbance

-0.09 N A

e e e e e e e e e e e e T e e et e e o e e et
3500 3000 2500 2000 1500 1000 A00

Wavenumbers (cm-1)

R 4.4 47]‘ 4v 10% PS-b-P4VP 2. MSQ & #4p 7% /& %2 IR s k3% -

4.2 % & 5% (morphology) 3tk % |

A~ A1 SEM B G R ASTUR AP MSQ A+ P 0 ¥R
Zm A P REE o F1E PS-b-PE-b-PS ** MSQ A #1 ¢ #72) = 2. 3L F
%0} (<200A)s izyszie* SEM R &2 &2 * H v g4 R { &
SRk % o B 4.5 5 1 B E 43 L (Focus ion beam» FIB )*» 2] MSQ/10%
PS-b-P4VP & #p ;% & %3 300°C 2. SEM # # & (cross-section ) $% i »
FORP T ]85 S 4 5 15~70nm - B 47 5 5 3 30% di-block
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2-phase low-k film
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fB] 4.8 The correlation between porogen loading and porosity °

# 4.2 The relationship between porosity and porogen loading °

Porogen Loading (wt%) 10 20. 30 40 50 60
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B] 4.9 Modulus of porous’MSQ and 2-phase low-k films as function of
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