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Abstract

Several kinds of cyclic silsesquioxane (CSSQ) precursors containing linear siloxane chain were prepared to improve

both the mechanical properties of their thin films and the compatibility with heptakis (2,3,6-tri-O-methyl)-b-cyclodex-
trin (tCD) as a porogen. The precursors were synthesized using a hydrolysis/condensation reaction with 2,4,6,8-tetra-

methyl-2,4,6,8-tetra (trimethoxysilylethyl) cyclotetrasiloxane (cyclic monomer) and three kinds of linear siloxane

monomers. As the linear siloxane chain length increases in the CSSQ precursors, the compatibility between the CSSQ

precursor and tCD molecules improved due to the chain flexibility of the precursor. Moreover, the mechanical strength

of the CSSQ precursor (4ST37) containing linear tetrasiloxane was the best among the prepared precursors. The

enhancement of mechanical property might also be attributed to the content of Si–OH groups as well as the chain flex-

ibility, which could help the crosslinking reaction of Si–OH groups in the film curing process.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The polysilsesquioxanes (PSSQ) have been exten-

sively researched due to their excellent thermal, mechan-

ical, and electrical properties. Various applications of
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PSSQ have been reported in the field of ceramics, addi-

tives, low-k (low dielectric constant) materials and high

performance engineering plastics [1–5]. Especially, prom-

ising candidates of low-k applications are inorganic spin-

on polymers such as hydrogensilsesquioxane (HSQ;

k = 3.1), methylsilsesquioxane (MSQ; k = 2.7), hybrid

organic silsesquioxane polymer (HOSP; k = 2.5), since

the spin-on polymers have excellent thermal stability

up to 500 �C as well as inherent low dielectric constant

[6]. However, the existence of Si–R (H or CH3) bonds
ed.
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in these inorganic polymer films leads to their potential

lack of mechanical stability for various semiconductor

fabrication steps such as chemical mechanical polishing

(CMP). Therefore, high mechanical strength as well as

toughness is needed for inorganic thin films to be used

for the chip integration [7]. Several studies on the organic-

inorganic hybrid materials have been performed to

improve mechanical properties [8–13]. Recently, we dem-

onstrated the thin film using cyclic silsesquioxane

(CSSQ), which was polymerized with cyclic silane mono-

mer (monomer I in Scheme 1) [14,15]. The mechanical

and electrical properties of the CSSQ thin films showed

fairly good performance compared to the previous spin

on glass (SOG) type low-k materials.

It is inevitable to incorporate nano void into the ma-

trix film to obtain ultra low-k thin film (k<2.2). One ap-

proach to generating nanoporous structures in thin films

is to formulate a thermally stable low-k precursor with a

pore generator (porogen) that can be decomposed and

volatilized at a high temperature to leave pores in the

film [16–23]. The pore structure can be controlled by

using different types of pore generators (porogen). Re-

cently, we have introduced the potential of porous

low-k thin films with cyclodextrin (CD) as a porogen

[24,25]. The CDs are cyclic oligosaccharides consisting

of at least six glucopyranose units which are joined to-

gether by a (1!4) linkages. The CD compounds have

a three-dimensional structure with a maximum diameter

varying from 13.7 to 16.9 Å. These CDs could be mole-

cularly dispersed in the film, acting like a single nano-

particle in the matrix precursor, and making isolated

nanopore via their decomposition.

In this study, we made several kinds of CSSQ precur-

sors having different siloxane chain lengths to know the
Scheme 1. Systematic design, abbreviations of various CSSQ precur

tetramethyl-2,4,6,8-tetra (trimethoxysilylethyl) cyclotetrasiloxane; (b) m

dimethoxyhexamethyltrisiloxane and (d) monomer IV: 1,7-dimethoxy
effect of linear siloxane chain on the thin film�s proper-
ties. And, we prepared the CSSQ thin films made porous

using heptakis (2,3,6-tri-O-methyl)-b-cyclodextrin (tCD)

as a porogen in order to achieve ultra low-k film with a

dielectric constant below 2.2. The electrical and mechan-

ical properties of the thin films were monitored and the

values of each film were compared to investigate the ef-

fects of the molecular structure of the CSSQ precursors.
2. Experimental section

2.1. Materials

Silicon based compounds such as trichlorosilane

(Tokyo Chemical Industry Co.), 2,4,6,8-tetramethyl-

2,4,6,8-tetravinylcyclotetrasiloxane (Aldrich Chemical

Co.), dichloro dimethylsilane (Aldrich Chemical Co.),

1,5-dichloro hexamethyl trisiloxane (Aldrich Chemical

Co.), 1,7-dichloro octamethyl tetrasiloxane (Aldrich

Chemical Co.) were used as they were received.

Catalysts such as hydrochloric acid (Samchun Pure

Chemical Co., LTD), platinum (O)-1,3-divinyl-1,1,

3,3-tetramethyldisiloxane complex in xylene (Ald-

rich Chemical Co.) also were used as they were received.

Heptakis (2,3,6-tri-O-methyl)-b-cyclodextrin (CYCLO

LAB. Co.), triethylamine (Aldrich Chemical Co.), anhy-

drous sodium sulfate (Samchun Pure Chemical Co.,

LTD), methyl alcohol (Aldrich Chemical Co.), and ace-

tone (J.T. Baker) were used as they were received without

further purification. Solvents such as tetrahydrofuran

(J.T. Baker), and diethyl ether (J.T. Baker) were purified

by distillation in the presence of sodium under a N2

atmosphere.
sors and the structures of monomers: (a) monomer I: 2,4,6,8-

onomer II: 1,3-dimethoxydimethylsilane; (c) monomer III: 1,5-

octamethyltetrasiloxane.



Table 1

Summary of monomer compositions for hydrolysis/condensationa

Precursor Monomer I Monomer II Monomer III Monomer IV

(mmol) (g) (mmol) (g) (mmol) (g) (mmol) (g)

2ST73 6.62 5.52 15.45 3.00 – – – –

2ST55 15.45 12.88 15.45 3.00 – – – –

2ST37 12.00 10.00 5.14 1.00 – – – –

3ST37 12.00 10.00 – – 5.14 1.38 – –

4ST37 12.00 10.00 – – – – 5.14 1.76

a Reaction condition: r1 (HCl/Si–OMe)=0.001, r2 (H2O/Si–OMe)=3.333, reaction temperature=70 �C, polymerization time=20 h,

THF=150 cc.
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2.2. Monomer synthesis

2,4,6,8-tetramethyl-2,4,6,8-tetra (trimethoxysilylethyl)

cyclotetrasiloxane (monomer I in Scheme 1) was synthe-

sized according to our previous work [5]. 1,3-dime-

thoxytetramethyldisiloxane(monomer II in Scheme 1)

was synthesized as follows. A flask was introduced

10.0 g (49.208 mmol) of 1,3-dichlorotetramethyldisilox-

ane, and this was diluted with 500 ml of tetrahydrofu-

ran. Next, the flask was cooled to �78 �C, 10.95 g

(108.212 mmol) of triethylamine and 3.46 g (107.90

mmol)of methyl alcohol were added, and the reaction

mixture was slowly warmed to room temperature. The

reaction was continued at room temperature for 15 h;

the reaction mixture was filtered through celite for the

removal of triethylamine hydrochloride, and then vola-

tile materials were removed from the filtrate under a re-

duced pressure of about 0.1 Torr. The remaining

mixture was added 100 ml of hexane; the mixture was

stirred for 1 h and then was filtered through celite to

provide a clear, colorless solution. The hexane was evap-

orated from the solution under a reduced pressure of

about 0.1 Torr to afford a colorless liquid. 1H-NMR

of monomer II (CDCl3) d = 0.068 (s, 12H, 4 · CH3),

3.45 (s, 6H, 2 · OCH3).

Using the same conditions as 1,5-dimethoxyhexa-

methyltrisiloxane (monomer III in Scheme 1) and 1,

7-dimethoxyoctamethyltetrasiloxane (monomer IV in

Scheme 1), except that 1,3-dichlorotetramethyldisiloxane

was replaced with 1,5-dichlorohexamethyltrisiloxane

and 1,7-dichlorooctamethyltetrasiloxane respectively.
1H-NMR of monomer III, (CDCl3) d = 0.068 (s, 12H,

4 · CH3), 0.077 (s, 6H, –CH3), 3.44 (s, 6H, 2 · OCH3),
1H-NMR of monomer IV, (CDCl3) d = 0.068 (s, 24H,

8 · CH3), 3.45 (s, 6H, 2 · OCH3).

2.3. Preparation of CSSQ based precursors

An adequate amount of 2,4,6,8-tetramethyl-2,4,6,8-

tetra (trimethoxysilylethyl) cyclotetrasiloxane (monomer

I) and linear siloxane monomer (monomer II or III or

IV) was added to the flask then diluted with 150 ml

tetrahydrofuran. Next, the diluted HCl solution (1.10
mM hydrochloride) prepared by dilution of conc. HCl

(35 wt% hydrochloride) with deionized (D.I.) water

was slowly added thereto at �78 �C, followed by the

addition of more D.I. water, so that the total amount

of water including the inherent water in the above added

diluted HCl solution. Thereafter, the flask was slowly

warmed to 70 �C, and allowed to react for 20 h. Then,

the reaction mixture was transferred to a separatory fun-

nel, 180 ml diethylether was added thereto, and then

rinsed three times with 50 ml D.I. water. Subsequently,

5 g anhydrous sodium sulfate was added thereto and

stirred at room temperature for 5 h to remove all traces

of water, and then filtered out to provide a clear color-

less solution. Any volatile materials were evaporated

from this solution under reduced pressure of about 0.1

Torr to afford the crude precursor as white powder.

After dissolving the produced white power in the 5 ml

of acetone, residual particles were eliminated by using

a membrane filter (0.2 lm). The acetone was evaporated

from the solution under a reduced pressure of about 0.1

Torr. The detail monomer compositions for the polym-

erization are summarized in Table 1.

2.4. Characterization of precursors

The monomer and precursor samples were dissolved

in deuterated acetone. Microstructures of monomer and

precursors were analyzed by means of 1H, (Bruker AM

300 MHz) and 29Si NMR (Varian DMX 400 MHz).

Chemical shifts are recorded as d unit (ppm) relative

to tetramethylsilane. Molecular weight and molecu-

lar weight distribution of precursors were measured by

means of gel permeation chromatography (Waters

2690).

2.5. Preparation and characterization of thin films

The precursor solutions were prepared by mixing the

siloxane-silsesquioxane hybrid polymer and propylene

glycol monomethylether acetate (PM-acetate) in accord-

ance with an adequate ratio. These compositions were

applied to spin-coating at 3000 rpm for 13 s onto p-type

silicon wafers doped with boron. The coated substrates
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were subjected to a series of soft baking on a hot plate for

1 min at 150 �C and another minute at 250 �C, so that the

organic solvent might be sufficiently removed. The sub-

strates prepared as above were cured in a cylindrical fur-

nace (Linberg type 55642) at 420 �C for 60 min under

vacuum condition. The refractive index and thickness

of thin films were measured by using a prism coupler

(Metricon Co., Prism coupler 2010). Hardness (H) and

elastic modulus (E) of hybrid polymer films were meas-

ured using the continuous stiffness measurement (CSM)

nanoindentation method [26]. In this technique, not only

the force required as a function of indentation depth is

recorded while a three sided Berkovich diamond indenter

is pushed into the sample and then withdrawn, but also

contact stiffness for all depths are measured by superim-

posing a small oscillation to the force signal at a rela-

tively high frequency. The amplitude and frequency

employed for this experiment were 1 nm and 45 Hz,

respectively. Multiple points (typically, 6 points) on each

sample were indented and the results: hardness, and elas-

tic modulus, were averaged to assure their reliability. The

hardness, H, is calculated from its normal definition:

H ¼ F max

A
ð1Þ

where Fmax is the peak indentation load and A is the pro-

jected area of the hardness impression. For the elastic

modulus calculation of Sneddon�s solution [27] was

adapted:

Er ¼
1

b

ffiffiffi

p
p

2

S
ffiffiffi

A
p ð2Þ

where S is the stiffness, A is the contact area, and b is a

shape correction factor for the indenter shape (b = 1.034

for a Berkovich tip, used in this study). To account for

the elastic response of the indenter, the modulus in Eq.

(2) is assumed to be a reduced modulus Er defined by

1

Er

¼ � 1� m2indenter
Eindenter

þ�m2film
E

ð3Þ

where E and mfilm are Young�s modulus and Poisson�s
ratio for the film, and Eindenter and mindenter are Young�s
modulus and Poisson�s ratio for the indenter.
Table 2

The content of monomer and ratio of D/T structure in the prepared

Precursor Monomer Ia (mol%) Monomer IIa (mol%) Mo

2ST73 31.3 68.7 –

2ST55 51.0 49.0 –

2ST37 67.3 32.7 –

3ST37 73.7 – 26.3

4ST37 73.7 – –

a Measured by 1H-NMR.
b Measured by 29Si NMR.
The dielectric constant of each film with MIM

(metal–insulator–metal) structure was measured by

LCR meter (HP 4284) instrument at a frequency of

100 kHz. In the MIM structures, for top electrode with

a diameter of 1 mm, Al metal was deposited by using the

electron beam evaporation method.
3. Results and discussion

3.1. Synthesis and characterization of various CSSQ

precursors

Low dielectric thin film using the CSSQ precursor

prepared with hydrolysis/condensation of 2,4,6,8-tetra-

methyl-2,4,6,8-tetra (trimethoxysilylethyl) cyclotetrasi-

loxane (cyclic monomer; monomer I in Scheme 1) has

been reported in our previous work [14,15]. The primary

interest of this study was the synthesis of modified CSSQ

precursor containing linear siloxane chain. The linear

siloxane chain should be more flexible as compared with

the rigid silsesquioxane structure. Therefore, the cros-

slinking reaction of residual Si–OH groups in the CSSQ

precursor could be more favorable for the film curing

process, due to the molecular flexibility of the precursor.

Under this design concept, three kinds of siloxane

monomer having different chain length were used as a

comonomer (see Scheme 1).

The microstructure of a silicone based polymer have

been classified by using the number of Si–O moiety such

as M; triorganosiloxy (R3Si1/2) unit, D; diorganosilox-

ane (R2SiO2/2) unit, T; organosilsesquioxane (RSiO3/2),

Q; silicate (SiO4/2) unit [5]. Table 2 shows the contents

of cyclic and linear siloxane units and the ratio of D

and T structures in the prepared precursors. Linear

siloxane monomer was effectively incorporated into the

the CSSQ precursors as controlling the monomer com-

position in the hydrolysis/condensation reaction regard-

less of its chain length. It means that the reactivity of

cyclic monomer and siloxane monomer is almost similar

toward co-condensation. The area ratio of D and T

structure in the CSSQ precursors decreased as the

amount of cyclic silane increased as shown in Table 2.
various precursors

nomer III a (mol%) Monomer IVa (mol%) D/T ratiob

– 1.96

– 1.37

– 1.02

– 1.08

26.3 1.16



Table 3

The content of functional groups and molecular weights of

various precursorsa

Precursor Si–OHb

(mol%)

Si–OMeb

(mol%)

Si–CH3b

(mol%)

Mw
c MWDc

2ST73 6.2 0.3 93.5 16,900 5.52

2ST55 14.3 0.5 85.1 14,400 4.98

2ST37 28.6 0.7 70.7 16,100 5.13

3ST37 30.6 1.0 68.4 25,800 7.91

4ST37 28.1 0.9 71.0 31,800 8.69

a Reaction condition: r1 (HCl/OMe)=0.001, r2 (H2O/

OMe)=3.333, 70 �C, 20 h.
b Measured by 1H-NMR:Si–OH(%)=Area(Si–OH)� [Area

(Si–OH) + Area(Si–OCH3)/3 + Area(Si–CH3)/3] · 100Si–OCH3

(%) = Area(Si–OCH3)/3� [Area(Si–OH) + Area(Si–OCH3)/3 +

Area(Si–CH3)/3] · 100Si–CH3(%)=Area(Si–CH3)/3� [Area(Si–

OH) + Area(Si–OCH3)/3 + Area(Si–CH3)/3] · 100.
c Measured by GPC.
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In the comparison of microstructures for the 2ST37,

3ST37, and 4ST37 precursors, the area ratio of D and

T structure slightly increased with the length of linear

siloxane monomer as expected. Fig. 1 shows 29Si–

NMR spectra of the CSSQ precursors with different lin-

ear disiloxane (2ST37, 2ST55, and 2ST73). The NMR

signals of the precursors were observed at �13, �19,

�49, �58 and �66 ppm due to D1, D2, T 1, T 2 and T 3

structures, respectively. It is interesting to note that T 1

peak of 2ST37 precursor was major among the T struc-

ture peaks. The high content of the T 1 structure might

be attributed to the relatively large amount of uncon-

densed Si–OH groups in the precursors.

The contents of the Si–OH groups were measured by
1H-NMR from the various prepared precursors. As

summarized in Table 3, the amount of Si–OH drastically

increased with increasing the content of cyclic monomer

in the 2ST series precursors. There are twelve hydrolyza-

ble groups in the cyclic monomer (monomer I), while

there are only two those of disiloxane monomers

(Monomer II). Therefore, it is clear that the content of

residual Si–OH groups in the 2ST series precursors get

larger with the content of cyclic monomer. This result

is consistent with 29Si–NMR analysis. The 2ST series

precursors have an almost similar molecular weight
Fig. 1. 29Si spectra of various CSSQ based precursors: (a)

2ST73, (b) 2ST55 and (c) 2ST37.
regardless of precursor composition. In the case of

CSSQ based precursors having different siloxane chain

length (2ST37, 3ST37, and 4ST37), the content of Si–

OH groups was almost the same and the molecular

weight slightly increased with the increasing of the silox-

ane chain length.

3.2. Thin films properties of various CSSQ precursors

Various kinds of thin films using CSSQ precursors

were prepared with spin a coating and several steps of

curing process. Further, we made porous CSSQ films

by using coating solution containing tCD porogen (30

wt%) and CSSQ precursor (70 wt%). It is important to

understand the relationship between the porosity and

the compatibility of porogen with the silsesquioxane

(SSQ) precursor. In general, porogens tend to agglomer-

ate each other, when the porogen concentration is high

enough (typically porogen loading above 30%) or the

compatibility between the matrix precursor and porogen

is not good. In such a case, effective porosity could not

be obtained as expected due to pore collapse occurring

in the porogen decomposition stage. Table 4 shows that

the porosity of the CSSQ films made of the 2ST series

(with synthesizing disiloxane monomer) increased as

the content of cyclic monomer in the precursors in-

creased. It was found that the porosity of thin films pre-

pared with the CSSQ based precursor seem to be

strongly related to the content of Si–OH groups in the

precursor owing to the compatibility of porogen with

the matrix materials. It seems that the interactions be-

tween the methoxy groups of tCD and Si–OH groups

of the CSSQ precursor becomes much more favora-

ble with the increasing content of Si–OH groups in

the precursor. However, in the case of the CSSQ based

precursors having different siloxane chain lengths



Table 4

Porosity and dielectric constant of various thin films prepared with various precursors and tCD porogen

Materials Refractive indexa Porosityb (%) Dielectric constant (k)c Dissipation factorc

2ST73 1.4056 ± 0.0007 – 2.74 0.003

2ST73/tCD 30 wt% 1.3614 ± 0.0020 9.8 2.45 0.002

2ST55 1.4205 ± 0.0005 – 2.65 0.004

2ST55/tCD 30 wt% 1.3412 ± 0.0005 17.0 2.25 0.003

2ST37 1.4299 ± 0.0004 – 2.65 0.001

2ST37/tCD 30 wt% 1.3298 ± 0.0007 21.1 2.21 0.002

3ST37 1.4355 ± 0.0001 – 2.71 0.002

3ST37/tCD 30 wt% 1.3278 ± 0.0031 22.4 2.19 0.003

4ST37 1.4395 ± 0.0007 – 2.70 0.002

4ST37/tCD 30 wt% 1.3202 ± 0.0017 24.6 2.15 0.001

a Refractive index and thickness measured by a prism coupler.
b Porosites were calculated by the Lorentz–Lorentz Eq. (1)

Porosity ð%Þ ¼ 1� ½ðN 2
p � 1Þ=ðN 2

p þ 2Þ�=½ðN 2
m � 1Þ=ðN 2

m þ 2Þ� ð1Þ

Np: refractive index of porous film, Nm: refractive index of matrix film.
c Dielectric constant were measured by MIM (metal–insulator–metal).
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(2ST37, 3ST37, 4ST37), the porosity slightly increased

with the increasing siloxane chain length even though

the contents of Si–OH groups were almost in the same

range. This may be explained by the flexibility of the

CSSQ precursor. As increasing chain length of linear

siloxane unit, flexibility of the precursor should be en-

hanced in the coating solution. Therefore, effective

porosity can be increased with the siloxane chain length.

For this reason, we can achieve the lowest k value

(k = 2.15), when 4ST37 precursor with 30-wt% of tCD

porogen was used as spin-on coating solution.

Generally, the hardness and modulus of thin film in-

crease as a function of indenting displacement due to the

influence of the silicon substrate (elastic modulus�174
Table 5

Hardness and elastic modulus of various thin films prepared

with various precursors and tCD porogen

Precursor Thickness

(nm)a
Hardness

(GPa)b
Modulus

(GPa)b

2ST73 965 ± 19 0.28 ± 0.01 2.36 ± 0.03

2ST73/tCD 30 wt% 895 ± 13 0.20 ± 0.01 1.95 ± 0.03

2ST55 1167 ± 20 0.49 ± 0.01 3.41 ± 0.03

2ST55/tCD 30 wt% 928 ± 17 0.32 ± 0.01 2.31 ± 0.04

2ST37 1019 ± 7 0.81 ± 0.01 5.19 ± 0.03

2ST37/tCD 30 wt% 898 ± 9 0.38 ± 0.01 2.63 ± 0.04

3ST37 1113 ± 5 0.95 ± 0.02 5.57 ± 0.09

3ST37/tCD 30 wt% 1008 ± 13 0.42 ± 0.02 2.56 ± 0.04

4ST37 1029 ± 29 1.10 ± 0.02 6.58 ± 0.07

4ST37/tCD 30 wt% 969 ± 17 0.43 ± 0.01 2.71 ± 0.03

a Thickness data were measured by means of a Prism

Coupler.
b Hardness and elastic modulus of all films were collected at

the indentation depth of 100 nm.
GPa, hardness�12.5 GPa), so called ‘‘substrate effect’’

(see Fig. 3). Compared to the hardness, the measured
Fig. 2. 29Si spectra of various CSSQ based precursors: (a)

4ST37 (Si–OH=41.2%), (b) 4ST37 (Si–OH=33.3%), (c) 4ST37

(Si–OH=29.9%) and (d) 4ST37 (Si–OH=18.3%).



Table 6

The effect of Si–OH groups in the 4ST37 based precursors on the mechanical properties of thin films

Reaction

condition

Analysis of precursor The properties of thin films

r1 r2 Si–OH (%)a T 1b T 2b T 3b RIc Thickness (nm)c kd Hardness (GPa)e Modulus (GPa)e

0.01 3.33 18.3 0.17 0.40 0.43 1.4207 1345.3 2.70 0.68 4.00

0.001 5.55 29.9 0.19 0.52 0.28 1.4358 1047.9 2.66 1.06 6.28

0.0005 3.33 33.3 0.37 0.51 0.12 1.4403 1151.3 2.71 1.18 6.85

0.0003 3.33 41.2 0.40 0.41 0.19 1.4454 1248.5 2.65 1.27 7.15

a Si–OH content measured by 1H-NMR.
b T1, T2, and T3 were measured by 29Si NMR.
c Thickness data were measured by means of a Prism Coupler.
d Dielectric constant by MIM (metal–insulator–metal).
e Hardness and elastic modulus of all films were collected at the indentation depth of 100 nm.
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elastic moduli are affected more strongly by the sub-

strate. We made the thick films above 800 nm in order

to eliminate the ‘‘substrate effect’’ in the nanoindenta-

tion. In addition, considering relatively shallow indenta-

tion depth of <300 nm compared to the film thickness,

we think the plateaus of nanoindentation curve might

be good estimates of the true properties of films. There-

fore we collected the value of hardness and modulus of

all films at the indentation depth of 100 nm. Hardness

and modulus of 2ST series thin film increase with the

increasing content of cyclic monomer in the precursors

as shown in Table 5. The content of Si–OH groups in

the CSSQ precursors affects the mechanical property

of their thin films such as hardness and modulus. The

Si–OH groups in the precursor are reactive groups for

crosslinking reaction i.e. polycondensation during the

film curing process. It seems to be that a larger amount

of Si–OH terminal bond in precursors are able to lead to

a higher degree of crosslinking (DC) and result in the

improvement of mechanical property. In the case of

CSSQ based precursors having different siloxane chain

lengths (2ST37, 3ST37, 4ST37), noticeable improvement
Fig. 3. (a) Hardness and (b) elastic modulus of low dielectric films pr

plotted as a function of the indentation depth.
of mechanical properties were investigated even though

the contents of Si–OH groups were almost the same. It

is believed that the chain flexibility may also be contrib-

uted to the increase of DC at the curing process.

The 4ST37 precursor was selected among the pre-

pared precursors considering its electrical and mechani-

cal properties. The content of Si–OH groups in the

4ST37 precursor could be controlled by varying reaction

condition such as the amount of catalyst (r1) and water

(r2). Various 4ST37 precursors with different contents of

Si–OH groups were made in the range from 18 to 42

mol%. Fig. 2 shows 29Si–NMR spectra of various kinds

of 4ST37 precursors having different content of Si–OH

groups in the precursor. The peak denoted T 1 structure

drastically increased with the content of Si–OH in the

4ST37 precursor as mentioned earlier. The Si–OH

groups are thermally reactive toward condensation reac-

tion during the curing process of the thin film as we

noted previously. Therefore, DC of the thin film should

increase as a function of the Si–OH groups in the CSSQ

precursors. For this reason, the content of Si–OH

groups in the precursor was very well correlated with
epared with various 4ST37 series precursors on silicon substrate
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mechanical properties such as hardness and modulus as

shown in Table 6 and Fig. 3. The residual Si–OH groups

in the cured thin film can act as an adsorbing site for

moisture in an ambient condition. The existence of resid-

ual Si–OH groups in the film results in increasing dielec-

tric constant. The dielectric constants of CSSQ based

thin films were not affected with Si–OH groups in the

precursor under our experimental conditions. It means

that the CSSQ precursors should be almost crosslinked

during the vacuum curing process. The CSSQ films

may contain a negligible amount of residual Si–OH

groups. The dielectric constant of the CSSQ films was

not changed in water for 24 h.
4. Conclusions

Several kinds of cyclic silsesquioxane (CSSQ) precur-

sors have been successfully synthesized using 2,4,6,

8-tetramethyl-2,4,6,8-tetra (trimethoxysilylethyl) cyclo-

tetrasiloxane and linear siloxane monomers with differ-

ent linear siloxane chain lengths. It was found that the

porosity of the CSSQ thin films prepared with tCD

porogen affected not only the content of Si–OH groups

but also the flexibility of the precursor. The dielectric

constant of the porous CSSQ thin film decreased with

the increasing Si–OH groups and the flexibility of the

precursor even though the same tCD porogen concen-

tration in the coating solution. Moreover, the mechani-

cal property of the CSSQ thin film seems to be related

with the content of Si–OH groups as well as linear silox-

ane chain length in the precursors. The mechanical prop-

erties of CSSQ thin films were strongly correlated with

the content of Si–OH groups in the precursors.
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