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Abstract—The preparation of low dielectric constant porous silica films by a templating
method was studied in this research. Several organic compounds (including ionic and nonionic
surfactants), which can be dissolved in the coating solution, were used as the template. They
were applied to make pores in the film by burning them off during calcination in the air. TEOS
(tetracthyl orthosilicate) was used as the silica source for the preparation of sol-gel. The
processes that influenced the film thickness and the film surface modification were investigated.
it was found from this research that the concentration of TEQS in the coating solution affected
the film thickness the most. The spin speed during spin coating and the temperature increasing
rate during the calcination process only skightly influenced the thickness. The surface
modification was most successful when the film was immersed in the HMDS (1,1,1,3,3,3-
hexamethyl disilazane) and toluene solution at 80°C. Moreover, for the templates tested in this
research, it was found that the film using Tween 80 (polyoxyethylene(20} sorbitan monooleatel,
a non-ionic surfactant) exhibited the lowest dielectric constant.
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INTRODUCTION

As the packing density of metal lines in semi-
conductors continues to increase, intermetal dielec-
tric films with k<3 will be required. Recently, it has
been reported that porous silica is one of the promis-
ing materials to meet this requirement (Martin et al.,
2000). This is because the dielectric constant of po-
rous silica is a combination of that of air (about 1)
and solid SiO; (3.9-4.5); therefore, by increasing the
pore volume in a silica film, the & value of this mate-
rial can be reduced. Porous silica films can be syn-
thesized from TEOS (tetraethyl orthosilicate) solu-
tion. There are two methods to make the film, based
on whether organic templates are used or not: (1) by
an aerogel or a xerogel process (Ramos et al., 1997,
Jo et al., 1997); (2) by a templating process (Yang et
al., 1996; Zhao et al., 1998a; Baskaran et al., 2000
Honma et al., 2000). In the first method, the solvent
extraction or other processes have to be carried out
in order to make pores in the film, and the pore size
in the film is hard to control. In the second method,
some organic compounds are dissolved in the TEOS
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sol-gel. They act as templates in the film. Simply by
burning off these organics in the air, the pores can be
formed in the film. Therefore, films prepared in this
way often possess ordered pore structures and uni-
form pore size. In this paper, the preparation of po-
rous silica films by the templating process is pre-
sented. The factors controlling the film thickness and
the film surface modification were studied. More-
over, several templates for making low & films were
used and compared. They were TPABr (tripro-
pylammonium bromide), C, TMABr (myristyl-
trimethylammonium bromide), EQzPOEO (poly
(ethylene glycol)-block-poly (propylene glycol)
block-poly (ethylene glycol), MW = 5800) and
Tween 80 (polyoxyethylene(20) sorbitan menoo-
leatel). TPABr was the smallest template among
these four and is generally used to make microporous
zeolite (i.e. ZSM-5). C4,TMABr is an ionic surfac-
tant. It is one of the alkylammonium salts,
CnH2,1+1(CH3)3-NBI‘ (?I =38, 10, 12, 14, 16, 18), s5erv-
ing as templates for making mesoporous silica (Huo
et al., 1996). EQyPOEOy is a tri-block-copolymer.
Tween 80 is a non-ionic surfactant, which is a mem-
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Fig. 1. Effects of spin speeds and TEQOS concentration
on film thickness, The preparation conditions
were: a: TEOS/EtOH = 1/8 (molar ratio), 1700
rpm for 30 s then 2600 rpm for 30 s; be
TEOS/EtOH = 1/8, spin rate 2600 rpm for 30 s;
¢: TEOS/EtOH = 1/24, 1700 rpm for 30 s; d:
TEOS/EtOH = 1/24, 2600 rpm for 30 s,

ber of polyoxyethylene(20) sorbitan compounds.
Both EO»PO7EO,; and Tween 80 were also used
for the synthesis of mesoporous materials in the past
(Zhao et al, 1998b). In this research, films from
TEOS sol-gel containing these four templaies were
successfully prepared. The effects of templates on
film dielectric constants were measured and com-
pared.

EXPERIMENTAL.

Synthesis

Porous silica films were prepared by a spin-on
process. The sol-gel deposition solution was from a
mixture of TEOS (1 M), deionized water (4~12 M),
ethanol (8~24 M), hydrochloric acid (0.24~0.72 M),
and templates (the weight ratio of template/TEOS is
0.4 in all experiments). If not specified in this paper,
Tween 80 was the template usually used for the
preparation of coating solution for examining the
coating process. All the chemicals are commercially
available from Acros. The coating solution was
stirred at room temperature. The resulting solution
was spin-coated on a silicon wafer with an SSP-01A
spinner (King Polytechnic Engineering CO.). If not
specifted in this paper, generally the spin speed was
maintained at 2600 rpm for 30 s. After spin coating,
the film was baked at 106°C for 3 h and calcined at
560°C (the temperature increasing rate was 3°C/min)
in the air. The calcination process was performed

with a type 48000 furnace (Barnstead | Thermolyne).

At last, to make the film hydrophobic, the film was

immersed in a silane solution to graft silane group
onto the surface. Usually 150~200 g silane solution
was used for grafting.

Characterization

The film thickness was measured by an ellip-
someter (n & k analyzer). For capacitance measure-
ment, array of aluminum dots with area of 0.0052
cm” and thickness of 500 nm {approximately) were
formed by the condensation of aluminum vapor
through an aluminum shield mask. Capacitance
measurements were performed with a Keithley pack-
age 82 system, The frequency and the oscillation
level were 1 M Hz and 100 mV, respectively. The
dielectric constant was calculated from the capaci-
tance, the film thickness and the area of the electrode.
The FTIR spectra were measured with a Bomem MB
100.

RESULTS AND DISCUSSION
Film thickness control

The first three stages of film preparation are:
coating solution preparation, spin coating and heat
treatment. During the preparation of the coating solu-
tion, TEOS reacts with water and is hydrolyzed to
form Si-OH groups. Since Si-OH can interact with
the hydrophilic segments of the organic template, it
coagulates around the template and then is polycon-
densed with another Si-OH group to form a Si-O-Si
structure. During these reactions, hydrochloric acid
acts as a catalyst. Therefore, the concentrations of
TEOS, water and hydrochloric acid should influence
the hydrolysis and the condensation rates of TEOS,
and also influence the silica concentration in the sol-
gel solution. During the spin coating of sol-gel solu-
tion on a silicon wafer, the solution is spun off and
the evaporation of ethanol transforms the liquid film
on the silicon wafer into a solid state. Later, the film
is baked to repel the residual solvent and to enhance
the interaction between the film surface and the sili-
con surface. Finally, the calcination process is used
to burn off the organic template from the film and to
make the film porous. In the porous film preparation
process described above, several factors influencing
the film thickness can be proposed. First, different
TEOS molar ratios in the solution should result in
different silica concentrations in the sol-gel, which
may cause different film thickness after the spin
coating process. Second, different spin speeds may
affect both the evaporation of the solvent and the
amount of solution adhered to the wafer. Third, dif-
{erent temperature programs for the calcination step
may cause the film to shrink to different extents and,
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hence, influence the film thickness. Therefore, in or-
der to know which factor influences the film thick-
ness the most, the effects of the TEQS concentration
in the solution, the spin speed and the calcination
process on the film thickness were investigated in
this research.

Figure 1 shows the effects of spin speeds and
TEOS concentrations on the film thickness. It can be
observed that no matter what the spin speed or TEQS
concentration were, all of the films possessed the
highest film thickness in the center part of the wafer,
and the thickness gradually decreased when the ra-
dius was increased. This is because the spin rate in-
creases along with the increase of the centrifugal
force and shear force, when the radius is increased;
therefore, it causes more solution to spin out from
the wafer. Figure 1 also shows that the films pre-
pared from the coating solutions with concentrated
TEOS (a, b in Fig.1) were far thicker than the others.
Since TEOS acts as the silica source, the solution
with more concentrated TEOS is expected to possess
more silica and consequently higher viscosity.
Therefore, it is more difficult to be spun off during
the spin coating process. In addition, for a more con-
centrated solution, more solids are left after the sol-
vent evaporates. Thus, the thicker film obtained by
the more concentrated solution is contributed by both
flow and evaporation effects. Similar relationships
between the film thickness and the concentration
were also found and reported in the research work by
Meyerhofer (1978) and Sukanek (1985). Further-
more, in Fig. 1, it can be observed that the film
thickness was changed with the spin speed, when the
same TEOS concentration was used for the prepara-
tion of film. It is found in Fig.1 when the same coat-
ing solution with the ratio of TEOS/EtOH = 1/8 was
used, the film thickness from spin speed 1700 rpm
for the first 30 5 and 2600 rpm for the later 30 s was
much higher than that from 2600 rpm only for 30 s.
This suggests that the film had become immobile in
the first 30 s. The thinning of the film in the later
time period is mainly resulted from the evaporation
of the solvent. In other words, the spin speed in the
first 30 s spinning time is more important than those
in the later time period. However, the influence of
the film thickness from spin speed is less pronounced
for the coating solution with less TEOS, ie,
TEOS/EtOH = 1/24 in Fig.1. This is because the
films were thinner than those from TEOS/EtOH =
1/8. The effect from the interaction between the coat-
ing solution and the silicon wafer at the interface was
stronger, which resulted in a smaller effect from the
spin speed.

Figure 2 shows the effects on film thickness
from the calcination processes. It is found that films
were thinner after a faster calcination process. There-
fore, it can be observed that the film from 3°C/min
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Fig. 2. Effects of calcination programs on film
thickness. The molar ratio of components in the
coating solution is TEOS/EtOH/H,OHCl =
1/24/12/0.72. Process a: films were heated to
560°C at the rate of 3°C/min and maintained at
560°C for 0.5 h; b: films were heated to 400°C
at 1°C/min and maintained at 400°C for 0.5 h; ¢;
films were heated to 150°C at 1°C/min,
maintained at 150°C for 0.5 h; then heated to
300°C at 1°C/min, maintained at 300°C for 0.5 h;
finally, films were heated to 400°C at 1°C/min,
maintained at 300°C for 0.5 h.

temperature increasing rate to 560°C (process a) is
the thinnest one. And the film from 1°C/min tem-
perature increasing rate to 400°C (process b) is thin-
ner than that from 1°C/min process in which the
temperatures were stopped at 150 and 300°C for 0.5
h respectively (process ¢). It is apparent that stopping
the temperature increase at 150 and 300°C slowed
down the calcination process, and transferred more
heat generated from burning template in the film to
the surrounding, which results in a lower temperature
in the film. These indicate that there is significant
heat transfer resistance within the film during calci-
nation. Therefore, the temperature of the film in
process a, shown in Fig. 2, should be the highest, and
the temperature of the film in process b should be
higher than that in process c. Higher temperatures
should cause more film shrinkage. This is because
besides the burning away templates, the condensa-
tion of Si-OH sites in the film also takes place. A
higher temperature in the film causes more conden-
sation to occur. Hence, it is reasonable that a thinner
film would be produced by a faster calcination pro-
cess.

Although the spin speed and the calcination
process did affect the film thickness, their impacts
were weak. From the results in Figs.l and 2, it is
clear that the concentration of TEOS in the sol-gel
solution influences the film thickness the most.
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Fig. 3. FTIR spectra of the films modified at different
tempetatures. (a) Spectra of silicon wafer, baked
film and calcined film; (b) spectra of films
modified under different conditions. The molar
ratio of components in the coating solution is
TEOS/EtOH/H,0/HCI = 1/8/4/0.24,

Surface modification

After calcination, the organic templates in the
film are removed and some Si-OH sites are still left
on the pore surface. Si-OH possesses hydrophilic
property and can adsorb moisture from the air. Be-
cause the dielectric constant of water is 78, the ad-
sorption of water on the surface will lead to an eleva-
tion of the dielectric constant of the porous silica
film on the silicon wafer. Therefore, surface modifi-
cation to eliminate Si-OH and transform Si-OH to a
hydrophobic unit is important for producing low %
materials from the templating process.

The surface modification method used in this
research was to graft silane compounds (e.g, TMES
(trimethylethoxysilane) or HMDS) onto the film. By
removing H atom and grafting silanes on Si-O of Si-
OH, the surface becomes hydrophobic. The grafting
process developed in this research was to immerse
the film in a silane solution at a certain temperature.
After grafting, the film was washed by a solvent, and
dried in the air. Therefore, the first issue in this re-
search on the surface modification process was to de-
termine the grafting temperature. To save energy and
improve safety, low temperatures were preferred, as
a result, 50°C and 80°C were tested. Either ethanol
or toluene was used as the solvent, depending on the
surface modification temperature. Moreover, in order
to check whether the grafting process was complete,
FTIR was applied to characterize the surface. Some
typical FTIR results are shown in Fig.3. It can be ob-
served in Fig. 3(a) that before spin coating, only very
trace absorption bands around wave number 2900
em™', which corresponds to C-H bonding, can be
found on the silicon wafer. These trace signals were

due to the contamination. However, after the film
was spin-coated on the silicon wafer and baked at
106°C, strong absorption bands around 2900 e¢m™
appeared. This indicates that a large amount of or-
ganic template existed in the film. Moreover, in Fig,
3(a), absorption bands around 3500 cm™ {(wave
number from 3000 to 3800 cm™) can also be ob-
served. These bands corresponded to those from O-H
bonding, which resulted from the adsorbed water and
from Si-OH sites in the film. Nevertheless, after cal-
cination, the bands from O-H bonding became
weaker but still remained strong, and those from C-H
bonding disappeared. The disappearance of C-H
bonding indicates that the calcination process can be
an effective way to burn off organic templates in the
film. Moreover, the decrease of the O-H band inten-
sity should be due to the condensation reaction of Si-
OH sites in the film. However, the condensation re-
action was apparently not complete, the strong band
intensity from O-H suggests a significant number of
8i-OH sites for the adsorption of moisture still re-
main in the film after calcination, Therefore, it is
necessary to develop a surface modification process
to remove these O-H sites in order to reduce the di-
electric constant of the film.

FTIR spectra of films modified with TMES in
different solutions at 50°C and 80°C were shown in
Fig. 3(b). The films were calcined prior to the sur-
face modification. Since there were no organic com-
pounds in the films after calcination, the bands cor-
responding to C-H bonding marked in Fig. 3(b) were
the evidence from grafted silane molecules in the
films. Tt is clear from these results that silane mole-
cules were successfully grafted onto the film surface,
no matter what silane concentration or modification
termperature was used. Moreover, it can be observed
that the band intensity corresponding to O-H bond-
ing of Si-OH was more attenuate when the tempera-
ture for surface modification was at 80°C. It suggests
that the grafting process was more successful at
80°C. Therefore, in the later experiments, all the
modification process were conducted at 80°C.

To further investigate the surface modification
process, measurements of dielectric constants of the
surface modified films were used as a basis for com-
paring the completeness of surface modification in
the later research. Because the dielectric constant is
quite sensitive to both Si-OH sites and adsorbed wa-
ter in the film, it is a direct way for the detection of
the effectiveness of surface medification. The silanes
used in this study were TMES and HMDS. Their sur-
face modification reactions are illustrated as follows:
reaction (1) denotes the grafting of TMES onto Si-
OH in the film; reaction (2) and (3) are the reactions
may occur between HMDS and Si-OH sites:

(1) (CH3):S10C,Hs + Si-OH — Si-OSi(CHjs)s
-+ C,H;50H,
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(2) (CH3);SiNHSi(CHa); +8i-OH — Si-OSi(CHs)s
+(CH3);SiNH,,
(3) (CH3);SiNH, + Si-OH — Si-OSi(CHs); +NH;.

Table 1 shows the dielectric constant of the
film modified by these two different silanes. A modi-
fication process that produces films with lower di-
electric constant should be more effective. It can be
observed that at the same molar ratio of silane to
toluene, the films modified by HMDS always pos-
sessed lower dielectric constants than those by
TMES. Therefore, it can be concluded from these
experiments that HMDS was more effective for
modifying the film. There may be two reasons for
this outcome. First, a HMDS molecule has two
groups of silane, as shown in reaction (2), thus, it has
more effective silanes for the surface modification
compared to TMES. Second, a HMDS molecule
would produce a smalier silane molecule after it re-
acts with a Si-OH, as shown in reaction (2). This si-
lane is even smaller than a TMES molecule. It
should be able to penetrate deeper in the micro-pores
formed in the film. Therefore, the surface modifica-
tion was more complete by using HMDS than by
TMES.

The effects of HMDS/toluene ratios on the sur-
face modification of the films are shown in Table 2.
It can be observed that the dielectric constant de-
creased from 3.6 to 2.4 when the molar ratios of
HMBDS to toluene increased from (.04 to 1. This in-
dicates that more Si-OH on the film surface can be
grafted with silane when the concentration of HMDS
in the solution increased. However, when the molar
ratio of HMDS/toluene was higher than 1, the dielec-
tric constants of the films started to increase slightly,
and then essentially remained the same until pure
HMDS solution was used for the surface modifica-
tion. This may suggest that every possible grafted Si-
OH site on the pore surface of the film had been
grafted with silane groups, when the ratio of
HMDS/toluene was 1, Therefore, the increase of the
ratio of HMDS/toluene to more than 1 had no means
for reducing Si-OH sites on the film; on the contrary,
it may cause more amount of HMDS physically ad-
sorbed on the surface of the film. These physically
adsorbed HMDS can react with moisture to form 8i-
OH. The slight increase of dielectric constant might

Table 1. Dielectric constants of the films modified by
different silane and different solution concen-
trations. The molar ratio in the coating solution
is TEOS/EtOH/H,O/HCl = 1/8/4/0.24.

Silane | Silane/Toluene {(molar ratio) | Dielectric Constant
TMES 0.04 6.8

0.2 5.5
HMDS 0.04 36

0.2 3.3

Table 2. Dielectric constants of the films modified by
solution with different HMDS solution concen-
trations. The molar ratio in the coating solution
is TEOS/EtOH/H,O/MC!1 = 1/8/4/0.24.

HMDS/Toluene(molar ratio) Dielectric Constant
0.04 3.6
0.2 33
1 2.4
5 27
Pure HMDS (150g) 2.7

be simply from these unexpected trace amount of Si-
OH groups contaminated on the surface of the film.

Effects from different templates

In this research, TPABr, CsTMAB;",
EQ0PO7EQ,; and Tween 80 were examined as
templates in TEOS selution for producing porous sil-
ica films. C4,TMABr is an ionic surfactant. Tween
80 is a non-ionic surfactant. The molecular structures
of these four templates are shown in Fig. 4. The hy-
drophobic segment of each molecule is circled in the
figure. It can be observed that both TPABr and
C14 TMABr are ammonium bromide compounds. The
only difference between these two is the size of hy-
drophobic groups, in which the one in TPABr is
much shorter than that in C4,TMABr. Therefore,
even if there are micelles formed in a polar solution
(i.e., ethanol in this research), those from TPABr
should be much smaller than those from C4,TMABT.
However, the sizes of hydrophobic groups in
C14sTMABr and in Tween 80 are similar, and there is
a distinct difference between the segments of hydro-
phobic and hydrophilic groups in Cy4TMABr and
also in Tween 80. The sizes of micelles formed from
these two surfactants should be similar. Nevertheless,
it is noticed that there is little difference between the
segments of hydrophobic and hydrophilic groups in
EQO3PO+EQy. In addition, the molecular size of this
copolymer is much larger than those of the others
used in this research. Therefore, large micelles may
not be easily formed from EQy0PO7EQy. It is more
likely that this copolymer only coagulates, and then
acts as an organic template in the solution.

In order to compare the effects of these four
templates, all the solution preparation conditions
were kept the same (including the weight ratio of
template to TEOS). It can be found in Table 3 that
the dielectric constant of the film was much higher
when TPABr was used as a template. It is even
higher than that of a dense SiO, film reported in the
literature (Martin et al., 2000). There may be two
reasons for this outcome, First, it is difficult for
TPABr moiecules to form micelles in the coating so-
lution. Hence, no significant amount of pore volume
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Fig. 4. Structures of the templates used in this research.
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Tween 80.

Table 3. Dielectric constants of films with different
templates. The molar ratio in the coating
solution is TEQS/EtOH/H,O/HCI = 1/8/4/0.24.
The surface meodification process was perfor-
med in a HMDS/toluene solution with a molar
ratio of HMDS/toluene = 1.

Template Dielectric Constant
TPABr 8.8
C4sTMABr 28
EQPO7EOQq¢ 25
Tween 80 2.4

existed after film calcination. Second, only micro-
pores instead of meso-pores were formed in the film,
and the bigger silane molecules were not able to dif-
fuse into-the pores for modifying the surface. Conse-
quently, the surface modification process was not
complete and a significant amount water adsorbed in
the film caused the high dielectric constant.

For the films prepared from the solutions with
Ci1sTMABr, EQ5PO+EQO, and Tween 80 as tem-
plates, it can be found in Table 3 that the dielectric
constants of these films were below 3. This means
that these three compounds can be good candidates
as organic templates in the colloid solution for the

preparation of porous silica films with low & property.

For C4,TMABr and Tween 80, this is due to micelles
formed in the coating solution. Because the size of
these micelles is much larger than that of a single
molecule, even the space occupied by these micelles
in the film experiences contraction during the calci-
nation process, the meso-pores should remain in the
film. Therefore, these pores can allow silane mole-
cules to diffuse in and react with silanol groups on
the pore surface. And the surface modification proc-
ess was more complete for the films prepared with
these surfactant templates. Nevertheless, it is note-
worthy that although there are no distinct hydropho-

bic and hydrophilic segments in EQpPO7¢EO, and
the micelles may not be possibly formed from this
copolymer, the low & value of the film made with
this template was almost as small as that from Tween
80, as shown in Table 3. This suggests that the pore
volume in the film should be close to that made with
Tween 80. Therefore, it can be concluded from this
research that the formation of micelles is not the only
way, the coagulation of a dissolved polymer mole-
cule in the solution may be another way for making
an appropriate template for porous silica films.

Although low dielectric constant films can be
prepared by using C1sTMABr as a tempiate, the
bromine ion in C;4TMABT is a hidden problem. The
charged bromine ions in C,;TMABr may remain in
the film, which may result in a higher & value for the
film. Therefore, it can be observed in Table 3 that the
k value of the film with C1,TMABT as the template is
higher than those from Tween 80 and EOPO7EQx.
Moreover, for the application in intermetal dielectric,
a film with a lot of charged ions is not preferred.
Thus, it could be inferred that the alkylammonium
salt may not be a suitable template for the prepara-
tion of low % porous silica films in the future.

EQ5PO+EQ and Tween 80 do not have
charged ions. Therefore, the porous films prepared
from them would not be suffered from charged ions.
From Table 3, the film using Tween 80 as a template
exhibits the lowest dielectric constant and is poten-
tially useful in the preparation of low £ films in the
future. It should be noted that the superior property
of Tween 80 for preparing low & films is reported for
the first time.

CONCLUSION

Factors influencing the film thickness are the
TEOS concentration of coating solution, the spin and
the calcination processes. It was found in this re-
search that the concentration of TEOS in the solution
affects the film thickness the most. In the surface
modification process, the effects of the reaction tem-
perature, the type of silane (i.e. TMES or HMDS)
and the silane concentration were investigated. It was
found that the surface modification was more com-
plete when the temperature was 80°C and when
HMDS was used as the silane agent. Moreover, films
prepared with  different templates (TPABT,
CiyTMABr, EOQ»POwEQO, and Tween 80) were
compared. The films using EO;PO5LEO; and
Tween 80 as templates possessed lower dielectric
constants, and showed great potential in intermetal
dielectric applications. Moreover, the film with
Tween 80 (polyoxyethylene (20) sorbitan) possessed
the lowest dielectric constant (k£ = 2.4), which made
this compound to be one of the promising templating
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agents to make low & porous silica films in the future.
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NOMENCLATURE

k dielectric constant of a material
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