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Trimethylchlorosilane Treatment of Ultralow Dielectric
Constant Material after Photoresist Removal Processing
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The dielectric properties of organic-porous silica films deteriorate after photoresist removal processing. O2 plasma ashing has been
commonly used to remove photoresist. Nevertheless, the O2 plasma will destroy the functional groups and induce moisture uptake
in porous silica films. In this study, trimethylchlorosilane~TMCS! is used to repair the damage to porous silica caused by the O2
plasma ashing process. The leakage current and dielectric constant will decrease significantly after the TMCS treatment is applied
to damaged porous silica. These experimental results show that the TMCS treatment is a promising technique to repair the damage
to porous silica during photoresist removal processing.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1504456# All rights reserved.
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As ULSI ~ultralarge-scale integration! circuits are scaled down to
the deep submicrometer regime, interconnect delay become
creasingly dominant over intrinsic gate delay. In order to reduce
resistance-capacitance delay time, using low dielectric cons
~low-k! materials as intermetal dielectrics is one of the effect
methods. In addition, the use of low-k dielectrics can also lowe
power dissipation and reduce cross talk noise.1-3

There are numerous low-k dielectric materials available with th
dielectric constant in the range of 2.0-4.1.4-10 Within many low-k
dielectrics, nanoporous material is a promising candidate. It has
come an important class of low-k materials because the incorpor
tion of voids reduces the dielectric constant of the film by lower
the overall material density.11-13Organic porous silica~sample STD!
one of the nanoporous materials, is a good candidate for ULSI
plications because of the low dielectric constant of about 2.0. Th
fore, integrating porous silica as an interlayer dielectric into mu
level interconnects has received much attention in recent years

However, photoresist stripping is an indispensable step in i
gration processing. Photoresist removal is commonly implemen
with O2 plasma ashing. The dielectric properties of the porous si
will deteriorate during photoresist stripping processes.14,15For over-
coming the process issue, we have studied the trimethylchloros
~TMCS! treatment to improve the quality of porous silica film. Ele
trical measurement and material analyses have been used to ev
porous silica. In addition, O2 plasma ashing has been investigat
to realize the impact of integrated processes on the dielectric
quality.

Experimental

The porous silica films used (CH3SiO1.5) contain methyl groups.
The material has been developed by increasing the number o
methyl group thus giving a hydrophobic surface and resulting
lower film polarity. In addition, the porosity~volume fraction of
pores!of the silica is about 50% and this leads to a low dielect
constant; a value ofk 5 1.9 was achieved.

The unpatterned silicon wafers were coated with the por
silica solution at a rotational velocity of 3000 rpm for 20 s. Then,
sequential bake was in the furnace under nitrogen atmosphere
the bake condition, the temperature was raised from room temp
ture to 425°C at a rate of 20°C/min. Finally, the resulting waf
were further processed by furnace curing at 425°C for 60 min.
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In this work, samples STD, A, and B were prepared. Sam
STD was the as-cured porous silica film without any plasma tre
ment. Sample A was the as-cured porous silica with O2 plasma
ashing for 30 s. Sample B was the O2 plasma-treated porous silic
~sample A!after undergoing TMCS atmosphere at 60°C for 15 m
Afterward, all of the samples were further processed by furn
curing at 400°C for 60 min. Finally, aluminum was deposited
samples STD, A, and B as the top electrode to manufacture
metal insulation semiconductor~MIS! structure.

The O2 plasma ashing was carried out in a plasma-enhan
chemical vapor deposition~PECVD! chamber. The O2 plasma was
operated with an rf power of 200 W at a pressuse of 300 mTorr.
flow rate was 700 standard cubic centimeters per minute, and
operating temperature was kept at 300°C.

The TMCS treatment was performed by utilizing TMCS vapor
treat sample A in an oven. The TMCS vapor is generated by hea
TMCS solution and the vapor is conveyed to the oven at 60
Moreover, the TMCS vapor treatment is carried out at a pressur
760 Torr.

The chemical structure of the porous silica following differe
processing was investigated by Fourier transform infrared~FTIR!
spectroscopy. The thickness of the porous silica was measured b
n & k analyzer. A Keithley model 82 cyclic voltammetry meter wa
used to measure the dielectric constant of porous silica, and
capacitance-voltage characteristic was measured at 1 MHz wit
ac bias for high frequency. Finally, the current-voltage characteri
was also measured by using MIS structure to evaluate the insula
property of porous silica.

Results and Discussion

In the integrated processes, the photoresist removal is im
mented conventionally by utilizing the O2 plasma ashing to remove
organic photoresist. However, porous silica has a large expo
surface area. This will raise the opportunity of reaction betwe
porous silica and the O2 plasma when porous silica undergoes ph
toresist removal. Therefore, the impact of the O2 plasma processing
on the porous silica film must be investigated.

Figure 1 shows the FTIR spectra of sample STD after be
subjected to O2 plasma ashing for 30 to 90 s. The intensities of t
Si-OH and H2O ~938, ;3400 cm21! signals increase when O2
plasma ashing is applied to sample STD. Furthermore, the inte
ties of Si-C~847, 1277 cm21! peaks and C-H (2980 cm21) peak
are decreased dramatically. This indicates that oxygen radicals
diffuse deeply into porous inner structure of organic silica to atta
a large amount of Si-C and C-H groups. This will lead to a lar
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number of Si-C and C-H bonds breaking, leaving many dang
bonds in the film. In addition, it is considered that two factors mig
cause an increase of the Si-OH groups. One is that when the2

plasma attacks the Si-CH3 groups, porous silica immediately ab
sorbs oxygen radicals to convert Si-CH3 units to Si-OH groups. The
other is that the dangling bonds in the porous silica absorb mois
immediately when the sample is exposed to the atmosphere.
result, the functional groups in porous silica will be destroyed by
oxygen radical attack when the porous silica is exposed to2
plasma ashing. This will lead to the decreasing content of me

Figure 2. The thickness variation of porous silica films~sample STD! with
O2 plasma ashing for 30 to 90 s.

Figure 1. FTIR spectra of porous silica films~sample STD! after O2 plasma
ashing for 30 to 90 s.
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groups in porous silica so that the film thickness will decrease.
thickness variation has confirmed our inference. The thicknes
decreased with an increase of the O2 plasma treatment time, a
shown in Fig. 2.

Porous silica with an excellent low-k property is due to the
higher density of the functional group. Therefore, when the funct
groups decompose after O2 plasma treatment, dielectric degradatio
of the porous silica will occur. Figure 3 shows the dielectric const
variation of sample STD as a function of O2 plasma ashing time.

Figure 3. The dielectric constant of porous silica films~sample STD!as a
function of O2 plasma ashing time.

Figure 4. The leakage current density of porous silica films~sample STD!
after different O2 plasma ashing times.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


wi
4.
th

th
ter
e
an

an
S

. In

f the

an-

e
the
ese
are

also

ple

Journal of The Electrochemical Society, 149 ~10! F145-F148~2002! F147

Dow
The dielectric constant increases with an increase of the O2 plasma
treatment time. In addition, the leakage current also increases
an increase of the O2 plasma treatment time, as shown in Fig.
These changes are due to the formation of the Si-OH groups in
porous silica, as proved by the FTIR data. The porous silica with
Si-OH groups will easily absorb moisture. The high polarity wa
molecules~dielectric constant;78! present in the porous silica giv
rise to an increase of both leakage current and dielectric const16

~Fig. 3 and 4, respectively!.
In order to overcome the process issue, trimethylchlorosil

~TMCS! is provided to repair the damaged porous silica. TMC
(Me3Si-Cl) can eliminate the Si-OH groups via the reaction17

Me3Si-Cl(g) 1 HO-Si [ (s) → Me3Si-O-Si[ (s) 1 HCl(g)
@1#

Figure 5. ~a! The FTIR spectra of sample STD, sample A and sample B.~b!
Enlargement of~a! ranging from 2600 to 3300 cm21.
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Figure 5a shows the FTIR spectra of samples STD, A, and B
comparison with sample A~O2 plasma-damaged porous silica!,
when sample A undergoes the TMCS treatment, the intensities o
IR bands from the Si-OH and moisture~938 and 3400 cm21! de-
crease significantly, as shown in the spectrum for sample B. Me
while, the intensity of the absorption band (847 cm21) increases,
which is characteristic for the Si-C stretching and CH3 rocking vi-
brations in trimethylsilyl groups. In addition, the intensity of th
C-H groups increases when TMCS repair is carried out to
oxygen-exposed porous silica, as shown in Fig. 5a and b. Th
experimental results support our inference. The Si-OH groups
not only eliminated to repair the damaged porous silica, but are
undergoing reaction with TMCS, which form the Si-OSiMe3

Figure 6. The thickness of sample STD, sample A, and sample B.

Figure 7. The leakage current density of sample STD, sample A, and sam
B.
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groups. Since the SiMe3 groups are hydrophobic, the TMCS trea
ment can change the film surface from hydrophilic to hydrophob

Figure 6 shows the thickness variation of porous silica with va
ous process steps. The thickness decreases when porous silic
dergoes O2 plasma ashing. The decrease of thickness results fro
drop of the methyl group content, caused by O2 plasma ashing.
However, the thickness of the damaged porous silica increases
expectedly after TMCS treatment, as shown in Fig. 6. Two poss
reasons may cause an increase of the thickness. One reason
when TMCS reacts with Si-OH groups, it provides additional t
methylsilyl groups (-SiMe3) to replenish the lost functional groups
caused by O2 plasma ashing. The other reason is that some dep
tions of the TMCS species are on the surface of the damaged
Therefore, the thickness of porous silica will increase after TM
treatment.

Figure 7 shows the leakage current density of samples STD
and B. The leakage current density of sample A increases sig
cantly when sample STD undergoes O2 plasma ashing. After per
forming TMCS treatment, the leakage current density decreases
factor of 2 to 3, as shown for sample B~Fig. 7!. Moreover, the
dielectric constant of as-cured porous silica increases after2
plasma ashing, whereas it decreases after sequential TMCS
ment, as shown in Fig. 8. The dielectric constant of sample S
increases from 1.9 to 3.62 after O2 plasma ashing, as shown fo
sample A. After a sequential TMCS treatment, the dielectric cons
is reduced to 2.3, as shown for sample B. The electrical prope
indicate that the TMCS treatment can repair the damaged struc
of the porous silica and reduce both the leakage current density
dielectric constant.

Figure 8. The dielectric constant of sample STD, sample A, and sample
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Conclusions

In this study, the TMCS treatment was applied to porous sil
films to improve their quality deteriorated after O2 plasma ashing
process. TMCS repaired the damage caused by the O2 plasma ash-
ing. The Si-OH groups can be eliminated and transformed i
Si-OSiMe3 groups by TMCS treatment. The SiMe3 groups possess
hydrophobic properties and thus the surface of porous silica ca
changed from hydrophilic to hydrophobic. Material analyses verifi
our interpretation. The content of the Si-OH groups decrea
whereas the content of the C-H groups increases when TMCS t
ment is applied to the damaged porous films. In addition, a hyd
phobic surface can also prevent moisture uptake so that the lea
current and the dielectric constant can be reduced significa
Therefore, TMCS treatment is an effective method to repair
damage of porous silica caused by O2 plasma ashing.
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