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The organic silsesquioxane, methylsilsesquioxane (M SQ), has alow dielectric constant because of its lower film density compared
to thermal oxide. However, the quality of MSQ film is degraded by the damage of oxygen plasma and hygroscopic behavior dur-
ing photoresist stripping. In this work, we studied the N,O plasma treatment for improving the quality of MSQ. The leakage cur-
rent of MSQ decreases as the N,O plasma treatment time is increased. The dielectric constant of N,O plasma-treated sample
remains constant (~2.7). In addition, the thermal stability of MSQ film can be enhanced. The role of N,O plasmaisto convert the
surface layer of organic MSQ into inorganic type by decomposition of the alkyl group and thus form a passivation layer. The inert
passivation layer enhances the resistance to moisture uptake and O, plasma attack. Therefore, N,O plasma-treatment greatly
improves the quality of low k MSQ film and removes the issue of photoresist stripping in the integrated process.
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As the critical dimension of integrated circuits is scaled down,
the linewidth and spacings between metal interconnects are made
smaller. A larger portion of the total circuit transmission time (i.e.,
RC delay) will be due to parasitic resistance and capacitance of the
interconnects and the interconnect becomes a bottleneck in improv-
ing the chip performance such as the operating speed and power
consumption.

To address these issues, copper with its relatively low resistivity
and interlayer dielectric films with lower dielectric constants have
been proposed. These interlayer dielectric films can be either organ-
ic or inorganic materials, and can be deposited by either chemical
vapor deposition (CVD) or spin-on glass (SOG) techniques.t3 SOG
materials have been widely used as an interlayer dielectric in multi-
level interconnect architectures because of their process simplifica-
tion (lower cost) and good local planarization capabilities. Inorgan-
ic SOGs such as hydrogen silsesquioxane (HSQ), aerogels, and
xerogels (which have hydrophobic pores) have been developed by
introducing the Si-H group and by film formation through controlled
gelation. Most of the Si-H groupsin HSQ tend to decompose into Si-
OH groups due to moisture and temperatures exceeding 400°C. 4
Many theories on the issues of HSQ film have been proposed.>® The
aerogel films have a dielectric constant of 1.3 to 2.0, and the xero-
gel films have a dielectric constant of 1.3 to 2.5.8 These dielectric
films show very low dielectric constants due to the high porosity of
the internal structure. Nevertheless, these materials easily absorb
moisture which increases the dielectric constant. It seems that the
procedure of film formation has limited applicability at present. On
the other hand, an organic SOG, methylsesquioxane (MSQ), which
has a dielectric constant of ~2.7, is available from Allied Signal,
Inc., designated as T-18™. It has been developed by increasing the
number of the Si-methyl groups which causes the film density to
decrease” and lower film polarization resulting in alow k. In addi-
tion, this class of dielectrics, when compared to other organic poly-
mers, appears to have higher resistance to harsh chemicals used in
postetch cleaning and chemical mechanical polishing (CMP) pro-
cessing.19 Faced with the same issues of organic low k materials,
however, the quality of MSQ film is degraded by the damage from
oxygen plasma and hygroscopic behavior during photoresist strip-
ping.1! This instability is one of the major problems in using MSQ
asalow k material.
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In this work, we have studied how the N,O plasma post-treat-
ment can improve the quality of MSQ film. Properties of post-treat-
ed MSQ film were evaluated by electrical measurements as well as
chemical composition analyses. In addition, the effect of O, plasma
ashing was investigated to understand the impact of integrated
processes on the dielectric film quality.

Experimental

The unpatterned silicon wafers were coated with asingle layer of
MSQ film, and baked sequentially on a hot plate at 180°C for 2 min
and 250°C for 1 min. The resulting wafers were treated by furnace
curing at 400°C for 30 min. The as-spun film thickness is about
620 nm. After 250°C baking, the film thickness is reduced to
545 nm. Finaly, film thicknessis increased to about 565 nm after a
curing process. For each condition, film stress, shrinkage, refractive
index, and Fourier transform infrared (FTIR) absorption measure-
ments were carried out. In this experiment, two types of samples are
prepared. The standard (std) sample was the as-cured MSQ film.
Sample A3, sample A6, and sample A9 were the as-cured M SQ films
with N,O plasma post-treatment for 3, 6, and 9 min, respectively. All
of the samples were annealed at a temperature range of 400-520°C
for investigating the thermal stability of the MSQ film. In addition,
the O, plasma treatment was applied to al the samples for investi-
gating the impact to the MSQ film during the photoresist stripping.
The plasma-enhanced (PE)-CVD chamber was used for various
plasma treatments. Each of plasmas was operated at a pressure of
300 mTorr, and with arf power of 200 W. The flow rate for each of
these gases was 300 sccm, and the temperature of chamber was kept
at 300°C. Metd insulator semiconductor (MIS) capacitors were
manufactured by sputtering aluminum onto all the samples asthetop
electrode. A Keithley model 82 CV meter was used to measure the
dielectric constants of MSQ films. The capacitors were measured at
1 MHz with an ac bias for high frequency C-V curves. Leakage cur-
rent-voltage (I-V) characteristics of MSQ were measured by an
HP4145B semiconductor parameter analyzer.

Results and Discussion

Figure 1 shows the Fourier transform infrared (FTIR) spectra of
MSQ before and after a series of baking and curing steps. After 180
and 250°C baking, H-OH peak intensities were reduced due to the
evaporation of organic solvent. The intensity of Si-O peak signal is
decreased, and the Si-O-Si peak intensity isincreased. After a400°C
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Figure 1. FTIR spectra of MSQ before and after a series of bake and curing
steps.

curing, the peak signal of H-OH bonds were totally removed and a
sharp significant Si-O-Si peak appeared. It was shown clearly that a
large amount of Si-O bonds are cross-linking into Si-O-Si bonds,
forming a more porous network structure.?

In the integrated processes, photoresist stripping was convention-
ally implemented by O, plasma ashing to remove organic elements.
The impact of O, plasma on the quality of MSQ film is not negligi-
ble. Figure 2 shows the leakage current density of sample std after
the O, plasma treatment at 300°C for 3 to 9 min. The leakage cur-
rent dramatically increases with the increasing duration of the O,
plasma treatment. In addition, the dielectric constant of MSQ large-
ly increases as O, plasma time is increased, as shown in Fig. 3.
These results are due to the conversion of the Si-CH bonds into Si-
OH bonds when O, plasma is applied to MSQ. Exposure to the O,
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Figure 2. The leakage current density of sample std after the O, plasma
treatment for 3 to 9 min.
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Figure 3. The dielectric constant of sample std with O, plasma treatment as
afunction of the treatment time.

plasma causes a large amount of the Si-CH5 bonds to break, leaving
a significant amount of dangling bonds in the film. Some of those
dangling bonds formed Si-O bonds and others converted into Si-OH
bonds. The film will absorb moisture leading to the increased leak-
age current and high dielectric constant. These results are consistent
with Fig. 4, which shows FTIR spectra of sample STD with O,
plasma treatments. In these spectra, the intensity of the Si-C and C-
H bond signals are decreased dramatically and the intensity of the
Si-OH bond signals increased when the MSQ was treated by O,
plasma. The increase in the Si-OH bond signal has two possible
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Figure 4. FTIR spectra of sample std with O, plasma treatment for 3 to
9 min.
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Figure5. FTIR spectraof sample std, ssmple A3, sample A6, and sample A9.

causes. One is that when the O, plasma breaks Si-CH3 bonds, MSQ
film absorbs O radicals to convert Si-CH5 bonds into Si-OH bonds
for a period of bonding recombination time. The other is that the
dangling bonds easily absorb moisture when the sample is exposed
to the environment. As aresult, the MSQ becomes unstable after O,
plasmatreatment. Both the leakage current and dielectric constant of
MSQ will dramatically increase due to moisture absorption and dan-
gling bond formation.

Figure 5 shows the FTIR spectra of MSQ films treated by the
N,O plasma for 3 to 9 min. The signal of Si-OH bonds is not ob-
served. The intensity of Si-C and C-H bonds are dlightly decreased,
but still maintained at a high level within 9 min. The leakage current
of sample std, sample A3, sample A6, and sample A9 are shown in
Fig. 6. The leakage current of MSQ film decreases with increasing
the N,O plasma treatment time. Figure 7 shows the dielectric con-
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Figure 6. The leakage current density of sample std, sample A3, sample A6,
and sample A9.
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Figure 7. The dielectric constant of MSQ as a function of the N,O plasma
treatment time.

stant of MSQ as a function of the N,O plasma treatment time. The
dielectric constant remains stable (~2.7) for the treatment time from
3 to 9 min. Figure 8 shows both the leakage current density and
dielectric constant of sample std, sample A3, sample A6, and sample
A9 after annealing at 520°C for 30 min. The leakage current of MSQ
film decreases with increasing N,O plasma treatment time. In addi-
tion, the dielectric constant of MSQ film without N,O plasma-treat-
ment becomes very high (about 5.8) after annealing at 520°C for
30 min. However, the dielectric constant of MSQ film with N,O
plasma-treatment can remain very low. Both the leakage current and
dielectric constant of N,O plasma-treated MSQ film are still accept-
ablefor interlevel dielectric (ILD) applications. Therefore, it clearly
shows that the thermal stability of MSQ film can be promoted up to
520°C at least.

To study the resistance of MSQ film using N,O plasma treatment
to O, plasma attack, the O, plasma treatment is performed for sam-
ple std and sample A9. Figure 9 shows the leakage current density
and dielectric constants of sample std and sample A9 both of which
were treated by O, plasma for 3 min. Both the leakage current and
dielectric constant of sample A9 are much lower than that of sample
std. Figure 10 shows the FTIR spectra of sample std and sample A9
after experiencing O, plasma treatment for 3 min. The Si-C and C-
H bonds dramatically decrease as well asthe Si-OH bond appearsin
the spectrum of sample std after O, plasma treatment. However, the
Si-C and C-H honds of sample A9 still maintain a high level after
exposure to O, plasma. Meanwhile, Si-OH bonds and H-OH bonds
have not appeared in the FTIR of sample A9. Therefore, the N,O
plasmatreatment is capable of enhancing the resistance of MSQ film
to O, plasma attack.

An explanation of the above results is believed to be as follows:
during the curing process, bonding destruction and recombination
simultaneously occur. In addition, the distorted bonding structure of
the MSQ film exhibits many imperfect bonding (i.e, dangling
bonds) which will result in unstable film. In our work the content of
N,O plasma can provide some oxygen atoms to break some wesker
akyl group bonding, and then in situ nitrogen atoms provide cover
for the dangling bonds reducing the number of imperfect bonds and
forming an inert passivation layer. Therefore, the instability of film
structure bonding will be released, and the thermal stability of MSQ
film is promoted. In addition, the inert passivation layer will protect
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MSQ film from moisture uptake and oxygen plasma attack during 103
photoresist stripping. Consequently, the resistance of MSQ film to
oxygen plasma attack is significantly enhanced. = 10+
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In this work, the effects of N,O plasma treatment on MSQ films ; 10
have been investigated. The quality of low dielectric constant MSQ D
filmsis significantly improved by N,O plasma post-treatment. N,O S 10¢ |
plasma converts the surface layer of organic MSQ into an inorganic o
type by decomposition of the alkyl group and, in situ, provides nitro- S 107 k
gen to cover the imperfect bonds forming an inert passivation layer. =
The inert layer can enhance the resistance of MSQ film to moisture 3
uptake and O, plasma attack during photoresist stripping. FTIR g 10° |
©
x
s 109 —&— Sample A9
3 10° —a— Sample STD
104 |-—®— Sample STD . 10-10 1 N 1 1 1 1
_ —s— Sample A3 (N0 plasma for 3 min) 00 02 04 06 08 10 12 1.4
NE —a— Sample A6 (N,O plasma for 6 min) Electric field ( MV/em )
) 108 b Sample A9 (N,O plasma for 9 min)
<
- 8.5
) sof
2 7sL 7.5 Sample STD
-6 i §
_g 10 70 7 EHH Sample A9
Y= 65|
o € 60
'5 107 g 5.5 LL-
o 5 5o -
e S 4sf /
3] L 40
X or
© 10 G asf
| < 30f 2.86
8 2sf /
10 2 1 ) ) 20 /
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 15F /
1.0 |
Electric field (MV/cm) sk /
00L 7
6.0 Fi_gure 9. (a,  top) The leakage current density of gamplg std and sample A9
ol with O, plasma treatment for 3 min. (b, bottom) The dielectric constant of
:: sample std and sample A9 with O, plasma treatment for 3 min.
54}
52}
5.0 | si-0
€ 48}
S a6 : E si-c Sample A9
g 4.4 L ‘e (with O, plasma for 3 min)
O 42} 3 CH
o 2
.2 4.0 ™ ©
< 38r _‘g Sample STD Si.oH
o 36T = (with O, plasma for 3 min)
T 34} s pd
a 3.2 8 ———
30pF 5
28| ® — 2
26 8 Sample STD (as-cured)
24 Q C-H
22¢ <
2.0 [ [l —k —r
0 3 6 9
. . [l 1 [l 1 1 [] 1 (]
NzO plasma treatment time (min) 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Figure8. (a, top) Theleakage current density of sample std, sample A3, sam- Wavenumbers (cm")
ple A6, and sample A9 after annealing at 520°C for 30 min. (b, bottom) The
dielectric constant of sample std, sample A3, sample A6, and sample A9 after Figure 10. FTIR spectra of sample std and sample A9 with O, plasma treat-
annealing at 520°C for 30 min. ment for 3 min.

Downloaded on 2014-04-28 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

3806 Journal of The Electrochemical Society, 146 (10) 3802-3806 (1999)
S0013-4651(98)10-071-X CCC: $7.00 © The Electrochemical Society, Inc.

spectra are consistent with this inference. It was found that the sig-
nal of Si-OH bond did not appear when N,O plasma-treated MSQ
film was exposed to O, plasma ashing. This indicates that the N,O
plasma treatment does enhance the resistance of MSQ film to O,
plasma attack during the photoresist stripping.
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