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Abstract

Alkyl siloxane-based low-dielectric-constant (low-k) spin-on-glass (SOG) thin films with varying amounts of organic content were
subjected to polishing experiments using silica- and Av@sed slurries with a variety of additives. As the amount of organic content
in SOG increases, the chemical-mechanical polishing (CMP) removal rate decreases with silica-based potassium hydroxide-added slu
On the other hand, zirconia-based slurry resulted in higher removal rates for both S@® am/min) and thermal oxide and an
adjustment in polish selectivity (related to thermal oxide) ranging from 1.2 to 9.1 can be achieved by adding various amounts of tetr:
alkyl substituted ammonium hydroxide. Post-CMP materials characterization by Fourier transform infrared spectroscopy (FTIR) an
atomic force microscopy (AFM) shows the chemical stability and CMP compatibility of SOG thin filiri9©97 Elsevier Science S.A.
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1. Introduction of this new group of materials. Depending on the chemis-

tries of SOG films, selection of adequate slurry formulation

One of the important issues in processing IC multilevel may vary in order to optimize the polishing results [4]. This

interconnect structures is filling inter-level dielectric (ILD) variation is further complicated by the concern over the
layers into high aspect ratio trenches [1-3]. Among the polish selectivity between SOG and other chemical vapor
candidates for ILD materials, spin-on-glasses (SOG) pro- deposited (CVD) oxides since SOG can be used as a stop
vide the capability of narrow gap filling with good local layer in the planarization process [5]. Since most of the SOG
planarity and the extra benefits of process simplicity and materials are usually less moisture resistant than CVD oxi-
low cost. The tight depth-of-focus (DOF) in deep sub- des, their ability to withstand the wet and aggressive CMP
micron ultra large scale integration (ULSI) manufacturing, process without degrading their structure and characteristics
however, places stringent requirements of global planarity is another concern [6].

rather than local planarity for each layer. To fulfill this goal, In this article, we present the development of a novel
chemical-mechanical polishing (CMP) is, thus far, the most acidic zirconia-based slurry for various SOG-CMP pro-
promising and widely accepted technology. cesses. Surfactants are added to commercial slurries in an

The incorporation of low-dielectric-constant (low-k) attempt to improve the slurry wettability and hence contact
spin-on-glass (SOG) into multilevel interconnection area on SOG surfaces. The interactions between conven-
schemes necessitates the evaluation of CMP compatibility tional silica-based KOH-added slurry and alkyl siloxane-

based SOG films will be discussed. Also, additives such

as tetra-alkyl ammonium hydroxides are added to the zirco-
* Corresponding author. Present address: Taiwan Semiconductor Man.ma-based Sllflrry and the.lr effects on the pO_lISh (removal)
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Table 1

The properties and ingredients of SOGs used in this study

103AS 111 311 314 418

Organic content (%) 0 10 10 10 22
H,0 (%) 5.8 10.5 7.7 4.5 0
Dielectric constant 6-8 3.8 3.8 3.8 2.7
Refractive index 1.43 1.39 1.39 1.38 1.36
Buffered oxide etchant 45 12 12 36 -

(BOE) etch rate ratio

(SOG/thermal oxide)
Silanol/HO content High Low Low Low Negligible
Materials Silicate Methyl-siloxane Methyl-siloxane Methyl-siloxane Methyl-silsesquloxane
2. Experimental was used to characterize moisture absorption and composi-

tion stability of SOG after the CMP process.
In this work, four conventional SOGs, Accuglasss 111,
311, 314, and 103A, and one low-k SOG Accuspin 418 (all
from Allied Signal Co.) were studied. These SOGs were 3. Result and discussion
spin coated onto 150-mm blanket silicon wafers. They
were then cured and densified in a vertical furnace through 3.1. Silica-based slurry for SOG polishing
sequential thermal steps at 340—3Z0for 20 min, 370—

400°C for 35 min, and 400—-4T%& for 15 min. The proper- Forester et al. found that the polish removal rate of alkyl
ties and ingredients of these cured SOGs are listed in Tablesiloxane-based SOG was lower than that of plasma
1. enhanced chemical vapor deposition (PECVD) oxide or

All CMP experiments were carried out on a Westech thermal oxide using KOH silica-based slurry [5]. The polish
372M CMP polisher with a Rodel 1C-1489 polish pad rate of alkyl siloxane-based SOG is dependent on the
on the primary platen, a Rodel Politex Reg@gpost polish organic content. It is hypothesized that a higher Si—-R/Si—
buffing pad on the second platen, and a Rodel DF®200 O ratio in the SOG films induces a lower hydration reaction
carrier film to provide a buffer between the carrier and the rate and hence a lower polish rate. The organic groups (R-)
wafer. Polish parameters used for all CMP experiments in cured SOG films remain virtually inert to attack by OH
were: down force, 5 psi; platen speed, 20 rev./min; carrier radicals in a basic environment. From another perspective,
speed, 25 rev./min; back pressure, 3.0 psi; and slurry flow the increasing concentration of organic groups renders the
rate 150 ml/min. SOG films more hydrophobic because of the reduction in Si-

Commercially available silica- and zircornia-based slur- O content. Fig. 1 shows the hydration reaction scheme.
ries were modified for polish experiments in this study. The Enhancement in polish rate may thus be achieved by adding
basic properties of these two commercial slurries are listed proper surfactants into the slurry to improve the wettability
in Table 2. Before polishing, one part of the silica-based (i.e. to enlarge the contact area) on the SOG films being
slurry (Cabot SC-®) was diluted with two parts of de-  polished.
ionized (DI) water; and one part of the zircornia-based In this study, surfactants, such as ethylene glycol (EG),
slurry (Nissan Chemical, acid-type, 20 wt% solid) was were used in an attempt to improve the wettability of the
diluted with nine parts of DI water. In order to investigate alkyl siloxane-based SOG surface. As Fig. 2 shows, removal
the effect of surface wettability of SOG films on the CMP rates of silicate 103AS and thermal oxide by the KOH-
process, ethylene glycol (EG) was added to the SC-1 slurryadded silica-based slurry are much higher than those of
while tetra-methyl-ammonium hydroxide (TMAH) or tetra-  alkyl siloxane-based SOG 111 and 314. However, varying
butyl-ammonium hydroxide (TBAH) was added to the
ZrOj-based slurry. Film thickness was measured with a Table 2
NanoSpec 2100P; polish rate and non-uniformity were cal- The physical properties of SC-1 and ZrGlurries

culated from the film thickness difference before and after sc-1 pdge)
CMP, with non-uniformity of removal rate defined as fol- ) " .
Abrasive type Fumed silica Crystalline
lows: Zro
2
_ ) pH 10.2~10.4 3.3~4%
Non—uniformity(%) = (Pmax— Pmin) /(2 * Prmean * 100% Specific gravity (g/cr) 1.2 1.2
Viscosity (c.p.) <1.5 7.2
where P denotes the polish rate. The post-CMP surface Solid content (wt %) 30.0 201
Mean particle size (nm) 110 195

roughness was measured with atomic force microscopy
(AFM). Fourier transform infrared spectroscopy (FTIR) aynstable pH value observed.
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Fig. 1. Hydrolysis reactions can occur on hydrophilic oxide surfaces, but
are inhibited on hydrophobic organic surfaces.

EG concentrations from 0.01 to 2.0 M in the SC-1 slurry
does not bring any enhancement to the removal rates of
SOG and thermal oxide. Although adding surfactant
makes alkyl siloxane-based SOG surfaces more hydrophi-
lic, the lower concentration of silanol groups on which
hydration reaction occurs probably leads to the low polish
rates. Hence the hydro-affinity argument mentioned pre-
viously does not seem to offer a solution to the effective
removal of siloxane-based SOGs.

A slurry that polishes through a different mechanism
ought to be developed. This slurry should be capable of
dissolving the organic content and initiating hydration reac-
tions to breaking the Si—O bonds in the SOG films. Accord-
ing to the model proposed by Cook [7], silica powder is not
an active polish compound due to weak interactions (che-
mical bonding) between silica abrasive and the oxide sub-

strate. On the other hand, active polish compounds such as

cerium oxide and zirconium oxide in which an oxygen
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bridge bonding between abrasive and substrate can bézlg 3. (&) Removal rates vs. various amounts of tetra-butyl-ammonium

formed efficiently may be potentially capable of polishing
alkyl siloxane-based SOG.

3.2. Zirconia-based slurry for SOG polishing

Homma et al. have shown that alkaline cerium oxide-
based slurry improves the polish rate of siloxane-based
SOG dramatically, with an additional advantage of a very
high removal selectivity to that of thermal oxide [8]. Instead
of cerium oxide as the abrasive, the acidic zirconia-based
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Fig. 2. CMP removal rates vs. various ethylene glycol concentrations in the
silica-based CABOT SC-1 slurry.

hydroxide (TBAH) in ZrGQ-based slurry. (b) Polishing selectivity of SOGs
to thermal oxide vs. various amounts of TBAH in ZrBased slurry.

slurry was investigated for polishing siloxane-based SOG in
this study. The results are shown in Fig. 3a. With no TBAH

negatively-charged surface
hydrophilic
o O

| | I
Si USic Si

(OH)3Si 050

o

electrostatic
attatchment

0

Fig. 4. Positively-charged ammonium cations would attach to the nega-
tively-charged oxide surface making the surface more hydrophobic and
reducing the rate of the hydrolysis reaction.
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Fig. 5. Ammonium hydroxide ion pairs adsorbed onto organic SOG sur-
faces results in the pH increasing locally on the surface enhancing the
hydrolysis reactions of SOGs.

added, the removal rates of SOG silicate, 311, 314, and
thermal oxide are higher than those obtained with silica-
based slurry, except for 418 due presumably to its hydro-
phobic surface. With increasing amount of TBAH added,
both the pH of the Zr@based slurry and removal rates of
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£ 2007 —X—Thermal oxide | Fig. 7. (2) AFM micrograph of polished SOG silicate surface (TMAH
§ _ added to Zr@based slurry)Rgq = 7.631 nm;Ra = 4.246 nm in 50x 50
g 150 K\ um? area. (b). AFM micrograph of polished SOG 314 surface (TMAH
E N added to Zr@based slurry)Rq = 5.364 nm;Ra = 2.141 nm in 50x 50
100 4+— pm? area.
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50 I —— siloxane-based SOG 311, 314, and 418 become progres-

T s o0 o o o5 030 03 sively higher; on the other h_and, removal rates of silicate

’ IMAH (oo a_n_d thermal oxide fall dramatically. Thus the re_moval selec-

(b) tivity to.thermal oxide can be enlarged by adding TBAH as
pH shown in Fig. 3b.
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The above finding, i.e. increased removal rate with

1 P ' increasing pH, is contradictory to the aforementioned
% 6 Te ] mechanism that the rate of silica hydration reaction is pro-
E // portional to the solution pH. We proposed a different
2 s mechanism to account for the chemical reactions involved.
% 4 The positively charged tetra-butyl-ammonium ions would
3 ) / attach to the negatively charged oxide surface, and making
= 3 Y the neutralized surface more hydrophobic owing to the alkyl
% 2 + :;/ substitution. Thus the rate of silica hydration reaction is
3 e e e ] reduced. Fig. 4 shows the hydration reaction process of
LSy —— o negatively charged oxide surface. When the amount of

000 005 010 015 020 025 030 035 TBAH added is>0.3 mmol, the adsorption of alkyl-ammo-
nium ions on the oxide surface is saturated, as are the

TMAH (mmol)

removal rates for thermal oxide and silicate-based SOG.
Fig. 6. (a) Removal rates vs. various amounts of tetra-methyl-ammonium In a similar way, TMAH additive .||.q the Zr@smrry also .
hydroxide (TMAH) in ZrOybased slurry. (b) Removal selectivity of SOG ~ Causes lower removal'rates for silicate and the_rmal oxide.
to thermal oxide vs. various amounts of TMAH in ZsBased slurry. The removal rates of siloxane-based SOGs are increased by
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10 04 of interconnections. In order to achieve global planariza-
125 E—T 2000 3000 2000 ' tion, it is necessary to develop a suitable slurry for silox-

ane-based SOG-CMP. The polish rate of siloxane-based
SOG is slower than that of thermal oxide or PE-CVD
oxide with conventional alkaline silica-based slurry whether
adding TBAH or TMAH, because the similar polarity a surfactant is added or not. In this study, a new zirconia-
between siloxane-based SOG and alkyl-substituted ammo-based slurry has been developed to achieve higher polish
nium ions is helpful in the dissolution of the organic com- rates for siloxane-based SOG-CMP. The removal selectivity
ponent (methyl-siloxane and methyl-silsesquloxane) in of organic SOG to thermal oxide could be adjusted by add-
these SOGs. Fig. 5 shows that the hydrolysis reactions ofing varying amounts of tetra-alkyl ammonium hydroxides,
SOG are enhanced by adding TBAH or TMAH. Fig. 6 such as TBAH and TMAH, to Zr@based slurry for selec-
shows (a) the removal rates vs. various amounts of tetra-tive CMP of organic SOG.
methyl-ammonium hydroxide (TMAH) in Zrg@based
slurry and (b) the removal selectivity of SOG to thermal
oxide vs. various amounts of TMAH in Zgcbased slurry. References
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Fig. 8. FTIR spectra of pre- and post-CMP SOG films.



