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Abstract

During the chemical vapor deposition chamber cleaning and oxide etching processes using perfluorocorpeasqs
recombined and non-reacted PFCs are emitted. The emission of PFCs needs to be controlled in the near future to reduce tf
effect on global warming. In this study, an optimum condition af £ JFOQ cleaning chemistry for silicon nitride by using a
remote inductively coupled plasma source was determined as a function of process parameters. Under the optimum condition, th
net emission of PFCs during cleaning was quantified using a Fourier transform-infrared spectroscopy and then the effects of
additive nitrogen-containing NO and,N O gases on the cleaning rate, the destruction removal efficiency and the million metric
tons of carbon equivaleltMMTCE) were investigated. The addition of,N O and NO gases {0sC/POcleaning chemistry
dramatically increased the cleaning rate by the factoe® and decreased the volume of emitted,CF slightly. The increase in
the cleaning rate and the decrease in the emitted volume of CF by the addition of N O and NO contribute to the large decrease
in the MMTCE values by 93 and 95%, respectively, compared to the case of cleaning without the additive gases.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction quantities of net PFCs. The reduction of emitted PFCs
can be made by abating exhausted PFCs after processing
Recently, the issue of the emission of global warming or by replacing with alternative gases with less emission
gases has become an important environmental concerrj2]. The use of alternative gases to the conventional
worldwide. Perfluorocompound$FC9 emitted by the  C,F, gas could be a fundamental solution. Direct plasma
semiconductor industries are known to cause the globalcleaning using various alternative gases such as;C F
warming due to long atmospheric lifetimes and high [3], C,F; [4], and G, F, O[5] and remote plasma cleaning
global warming potentials(GWPS caused by their  ysing NF, [6] having high destruction removal efficien-
strong absorption of infrared radiation. To prevent fur- ¢y (DRE) have been studied to replace conventional

ther increase of global warming by the emission of cleaning process using PFCs such as, CF 4 SF and
PFCs, the members of semiconductor industries haveC F. [5]
2" 6 .

decided to reduce the emission level of PFCs responsible
for global warming to 10% of the emission level of
1995 by 2010[1].

Among the semiconductor fabrication processes, the
direct plasma cleaning processes of silicon dioxide and
silicon nitride in chemical vapor depositiohCVD)
chamber using € &0, are known to emit the largest

Recently, remote plasma cleaning process using NF
has been developed in order to minimize the erosion
and damage of chamber parts during cleaning as well
as to decrease global warming effg@—8. Remote
plasma cleaning using NFAr chemistry, however, has
some issues related to the cost of;NF gas and corrosion
in the exhaust lines. Therefore, remote plasma cleaning
*Corresponding author. process using less expensive gases such,ag C F and
E-mail address: nelee@mail.skku.ac.KiN.-E. Les. C,FsO could be the best alternative solution due to
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Fig. 1. Schematic of the remote plasma source and gas sampling system used for cleaning of the silicon nitride PECVD chamber.

lower cost and the advantage of remote plasma process. Before measuring the emission of PFCs during clean-
However, there have been no reports on the remoteing of silicon nitride layers using L4 O feed gas, the
plasma cleaning process using alternative gases otheflow rate of dilution N, for purging of dry pump and
than NF; . linearity of feed gas and targeted gas were checked by
In this work, cleaning processes of, G FO,+ a Fourier transform-infrared spectroscop§FT-IR;
additive gas using a remote inductively coupled plasma MIDAC, 12000). Dilution N, flow rate was 32 980 sccm
(ICP) source were investigated. Due to the limited in our experimental setup. This value was regularly
cleaning rate of € F @O, chemistry and higher million  checked to maintain the same experimental condition
metric tons of carbon equivalentdMMTCE) values for every measurement. Slopes of concentration for feed
compared to NE/Ar chemistry, nitrogen-containing gas- gas and targeted gas flow rate diluted by N ballast at
es such as N O and NO were used as additive gasesdry pump was measured and used for calculation of the
Optimization of the cleaning process by adding N O volume of emitted gases.
and NO increased the cleaning rate by the facto=& Silicon nitride samples were cleaned with the gas
and =8.7 and decreased the MMTCE by 93 and 95%, mixtures of G i QO,, C,F;O/O,+N L0, and C,F;Q
respectively, compared to those of G F@, cleaning 0O,+NO, and the effects of additive N O and NO on

chemistry. the cleaning rate, DRE, and MMTCE were quantitatively
_ evaluated. Cleaning rate of silicon nitride was measured
2. Experiment using ana step-profilometer(Tencor, AS-500. The

. o volumetric concentration of the species was measured
Fig. 1 shows a schematic diagram of the remote py FT-|R. Optimum condition was obtained by control-
plasma source and the gas sampling systems used ifing C,F,0 additive gas flow rate ratio, CgF O flow

The remote plasma source was an ICP source operatedog mTorr.

winded around the quartz tube and the mixture of gases on global warming were quantified as DREs and
cleaning gases was injected through the quartz tube.\MTCEs, respectively. DRE and MMTCE values were

The Al chamber was evacuated using a pumping systemeg|culated by using Eq€1) and (2), respectively
combined with a booster pump and a dry pump=td

mTorr before the introduction of the mixture of cleaning
gases. Square-shap€&@x 2 cn?) silicon nitride depos- DRE(%)=[1—§]><IOO (1)
ited on Si(0021 was used as samples for cleaning o

experiment. The samples were located at the substrate

holder, at the side wall, and at the front wall without where C; is the gas volumetric concentration before
heating and biased power. plasma cleaning and, is the gas volumetric concentra-
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under the optimized condition for ,CgF /@, cleaning

:g{s Ig{ao :gg; chemistry. As seen from the Fig. 2, the main emitted
o CF < COo ok SiF species from the spectra are COF , CO,,SiF ,CF and
2 - CO,. Most of the injected € &£ O molecules are disso-
3000 |- ciated and recombined into the other PFCs and F radicals
react with the Si on the sample surface resulting in the
. .,"00‘“.0"‘- generation of the by-products of cleaning process, SiF .
\ & The volume of emitted COF is quite large compared to

the other gases but C@QF was not included in the
calculation of MMTCE because CQF can be removed
easily by a wet scrubbdb]. Emission of NO and N O
gases during cleaning was negligible. Among the emit-
ted gases, therefore,,GF , €F and £O were included
in the calculation of MMTCE.

There have been the experimental reports that the NO
radicals formed in the remote plasma source can enhance
the etch rate of silicon nitride layers by the increased
surface reaction with nitrogen on the silicon nitride
) ) ) ) surfaces without the effect of ion bombardment on the

0 1 2 3 4 surface [6,9—13. Adding N-containing gases such as

Cleaning Time (min) N,, NO and N, O, therefore, may play a significant role

in increasing the cleaning efficiency of CVD chamber.

Fig. 2. Extractive FT-IR monitoring data during silicon nitride clean- In order to investigate the effects of N-containing

N
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ing using G F; GO, chemistry. additive gases on the cleaning rate, DRE, and MMTCE
_ ) values, N O and NO gases were added to the optimized
tion after plasma cleaning, and C,Fs0/0, chemistry.

Fig. 3 shows the cleaning rate and DRE values when
12 0.kg) X GWP,q 5-25% of N, O gas was added to the optimized £ F O
22"~ 10 @) O, cleaning chemistry. At 15% of N O flow, the cleaning
rate was greatly increased from 1180/rAin without
adding N O to 11900 Amin, by the factor of=9.
Above 5% of N O flow, the cleaning rate of silicon
nitride layers showed similar values. The DRE value
=96%, was not changed significantly with adding N O

MMTCE =Y}

where GWRy, is the GWP of each componéinte-
grated over a 100 year time horizoand Q; is the total
mass of that specidsn kg) released during the process
[8]. O; can be calculated from the volumetric concentra-
tion data measured by FT-IR. Effects of the additive
N,O and NO gases on the MMTCE values were quan- 10

tified based on the emitted volumes of PFC gases during ;4 A
cleaning of 1pum-thick silicon nitride layer. N /.\A*\AA 1"
. . 10000 A7=:".h.>I - 106

3. Results and discussion ? " 6.0 tows doscm Jou

Before the effects of addition of N O and NO gases = | 3;2',‘2,'1,;:?23333’ 1% _
are investigated, cleaning condition fof G F'@, chem- e Pressure : 400mtorr J100 &
istry was optimized by varying various process para- £ ®®| 16 &
meters such as working pressure, RF power of the § e, e \C\ ]
remote source, flow rate, and total gas flow. The g 4000 * . ® Jo
obtained optimum condition for LgF @, cleaning —  DRE 1a.
chemistry used for the present experiments was the total 2000 | —=— Substrate holder ]
gas flow of 220 sccm, the gas flow ratio of, G F @0 o Sidewal 122
sccm /0, (180 sccm, the working pressure of 400 o g
mTorr, and the RF power of 800 W. Under the above 0% 8% 0% 8% 0% 25%
optimum condition, DRE and MMTCE values obtained N,OI(C,F,0+0,) (%)

from the quantitative measurement of the emitted gases
by t_he FT-IR were 96% and 7.206310 *°, reSpeCtWe')_/- Fig. 3. The cleaning rate of silicon nitride at three positions and the
Fig. 2 shows the data of the FT-IR spectra obtained DRE of C,F, O as a function of the percentage of N O tp & FOQ
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Fig. 4. The cleaning rate of silicon nitride at three positions and the

DRE of C,F; O as a function of the percentage of NO tp £ FOQ

gas. The difference in the cleaning rate depending on
the position of the samples was within 13%, which

means uniform cleaning inside the chamber.

In order to investigate the effect of NO addition, NO
gas was also added from 5 to 25% to the optimized
C,F;0O/0, cleaning chemistry. Fig. 4 shows the meas-
ured cleaning rate and DRE values. The cleaning rate
was dramatically increased from 1180/m|n without

adding NO to 11 500" Amin, by the factor of=8.7,

with adding NO above 5%. Similarly to the case of N O
addition, DRE value=96%, was not affected signifi-
cantly by the addition of NO gas. The difference in the
cleaning rate depending on the sample positions is
within 11%, which means the similar uniform cleaning
inside the chamber to the case of, N O addition.
Observed uniform cleaning rate at different sample
positions inside the chamber is attributed to the fact that
the transport of the radicals participating in the cleaning
is less dependent upon the chamber geometry and:
chamber pressure in the case of using a remote plasm

source.

The observed dramatic increase in the cleaning rate
with the addition of N O and NO is presumably attrib-
uted to the effective removal of nitrogen on the silicon
nitride surface and in turn increased reaction of F @ 100
radicals with Si-rich silicon nitride surface as discussed
in the other Refs.[6,9—13. Following the proposed
model [6,9-17, in the example of N O, NO radicals
can be formed by Eq(3) although two Egs(3) and

(4) are competitive and Ed4) is preferred[6,9—19.
N,O+0O—-2NO 3)

N,O+0—N,+0, (4)

Also, NO radicals can be generated by the reaction
N,+O—NO+N. Generated NO radicals can effectively
react with N on the silicon nitride surfaceMN.ce , and
make the surface Si-rich, by the following reactions:

2NO+ 2Ngrace— 2N 5+ O (5
NO+Nsurface —N p (6)
NO+ Ngyrracs= N 5+ O @)

Si-rich silicon nitride can be removed more effectively
by the increased reaction rate of atomic F with silicon
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Fig. 5. The average concentrations of exhausted species as a function
of the percentage ofa) N,O and(b) NO to C,F;Q’O, during the
remote plasma cleaning.
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Fig. 6. MMTCE values during the silicon nitride cleaning as a function of the flow ratio of additive NO and N O.

atoms on the surface. Increased cleaning rate clearlythe cleaning rate and, in turn, decreasing the MMTCE
contributes to the reduction in the usage gas during thevalues.
cleaning of the same thickness of the silicon nitride
layer, in the cleaning time, and in MMTCE. 4. Summary

In order to confirm the effect of additive N O and
NO on the emission characteristics, the average concen- The effect of N O and NO addition on the cleaning
trations of the emitted gases during cleaning are shownrate, DRE, and MMTCE values during the cleaning of
in Fig. 5a and b, respectively. As seen from the data in silicon nitride was investigated in order to improve the
Fig. 5a and b, the average concentration of, CF with cleaning performance of CsF /@, cleaning chemistry
NO addition was slightly smaller than that with,N O using a remote ICP source. The addition of N O and
addition at the same percentage of additive gas. TheNO additive gases to LgF @, cleaning chemistry
more notable observation in the data in Fig. 5 is the dramatically increased the cleaning rate by the factor of
decrease in the emitted amount of CF with the addition =9 probably due to the surface activated reaction of
of NO and N, O gases. The decrease in thg CF emissionNO radicals formed from the remote plasma source with
also contributes to the decrease in the MMTCE values N on the silicon nitride surface leading to the increased
due to the significant emitted amount of £F compared reaction rate of F radicals with Si atoms on the surface.
to other emitted PFCs. The increase in the cleaning rate and the decrease in the

Fig. 6 shows the MMTCE values obtained from Eq. emitted amount of CF by the addition of,N O and NO
(2) when N, O and NO are added. When NO ang N O contribute to the large decrease in the MMTCE values
above 5% are added above 5%, MMTCE values areby 93 and 95%, respectively, compared to the case of
dramatically decreased by 95 and 93% in average,the G,k Q'O, without the additive gases. These results
respectively. The MMTCE values for the case of NO indicate the effectiveness of the addition of N-containing
addition are slightly lower than those for the case of to PFC-based chemistry for the environmentally-benign
N,O addition. This is attributed to the smaller emitted Chamber cleaning process in semiconductor industry
volume of CER when NO was added than, N O. The
decrease in the MMTCE values with the addition of NO Acknowledgments
and N, O is primarily caused by the increase in the
cleaning rate together with the decrease in the amount This work was supported by the Ministry of Com-
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