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Fig. 1. Chamber structure of discharge.
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Fig. 2. Schematic diagram of cellular grid division and at-

tribute allocation.
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Table 1.  The ion sputtering reactions considered in the deposition module.

No. Reactions Py em/eV Eret/eV E = DTN
1 Si) + Art — Sig + Ar 0.20 15 50 [21, 22]
2 Si0( + Ar* — Si) + Ar + O 0.20 15 50 [21, 22
3 SiOy( + Ar* — SiO(, + Ar + O 0.20 15 50 [21, 22]
4 SiH() + Ar* — SiH, + Ar 0.20 15 50 [22]
5 SiHy() + Art — SiHyy) + Ar 0.20 15 50 [22]
6 SiHy) + Art — SiHyy,) + Ar 0.20 15 50 [22]
7 SiHO) + Art — SiH(, + Ar + O 0.20 15 50 [22]
8 SiH,O() + Art — SiH(, + Ar + O 0.20 15 50 [22]
9 SiH;0() + Art — SiHy,) + Ar + O 0.20 15 50 [22]
10 SiOy() + SiHT — SiOy) + SiH, 0.01614 35 100 [22]
11 Sigy + H* = Sig + H 0.0007 4/35 100/100 (14, 15]
12 SiO(, + H* —8i,) + OH 0.0007 4/35 100/100 (14, 15]
13 SiOy() +H* —8iO, + OH 0.0007 4/35 100/100 (14, 15]
14 SiH) + H* —SiH,) + H 0.0007 4/35 100/100 (14, 15]
15 SiHy() + H* —SiH,, + H 0.0007 4/35 100/100 (14, 15]
16 SiHy) + H* —SiHy) + H 0.0007 4/35 100/100 (14, 15]
17 SiHO,) + H* —SiH, + OH 0.0007 4/35 100/100 (14, 15]
18 SiH,0) + H* —SiH,, + OH 0.0007 4/35 100/100 (14, 15]
19 SiH;0) + H* — SiHy, + OH 0.007 4/35 100/100 (14, 15]
20 Si) + OF — SiOs 0.20 15 50 [22]
21 SiOg) + OF — SiOyy + O 0.20 15 50 [22]
22 SiOy) + OF — SiOs + Oy 0.0163 35 50 [14, 15]
23 Si) + Ot — SiO, 0.20 15 50 [22]
24 Si0() + OF — SiOy 0.20 15 50 [22]
25 SiOy() + OF — SiOy) + O 0.01153 35 50 (14, 15]
26 SiH,0() + O — SiOy + 2H, 1.00 35 50 [14, 15]
27 SiOy() + NyO' — SiOy(y) + N,O 0.02 35 100 [15]
28 SiOy) + N = SiOy(,) + N, 0.02 35 100 [15]
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Fig. 3. Schematic diagram of the surface reaction processes considered by the deposition module.

170201-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 17 (2022) 170201

F 2 ULBBEHE B P AT 5 2R T A4 S

Table 2. The reactions between neutrals and surfaces considered in the deposition module.

No. Reactions Py 7% 3CHk || No. Reactions Py S
1 Si) + O — SiOy 0.99 [22] 26 SiH30( + OH — SiH,0(, + H,0 1.00 [14, 15)
2 Si0() + O — SiOy 0.10  [22] 27 SiH) + H — Si() + H, 1.00  [22]
3 SiH + O — SiHO 100 [22] | 28 SiH, + H — SiH () + H, 100 [22]
4 SiHy + O — SiH,0 1.00  [22] |29 SiHy() + H — SiHy) + H, 0.955  [22]
5 SiHg + O — SiH0 100 [22] |30 SiHgy + H — SiH,, 0.045  [22]
6 SiHO(,) + O — SiO() + H 100 [22] |31 SiHO() + H — SiO( + H, 100 [22]
7 SiH,0(,) + O — SiHO(,) + H .00 [22] 32 SiH,0() + H — SiHO, + H, 1.00  [22]
8 SiH,0 () + O — SiOy) + Hy 050 [15] ||33 SiH;0( + H — SiH,0( + H, 100 [22)
9 SiH,0) + O — SiH,0 + H, 100 [22] ||34 SiO() + SiHz0 — SiOy + SiH, 100 [14, 15]
10 SiH,0) + O — SiOy) + 2H, 1.00 [14,15] | 35 SiHO(, + SiHz0 — SiH,0 1.00  [14, 15]
11 Sitg) + 0y = SiOy( 100 [22] ||36  SiH,O( + SiHO — SiOy + SiHly + Hy,  1.00 [14, 15]
12 SiO) + 0y = SiOy) + O 099 [22] |37 SiHO) + SiHO — SiHO + SiHO, 100 [22]
13 SiH() + 0, — SiHO(,) + O 0.01  [22] 38 Sif) + Si0 = SiO,) + Siy) 0.80  [22]
14 SiHy + Oy — SIH,0( + O 001 [22] |39 SiO( + SiO — 28i0, 080  [22]
15 SiHy(,) + 0, — SiH;0() + O 0.01 [22] |40 SOy + SIO = SiO () + SiOy 0.80  [22]
16 SiHO() + Oy = Si0 + H+ 0,  0.01  [22] 41 SiHO(, + SiO — SiO(, 1.00  [22]
17 SiH,0p + Oy = SiHO, + H+ 0,  0.01  [14] 42 SiH,0(, + SiO — SiOy + SiH, 1.00 [14, 15)
18 SiHyOp) + 0, = SiH,O) + H+ 0, 0.01  [22] 43 Si(g) + Si0; = SiOy + Siy) 080  [22]
19 Si¢y + OH — SiHO, 100 [22] | 44 SiO(,) + SiO; — SiOy) + SiO 0.80  [22]
20 SiO) + OH — SiOy + H 100 [22] ||45 SiOy() + Si0; = SiOy() + SiOs 080  [22]
21 SiH, + OH — SiH,0, 100 [22] | 46 SOy — SiOy 100 [22]
22 SiHy() + OH — SiH,0 100 [15] ||47 SiHO(,) + Si0, = SiOy 100 [22]
23 SiHy() + OH — SiH,0 100 [15] |48 SiHO ) + SiH; — SiHy 030 [22]
24 SiHO) + OH — SiO( + H,0 100 [22] ||49 SiHO ) + SiH,0 — SiH,0 100 [22]
25 SiH,0(, + OH — SiHO(, + H,0 1.00  [22)

i i ! !
i 1 ! !
i 1 ! I
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i i il & ETRERSM (IED) !
i | ETEN . ) IV s TR (1AD) |
! . IRTTX T R Hehat i i
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! ! BT LA R , (ol 2 37 ;
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i i bt i i
i i i L !

& 4 2D-fluid B4 /IMC AEH /AT0R Fi ] 38 A A B 2% 4 7 2 1]

Fig. 4. Schematic diagram of 2D-fluid module/MC module/trench module information transmission.
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Fig. 5. Spatial density distributions of the neutral particle SiH;O and electron at different pressures, (a) 1 Torr (1 Torr = 133 Pa)
and (b) 2 Torr. The discharge gas density ratio is SiH;/N,O/Ar = 2:8:90, discharge frequency f = 13.56 MHz, voltage Vs = 50 V .
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Fig. 6. Radial flux distributions of (a) ions (O;r7 O*) and (b) neutral particles (O, SiH30, SiHj, SiO) on the grounded electrode.
The discharge pressure is 2 Torr. The gas density ratio is SiH,;/N,O/Ar = 2:8:90, discharge frequency f = 13.56 MHz, voltage

Vs=50V.
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Fig. 7. Fluxes of neutral particles to the grounded electrode
r =1 cmat different pressures. The gas density ratio SiH,/
N,O/Ar = 2:8:90, discharge frequency f = 13.56 MHz,
voltage Vs =50V .
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Fig. 8. (a) Ion angle distributions (IADs) and (b) ion en-
ergy distributions (IEDs) of Art at different pressures, at
the grounded electrode r = 1 cm . The discharge gas density
ratio is SiH,;/N,O/Ar = 2:8:90, discharge {frequency
f =13.56 MHz, voltage V5 =50V .
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Fig. 9. Temporal evolution of thin film profiles deposited in trench structure (depth-width ratio 3/1), at the grounded electrode

r =1 cm. The discharge pressure is 2 Torr, gas density ratio SiH;/N,O/Ar = 2:8:90, discharge frequency f = 13.56 MHz, voltage

Vs=50V.
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Fig. 10. Deposition rate and the proportions of impurities
and vacancies at different periods, at the grounded elec-
trode =1 cm. The discharge pressure is 2 Torr, gas
density ratio SiH,/N,O/Ar = 2:8:90, discharge frequency
f = 13.56 MHz, voltage V, =50 V.
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Fig. 11. Profiles formed after deposition time(50 s) for dif-
ferent pressures: (a) 0.3 Torr, (b) 1.0 Torr, (c) 2.0 Torr, at
r =1 cm. The discharge gas density ratio is SiH;/N,O/Ar =
2:8:90, discharge frequency f = 13.56 MHz, voltage Vi =
50 V.
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Fig. 12. Deposition rate and the proportions of impurities
and vacancies during deposition period (0-50 s) with differ-
ent pressures, at the grounded electrode r =1 cm. The
discharge gas density ratio is SiH;/N,O/Ar = 2:8:90, dis-
charge frequency f = 13.56 MHz, voltage V; =50V .
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Fig. 13. Profiles formed after deposition time(50 s) for different radial positions: (a) r =4 cm; (b) r =10 cm; (¢) r= 13 cm; (d) r =
14.8 cm. The discharge pressure is 2 Torr, gas density ratio SiH,/N,O/Ar = 2:8:90, discharge frequency f = 13.56 MHz, voltage

Vs=50V.
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Fig. 14. (a) Average ion energies, (b) fluxes of all ions and (c) fluxes of neutral particles O, SiH30, SiHj, SiO to the grounded elec-
trode at different radial positions. The discharge pressure is 2 Torr, gas density ratio SiH;/N,O/Ar = 2:8:90, discharge frequency
f =13.56 MHz, voltage Vs =50V .
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Fig. 15. Profiles formed after deposition time of 50 s for different Ar fraction of (a) 40 %, (b) 60 %, and (c) 90 % at the fixed
SiH,/N,O density ratio of 2:8, at the grounded electroder =1 cm. The discharge pressure is 2 Torr, discharge frequency
f =13.56 MHz, voltage Vs =50V .
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Fig. 16. (a) The average energies of ions; (b) the sum flux of all ions; (c) fluxes of neutral particles O, SiH;0, SiHj, SiO to the
grounded electrode under different Ar fraction at the fixed SiH,/N,O density ratio of 2:8. The discharge pressure is 2 Torr, dis-
charge frequency f = 13.56 MHz, voltage Vs =50V .
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Fig. 17. Profiles formed after deposition time (50 s) for different SiH,/N,O density ratios: (a) SiH,;/N,O/Ar = 2:8:90; (b) SiH,/
N,O/Ar = 5:5:90; (c) SiH,;/N,O/Ar = 8:2:90 at the fixed Ar content of 90%, at the grounded electroder =1 cm. The discharge
pressure is 2 Torr, discharge frequency f = 13.56 MHz, voltage V5 =50V .
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Abstract

Higher requirements for the performances of thin films need to be fulfilled in the rapid development of
integrated circuit technology, due to the more complicate structure and smaller size of chips. In plasma-
enhanced chemical vapor deposition , high-density and high-performance thin films can be deposited at low
temperature, compared with traditional chemical vapor deposition. In this work, a two-dimensional fluid/MC
model coupled with the deposition module is used to describe the capacitively coupled SiH,/N,O/Ar discharges
as well as the deposition processes, focusing on the influences of the radial position, gas ratio and gas pressure
on the deposition of silicon oxide films. The results show that the edge effect which leads the plasma density to
rise near the electrode edges gives rise to the non-uniform deposition rate along the radial direction. It is also
found that the more NyO and less Ar content in the gas mixture, as well as an increased gas pressure will
improve this uniformity. However, an excessive deposition rate will lead to a series of undesirable phenomena,
such as “key hole structure”, vacancies and excessive impurities in films. These problems are also troublesome
in the microelectronics manufacture processes. More detailed investigation into the deposition mechanism can be

expected in the future .
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