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Noncatalytic gas-solid reaction model for directly nitridizing silicon

powder under atmospheric pressure
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ABSTRACT In order to study the nitridation kinetics of silicon powder under atmospheric pressure, a set of nitrida-
tion experiments were performed at 1350 and 1400 ‘C for 10 to 30 min. Silicon powder of 2.2 um in average diameter and
99.99% in purity was adopted as the experimental materials, and nitrogen of 99.993% in purity was used as the reaction
gas. At different temperatures, the conversion rate of silicon is obtained as a function of reaction time. Based on the
noncatalytic gas-solid reaction model, a dynamic model of silicon nitridation under atmospheric pressure is introduced,
which includes two key model parameters: reaction rate constant of silicon nitridation and diffusion coefficient of nitro-
gen in silicon nitride. These model parameters are obtained by fitting the experimental data under different conditions.
Assuming that reaction rate constant and the diffusion coefficient can both be expressed as the Arrhenius style, the
activation energy and pre-exponential factor of the reaction are calculated as 2.71x10* J-mol~* and 3.07x107° m-s™?,
and the activation energy and pre-exponential factor of diffusion are calculated as 1.06x10% J-mol~! and 1.12x107°
m?.s7%, respectively. Then a series of conversion curves are predicted at different temperatures and powder sizes. On
the trend, the predicted curves are in good agreement with experimental data in literatures.
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Fig.1 Schematic diagram of experimental apparatus
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Size distribution of silicon powder
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Fig.4 X-ray diffraction patterns of nitridation products obtained at different temperatures: (a) 1350 C; (b) 1400 ‘C
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Table 2 Composition of nitridation products and conversion rate of silicon at different reaction temperatures and time

g/ C SN 8] /min wa/% wg /% wsi/% MR, X /%
10 43.0 5.49 51.5 36.1
1350 20 66.6 8.84 24.5 64.8
30 70.4 9.51 20.0 70.5
10 41.0 10.4 48.6 38.8
1400 20 54.9 21.4 23.7 65.9
30 46.6 37.4 16.0 75.8
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Fig.5 SEM images of raw materials and nitridation products: (a) raw silicon power; (b) nitridation products at 1350 ‘C for 30

min; (c) nitridation products at 1400 ‘C for 30 min
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Fig.6 Reaction model of silicon particle nitridation

3.2 HRASKHE

TEffE MR R )R, 2L (13) o Css Gy
Ro #& s, 3004w i) s 50 20 B w] sk
IR 0RO N T 3 B ks ANRURTE P 2 TR T L
R D. AP HEERUR -3 42 Ro=1.1 pm,
Tk UL (1) BE /R 35 B C=82857 mol-m 3, 7E 1350 Al
1400 CF, AAMIKREE Co 43 a2k 7.411 F1 7.189
mol-m~3. i ] origin # K H 9E £k P 5 /> — 3R H0l
GiEAT A, SR WE 7 or, A SEUE
T3 3.

7 SEIREIR LA HZR. (a) 1350 °C; (b) 1400 C
Fig.7 Fitting curves of experimental data: (a) 1350 C; (b) 1400 C



- 790 - &t = & # X ¥ F & % 35 &
RPEFTE Je B AL, FH ms™,  E3=1.06x10° Jmol™!, Dy=1.12x10"?

ks = ko exp(—Ex/RT), (14)

D = Dyexp(—FEq/RT). (15)

X, ke M Dy NIRHETH T, Ex M Eq 70
WAL 2 N BN BE R PO A BRI 1S
FIMHEETM ke M D Hiwr AKX (14) F
(15), 33| Ey=2.71x10* Jmol™!, ko=3.07x107°

mes™ 1 AT B A A BN B0 REAN T BRG fE
PESCHR [15-20] "R AOME2E/. 23 M JsU RTAE T ARSCR
FIR S5 5 A5 e REE LA T 7 T sl
U A A S N 4 S A R R IR 2, AN
7 AE I I3 AT 5 30 DR Ry 4 5 T i SR PR 8 225 3C
[GRENE NS E RSt BUNCIE VALY </ GBS
MAER, MAFHY HORBARDN, JE REAR 1%
b7 O AR AR AT BE S i TR B RE K BRI

He 7€ |HH

*3 WAz
Table 3 Values of fitting parameters

g/ C ks/(m-s™1) ks brifEZE D/ (m2.s71) D brtfE 2z e &AL
1350 4.13%x10~6 1.58x10~6 4.32x10-13 1.27x10~13 0.946
1400 4.38x106 8.82x10~7 5.46x10~13 1.00x10~13 0.986

BTN H4E 5 SR I8 BIHE B 3 e

BERLIA B)) ) 24 S50 8 2 05 s T LA AN TR] T30
NRERY B A A A M R AT T AR SRR
Pigeon %5 17 (¥ 556 4 PFHEAT TN, s 79000 i 2
B S F R BT R b, g5 R 8 FIIE 9 R, H
T Pigeon %5 M HK TH il 50 TF 46 V1 I, 78 i A1
I A S N A A T LA e s 0 11— B TR) Py
FER AL R 5. Ry T T 0L, AR SOOKs Fieml il £;
] bS8 — B Ta), P8 B 1) 1K/ T Pigeon

3.3

E P N NI MY SO PVE s N R e = A N T
SFEIRIAR 7 um FRERZE 1350+ 1300+ 1250 AT 1200
CF AR B I ) AR AL S B B 8 . ml LA
B, Ot 2 S S u s A B a R aE, #R
28 O N A PR AR () R, I AR SR A A
90 [ oA O BRI W B . X R T O R
FE AR, AR ol s A ) 5 452 e 03t R R 5 W
/N, S B R IR ] 9 R 1350 'C TR ANIE]
LR B K 2 A 23 1) FLN pil 2 R0 S 56 BB . Pigeon 5%

I=A
o

14 14
= SCHR[L7]PP A SRR (4.6 mgh k) = SCHR(L7) T A S HCE 25 (4.6 mghEah) /d
12— A4 @ /| 12— AEL )/ 1
10+ L 10
=} <=
E 8 | =8
& =
S 6 '; S 6
B 4r a " wet I 4
2k SR 2
0 : : : : 0 : : : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
B X B X
14 14 = 7
o SCHUT) SRR (4.6 mabEfh)) = o SCHLT)R IR B (4.6 mekE dh
12T s ik © /o 12— A . @
10F
=< <
E 8 =
B =
ENds =
| ®
2
0 - s - - 0 - - s s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
B, X B X

8 7 pm BEMMEAFIEE PO IZL. (a) 1350 C; (b) 1300 C; () 1250 C; (d) 1200 C
Fig.8 Conversion curves of 7 um silicon powder at different temperatures: (a) 1350 C; (b) 1300 C; (c) 1250 C; (d) 1200 C
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