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I. INTRODUCTION

Pure silicon, silicon nitride, and silicon oxynitride have many attractive properties
which are of great interest for microelectronic devices, cladding for fiber optics, etc. Several
methods of preparing silicon nitride have been reported in the literature. Commercial silicon
nitride particles are produced by heating elemental silicon in either nitrogen[1] or in
dehydrated ammonia.[2] Silicon nitride powder also has been prepared by heating silane and
dehydrated ammonia.[3]

The production of various compounds by laser excitation has been demonstrated.[4]

This method of inducing chemical reactions generally results in products of higher purity than
production by conventional thermal (pyrolysis) processes. Thermal processes result from the
excitation of the total molecule; both the external (translational) and internal (electronic,
vibrational, and rotational) degrees of freedom are usually in thermodynamic equilibrium.
The end products often contain impurities that alter the performance of the desired products.
These have to be removed, resulting in increased production cost. This problem is greatly
reduced in laser photochemical reactions.

This method results in the excitation of a particular bond of the molecule, thus
eliminating many undesirable side reactions. In order for this reaction to take place, there
must be a frequency correlation between the light source and the reactants. The reaction is
carried out by selectively exciting the reactants by applying energy sufficient to excite the
molecules above threshold.

The purpose of this research is to investigate the feasibility of making pure silicon and
silicon nitride from a mixture of silane and nitrogen trifluoride by exciting a vibrational
fundamental of the reactants that is resonant with a frequency of a CO; laser. The frequency
that best suits these experiments is that of the P(3s 00° 1 - 10°0 transition. This line is resonant
with a frequency of both the silane and nitrogen trifluoride (929.02 cm™) (Figure 1).

II. EXPERIMENTAL

The silane (semiconductor grade) was obtained from Matheson Gas Products with a
minimum purity of 99.95 percent on a hydrogen-free basis.[5] Nitrogen trifluoride (research
grade) was obtained from Air Products and Chemicals, Incorporated. There were no
additional attempts to further purify either gas. The purity of the gases was sufficient for the
intended purpose. (See Figure 1).
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Figure1. The infrared spectra of the reactants NF3 and SiH4 showing
the fundamental bands v4 of NF3 and v4 of SiHg that are
resonant with the P(3g) 00°1 - 10°0 CO2 laser frequency.
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The actual experiments were carried out in brass or stainless steel cells 10 cm in length
fitted with two 5§ cm diameter KC? windows and two glass windows. Irradiation was
accomplished with a CW CO; grating tunable laser. Spectra were obtained with a Beckman
IRS spectrometer, an x-ray diffractrometer, and a one meter Czerny-Turner monochrometer
using photographic detection.

III. DISCUSSION

When a mixture of silane and nitrogen trifluoride was irradiated with 11-15 watts of
power at the frequency of the Pae 00°1 - 10°0 transition of the CW CO; laser, solid
compounds were formed on the walls and windows of the cell,

i + i + + i
(xs) SiH, + NF, nhv—=Si Nz(g) SlHXFy(g) i (N
* .
SlH4 + (xs) NF3 + nhv—»[SlF] ——>S:L3N4On(s)
, + KzleG(s) + SlHXFy + Sl3N4(s) . ()

Optical transmittance data of the static gaseous products were obtained over the range from 2
- 16 u (infrared). The absorption range of the solid SisNs of Reaction (2) was between 12- 14
with a maximum at 13.6u. This corresponds to the silicon nitride absorption (between 10 - 14
w) obtained by pyrolysis, depending on the temperature during production.[6-9] The
appearance of the solid is consistent with that of silicon nitride. X-ray diffraction studies of the
solid products of Reaction (2) give evidence for a mixture of silicon oxynitride, silicon nitride,
and potassium fluorosilicate (Figures 2 and 3; Tables 1, 2, 3, and 4), with strong evidence for
the latter compound. X-ray diffraction patterns (Figure 4, Tables 5 and 6) of the solid
(Reaction (1)) indicates pure silicon to be the product. The solid of Reaction (1) is brown in
color and is consistent with pure silicon produced during rf discharge experiments using pure
silane.[9]

Energy of the laser irradiation to initiate the Reactions (1) and (2) is inversely
proportional to the total pressure. For a total pressure of about 40 torr, 11 watts/cm’ will '
produce a rapid reaction, whereas for a total pressure of about 16 torr, 35 watts/cm’ is
required. All of these total pressures are higher than that required for noncollisional effects.

The reaction products are partial pressure-dependent. If an excess of SiH, reactant is

used, then Reaction (1) is dominant; if an excess of NF; (this reactant has potassium as an
impurity) is used, then Reaction (2) results.
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Figure 2. X-ray diffraction spectrum of solid product from Reaction (2).
Powder introduced into 0.3 mm capillary. X-ray parameters:
114.6 mm diameter Philips powder camera, no-screen medical
x-ray film, Straumanis film technique, CuK «a, (Ni filter), 40 kV
- 20 MA, 6 hour exposure.
t TABLE 1 TABLE 2
FIGURE 2—SPECTRUM LINE JCPDE CARD NO. 7-127 - K3 SiFg
POSITIONS (Possible matches only listed)
LINE d(A) "y LINE d(A) 1y
(estimate)
1 4.707 100 1 4.699 100
2 2.880 60 2 2.877 65
3 2.350 60 3 2.349 7
4 2.038 40 4 2.034 52
5 1.811 1 5 1.819 4
6 1.663 5 6 1.661 12
7 1.568 5 7 1.565 13
8 1.439 7 8 1.438 15
9 1.377 3 9 1.375 5
10 1.287 5 10 1.286 9
11 1.225 2 11 1.226 3
12 1.174 1 12 1.174 2
13 1.144 1
14 1.089 1 14 1.087 5
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Figure 3. X-ray diffraction spectrum of white solid product from
Reaction (2). Powder introduced into 0.3 mm capillary. X-ray
parameters: 114.6 mm diameter Philips powder camera, no-
screen medical s-ray film, Straumanis film technique, CuKa,

(Ni filter), 40 kV - 20 MA, 6 hour exposure.
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TABLE 3 TABLE 4
FIGURE 3—SPECTRUM LINE JCPDE CARD NO. 9-426 - SILICON
POSITIONS OXYNITRIDE (possible matches
only listed)
LINE d(x) iy LINE d(A) 1/
(estimate)
1 6.371 VW
2 5.754 w
3 5.356 w
4 5.096 VW
5 4.733 100 5 4.69 55
6 4.462 40 6 4.44 95
7 4.210 50
8 3.826 vw
9 3.453 w
10 3.320 50 10 3.38 100
11 3.175 w
12 3.058 10
13 2.876 50
14 2.567 VW 14 2.61 40
15 2.529 vw
16 2.462 VW
17 2.353 50 17 2.394 40
18 2.287 30 18 2.301 25
19 2.233 vw 19 2.225 3
20 2.106 W 20 2.107 17
21 2.036 40
22 1.906 W
23 1.797 10 23 1.797 17
24 1.701 w
25 1.664 5
26 1.595 3 26 1.595 25
27 1.567 3
28 1.542 w
29 1.481 w
30 1.455 W
K} 1.439 5
32 1.398 W
KX 1.375 w 33 1.374 35
34 1.295 3
35 1.230 w
36 1.176 vw
37 1.140 vw
38 1.088 w




Figure4. X-ray diffraction spectrum of the brown solid product of Reac-
tion (1). Powder introduced into 0.3 mm capilliary. X-ray para-

meters: 114.6 mm diameter Philips powder camera, no-screen

medical x-ray film, Straumanis film technique, CuKa, (Ni
filter), 40 kV - 20 MA, 6 hour exposure.




TABLE 5

FIGURE 4—SPECTRUM LINE

TABLE 6

JCPDE CARD NO. 5-0565 - Si

POSITIONS (Possible matches only listed)
LINE d(A) In, LINE d(A) I,
(estimate)
1 3.503 VW
2 3.411 VW
3 3.361 VW
4 3.145 100 4 3.138 100
5 3.061 VW
6 2.887 VW
7 2.825 VW
8 2.745 VW
9 2.665 VW
10 2.473 VW
1 2.231 60
12 2.112 VW
13 2.070 VW
14 1.928 10 14 1.920 60
15 1.855 VW
16 1.818 25
17 1.641 5 17 1.638 35
18 1.597 VW
19 1.573 10
20 1.409 25
21 1.287 15
22 1.247 1 22 1.246 13
23 1.114 4 23 1.1083 17
24 1.049 5 24 1.0450 9
25 0.997 5
26 0.962 vw 26 0.09599 5
27 0.949 5
28 0.919 W 28 0.09178 1
29 0.909 VW
30 0.874 2
31 0.861 VW 31 0.8586 9
32 0.841 5
33 0.790 VW 33 0.8281 5
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Figure5. The emission spectrum of SiF intermediate produced by
Reactions (1) and (2).

In Reaction (2) the intermediate radical (SiF) (Figure 5) is formed in its electronic
excited state (A°Y") and radiates a strong fluorescence. This spectrum was obtained in a single
exposure of millisecond duration on photographic film, indicating its strong intensity. This
radical is not observed in Reaction ().

The solid products Si, Si;:N4Oy, and K;SiFs of the two reactions are identified by x-ray
diffraction spectra. The gaseous products SiH.F, (where x and y are 0-4) are identified by
infrared spectra (Figure 7). Also, strong evidence for Si3N4 is found from the infrared spectra
of Figure 7 and the x-ray diffraction spectrum (Figure 6 and Table 7). The strong lines of
Si3N4O. mixed with the Si;N4 mask some of the Si;Ny lines in Figure 6, but sufficient Si;Ng
lines can be identified in the spectrum ( Figure 6) coupled with the evidence of the infrared
spectrum (Figure 7) to verify that Si;N, is a product of Reaction (2).

IV. RESULTS

Using 11 watts/cm’ of 10.764 um frequency of the P55 00° 1 - 10°0 CO; laser line as a
source to irradiate 35 torr total pressure of the reactants SiHs and NF; in various ratios of
partial pressure at room temperatures, Si;Ny, pure Si, Si3N4Oy, K:SiFs, and SiH,F, have been
produced. This represents an energy efficiency well over 200 percent and is a costeffective
method of synthesizing the above materials.
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l Figure 6. X-ray diffraction spectrum of solid product from Reaction (2).
Powder introduced into 0.3 mm capillary. X-ray parameters:
114.6 mm diameter Philips powder camera, no-screen medical

| x-ray film, Straumanis film technique, CuKa, (Ni filter), 40 kV
} - 20 MA, 6 hour exposure.




TABLE 7 TABLE 8
FIGURE 6—SPECTRUM LINE (SigNg4) 14H (HIGH TEMP) -
POSITIONS SILICON NITRIDE (Possible
matches only listed)
LINE d(i) l/l1 LINE dA) i
(estimate)
1 6.303 5
2 5.735 80
3 5.053 2
4 4.783 90
5 4.428 20
6 4.199 100
7 3.801 2 7 3.82 20
8 3.562 10
9 3.332 90 9 3.31 85
10 3.048 5
11 2.979 2
12 2.876 1
13 2.718 1.5
14 2.633 15
15 2.501 5 15 2.492 100
16 2.329 1
17 2.284 85
18 2.224 < 1
19 2.099 <1
20 1.999 3
21 1.910 5
22 1.863 <1
23 1.796 70
24 1.753 70 24 1.783 70
25 1.665 8
26 1.642 <1
27 1.591 5
28 1.571 2
29 1.539 2
30 1.477 3
31 1.453 3
32 1.395 3
33 1.375 <1
34 1.340 <1 34 1.358 140
35 1.323 <1
36 1.229 1
37 1.132 1
38 1.1 <1
39 1.082 <1
40 1.064 <1
41 1.041 <1
42 0.995 <1

17
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Figure7. Infrared spectra of the gaseous products of Reaction (2). A: The |
spectrum before Irradiation. B: The products after <1 sec 1 2
irradiation time at 35 watts, total pressure 16 torr and excess ‘ b
NF.,. b
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