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NITRIDATION OF SILICON 


by Nancy Jean Shaw 


National Aeronautics and Space Administration 

Lewis Research Center 

Cleveland, Ohio 

·SUfvlfViAR Y 

Silicon powders with three levels of impurities, principally Fe, 

were sinter'ed in He or ~2" Non-densifying mechanisms of material 

transport were dominant in a\l cases. High purity Si showed 

coarsening inHe ~hile particle growth was suppressed in H2. 

Lower purity powder coarsened ir both He and H2• 

The same three Si powders and Si {Ill} single crystal wafers 

were nitrided in both N2 and N2/H2' atmospheres. H2 increased 

the degree of nitridation of all three powders and the a/B ratio of 

the lower purity powder. Si3N4 whiskers and open channels 

through the surface nit~ide layer were observed in the pr~sence of 

Fe, correlating with the nitridation-enhancing effects of F~. 

Thermodynamic calculations showed that-when Si0 is present on
2 

the Si, addition of H2 to the nitriding atmosphere decreases the 

amount of Si0 and increases the partial pressure of Si-containing 
2 

vapor species, e.g. Si and SiO. Large amounts of NH3 andSiH4 

were also predicted to form. 

ii 



I. INTRODUCTION 

The formation of Si 3N4 is a simple process. Silicon is 

heated in the presence of NZ(9), which reacts according to 

3Si + ZNZ = Si3N4 (1) 

In actuality, the reaction is not that simple. First of all, 

the Si is covered by a layer of SiOZ that must be removed or at 

lea~t disrupted before the N2 can reach the Si. Most Si powder 

thdt is used in the production of reaction-bonded Si3N4 (RBSN) 

contains impurities such as Fe, Al, C, Ca, Ni, Zr, 0, etc. Some of 

these, particularly Fe, have dra~atic eff~cts on the nitridation 

process. Minor amounts of impurities, such as HZO and ozin the 

N ' are also of concern. Gaseous species may also be evolved from
Z 

the furnace hardware. Other gases such as HZ and He may be added 

because they appear to favorably affect nitridation. 

Over the past 15-20 years, much effort has, gone into 

understanding the process of silicon nitridation. However, the 

experiments have seldom been of a type that could really determine 

the mechani~ms of nitridation. Due to the apparent critical 

importance of many minor constituents and processing variables to 

the final' result, it is not always clear that the changing conditions 

being observed were really responsible for the changes in the 

product. 

1 
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The aim of this study was to understand .the effects of Hi and 

Fe on the final microstructure and phase composition ofRB5N. 

The study was done in four parts: 

1) An analysis of the effects of H by means of a computer2 
program that uses thermodynamit data to determin~ complex 

chemical equilibria, 

2) A study of the microstructural development of a 5i powder 

compact in the presence of H2 and/orFe during sintering 

to determine effects that occui during presintering or 

heating to nitridation temperature; 

3) A study of the final RB5N microstructure and ratio of 

a-5i 3N4 to B-5i 3N4 (alB ratio) as a function of. the 

presence or absence of H2 and Fe; and 

4) Nitridation of tll1) wafers of 5i single crystals to study 

the formation of 5i3N4 at the 5i surface and to aid in . 

differentiating impurity effects from morphology effects. 



II. LITERATURE SURVEY 

Structure 

Si3N has two crystal modifications designated a and e.4 . 

Both are hexagonal a~d made up of Si - N tetrahedra. 

~-Si3N4 is made up of identical layers of 5i - N 

. tetrahedra. It~ structure (Figure 1) has been determined 

unamoiguously (Hardie and Jack 1957; Ruddlesdenand Popper 1958; 

Forgeng and Decker 1958). It belongs to space group P63/m, No. 

176 with 6Si in 6 (h) at (x = 0.173, y = -0.231, z = 0.250), 6 N in 

6 (h) at (O.33Z, 0.031, 0.250) and 2 N in2 (c) at (0.333, 0.667, 

0.250) (Wild, Grievison and Jack 1972). 

The structure of a-Si 3N4 (Figure 2) is made up of two layers 

of tetrahedra. The first layer is like that of 8. The second is' a 

mirror image of the first (Thompson and Pratt 1967). It has been 


suggested that a-Si N is actually an oxynitride containing 

3 4 

- 1.5 weight percent oxygen and having a formula of 

Si11.5N1500.5 (Wild et al. 1972). It was later snown (Priest, 

Burns, Priest and Skaar 1973) that a-Si 3N4 could be prepared 

containing much less oxygen than needed for such a structure. 

Kohatsu and McCauley (1974) have also concluded from x-ray 

diffractometer analysis of a-Si N4 single crystals that a does3

not contain oxygen in the structure. The space group is P31C, 
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Figure!. 	- The structure of ~-Si3N4' 

(Cartz and Jorgensen, 1981) 
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Figure 2.- Structure of a-Si3N4'· 


(Cartz and Jorgensen, 1981) 
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No. 159. Evans and Sharp (1971) have determined th~ atom locations 

to be 6 Si in 6 (c) at (0.0724, 0.5013, 0.6462), 6 Si in 6 (c) at 

(0.2554, 0.1673, 0.4509), 6 N in 6 (~) at (0.6331, 0.5936, 0.400~), 

6 N in 6 (c) at (D.3210, 0~3103, 0.6701), 2 N in 2 (b) at (0.3333, 

0.6667, 0.615) and 2N in 2(a) at (0.000, 0.000, 0.385). Slightly 

different positions are indicated in Figure 2. 

It is generally believed that a-Si N4 is a low temperature3

form and B a high temperature form. However, both forms usually 

occur at any nitriding temperature. It has been suggested 

(Grieveson, Jack and Wild 196a) that a is the "high oxygen 

potential ll and 8 the "low oxygen potential" form. Another 

suggestion {Blegen 1975) is that 8 is ~he s~able modification at all 

temperatures and a is metastable, witn formation of each polymorph 

being determined by the kinetics of the mechanism involved. 

·Chemical kinetics and mechanistic st~dies of ~i3N4 formation 

have not been reported. 

Formation ~nd Morphology: 

The mechanisms of formation of Si3N4 and resultant 

morphologies are still open to question. Before looking at the 

specifics of the literatu~e on the sUbject, we'~hould note the 

prevailing assumptions. 
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It is generally accepted that a-Si3N4 forms by the vapor
 

phase reaction of a Si vapor species and N2, resulting inhigh
 

aspect ratio (length: diameter) whiskers, but whether that vapor
 

species isSi (Dawson and Moulson 1978) or SiO (Lindley, Elias,
 

Jones, and Pitman 1979) isstill indispute. InRBSN, these
 

whiskers form a very fine "mat" inthe space between the original Si
 

particles. B-Si3N4 isbelieved to form either by direct
 

nitridation of solid Si or by nucleation within and precipitation
 

from a liquid phase (usually believed to be FeSi2 ) in contact with
 

N2 (Lindley et al., 1979; Moulson 1979). B-Si3N4 forms as
 

relatively large particles at the site of the original Si particles
 

and inthe Fe-rich regions surrounding large pores (Dawson, Arundale
 

and Moulson 1977).
 

The literature contains many Scanning Electron Microscopy (SEM)
 

or polished section photomicrographs of the type shown inFigure 3.
 

The fine areas are usually identified as a and the larger dense
 

regions at B, but without any type of analysis that could confirm
 

that this isindeed the case. Inmost cases conclusions are then
 

drawn, based on the assumed microstructure, about the effects of the
 

processing variables being considered.
 

A few percent of H2 isusually added to the N2. It is
 

supposed to help form a finer, more uniform microstructure (Mangels
 

1975) by lowering the partial pressure of 02 so that more SiO will
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FIGURE 3
 

SEM micrograph of Si3N4 formed by reaction of high purity
 

Si powder and N2 at 1375°C.
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TABLE 2
 

CHARACTERIZATION OF SILICON POWDERS
 

Commercial-grade High purity
 

ppm ppm
 

Al 0.1 percent -


C 0.32 percent 0.34 percent
 

Ca 200
 

Cr 410
 

Cu 80
 

Fe 0.6 percent -


Mg 110
 

Mn 330
 

N 60
 

Ni 150 40
 

0 1.28 percent 0.51 percent
 

Sr 5
 

Ti 150
 

V 180
 

Zr 110
 

Si balance balance
 

BET Surf. area,
 

m2/g 7.4 7.99
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Figure 4. SEM micrograph of
 

milled Si powder
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Figure 5. SEM micrograph of
 

high purity St powder
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Figure 6. SEM micrograph of
 

high purity Fe powder
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The crystallographic orientation of the wafer faces was {lll}. 

All sintering and nitridation was done in furnaces with ~igh 

density A1 0 tubes and external SiC heating elements. Samples
2 3 

were placed on RBSN setters in h~gh density A1 0 boats with the 
2 3 

specimens above the sides of the tray, completely exposed to the gas 

flow. The ends of the tube were sedled with stainless steel covers 

and silicone rub bet gaskets. Gas inlet and outlet and thermocouple 

The nitriding furnace was supplied with oxygen-free N2 and 

custom-grade N2/4 percent H2 cylinder gas used without further 
-1tfeatment. Gas flow was < 20 ml min. Sinteringwas for 5h at 

13750C and nitriaing for 4h, under the conditions listed in Table 

3.. The specimen was heated to the nitriding temperature in the 

desired atmosphere and then nitrided 4h without removing it from the 

hot zone of the furnace in the same gas, or the desired N2 or 

N2/H2 after heating in He. 

X-ray diffraction analysis of nitrided samples was done using Ka 

Cu radiation on powder abraded with a diamond burr from ~ 

cross-sectional surface of the wafer. Determination of the amounts 
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TABLE 3 


NITRIDATION CONDITIONS 


HEAT/COOL ATM TEMPERATURE 

12000CN2'H2 

He 12000C 

·N
2

/H 13750C
2 

He 13750C 

N2/H was the same as that used for the nitridation:
2 . 

N2/H2 = N2 

= N2/l Percent H2 

= N2/4 Percent H2 
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of a-and B-Si N4,and retained 5i w~s done. using the method3
developed by Gazzara and Messier (1977). 

Scanning electron microscope (SEM) examination of all specimens 

was made on fracture surfaces. 



IV. RESULTS AND DISCUSSION 


Thermodynamics 


If it is assumed that each silicon particle is covered by an 

impervio~slayer of Si02 prior to nitridation, the system can then 

be considered to consist of only silica, nitrogen and hydrogen. The 

initial composition~of the systems investigated are listed in Table 

4. The silica in a real system represents a relatively small 

fraction of the total amount of Si plus Si02• Therefore, the 

amount of nitriding gas was taken to be 100 times larger than what 

will be used in the Si/N2/H2/02 systems. 

There are two condensed species that appear in the 

Si02/N2/H2 systems; Si02 and Si 3N4. Figure 7 is a plot 

of the mole fraction of solid silica vs. temperature from 1000
0
K 

to 20000 K with H2 as a parameter. The usual temperature range 

for nitridation is indicated for reference. As can be seen in 

Figufe 7a, less than 15 percent of the Si02(S) initially present 

is removed by 10 percent H2 at the highest nitriding temperature. 

At the low temperature end of the nitriding region, the 

H -enhanced reduction in the amount of S~02(s) is very slight. 

32 
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TABLE 4.- INITIAL COMPOsITIONS OF Si02/N2/H2 SYSTEMS 

System designation o Percent H2 4 Percent H2 10 Percent ~ 100 Percent H2 

N
2

, m()le . 

~, mole 

Si02, mole 

... 200 

--­
0.2 

192 

8 

0.2 

180 

20 

0.2 

--­
200 

0.2 
(.oJ 
(.oJ 
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Figure 7. - (a) Effect of H2 in decreasing mole fraction of 
Si02(s) formed at equilibrium in Si02/NzlH2 systems. 
(b) Enlarged portion of 7(a) to show enect of H2 in 
reducing the temperature at which amount ofSi02 is 
reduced. 
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. At temperatur~s higher than hormal nitridihg temperatures, the 

amount of Si02(S) is reduced drastically when H2 is preseht. 

Although the difference in amount of Si0 (S) formea as shown in2

Figure7b is extremely slight, it is of interest to note that 


4 percent and 10 percent H2 additions.to N2 result in less 


Si0 (S) at low temperatures than does pure H2 due to the

2

simultaneous formation of Si 3N4(S) when H2 is present. 

It seems quite likely that hydrogen may promote the removal of 

enough of the silica to induce flaws in the silica film. In the 

absence of H2, there is ess~ntially no redOction in the ~mount of 

silica even to temperatures as high as its melting point, and some 

other mechanism such as that involving iron suggested by Moulson 

(1979) would be required to disrupt the silica layef. 

Si3N4 does not form at any temperature in the interval 10000 
_ 

20000K in a system composed of only Si02 and N2. Addition of 

H2 to the system allows formation of Si N
4

. Although the 
3

amount formed is small, as can be seen in Figure 8, increasing the 

H2 content from 4 percent to 10 percent has an effect on both the 

amount present, and the ~aximum temperature at which it is stable~ 

However, in neither of these cases is Si3N4 formed in the usual 

nitridation temperature region., 

Many vapor species form in.these systems. Those considered to 

be of particular interest will be discussed w~th reference to 

http:additions.to
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Figur'e 8. - M?le fraction of Si 3N4(s) formed 
.in Si02/N2/H2 systems. No Si3N4 is formed 
in pure N2' 
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• Figures 9 	- 14. Each of thes~ figures is a plot of the partlal 

pressure of a vapor species against temperature. Each shows 

c~lculated values fr6m the two sets of systems (Si0 /N /H and2 2 2 

Si/N /H /0 ) considered. The low temperature region on .the


2 2 2
left contains the plots for the Si0

2
,N2'H

2 
systems. These 

plots will be discussed first. The high temperature region on the 

right, which includes the nitridation region, contaills the plots of 

the systems composed of Si, NZ,H2 and.02 to be discussed 

later. Within the nitridation region, both sets of curves are shown 

· to contrast the behavior of the two sets of systems. 

As d;~sussed earlier, most workers in the field have predicted 

that one of the most significant effects of the addition of H2 

would be an increase in the concentration (partial pressure) of 

SiO. As can be seen in Figure 9, that is indeed thec~se. The 

PSiO is increased 3 to 5 orders of magnitude by the addition of 4 

or 10 percent H
2

. The higher partial pressure for 10 percent H2 

o · above - 1450K reflects the gre~er decrease in the amount of 

Si0 (S} present in"the system. 
2

The other major effect of H2 is expected to be a decrease in 

the PO. This·effect does occur and can be seen in Figure 10. 

At 1475
20K, the log Po is decreased from ~12.5 to ~20 by 


2 

addition of 4 percent H2· 
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of H2 is seen in SilN2/H2/02 systems on 
right. 
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The effect of H2 on the concentration of Si (Figure 11) is 

much the same as for SiO; however, it shriuld be_noted that PSi is 

from 8 to 10 orders of magnitude lower than PSiO' This large 

disparity in concentrations, if it persisted away from equilibrium, 

could favor SiO(g) over S;(g) as a source of Si3N
4

. 

Moulson (1979) has suggested the importance of H 0 in the 2
formation of silicon nitride. Our calculated partial pressures of 

H20(9) are shown in Figure 12. At 14750 K, PH 0 is greater 
2 

than that of any vapor species except N2 and H2. It is 

interesting that at very low temperatures, less H20(9) forms in an 

atmosphere initially 100 percent H2 than in one containing 4 

percent o~ 10 percent H2• 

Most of the other vapor species listed in Table 2 ~re also 

present although most are in amounts that appear to be quite 

insignificant. However, any of them, particularly the simpler 

molecules, may be of significance in the actual nitridation 

mechanism due to kinetic effects. None of these species appear in 

the simple reactions (e.g. Equations 1-8) usually.considered 

relevant to the nitridation of Si. 

Two gaseous species not previously reported that may be of 

importance are NH3 and SiH (Figure 13 and 14, respectively).4 

The concentrations of both are, of course, dependent on the 

concentrat ion of H2. At the lowest temperatures, the part ia1 
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pressure of NM3 is higher than that of any other gas present­

except N2 and H2. At 14750 K,its partial pressure is also 

exceeded sliQhtly by those of H, H2O and SiO. The partial 

pressure-of SiH4, as shown in Figure 14, is much less than that of 

NH3, but is among the higher ones in the nitridation temperature 

~ange. The combining of NH3 and SiH is one of the methods used
4 

to form chemically vapor deposited (CVD) Si3N4 which forms in 

either the a-crystalline form or in an amorphous form. This process 

may make an important contribution to the formation of a-Si N
3 4 

during nitridation. 

On the basis of the preceeding figures, it is evident that the 

addition of hydrogen to the nitriding atmosphere significantly 

affects the concentrations of phases present at equilibrium during 

the low temperature portion of the nitriding cycle when an 

,impervious layer of Si02 surrounds,each Si particle. The H2 

enhances removal of the Si02, decreases P02' increases PSiO' 

PSi' PH 0' PNH ' 
23 

PSiH 
4 

and allows formation of a small 

amount of Si 3N4 . 

Si/N2/H2/02 
Ihe calculations have show~ (Figure 7) that through the 

nitridation temperature region neither increasing hydrogen content 

nor increasing temperature will result in complete removal of the 

silica layer surrounding each silicon particle, ~lthough it must be 



4b 

disrupted by some means to allow nitridation of the underlying Si to 

occur. In any case, once the 5i0 (S) layer is disrupted exposing 
2

the s11 icon, the system then becoliles one composea 1arge ly of 

silicon, nitrogen and hydrogen with small amounts of oxygen. Table 

5 lists the initial compositibns of the Si/N2/H /0 systems2 2 
studied. The amount of oxygen was chosen to reflect approximately 

the amount contained in a film of Si02 covering the Si plus two 

ppm in the gas. However, this system contains much less oxygen than 

the Si02/N2/H2 system because of the additional Si now being 

considered. 

There are three solid species that form in these systems: 

5i3N4' 5i N20, and 5i02• 5i3N4 is thermodynamically2
0 0

stable at ~ll temperatures in the range of 1000 - 2000 K along 

with either 5i0 or 5i N 0. The amount formed is essentially
2 2 2

not a function of either hydrogen content or temperature. 

5i0 is stable at the lower temperatures and 5i N 0 at the
2 2 2

higher temperatures. The transition temperature between them is 

essen t la· 11 y ln . ddtepen en 0 f H . 2 concen t ra t·lons. It. 1· s shown by the' 

calculations to be 1477
0
K with no hydrogen present and drops to 

o1475 for H2 contents to 10 percent. 

The gaseous species formed in these systems will again be 

discussed with reference to Figures 9~14. We are now concerned with 

the right-hand portion of each figure: that showing the calculated 



TABLE 5. - INITIAL COMPOSITIONS OF THE SI/N2/H2/02 SYSTEMS INVESTIGATED 


System 

designa.tion 

o Percent H2 0.001 Percent H2 4 Percent H2 10 Percent H2 75 Percent H2 

N2, mole 

H2, mole 

02' mole
a 

Si, mole 

0.999998 

-------­
0.002627 

0.1 

0.999988 

0.000010 

0.002627 

0.1 

0.959998 

0.04 

0.002627 

0.1 

0.899998 

0.1 

0.002627 

0.1 

0.25 

0.75 

0.002627 

0.1 

a.Total of 2 ppm in the gas and O. 3 w /0 in the Si powder. 
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results for systems composed of Si/N2/H2,02 at temperatures ­

above the beginning of nitridation. 

Again, it has been generally conjectured (Lindley et al., 1979; 

Moulson 1979; Oervisbegovic and Riley 1979) that, despite the 

details of the mechanisms involved, the primary function of the H2 

is to lower the PO and increase the PSiO' In these systems, 
2 . 

in contrast to the Si02/N /H2 systems, the equilibrium partial2
pressures for both SiO(Figure 9) and O2 (Figure 10) are 

unaffected by the additions of up to 10 percent Hl that are 

normally added to the nitriding gas. A gas composed of only 25 

percent N2 and 75 percent H2 does slightly increase the PSiO 

and reduce the Po . 
2 

As in the case of PSiO' the PSi is not significantly 

affected by H2 content of the nitriding gas (Figure 11). 

Moreover, under nitriding conditions, the concentration of Si is 4-6 

orders of magnitude smaller than the concentration of SiO even with 

no H2 present. This, as in the Si0 /N 'H systems, favors
2 2 2 

SiO(g) as a source of Si3N4 over 5i(g). 

In contrast to the P and P ' the partial ptessures of SiO02 
several other species of intere~t are significantly increased by 

additions of H : H 0 (Figure 12), SiH (Figure 13), and NH3
2 2 4 

(Figure 14). All three are species present in significant amounts. 

In considering the importance of these results to the actual 
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nitridation process. it must be kept in mind that these are ~he 

amounts of the species present at equilibrium. No cOnclusion can be 

~ade about the amount actually present during the approach to' 

equilibrium. 

Other vapor species present in significant amounts (partial 

pressures >PSi) are: H, NH 2, SiH~ Of interest also is °which 

is always present in amounts 4-6 orders of magnitude larger than 

02' With the exception of N, there are no known data or 

conjectures on the possible roles of these species in the 

nitridation process. However, any of them could be involved in 

importa~~ intermediate reactioni. Work done in the electronic~ 

field on production of thin films of silicon nitride on Si wafers 

using NH3 has suggested that nascerit N from the dissociation of 

NH3 should be more active than N2 {Kamchatka and Ormont 1971)~ 

Chen '(1980) reported ~xtremely high evaporation losses and formation 

of large an~unts of ~-Si3N4 whiskers in the reaction vessel 

after nitridation in NH
3

. Reaction kinetics were only semi­

quantitative due to the evaporation losses, but the rate of reaction 

appeared to be slower than in N2 or N2 with small amo~nts of 

H2· 

Whereas H2 significantly affects equilibrium composition in 

the Si0 /N /H systems, in amounts of up to 10 percent, it has
2 2 2 

no effect on compositions in the Si/N2/H2,02 systems (except, 

of course, for species containing H2: H 0, NH4, SiH ) at
2 4

0 
any temper~t~re between 1000

0 
and 2000 K. 
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Sinte~ing of SiPowder Compacts 

Samples of each of the three powders (high purity Si, high 

purity 5i + 1 percent Fe and 10~~r purity Si) were sintered for 5h 

at 13750C in either He or H
2

. Weight loss due to evaporation 

duringsintering and surface area before and after sintering are 
2listed in Table 6. As-compacted surface areas were -7m /g for all 

three powders. In all cases the surface area decreased during 

sintering, with particle growth being greater in He than in H2. 

Fracture surfaces of each sintered specimen were examined by SEM 

and polished cross-sections by light microscopy. The as-compacted 

microstructures are shown in Figure 15. Consider first the high 

purity Si. Figures 16 and 17 show that H2 has the effect of 

preventing the growth of extrernely large particles in high purity Si 

powder except at the surface of the compact. Surface area of the 
2 .. 2 

green powder compact was 7 . 01 m /g. This was reducea to 3.00m /g 

in H2 and 0.42m2/g in He. Except for the near-surface region of 

the H -sintered compact, the structures of both types of specimens 
2

appear to be quite uniform. The He-sintered compact do~s not have 

an enlarged edge region. 

The microstructures produced by the addition of Fe mixed 

heterogeneously into the high purity Si powder are shown in Figures 

18 and 19. The structure after sintering in Heis still very large 
2

(surface area = 0.2m /9) and uniform (Figures 18a and 19a), unlike 

the nonuniform structure observed by Arundale and Moulson (1977) 



TABLE 6. - WEIGHT LOSS AND SURFACE AREA OF Si POWDER COMPACTS SINTERED 5h AT 13750 C 

Atmosphere High purity Si High purity Si + Fe Low purity Si 

Weight loss, Surface area, Weight loss, Surface area, Weight loss, Surface area, 
percent m2 /g percent n2 /g m2 /g 

(As compacted) --- 7.01 --- 6.99 --- 6.77 

H2 5.3 3.00 5.8 0.96 2.8 0.91 

He 1.4 0.42 1.5 0.22 2.0 0.84 



ORIGINAL PAGE IS
 
OF POOR QUALITY
 

52 

a. High purity Si
 

Figure 15. Light micrographs of polished
 

section of as-compacted Si
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b. High purity Si + 1 percent Fe 

c. Lower purity milled Si
 

Figure 15. (Continued)
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a. Sintered in He
 

b. Sintereu inH2
 

Figure 16. SEM microgtaph of high purity Si powder
 

sintered 5h, 1375°C
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a. Sintered in He
 

b. Sintered inH2
 

Figure 17. Light micrograph of polished section
 

of high purity Si sintered 5h, 13750C
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a. Sintered inHe
 

b. Sintered inH2
 

Figure 18. SEM micrographs of high purity Si + 

1 percent Fe sintered 5h, 13750C 
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a. Sintered in He
 

b. Sintered in H2
 

Figure 19. Light micrographs of high purity Si
 

+ 1 percent sintered 5h, 1375°C 
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after argon sintering and attributed to local melting of FeSi2.
 

The microstructure of the compact sintered in H2 ispredominantly
 

still quite fine, but contains regions of very large particles
 

(Figure 18b and 1gb). Overall surface area isO.96m2/g,much less
 

thdn that of the high purity Si without Fe sintered in H2. Energy
 

dispersive x-ray analysis of these regions indicates the presence of
 

Fe at these large particles, whereas Fe is absent inthe finer
 

regions. The large particles growth adjacent to the surface can be
 

seen inFigure 18b.
 

The lower purity milled powder contains a more uniform
 

distribution of Fe and other impurities and the H2- and He­

sintered microstructures are quite similar (Figures 20 and 21).
 

Particle growth of the compact sintered inHe (Figure 20a and 21a)
 

was slightly less than for the high purity powder and the structure
 

isstill fairly uniform. (Variations ingrain size probably reflect
 

the varying initial particle sizes.) The average particle size of
 

the compact sintered inH2 (O.913m2/g)(Figure 20b and 21b) is
 

approximately the same as that inHe but contains high-Fe regions of
 

even larger particles. Both samples of this material rave a region
 

of large grain growth near the surface. The rather sharp interface
 

between the coarse and fine regions can be seen inFigure 21.
 

The structures developed inhigh purity Si during sintering in
 

He and H2 are similar and characteristic of matter transport by
 

either evaporation/condensation or surface diffusion. Both of these
 



ORIGiNAL PAGE IS
 
OF POOR QUALITY
 

59
 

a. Sintered in He
 

b. Sintered in H2
 

Figure 20. SEM micrograpns of lower purity milled Si powder
 

sintered 5h, 1375°C
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a. Sintered in He
 

b. Sintered in H2
 

Figure 21. Light micrographs of polished sections
 

of lower purity milled Si compact sintered 5h, 13750C
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processes result in particle consolidation and neck formation, but
 

little or no densification. While both structures are similar in
 

appearance, there ismuch less grain growth inH2 than in He,
 

indicating that H2, in some manner, suppresses matter transport.
 

Whether the inhibition of grain growth of the high purity Si
 

powder during sintering in H2 is actually a general effect of the
 

H or due to the nature of the powder is unknown. Welsch, Moller
 

and Heuer .(1980) have reported some densification, but little grain
 

growth during sintering and annealing at 1380 C of a Si powder
 

similar in size and purity, but initially amorphous, inboth vacuum
 

and hydrogen/argon. They speculated that the silica-film
 

surrounding each Si particle could inhibit grain growth (1981).
 

Makaviecki and Holt (1979) reported that surface diffusion studies
 

of single crystal Si wafers indicated that oxide films on silicon
 

essentially stops surface diffusion. They found these oxide films
 

extremely stable and particularly difficult to remove from surfaces
 

inclose contact suggesting that this might offer an explanation for
 

the difficulty in densifying Si powder compact. Greskovich and
 

Rosolowski (1976) sintered both thefines from a crushed and acid
 

leached Si powder and an extremely fine silane derived powder in
 

argon and concluded that vapor transport, not surface diffusion was
 

the dominant mechanism of neck formation in non-densifying Si.
 

The SiO 2 layer on the Si particles may provide a path of rapid
 

matter transport, especially at this high sintering temperature,
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either through the SiO 2 itself or at the Si/SiO 2 interface.
 

H2-enhanced removal of this path could then inhibit sintering.
 
Physi-or chemisorption of H2 on the Si surface after SiO2
 

removal could also suppress surface diffusion or evaporation/
 

condensation and inhibit grain growth and neck formation.
 

When Fe is added to the high purity powder, the high-Fe regions
 

show not only extensive particle growth and neck formation but also
 

areas of high density. Some Fe and other metallic impurities are
 

present in the Si itself. Glasgow (1980) has shown that, during
 

sintering of Si; the metallic impurities migrate to the surface of
 

the Si particles. Other impurities ome from the wear of milP
 

components during processing of the Si powder. It is assumed that
 

these particles are largely in the form of a metallic oxide, iron
 

being present, for example, as Fe2 0 Reduction of the
 

Fe203 to FeO by H2 presents the possibility of the formation
 

of low melting point silicates especially in the presence of trace
 

amounts of other metallic oxides likely to be present. Formation of
 

these silicate phases then provides a route for densification of the
 

high-Fe regions of the compact by liquid phase sintering.
 

Nitridation of Si Powder Compacts
 

The conditions under which samples of the three Si powders were
 

nitrided are shown in Table 7. Also listed are the weight gain and
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TABLE 7. - WEIGHT GAIN AND a/P RATIO OF Sit 4 

Atmosphere Nitridabon temperature, 0 C 

Heat Nitride 300 11375 -,0o91375 120011375 

High purity Si High purity Si Low purity Si 

+ 1 percent Fe 

N2 N2 

Percentweightgain -3 20.3 -9 65.2 15.9 62.2 

a/B-Surface ---- 2.9 ---- 3.8 3.6 2.7 
a/p-Powder from cross section 1.9 1.9 2.3 2.2 

N2 /1 percent H2 N2,/Ipercent H2 

Percent weight gain -------- ---- ---- 23.6 62.3 
a/p-Surface 3.2 3.0 
a/A-Powder from cross section ..... ..... ..... .... 

N2 /4 percent H2 N2/4 percent H2 

Percent weight gain 25.7 43.2 34.0 62.7 33.9 ,-60 

a/B-Surface ---- 5.2 ---- 5.0 4.3 4.7 
a/0-Powder from cross section 2.1 1.8 3.2 2.6 

He N2 

Percent weight gain ---- 2.8 ---- 7.7 11.9 14.0 
a/p-Surface 2.2 0.4 

a/-Powder from cross section ---- 0.7 ---- 1.6 

He N2 /1 percent H2 

Percent weight gain -------- ---- --- 18.9 21.1 
a/p-Surface 2.7 0.4 

a/-Powder from cross section 

He N2 /4 percent H2 

Percent weight gain ---- 9.5 16.8 20.2 32.9 

a/p-Surface ---- 3.9 0.8 
a/#-Powder from cross section ---- 1.1 ---- 2.0 

H2 N2 

Percent weight gain ---- 8.6 ---- 32.5 ---- 14.1 

a/B-Surface ---- 2.0 ---- 4.4 ---- 2.0 

a/-Powder from cross section 
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the'ratio of a-Si3N4 to a-Si3N 4 (a/B ratio). Weight gains
 

(degree of nitridation) are less at 12000C than at 1375°C while
 

a/a ratios are usually higher. In general, at either temperature,
 

weight gains and a/a ratios increase as Si purity decreases. The
 

a/ ratios of the lower purity Si heated in He to 1375°C, to be
 

discussed later, are an exception, all being very low. That a/$ 

ratio is also higher at the compact surface than in the interior. 

Nitrided weight gains and a/s ratios for the lower purity powder 

after the compacts were nitrided under four different conditions are
 

shown in Figures 22-25. It can clearly be seen from these figures
 

that both the a/$ ratio and degree of nitridation (percent weight
 

gain) of this powder increase with increasing H2 added to the
 

nitriding gas. The compacts nitrided at 1375 C for 4 hours with
 

the -heating and cooling portions of the cycle in N2/H2 (Figure
 

24) were all fully nitrided. Theoretical weight gain of fully
 

nitrided Si is66.7 percent, out due to vaporization losses, actual
 

weight gains of completely nitrided compacts (<I percent residual Si
 

by X-ray diffaction) are on the order of 60-62 percent. Weight
 

gains under the other conditions indicated only 30-50 percent
 

nitridation.
 

Samples heated in He had less Si3N4 than those heated in
 

N2 or N2/H2, partially a result of less actual nitridation
 

time. The usual assumption that a isthe low temperature form and a
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the high temperature form (apparently supported by both
 

thermooynamic data (Hendry 1976) and experiment (Morgan 1980)) would
 

lead to a lower als ratio for those samples heated to the
 

nitridation temperature inHe compared with samples where
 

nitridation began at lower temperatures. This difference is not too
 

great at 1200 C (Figures 22 and 23) since little nitridation
 

°
 occurs below that temperature, but at 1375 , the differences are
 

significant. As noted above, the samples in N2 or N2/H2 for
 

the full cycle are all fully nitrided with a/B ratios increasing
 

from 2.7 to 4.7 with increasing H2 content. The specimens heated
 

to 13750 in He and then nitrided (Figure 25) had weight gains of
 

only 11 to 30 percent depending on H2 content. The ala ratios of
 

these samples were all less than 1, apparently confirming that much
 

of the a-Si3N4 usually present forms at temperatures lower than
 

1375 C.
 

As can be seen inFigure 26, the nitrided structures after
 

nitridation at 1375C following heating in N2/4 percent H2
 

(Figure 26a) or inHe (Figure 26b) are very different. The sample
 

heated in N2/H2 began nitriding at low temperatures while the Si
 

particles were still small and formed large amounts of fine-grained
 

a-mat. The sample heated inHe, however, sintered to a very large
 

grain size which could not be fully nitrided. It is still not clear
 

whether the difference ina/B ratio isreally because *-Si3N4 is
 



4A h 

70
 

a. Heated in N2/4 percent H2
 

b. in Heated in He
 

Figure 26. Micrograph of polished section of Si3N4 from lower
 

purity Si compact nitrided in N2/4 percent H2, 4h, 13750C
 

white-Si, black-porosity, grey-Si3N4
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a low temperature form and s-Si3N4 is a high temperature form.
 

Since a-Si3N4 isassumed to form largely by vapor phase
 

reactions and B-Si3N4 directly on<the Si surface, the amount of
 

surface area at nitridation may be a contributing factor.
 

SEM micrographs (Figure 27) of the fully nitrided compacts of 

this powder suggest that the particle size and porosity do become 

finer and more uniformly distributed as the H2 content is 

increased. This effect ispresumably the result of H2 suppressing 

grain growth and increasing the concentration of Si-containing vapor 

species. Figures 27a (N2) and 27b (N2/1 percent H$) both show 

large grains and very porous regions. The porosity inFigure 27c 

(N2/4 percent H2) appears to be more uniform insize and more 

uniformly distributed.
 

The SEN micrographs inFigure 28 show that this refinement in
 

the microstructure occurs early inthe nitridation process. These
 

bars were nitrided at 12000C and had weight gains of only 16-34
 

percent. Figure 28a (nitrided inN2) is composed of large Si
 

grains with some fine-grained material beginning to fill the pores.
 

With 4 percent H2 added (Figure 28c), the structure is
 

predominantly very fine grained with few remaining large Si grains
 

and no large porosity.
 

The behavior of this powder, e.g., the trends incompleteness of
 

nitridation and ala ratio witn H2 content, tne microstructural
 

development, etc., was as expected from published nitridation
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a. in N2 

Figure 27. SEM micrographs of fracture surface of
 

Si3N4 from lower purity Si compact nitrided 4h, 13750
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b. in N2/1 percent H2
 

c. inN2/4 percent H2
 

Figure 27 (Continued)
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a. in N2 

Figure 28. SEM micrographs of fracture surface of Si3N4 made
 

from lower purity Si powder compact nitrided 4h at 1200
0C
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b. in N211 percent H2
 

c. in N2/4 percent H2
 

Figure 28 (Continued)
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studies. Most of the studies reported in the literature, while done
 

under a variety of conditions, involved Si powders of purity similar
 

to this low purity powder. Nitriding atmospheres and furnace
 

components were also similar. However, a high purity Si powder
 

doesn't behave quite so predictably. A more complete picture of
 

what isreally happening during nitridation might be gained by
 

looking at the separate and combined effects of H2 and Fe.
 

Samples of both the pure and Fe-containing high purity Si green
 

compacts were nitrided together at 120C or 1375C ineither N2 

or N2-4 percent H . Results in Table 7 are shown inTables 8 

and 9. In all cases, the Fe-containing Si haa a higher weight gain 

much larger amount of a, nearly the same amount of B, much less free
 

Si and a higher a/B ratio. The microstructure were also
 

considerably different.
 

At 12009, H2 had a much greater effect than Fe on the degree
 

of reaction, but Fe hdd a greater effect in increasing the a/B
 

ratio. There was almost no nitridation in N2 of either the pure
 

or Fe-containing Si. However, inN2/4 percent H2 the pure and
 

Fe-containing Si had weight gains of 26 percent and 34 percent
 

respectively. The expected increase ina/B ratio with H2 (Lindley
 

et al. 1979) did not occur in the pure Si, both samples having a/0
 

2. An increase was seen, however, in the Fe-containing samples with
 

*/B ratio increasing from 2.3 to 3.2.
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TABLE 8 

Results of nitridation of high purity Si at 

1200C in N2 or N2/4 percent H2 

N2 N2/4H2 

Si 

wt gain, percent 

percent a 

percent B 

percent retained Si 

c/B 

-3 

24 

13 

63 

1.9 

25.7 

41 

19 

40 

2.1 

Si+ 

1 percent Fe 

wt gain, percent 

percent a 

percent s 

percent retained Si 

a/B 

-9 

31 

13 

56 

2.3 

34 

58 

18 

24 

3.2 
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TABLE 9 

Results of nitridation of high purity Si 

1375°C in N2 or N2/4 percent H2 

at 

N2 N2 14H 2 

Si 

wt gain, percent 

percent a 

percent B 

percent retained Si 

a/B 

20.3 

53 

28 

20 

1.9 

43.2 

59 

32 

8 

1.8 

Si+ 

1 percent Fe 

wt gain, percent 

percent a 

percent a 

percent retained Si 

ale 

65.2 

68 

31 

1 

2.2 

62.7 

71 

28 

1 

2.6 
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°
At 1375 , addition of H2 to the N2 increased the degree of 

nitridation of the pure Si with the weight gain increasing from 20 

percent to 43 percent. Again, there was no effect on the caB 

ratio. Both Fe-containing samples were nearly fully nitrided with 

the one inH2 again having a slightly higher c/B ratio. 

The most significant effects of Fe are on the morphology of the
 

RBSN. The pure Si samples show no signs of Si3 4 whiskers
 

within the compactI at both temperatures and in both atmospheres.
 

All Fe-containing samples have whiskers. Figures 29-32 show
 

examples of each structure. In each figure, the Si + Fe sample is
 

typical of an RBSN fracture surface with transgranular fracture of
 

regions containing fine porosity and whiskers growing into the
 

larger pores. The pure Si sample ineach figure shows only
 

interparticle fracture. The Si particles appear to have nitrided
 

individually with little evjdence of interparticle bonding.
 

High purity Si powder nitrided in either N2 or N2/4 percent
 

H shows no sign of the whiskers or fine grained-mat usual to
2
 
RBSN. Both a- and 0-Si3N4 are apparently formed on and within
 

the Si particles creating little interparticle bonding and
 

iWnisker growth usually observed on the surfaces of
 
powder compacts and single crystal wafers is thought to be
 
nucleated by metallic contaminants from the furnace tube
 
and hardware.
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a. High purity Si
 

b. High purity Si + 1 percent Fe
 

Figure 29. SEM micrographof fracture surface of Si3N4
 

nitrided inN2, 4h, 12000C
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a. High purity Si
 

b. Hign purity Si + I percent Fe
 

Figure 30. SEM micrograph of fracture surface of Si
3N4
 
nitrided inN2/4 percent H2, 4h, 1200
o
C
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a. High purity Si
 

b. High purity Si + 1 percent Fe
 

Figure 31. SEM micrograph of fracture surface of Si3N4
 

nitrided in N2, 4h, 1375oC
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a. High purity Si
 

Ila 

b. High purity Si + 1 percent Fe
 

Figure 32. SEM micrograph of fracture surface of Si3N4
 

nitrided inN2/4percent H2, 4h, 1375C
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inhibiting complete nitridatjon. Whiskers and the mat structure are
 

observed when Fe is added to the Si. Gribkov et al. (1972)
 

suggested that a-Si3N4 whiskers grow in the presence of Fe or Al
 

by a vapor-liquid-solid (VLS) mechanism. Atkinson et al. (1976)
 

also noted whisker growth in tne presence of Fe, but not in pure Si,
 

and suggested tnat such growth interfered witn formation of
 

coherent, nitride-inhibiting nitride film. However, whisker growth
 

per se does not stop formation of such an inhibiting layer since
 

such a layer is observed on single crystals and large particles that
 

also have whiskers on them. Boyer and Moulson (1978) have also
 

since rejected the proposal. Lindley et al. (1979) have attributed
 

increased a-Si3N4 whisker mat development and increased RBSN
 

strength to H2. However, the powder they studied contained 0.87
 

percent Fe which apparently causes the initial formation of the
 

whiskers.
 

Nitridation of Si Single Crystal Wafers
 

Formation of Si3N4 on the single crystal wafers nitrided
 

near, but not in contact with, powder compacts was limited to a thin
 

(<lOvm) surface layer. At the outer surface the nitride layer
 

appears to be quite dense similar to that reported by Guthrie and
 

Riley (1973). Pores as large as 8-10pm form at the nitride-silicon
 

interface. Figure 33 isone example of this structure. Dalgleish,
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Figure 33. SEM micrograph of cross-section of nitrided
 

J1111 Si single crystal wafer with pores below surface
 

Si3N4 layer. N2, 1350C, 24h
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Jennings and Pratt (1981) reported the formation of similar­

structures following nitridation of Si single crystal wafers
 

acid-cleaned in an effort to remove the SiO 2 layer. Their work
 

showed differences inthe shape of the subsurface pores depending on
 

the crystallographic orientation of the nitrided Si substrate. They
 

also found the thickness of the nitride layer and pore size and
 

distribution to be related to nitridation temperature and the use of
 

static or flowing N2. They suggested that a nitride layer first
 

covers the Si surface, followed by formation of the pores, perhaps
 

by evaporation of Si through the nitride or vacancy coalescence.
 

In the present study a wafer with an acetone-iron slurry painted
 

on it prior to nitridation, had many pores with channels open
 

through the nitride layer (Figure 34). Energy dispersive X-ray
 

analysis at the mouth of such pores (Figure 35) showed the presence
 

of Fe. No Fe was found above closed pores.
 

Campos-Loriz, Howlett, Riley and Yusaf (1979) have proposed that
 

the reaction rate of Si nitridation is controlled by the density of
 

active surface sites. They suggested that these sites originate at
 

flaws in the silica layer and then consist of channels in the
 

Si3N 4 through which Si vapor diffuses outward leaving the large
 

pores at the Si/Si3N 4 interface. Nitridation will then continue
 

until the closure of these pores. Boyer et al. (1976) proposed the
 

creation of localized flaws in the silica layer caused by
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Figure 34. SEM micrograph of cross-section of nitrided
 

t111 Si single crystal wafer with Fe on the surface showing
 

open channels from pores through the surface Si3N4 layer.
 

N2 1375°c, 4h
 



CO
CO 

Figure 35. - Fe present at mouth of pores remaining open through Si3N4 layer (cross-sectional 
view) on (111) Si single crystal wafer nitrided in N2 at 13750 C,4h. 

00 
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devitrification of the silica by Fe with furtzer enlargement of the
 

flaws by the reaction,
 

Si(s)+SiO 2(s)= 2SiO(g) (6) 

The photographic and x-ray evidence presented in Figure 35
 

suggests that the inrresed nitridation in the presence of Fe
 

results, at least in part, from the presence of these Fe-initiated
 

pore channels which allow access between N2 and Si.
 

Most of the wafer surfaces, especially those nitrided at
 

1375 C, have a layer of a-Si 3N4 whiskers. These whiskers
 

usually are cylindrical with an extremely high aspect ratio (Figure
 

36a). Some, however, grow instead as blades (Figure 36b).
 

Gribkov et al. (1972) studied Si3N4 whiskers grown on
 

mullite from the reaction of Si and SiO 2 in a N2 /1 percent H2
 

atmosphere. They suggested that these cylindrical whiskers were
 

formed by a VLS mechanism involving a low melting Fe- or Al-Si
 

composition that would leave a frozen droplet at the whisker tip.
 

Such droplets were seen on a sample nitrided in N2 at 13750C
 

(Figure 37). Energy dispersive X-ray analysis indicated a high
 

metallic element content, primarily Fe, in the droplet, but no Fe in
 

the needle shaft indicating that the Si3N4 precipitated from the
 

liquid onto the growing whiskers. The source of the Fe was
 

uncertain, although an Fe-containing compact was also in the furnace.
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a. Cylindrical whiskers
 

b. Blades
 

Figure 36. SEM micrographs of whisker growth on nitrided
 

Si tiii) wafers
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b. C. 

Figure 7. - (a)SEM micrograph of droplet on end of a-Si 3N4 
whisker. 
(b)X-ray indication of metallic elements in droplet. 
(c)X-ray indication of no metallic elements in whisker shaft. 
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Gribkov et al. (1972) showed that c-Si3N4 crystallized in
 

the form of blades from a liquid phase by an axial-screw-dislocation
 

mechanism. Figure 36b shows a large number of these blades on a
 

region of Si wafer that had been coated with Fe prior to nitriding.
 

These blades were occasionally seen on other wafers.
 

Gribkov et al. (1972) showed that the presence Fe or Al was
 

necessary for Si3N4 whisker growth. This study indicates that
 

perhaps the amount of Fe controls the shape of the whiskers and
 

mechanism of growth with blades being formed in high-Fe regions.
 

X-ray diffraction analysis of the wafer surfaces indicated
 

formation of both a- and s-Si3N4 except on the wafer nitrided at
 

12000C in N2 which had only a-Si3N 4 Only slight amounts of
 

B-Si3N4 were formed at 1200°C in N2 /1 percent H2 or N2/4
 

percent H2. In all cases, both phases were too highly oriented to
 

allow calculation of relative amounts of each. At 12000C the only
 

significant s-Si3N 4 peaks were from the (2070) planes.
 

Crystallographic texture of the wafers is shown by an inverse
 

pole figure in which the ratio of the relative intensity of the peak
 

height is plotted against the angle between these planes and the
 

(2020) plane.
 

From the'diffraction pattern of the wafer, values are determined
 

for
 

R(hkTl)=[I(hkil)/ Ehkil I(hkil)] (11)
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where I(hkl) is the diffraction peak intensity for the (hkii) 

reflection. Similar values, Ro, were calculated from the ASTM 

standard powder patterns (1980). The ratio 

R'(hCil) = R(hk-l)/R (hil) (12) 

is then plotted against 0, the angle between (hkil) and (2020). For 

a randomly oriented sample, R' is unity for all 0. Values of R' >1
 

indicate a preferred orientation.
 

The texture of s-Si 3N4 formed at 1375°C with each level of
 

Lines are drawn between the highest
H2 is shown in Figure 38. 


In N2 only, there is a significant
points at each angle. 


preferred orientation of the basal plane as had been observed by
 

The (2020) are planes of N2 atoms. The

Guthrie and Riley (1973). 


basal plane is made up of separated Si3N 4 units. The (20720)
 

texture becomes greater with increasing H2 content. Heckingbottom
 

(1969) reported (2020) preferred orientation during nitridation in
 

HH3 observed by low energy electron diffraction 
and attempted a
 

(They referred
detailed match between the substrate and the layer. 


to it as c-Si3N4, but the cell measurements used were for
 

s-Si3N4.) The effort was only slightly successful for the (111)
 

all for the (311). They concluded
Si plane and not at 


(Heckingbottom and Wood 1973) that "formation and orientation of
 

nitride nuclei are determined by the geometry of localized sites"
 

with subsequent growth determined by intra-layer bonding.
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The inverse pole figures for a-Si3N4 at 12000 and 1375°c ­

are shown in Figures 39 and 40, respectively. At 1200 C in N2
 

only, the basal plane is again the preferred orientation with the
 

(2050) orientation becoming more pronounced with increasing H2
 

content. At 1375 C, three orientations, (2020), (1010) and (0002)
 

have a similar degree of relative X-ray intensity which doesn't
 

appear to have any particular relationship to H2 content.
 

Both a-Si3N4 at low temperature and B-Si3N 4 at high
 

temperature appear to initially grow with the same preferred
 

orientation that depends on H2 content and then, at least inthe
 

case of a, continue growth in a variety of directions.
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V. CUNCLUSIONS
 

Several simple chemical reactions have been suggesteo to
 

contribute to the process, and the possible importance of gaseous
 

species such as SiO, 02 and H20 have been considered. The
 

thermodynamic calculations made in this study showed that in the
 

presence of H both NH and SiH are formed in significant

2' 3 4.
 

amounts. They may contribute to the increased nitridation and,
 

especially, a-Si3N4 formation attributed to H2 since NH3 and
 

SiH 4 can react in the vapor phase to form a-Si3N4
 

It had been previously reported that Si3N4 whiskers were not
 

present on high purity Si, but that they did form in the presence of
 

Fe. This was confirmed in this study, suggesting that the increased
 

a-Si3N4 whisker formation attributed to H2 occurs only after
 

initiation of whisker growth by Fe.
 

Fe is known to increase both the rate and degree of nitridation.
 

One explanation for these effects is the initiation by Fe of
 

localized flaws in the SiO 2 layer andformation of open channels
 

through the nitride layer on the Si single crystal surface to pores
 

beneath the layer. These channels provide continuing access of N2
 

,to the Si throughout nitridation.
 

The orientation of both a- and B-Si3N4 on the Si single
 

crystal wafer appears-to change from basal planes, i/to Si {111} to
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(2070) when H2 is added to the N2* This-change in a preference
 

of orientation may be a factor inthe increased nitridation observed
 

in N 2/H2 atmospheres.
 

Hydrogen appears to in-some manner-suppress surface diffusion of
 

Si resulting inmuch less particle growth than inHe. This may
 

involve the removal of the SiO 2 layer which may act as a fast
 

transport path or the physi-or chemisorption of H2 on the
 

particles.
 

- Other observations from either the thermodynamic calculations or
 

experiment are that:
 

Hydrogen 

- enhances removal of Si0 2(s)from Si 

- when SiO2 (s)is present 

- increases SiO(g), Si(g)
 

- decreases 02(g)
 

- allows formation of Si3 N4(s)
 

- has no effect on these species when SiO isremoved
 
- 2 

- keeps Si particle size small during sintering
 

- increases degree of nitridation
 

Iron
 

- promotes full nitridation at 13750
 

It is proposed that nitridation is initially enhanced by
 

H -assisted removal of the SiO 2 layer from the Si and formation
 
2 2 

of Si-containing vapor species and NH3 at or somewhat below 
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12000C. Localized flaws are initiated inthe SiO2 by Fe. Fe
 

induces the formation of Si3N4 whiskers, the growth of which is
 

then enhanced by H2. Additional a-Si3N4 is formed by the
 

vapor phase reaction of NH3 and SiH 4. Effects of H2 diminish
 

as the SiO 2 is removed. Once the SiO 2 is effectively disrupted
 

and nitridation is occuring, Fe acts to maintain open channels
 

through the nitride forming on the Si particles, allowing free
 

access of N2 to the underlying Si until nitridation is complete by
 

both vapor phase and surface reactions.
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VI. SUGGESTIONS FOR FUTURE WORK
 

The mechanisms of formation of Si3N4 have not been
 

determined. There are many questions that could be addressed with
 

transmission electron microscopy and electron diffraction,
 

preferably under conditions allowing observation of Si3 N4
 

How do the a- and 0-phases nucleate? Which
formation in situ. 


phase forms the Si3 N4 layer on the Si particle or wafer? Do the
 

or the Si3N4 layer? What are the
 
whiskers grow from the Si 


conditions for growth of different Si3 N4 morphologies? What is
 

mechanism of formation of the open channels through the nitride in
 

What is the effect of the presence or absence
the presence of Fe? 


of the SiO 2 layer on the transport mechanism 
and sintering
 

behavior of Si?
 

Is there another form of Fe
Other questions of interest are: 


that could be added to high purity Si to enhance nitridation without
 

the usual inhomogenities? Will something other than Fe work as well
 

What other
 
and not create inhomogenities in the presence of H2

? 


atmospheric impurities may be having a significant -effect on
Si or 


either degree of nitridation or microstructure?
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