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NITRIUATION OF SILICON
| by Nancy Jean Shaw
 National Aeronaut1cs and Space Administration
Lewis .Research Center
Cleveland, Ohio .

-SUMMAR'Y

S1]1con powders w1th three levels of 1mpur1t1es, pr1nc1pa1]y Fe,
" were s1ntered 1n He oh 52 Non dens1fy1ng mechan1sms of material |
trahsport_here'domjhant in a]l cases.v H1gh pur1ty S1 showed
~coarsening in He Whiie:particleAgrohth was suppressed in H2.
Lower purity powder coarsened in both He and H2

The same three S1 powders and Si- {111} s1ngle crysta] wafers
were nitrided 1h,both N, and N2/H2‘atmospheres. H2’1ncreased .
‘the degree of nitridation of'ali three'powdersband the af8 ratio_o%

the Tower purity powder. Si. N whiskers and-open‘channeis

34
through the surface nitride layer were observed 1h'the pfésehce of

Fe, correlating with the nitridation—enhahcing effects of Fe.
Thermodynamic. calculations showed that-when S1'02 is present on

the Si, addition of H, to the hitriding atmosphere decreases the

2

amount of Si0, and increases the partial pkessure of Si-containing

2
vapor species, e.g. Si and Si0. Large amounts of;NH3 and'SiH4

were also predicted to form.

i



I. INTRODUCTION

~ The formation of Si3N4 is a sjmpfe process._ Silicon is
heated'in'the presence of N2(g), which feacté according. to
351+ 2Ny = SigNg - (1)

In actuality, the reaction is not that éimp]e; First:of all,
the Si‘is covered by a layer of 510, that.must be removed or at
least disrupted before,the Nz.can‘reach the Si. Most Si powder
that is used in thé production of reaction-bonded Sﬁ3N4 (RBSN)
contains jmpurities_such as'Fe; Al, C, Ca, Ni, Zr, 0, etc. Some of
these, particularly Fe, have dramatic effects on the nﬁtridation
process. thor amounté of fmpurities, such as H

0 and O ‘in the

2 2

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

2

‘the furnace hardware. Other gases such as H.,

and He may be. added
because they appear to faVorab1y afféct nitridation. | |

Over the past 15—20 years, much effort-ﬁag_gone into
understanding the process of si]icon'nitridatiéﬁ. Heryer, the
experiments have seldom been-of a type that could really determine
the mechanisms of nitridation.:_Dhe to the apparent critical
importance of many minor pbnstituents and processing variab]és to
the fjnal'résu1t, it is not always c]eaf that the changing conditions

being observed were really responsible for the changes in_the

product.



The aim of this study wés»tb understahdvthé effects of H, and’

2

Fe on the'fina1 microstructure-and phase composition of RBSN.

The study was done in four pérts: ‘

1)

- compact in'the presence of H

An analysis of the effects of szby means of a computer

program that uses thermodynamic data to determine complex
chemical equiTibria,
A study of the'microstructura1 deve]opment'of a Si powder

5 and/dr,Fe during sintering

to determine effects that occur during preSintering or

heating'to'nitrjdationvtempératuré; o
A study of the final RBSN microstructure and ratio of
a-SigN, to B—S'i3N4 (a/8 ratio) as a function of.the

presence or absence of H, and Fe; and

Nitridation of illf}'waférs of Si single-crystals to study

the formation of Si N at the Si surface and to aid in -

differentiating impurity'effects from morphology effects.



-IT. LITERATURE SURVEY

Structure

Si, N has:two crysta1 MOdifications designated « and 8.

34
Both are hexagoné] and made up of Si - N‘tetrahedra.

33313N4 is made up of idehtica] layers of Si - N
. tetrahedra. Its structufe (Figure 1) hés been determined
unambiguoué]y (Hardié and Jack 1957; Rudd]esden_and_Popper 1958;
.Fofgeng and Decker 1958)¢ It belongs fo space group P63/m, No.
176 with 6 Si in 6 (h) at (x = 0.173, y - -0.231, z = 0.250), 6 N in
6 (n) at (0.332, 0.031, 0.250) and 2 N in 2 (c) at (0.333, 0.667,
0.250) (Wild, Grievison and Jack 1972). o

The structufe'of a—Si3N4 (Figure.Z)’is made up of tWo layers =
of tetrahedra. The first layef is like that of 8. The second is a
mirror image of thé first (Thompson aﬁd Pratt 1967). Itlﬁas been

suggested that a—Si3N4 is actually an oxynitride containing

~ 1.5 weight percent oxygen and having a formula of

Sj (Wild et al. 1972); It was later shown (Priest,

0
11.5M5%.5 | |
Burns, Priest and Skaar 1973) that d—SiéN4 could be prepared
containing much less oXygen than needed for such a structure.
- Kohatsu and McCauley (1974) have also concluded from x-ray

34
not contain oxygen in the structure. The space group is'P3lc,

diffractometer analysis of a-Si,N sin§1e crystals that a does

3



Fugure 1. -The structure of B- S|3N4
(Cartz and Jorgensen 1981)
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~ Figure 2. - Structure of a-'S.i3N4.-' -
~ (Cartz and Jorgensen, 1981)



-_.No.'159., Evans and Sharp (1971)-ha§e determined_the,atom locations
tobe 6 Si in 6 (c) at (0.0724, 0.5013, 0.6462), 6 Si in 6 (¢) at
(02554, 0.1673, 0.4509), 6 N.in 6 (c) at (0.6331, 0.5936, 0.4001),
6 N in 6 (c) at (0.3210, 0.3103, 0.6701), 2 N in 2 (b) at (0.3333,

0.6667, 0.615) and 2 N in 2 (a) at (0.000, 0.000, 0.385). S]ight]y

diffefent positions are indicated in ngure 2.

It is generally believed that a—Si3N4-is a low temperature

form and 8 a high temperature form. However, bpth forms usually

occur ‘at any nitridi_hgltemperaturef It hés been_suggested

(Griéveson, Jack and Wild 1968) that o is the "high oxygen

potential" anq B.thé “Jow.oxygen'potentia]" form. Another

suggestioh {Blegen 1975) ‘is thatrg is ﬁhé s£ab1e modification at all

' temperatufes énd a is metastéb]e; witn.fofmatiOn_of‘eaéh bo]ymorph
being’determined by the kinetics_of the mechénism involved.

‘Chemiéal kinetics and;mechanistic-stUdiés of §i3N4 formation

have not been:reported,

Formation and Morpho]ogy;_
o The mechanisms‘of formatjon of S]'3N4 énd rengtant :'
morphologies are still open to quésfion;_‘Befbrgxlookfng at the
:.sbecifics of the literature on the subject, We;éhquidinotelthe‘ '

prevailing assumptions.
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It is generally accepted that u-S1'3N4 forms by the vapor -

phase reaction of a Si vapor species and N,, resulting in high

2
aspect ratio (length: diameter) whiskers, but whether that vapor

species is Si (Dawson and Moulson 1978) or Si0 (Lindley, Elias,
Jones, and Pitman 1979) is still in dispute. In RBSN, these
whiskers form a very fine "mat" in the space between the original Si

particles. 3_513N is believed to form either by direct

4
nitridation of solid Si or by nucleation within and precipitation

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

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

relatively large particles at the site of the original Si particles

N

and in the 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 in Figure 3.
The fine areas are usually identified as « and the larger dense
regions at g, but without any type of analysis that could confirm
that this is indeed the case. In most cases conclusions are then
irawn, based on the assumed microstructure, about the effects of the
processing variables being considered.
| It is

A few percent of H, is usually added to the N

2 24
supposed to help form a finer, more uniform microstructure (Mangels

1975) by lowering the partial pressure of 0, so that more Si0 will

2



ORIGINAL PAGE IS
OF POOR QUALITY

FIGURE 3

SEM micrograph of Si3N4 formed by reaction of high purity

Si powder and N2 at 13750C.
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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 -
Ee 410 =
Cu 80 -
Fe 0.6 percent -
Mg 110 -~
Mn 330 -
N 60 5
Ni 150 40
0 1.28 percent 0.51 percent
Sr i 5
T 150 | =
v ' 180 -
Ir 110 -
Si balance balance

BET Surf. area,
mzlg 7.4 7.99
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Figure 4. SEM micrograbh of

milled Si powder
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Fi
gure 5. SEM micrograph of

high purity Si powder
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high purity Fe powder
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The crystallographic oriéntatioh of the‘wafer faces was {111}.

A1l sintering and nitridation'was done "in furnaces with high
203

were placed on RBSN setters in high density‘A]203 boats with'the .

specimens above the sides Qf the tray, comp]ete]y_exposed to the gas

density Al tubes and external SiC_heating elements. Samples

flow. The ends of the tube were sealed with stainless steel covers
and silicone rubber gaskets. Gas jn]et'énd outlet and thermocouple
insertion was through these end sea]s. Al] piping for the gas
supply was stajn]esﬁ.steel; Inte%na] heat shields were mullite in
the siﬁtering furnace and high density-AT203:1n thefnitridihg
furnace. ‘

The nitriding fufnacé was supplied with 0xygen—free_N2 and

cusﬁom—grade N2/4 percent H, cylinder gas used without further

2
treatment. Gas'f1ow was < 20 ml min. -1 Sintering was for 5h at
13750C and nitriaing for 4h; under theAconditions listed in Table
. 3. The specimen was heated to the nitridiﬁg temperature in the
:deS1red atmosphere:and then nitriaed'4h without removing ft from the
~hot zone of thé furnace in the same gas, or- the aesifediZ or
NZ/Hé after heating in He.v | -
X-ray diffractidn analysis of_nitrided samples was done uéing Ka
Cu radiation on powder abraded with‘aidiamond burr from a

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

NITRIDATION CONDITIONS

HEAT/COOL ATM - TEMPERATURE
e - 0
Ny Iy - - 1200%
He - » - 1200%C
NplHy | - B
He : - 1315%

NZ/H' was the same as that used for the nitridation:

N, /H =N2

N2/1 Percent H2

N2/4 Percent H2
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of q;and 3—513N4”and retained 5i was done using the method
.developed by Ga;iara and Messier (1977).

Scanning electron microscopev(SEM) examination of all spetimens

was made on fracture surfaces.



IV. RESULTS AND DISCUSSION

(Thermodynamics

Si0,/N,/H, Systems

Ifbit 1s,a$sumed fhat-each s{licoh particle is covered by an
impervious layer of S1'_02 prior- to nitridation,‘the system can theni.
be considered to consist of.only‘silicé, nitrogen and hydrogen. The
'1nitia1 compositions‘df.the_syétemsvinvestigated~are 1isted in Tab]g
4. The silica in a real system represents.a rélative1y-sma11
fraction of theJtoté] amount of Si plus Si02;_lTheref0re, the'
amount of nitriding gas was taken to be 100 times 1arger'than'whét
will be used in the S1/N,/Hy/0, systems. |

- There are two condensed species that'appear in thé»
..5102/N2/H2 systems; 5102 and 513N4. Figure 7 is a plot
“of the mo]e_fraction of solid silica vs. temperaturé from 1000°K

to ZOOOOK with H, as a parameter. The usual temperature range

2
- for nitridation is indicated'forvreference, As can be seen in

| Figure 7a, less than 15 percent of the 5102(5) initially present
1s removed by 10 percent Hz»at the hjghest hitriding'temperature.
At thé Tow temperature end of thg nitriding‘regiqn, the

H.-enhanced reduction in the amount of SiOé(s) is'very_s1ight{'

2 .

32



‘TABLE 4. - INITIAL COMPOSITIONS OF $02m2/H2 SYSTEMS

| System designation

0 Percent H, | 4 Percent H, | 10 Percent H, | 10¢ Percent H,
N,, mole 200 192 180 S———
: Hz,vmole' B _— 8 20 200
0.2 0.2 0.2 0.2

' . 'Si02, mqle

€t
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34

NITRIDATION

v REGl?N Jl

. 0010000

. 0009950

. 0009900,

MOLE FRACTION, Si0,

. 0009850

800
1000 1200 1400 1600
TEMPERATURE, K

(a}

B S

e ——

0 | I . |
1000 1100 1200 1300 1200 1500 1600 1

-~

' |
00 1800 1900 2000
“TEMPERATURE, K . ‘

Figure 7. - (@) Effect of H, in decreasing mole fraction of

: SiOE(s) formed at equilibrium in Si0 INo/H ystems.

(b) Enlarged portion of 7(a) to show e fect of H
reducing the temperature-at Wthh amount of25|02 is
reduced.
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At temperatures higher than normal nitriding temperatureé, the

- amount of Sioz(s) is reduced drastjca]ly‘when H, is present.

A1though the difference in amount of 5102(5) formeo as shown in
"Figure.7b is extremely slignt, it:is of interest to note that
| 4 percent and 10 percent H, additidnseto_Né result in less
v5102(s) at low temperatures than does pure H Adue‘to_the

2
simultaneous formation-of'Si3N4(s) when H2 iS'present.

It seems quwte likely that hydrogen may ‘promote the removal of
enough of the silica to 1nduce f]aws 1n the s111ca film. 1In the
‘absence of HZ’ there is essent1a11y no reduction 1n the.amount of
csilice even to temperatures as high as.its mé]ting_point, and some
other mechanism such as that 1nvo]ving.iron_5uggested by Moulson
r(1979) would be required to disrUpt the si]ica‘Tayer.

'S1'3N4 does not form at any temperature‘in thelinterval lQOO0 -
FZOOOOK in a system composed of only S%O2 and N2 tAddition of

'H2 to the system allows format1on of S13N4

i'amount formed is small, as can be- seen in Figure 8, 1ncreaswng the

A]though the

Hy

amount oresent, and the maximum temperature at which it is stable.

content from 4 percent t0'10 percent has an effect on both the

However, in neither of these cases is 513N4 formed‘in the usual
n1tr1dat1on temperature reg1on
Many vapor spec1es form in these systems. Those considered-to‘

be of part1cu1ar interest w111 be d1scussed with reference to


http:additions.to

MOLE FRACTION, SiN,
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Flgure 8. - Mole fractlon of S|3N4(s) formed
in S|02/N2/H2 systems No S|3N4 is formed
in pure Ns. ‘, |



s;Figures 9 - 14, Each of these figures is.a plot of the part1a1
pressure of a vapor spec1es aga1nst temperature Each shows
ce]cu]ated-va]ues from the two sets_of systems (S102/N2/H2
h‘Sj/NZ/HZ/QZ) considered.v The 10w temperature region on the
-'left‘contains the‘plots for the 5102/N2/H2 systems. These |
plots will be discussed first. The high temperature region on the
right, which'inciUdes the’nitridatﬁon region,'contains the plots of
. the systems composed of Si, N2, H2 and 02 to be d1scussed
later. Within the n1tr1dat1on region, both sets of curves are shown
Afto contrast the:behav1or of the two sets of systems.

- As discussed earlier, most workers in:the field heve predicted.
that one of the most significant effects of the addition of H,
' wouid be an increase in the concentration (partial pressure) of
- Si0.  As can oe seen in Figure 9, that is'indeed'theicese. The_
| Psio is increased 3 to 5 orders of megnitode by the addition of 4

or 10 percent H The higher partial pressure for 10‘percent H

2’
“above ~ 1450%K ref]ects the greater decrease in the amount of '

2

;3102( s) present in the system.

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

 the P0 . This. effect does occur and can be seen in F1gure 10.

‘ 24

'At 1475 K, the log Py 1s decreased from -12 5 to -20 by
2 .

addition of 4 percent H2-
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Figure 9. - Equilibrium partial pressure of Si0 -
is strongly affected by Ho concentration in
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,5'0€/N2’H2 systems, but not in SlINZIHZIOZ
em .
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Figure 10. - Effect of H2 content in reduc- -
ing equilibrium partial pressure of 02 in
SIOZINZIH systems on left. - Little effect
of Ho is seen in Si/ NZIHZIOZ systems on
“right.
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The effect of H

, on the concentration of Si (Figure 11) -is
much the same as for $i0; however, it should be noted that pe; 15

.ffom]S to 10 orders of‘maQnitudé-]ower than p310.5 This large
disparity in concentrations, if it persisted away from equilibrium,
- could favor Si0(g) over Si(g) as:a source of 513N4.

“Moulson (1979) has suggested the importance of H O‘in the

2

formation of si]iton nitride. Our calculated partial pressures of
H,0(g) are shown in Figure 12. At 1475%, Py 0 is greater
‘ " ' o2 :
and H

2

than that of any vapor species except N2 ’x It is

interesting that at Very low temperatures, less H 0(g) forms in an

2
“atmosphere initially 100 peréenthz than in ohe conta&ning 4
percent or 10 beréent H27 | |

Most of ihe other vaporképeCies listed in Table 2 are also
' pfesent although most are in amounts that appear to be quite-
insignificant. -However, any of them, particu]ar]y’thé simpler
molecules, may be of significance in the actual hjtkidation
mechanism due to kinetic effects. -None of thése gpeéies appear in
the simple reactions (e.g. Equations 1-8) usua]]&IConsidéred
‘relevant to the nitridation of Si.

Two gaseéus sbecies not prévibus]y reborted that may be bf'
Aimportahce are NH3 an0181H4 (?igure ;3 and 14, respectively).

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

-conéentratidn of H At tne lowest temperatures, the partial

o
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-bressure of NH3 is higher than that of any:pther gas present’
| ‘except N2 and HZ At 1475°K,'its nartia] pressure is alsd
-exceeded s11ght1y by those of H, H20 and $i0. The nartial |
pressure'of S1H4, as shown 1n”F1gure 14, is much less than that of
NH3;.but_1s among the higher ones in the nitridationltemperature.
range. The combining of NH and SiH4 is one of the methods used

3

to form chemically vapor deposited (CVD) 513N4 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—Si3N4
during nitridation. |

On the basis of the preceedlng flqures, it is evident that the
add1t1on of hydrogen to the nitriding atmosphere s1gn1f1cant1y
affects the concentrations of phases present at equilibrium during
.the low temperature portion of the nitriding cyc1e when an
~tmpervious layer of SiOé surrounds each Siiparticle' The HZ
enhances removal of the S102, decreases po , 1ncreases PsiQ>
-p81’ pHZO, pNHs’ pSiH4 and allows formation of a small
amount of 513N4.

S]/N2/H2/02 . ) .
The calculations have shown (Figure 7) that through the

'n1tr1dat10n temperature reg1on neither 1ncreas1ng hydrogen content
nor increasing temperature w111 result in complete removal of the

silica layer surrdunding each silicon partic]e,'although it must be
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-disrupted by'some means to allow nitridation of the underlying Si to
occhr;_ In any_cése, onée the 5102(85 layer ié disrupted.exposing
the silicon, the sysfem then bécomes one composed largely of
sf)i;qn, nitrogen and'hydrogen Qith.sma]l amouhté of oxygen. Table
5 lists thg_initia] compositioqs bf'the Sﬁ/NZ/H2/02 systems :
'studied. The ambunt of OXygen was chosen to ref]eﬁt»apprOXihatély |
‘the amount contained in a film of Si0, éovering the Si.plus_two
pbm in the gas.: However, this systeh‘cOhtains much‘1ess oxygen than
“the Si0,/N,/H, system because of the addjtjona] Si now being
ﬁonsidered. | | 4

There are three solid species that form in these systems:
SigNps STpN,0, and Si0,. Sigh, is thermodynamically
’stab]e at all temperatures in the range of 1000O -IZOOOQK along

with either 5102 or szNZO. The amount formed'is essentially

not a function of either hydrogen content or temperature.

510, is stable at the lower températgrés and SiZNZO at the
higher temperatures. The trénsitioﬁ temperéturé between them is
‘essentially independent Of'HZ concentratfops. 'It.is shdwn by the"
calculations to be 1477°K with no hydrogen present and drops to
14750 for H, contents fo 10 percent.

The gaseous species formed in these system$ 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/N, /H, /O, SYSTEMS INVESTIGATED

- System

0 PercentH2 0.001 Percent H, | 4 Percent H;Z ‘16 »Pe_réen}t H, [75 Percent H2
designation ' '
N,, mole | 0.999998 0.999988 0.959998 0.899998 0.25
Hy, mole | —-m--emv 0.000010 0.04 o1 - 0.75
02', ‘mole? 0.002627 ‘0.002627 : _ 0.002627 0.002627 0.002627
Si, mole | 0.1 0.1 0.1 0.1 ] o0

4Total of 2 ppm in the gas and 0.3 w/o in the Si powder.

A7
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resu]ts for systems composed of S1/N2/h IO at temperatures f
above the beg1nn1ng of nitridation. | _

' Aga1n,.1t has been genera]]yvconjectured’(Lind]ey.et_a]., 1979;
Moulson 1979; Dervisbegovic and-Ri1eyV1979) that, despite the
detai]s‘of the mechanisms-invo]ved bthe primary function of the H2'
is to lower the p02 and increase the Psig” In these systems, -

‘1n contrast ‘to the S1O IN /H2 systems, the equilibrium partial
pressures for both.S1Q,(Flgure 9) and 0, (Figure 10) are
unaffected by the additions of up to 10 percent H, that are
normally added to the nitriding gas. A gas composed of only 25
percent Ny and 75 percent H2 does s11ght1y increase the pS 0
and reduce the pO2

As in the case of Psio® the Ps is not significant]y
_affected by Hy content of the n1tr1d1ng gas (Figure 11).
' Moreover, under nitriding conditions, the concentrat1on of Si is 4 6
orders of magnitude smaller than the concentration of Si0 even with

no H, present. This, as in the 5102/N2/H2'systems, favors

2
S10(g) as a source of Si;N, over Si(g).

In contrast to the PO and P the partial pressures of

Si0’
2
several other species of interest are significantly increased by

4 (Figure 13), and NH3

(Figure 14). A1l three are species present in significant amounts.

additions of Hy: H20 (Figure 12), SiH

'In considering the ‘importance of these resu]ts to the actua}_
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nitridation process, it must be kept'in mind that these are the
amounts of. the speeies present_at equi]ibrium.‘ No conclugion can be
made ahout the amount_actua11y present duking the approach to
equilibrium. | -

~ Other vapor species preseht in significantbamounts (partial
.hréssures >pSA)1aref H, NHé, SiH. Of interest a]sotis 0 which
tis always present in amounts 4-6 orders of megnitudeblahger'than
‘02._ Nith,the exception of N, there are no known data or |
icon,)ectures on the poss1ble roles of these species 1n the
h\tr1det1on_process; However, any of them could be involved in
»importent intermediate reactions. work done in the electronics
field oh productidn of»thin films of silicon nitride oh Siuwafers

~using NH has suggested that nasCent.N from the‘dissocidtion of

3

V'NH3'sh0u]d be more active than N, (Kamchotka and. Ormont 1971).

Chen (1980) reported extremeTy'high evaporation losses and formation

“of large amounts df’d-Si3N4 whiskers in the reaction vessel

after nitridation in NH3 Reaction kinetics were on]y'semi- '
quant1tat1ve due to the evaporation losses, but the rate of react1on
- appeared to be slower than in N, or N2 with small amounts of

'-HZ. | |
Whereas H2 significant]y affects equilibrium composition in

'the S102/N2/H2 systems, in ahounts of.ub*to 10 percent;vit has

" no effect on compositionslin'the Si/N2/H2/_02 systems (except,

of .course, for species containing H2:' HZO’ NH4,'51H4) at

R, 0 L
any temperature between 1_0000 and 2000 K.
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Sintering of Si Powder Compacts

Samples of each of the thfee.powderS'(high purify Si, high
purity Si + 1 pérceht Fe and lower purity Si) Qere sintéred for 5h
at 1375°C'1n‘e1ther He or H,. Weight loss dhe to evaboration
during sintering énd'surface area before and after sihteffng éke
1isfed iﬁ Table 6. As-compacted surface areas were ~7m2/g for all
three powders. In all tases the surface area decfea§éd during
sintefing, with parﬁic]é growth being greater . in He than in H2-

Fracture'surfacés'of each sihtered sbecimen weEe examined:by SEM
‘and polished cross-sections by iight microséoby. Thé as—compactedv
_ microstructures are shown in Figure 15, Coﬁsidef first the high
purity Si. Figures 16 and 17 shpw that H, has the effect Qf
preventing the growth of extremely large particles in high purity S
powder except at thé surfaée éf the compact. Surface area of the
green powder compact was 7.01m2/g. This:was reducea to 3,00m2/g'
in H2 and 0.42m2/g in He. Except for the near-surface region of
the Hz-sintered compact, the Sfructures of both typeé Qf spétimens
appear to be quite'unifbrm. The He-sintered compact does not havg_
an enlarged edge région.. | N

| The microstrutturesvpkoduced by thé'addition 6f Fe mixed
heterogeneously into the hfgh phrity Si powder are shown in Figures
18 and 19. The structufe after sintering in He is still véry large

(surface area = 0,2m2/g) and uniform (Figures 18a and 19a), unlike

the nonuniform.étructure observed by Arunda]e»and Moulson (1977)



TABLE 6. - WEIGHT LOSS AND SURFACE AREA OF Si POWDER COMPACTS SINTERED 5h AT 1375° 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 mz/g percent mz/g percent 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

LS
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a. High purity Si
Figure 15. Light micrographs of polished

section of as-compacted Si
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c. Lower purity milled Si

Figure 15. (Continqed)




ORIGINAL PAGE IS
OF POOR QUALITY ORIGINAL PAGE IS
OF o~ NIALITY

54

a. Sintered in He

b. Sintereu in H2

Figure 16. SEM microgrfaph of high purity Si powder

sintered 5h, 13750C




Figure 17.
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b. Sintered in H2

Light micrograph of polished section

of high purity Si sintered b5h, 13750C
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b. Sintered in H2

Figure 18. SEM micrographs of high purity Si +

1 percent Fe sintered 5h, 13750C
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b. Sintered in H2
Figure 19. Light micrographs of high purity Si

+ 1 percent sintered 5h, 13750C
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after argon sintering and attributed to'local melting of FeSiz.
The microstructure of the compact sintered in H2 is predominantly
still quite fine, but contains regions of very large particles

(Figure 18b and 19b). Overall surface area is 0.96m2[g, much less

than that of the high purity Si without Fe sintered in H Energy

T
dispersive x-ray analysis of these regions indicates the presence of
Fe at these large particles, whereas Fe is absent in the finer
regions. The large particles growth adjacent to the surface can be
seen in Figure 18b.

The lower purity milled powder contains a more uniform
distribution of Fe and otner impurities and the H,- and He-
sintered microstructures are quite similar (Figures 20 and 21).
Particle growth of the compact sintered in He (Figure 20a and 2la)
was slightly less than for the high purity powder and the structure
is still fairly uniform. (Variations in grain size probably reflect
the varying initial particle sizes.) The average particle size of

the compact sintered in H (0-913mzlg) (Figure 20b and 21b) is

2
approximately the same as that in He but contains high-Fe regions of
even larger particles. Both samples of this material nave a region
of large grain growth near the surface. The rather sharp interface
between the coarse and fine regions can be seen in Figure 21.

The structures developed in high purity Si during sintering in

He and H, are similar and characteristic of matter transport by

2
either evaporation/condensation or surface diffusion. Both of these
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a. Sintered in He

b. Sintered in H2

Figure 20. SEM micrographs of lower purity milled Si powder

sintered 5h, 1375°C




. P OArRE e
ORIGINAL PAGE IS

OF POOR QUALITY,

60

a. Sintered in He

b. Sintered in H2

Figure 21. Light micrographs of polished sections

of lower purity milled Si compact sintered 5h, 1375°C
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* processes result in particle consolidation and neck formatiom, but
1ittle or no densification. While both structures are similar in
appearance, there is much less grain growth in H2 than in He,

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

2
Whether the inhibition of grain growth of the high purity Si

powder during sintering in H, is actually a general effect of the

2
H. or due to the nature of the powder is unknown. Welsch, Moller

2

and Heuer .(1980) have reported some densification, but 1ittle grain
growth during sintering and annealing at 13800C of a Si powder
similar in size and purity, but initially amorphous, in both vacuum
‘and hydrogen/fargon. They speculated that the silica-fiim
surrounding each Si particle could 1nh{bit grain growth (1981).
Makaviecki and Holt {1979} reported that su;%ace 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
in close contact suggesting that this might offer an explanation for
. the difficulty in densifying Si powder compact. ﬁreskovich and
Rosolowski (1976) sintered both the fines 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 5102 layer on the Si particies may provide a path of rapid

matter transporf, especially at this high sintering temperature,
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either through the 5102 itself or at the Si/SiO2 interface.
Hz&enhanced removal of this path could then inhibit sintering.
Physi-or chemisorption of H2 on the Si surface after S1'02
removal could also suppress surface diffusion or evaporation/
coﬁdensation 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 come from the wear of mil?
components during processing of the Si powder. It is assumed that
these particlies are largely in the form of a metallic oxide, ‘iron
being present, for example, as Fe203. Reduction of the
Fe203 to FeQ by H2 presénts the possibility of the formation
of Tow melting point silicates especially in the presenée of trace
amounts of other metallic oxides likely to be presgnt. Formation of

these silicate phasgs then provides a route for densification of the

high-Fe regions of the compact by 1iquid 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 o/8 RATIO OF SigN,

Atmosphere Nitridation temperature, oc
Heat Nitride 1200 {1375 1200 | 1375 1200 § 1375
High purity 8 | High purity 8 jLow purity 8i
+ 1 percent Fe
Ny N,
Percent weight gain ~3120.3 ~9 | 65.2 15.9( 62,2
a/p-Surface ———=1 2.9 —mee | 3.8 3.6| 2.7
a/B-Fowder from cross section 1.9] 1.9 2,3] 2.2 — ——
N2/1 percent H2 N2/1 percent H2
Percent weight gain e ———— | ———— 23.6;62.3
a/B-Surface - | - m— —— 3.2 3.0
a/B-Powder from cross section e { oo ————] ——— —| ———
N2/4 percent Hz N2/4 percent H2
Percent weight gain 25.7 | 43.2 34.0 | 62.7 33.9| ~60
o /f-Sariace ===~ | 5.2 — 5.0 4.3| 4.7
o /f-Powder from cross section 2,1} 1.8 3.2 2.6 m—— ——
He N2
Percent weight gaun -—==| 2,8 ——— T.7 11.8] 14.0
a/B-Surface e wnee | ———— 2.2] 0.4
e /B-Powder from cross section -mwe | 0.7 —— 1.8 cnmm] e
He 1\2/1 percent H2
Percent werght gaan e | —— ———— | e 18.9] 21.1
o /f-Surface ————] ——— ———] ———— 2,7F 0.4
a/p-Powder from cross section m—— | ———— e | em— ————] m———
He h2/4 percent H2
Percent weight gain —-—- i 8.5 ————{ 16,8 30,2} 32.9
o /B-Surface —— - 3.9{ 0.8
a/f-Powder from cross section cm——1 1.1 —— 2.0 ——] ———
Hy Ny
Percent weight gain == | 8.6 - | 32.5 ———-| 14,1
a/B-Surface —] 2.0 —] 4.4 ———] 2.0
a/p-Powder from cross section S U SR ————] ——
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the ‘ratio of a-SiBN4 to 8—513N4 (af8 ratio). Weight gains
(degree of nitridation) are less at 1200°C tﬁan at 1375°C while
afp ratios are usually higher. In general, at either temperaturé,
weight gains and o/ ratios increase as Si purity decreases. The
a/8 ratios of the lower purity Si heated in He to 13750C, to be
discussed later, are an exception, all being very low. That o/g
ratio is also higher at the compact surface than in the ?nterior.

Nitrided weight gains and /g ratios for the Jower 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 «f/p ratio and degree of nitridation (percent weight
gain) of this powder increase with increasing H2 added to the
nitriding gas. The compacts nitrided at 137500 for 4 hours with
the -heating and cooling portions of the cycle in NZIH2 (Eiggre
24) were all fully nitrided. Theoretical weight gain of fully
nitrided 51 is 66.7 percent, put due to vaporization losses, actual
weight gains of completely nitrided compacts (<1 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 Si,N, than those heated in

374

N_ or NZ/HZ’ partially a resuit of less actual nitridation

2
time. The usual assumption that « is the low temperature form and g
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Figure 22." - o/p ratio and weight gain of nitrided lower pur-
ity Si powder as a function of Hy content of the nitriding
gas. 4h, 12000 C, heated and cooled in the nitriding
atmosphere. '
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Figure 23. - a/B ratio and weight gaih of nitrided lower pur-

ity Si powder as a function of Ho Content of the nitriding
gas, 4h, 1200° C, heated and cooled in He.
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Figure 24, - alP ratio and weight gain of nitrided fower pur-

~ ity Si powder as @ function of Hy content of the nitriding
gas. 4h, 1375° C, heated and cooled in the nitriding
atmosphere.
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Figure 25. - afB ratio and weight gain of nitrided lower pur-
ity Si powder as a function. of H, content of the nitriding
gas. 4h, 1375° C, heated and-coofed in He.
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the high temperature form (apparently supported by both
thermouynamic data (Hendry 1976) and experiment (Morgan 1980)) would
lead to a lower a/B ratio for those samples heated to the
nitridation temperature in He 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 N, or NZIH2 for

2
the full cycle are all fully nitrided with a/8 ratios increasing
from 2.7 to 4.7 with increasing H2 content. The specimens heated
to 1375° in He and then nitrided (Figure 25) had weight gains of
only 11 to 30 percent depending on H2 content. The «f/B 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°%.

As can be seen in Figure 26, the nitrided structures after
nitridation at 1375°C following heating in N214 percent H2
(Figure 26a) or in He (Figure 26b) are very different. The sample
heated in NZIH2 began nitriding at low temperatures wnile the $i
particles were still small and formed large amounts of fine-grained
a-mat. The sample heated in He, however, sintered to a very large

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

whether the difference in «/g ratio is really because u—Si3Na is
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b. 1in Heated in He

Figure 26. Micrograph of polished section of S1'3N4 from lower

purity Si compact nitrided in N214 percent H_, 4h, 1375°C

2
white-Si, black-porosity, grey—Si3N4
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a low temperature form and g-Si is a high temperature form.

3N

Since u—S1'3N4 is assumed to form largely by vapor phase

reactions and g-Si directly on the Si surface, the amount of

3N4
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 H, content is

2

increased. This effect is presumably the result of H, suppressing

2
grain growth and increasing the concentration of Si-containing vapor

species. Figures 27a (N,) and 27b (N211 percent H,) both show

2
large grains and very porous regions. The porosity in Figure 27c

(N2l4 percent H2) appears to be more uniform in size and more
uniformly distributed.

The SEM micrographs in Figure 28 show that this refinementhin
the microstructure occurs early in the nitridation process. These
bars were nitrided at 12000C and had weight gains of only 16-34

percent. Figure 28a (nitrided in N,) is composed of large Si

2
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 in completeness of

nitridation and o/ ratio witn H, content, tne microstructural

2
development, etc., was as expected from published nitridation
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Figure 27. SEM micrographs of fracture surface of

513N4 from lower purity Si compact nitrided 4h, 1375°
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2
Figure 27 (Continued)
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Figure 28. SEM micrographs of fracture surface of 513N4 made

from lower purity Si powder compact nitrided 4h at 1200°¢C
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b S4n N2f1 percent H2

G dn N214 percent H

2
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 gquite so predictably. A more complete picture of
what is really 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 1200° or 1375°C in either N,

or N2—4 percent HZ' Results in Table 7 are shown in Tables 8

and 9. In all cases, the Fe-containing Si had a higher weight gain
much larger amount of a, nearly the same amount of g, much less free
Si and a higher a/8 ratio. The microstructure were also
considerably different.

At 1200°, H, had a much greater effect than Fe on the degree

2
of reaction, but Fe had a greater effect in increasing the a/8
ratio. There was a]moét no nitridation in N2 of either the pure

or Fe-containing Si. However, in N2!4 percent H2 the pure and
Fe-containing Si had weight gains of 26 percent and 34 percent
respectively. The expected increase in a/B ratio with H2 (Lindley
et al. 1979) did not occur in the pure Si, both samples having «/8 =

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

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

Results of nitridation of high purity Si at

12000C in N2 or Nzld percent H

2
N2 N2/4H2
wt gain, percent o3 25
percent a 24 41
Si percent 8 13 19
percent retained Si 63 40
alB 1.9 2
wt gain, percent ~Q 34
percent a 31 58
Si+ percent g 13 18
1 percent Fe percent retained Si 56 24

alB ; 23 32




Sit

1 percent Fe

Results of nitrida

8

TABLE 9

tion of high purity Si at

0
i N_/4 percent H
1375°C in N, OF 2! per 5
N2 N2/4H2
wt gain, percent 20.3 43.2
percent a 53 59
percent B 28 32
percent retained Si 20 8
alB 1.9 1.8
wt gain, percent 65.2 62.7
percent a 68 71
percent g 31 28
percent retained Si 1 1
alB i 2.6
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At 1375°, addition of H2 to the Nz

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

increased the degree of

percent to 43 percent. Again, there was no effect on the a/8
ratio. Both Fe-containing samples were nearly fully nitrided with
the one in H2 again having a slightly higher a/g ratio.

The most significant effects of Fe are on the morphology of the
RBSN. The pure Si samples show no signs of 513N4 whiskers
within the compact1 at both temperatures and in both atmospheres.
A1l 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 in each figure shows only
interparticle fracture. The Si particles appear to have nitrided
individually with little evidence of interparticle bonding.

High purity Si powder nitrided in either N. or NZI4 percent

2
H2 shows no sign of the whiskers or fine grained-mat usual to

RBSN. Both a- and g-Si are apparently formed on and within

3Ny
the Si particles creating little interparticle bonding and

lwnisker 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.




Figure 29.
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High purity Si + 1 percent Fe
SEM micrograph of fracture surface of Si

nitrided in N,, 4h, 1200°C

3N4
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b. High purity Si + 1 percent Fe

Figure 30. SEM micrograph of fracture surface of Si3N4

nitrided in NZ/q percent H2, 4h, 12000C
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Figu i
gure 31. SEM micrograph of fracture surface of Si,N
34

nitrid i
ed in NZ' 4h, 13750C
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b. High purity Si + 1 percent Fe

Figure 32. SEM micrograph of fracture surface of 513N4

nitrided in N,/4 percent H,, 4h, 1375%

2!
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inhibiting complete nitridation. Whiskers and the mat structure are
observed when Fe is added to the Si. Gribkov et al. (1972)
suggested that cl_51‘3N4 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 o-Si N, whisker mat development and increased RBSN

34

strength to H 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 si3Nq on the ging]e crystal wafers nitrided
near, but not in contact with, powder compacts was limited to a thin
(¢ 10um) 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 8-10um form at the nitride-silicon

interface. Figure 33 is one example of this structure. Dalgleish,




ORIGINAL PAGE IS
OF POOR QUALITY

85

Figure 33. SEM micrograph of cross-section of nitrided

{111} Si single crystal wafer with pores below surface

Sigh, layer. N, 1350°C, 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 Si0, layer. Their work

2
showed differences in the 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 NZ' 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

51‘3N4 through which Si vapor diffuses outward leaving the large

pores at the 51‘/513N4 interface. Nitridation will then continue

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

création of Tocalized flaws in the silica layer caused by
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Figure 34. SEM micrograph of cross-section of nitrided
{_111} Si single crystal wafer with Fe on the surface showing
open channels from pores through the surface Si3N4 layer.

NZ’ 1375°c, 4h




Figure 35, - Fe present at mouth of pores remalmng open through SigNy layer (cross-sectional
view) on (111) Si single crystal wafer nitrided in N, at 1375° C, 4h,

88
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devitrification of the silica by Fe with furtner enlargement of the
flaws by the reaction,

Si(s)+5i02(s) = 2510(g) (6)

The photographic and x-ray evidence presented in Figure 35
suggests that the inr-e2aced nitridation in the presence of fe
results, at least in part, from the presence of these Fe-initiated
pore channels which allow access between N, and Si.

Most of the wafer surfaces, especially those nitrided at

13750C, have a layer of a_513N4 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 513N4 whiskers grown on

mullite from the reaction of Si and Si0, in a N2/1 percent H

2 2
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 N, at 1375°%

(Figure 37). Energy dispersive X-ray analysis indicated a high
metallic element content, primarily Fe, in the droplet, but no Fe in

tne needle shaft indicating that the Si N4 precipitated from the

3
1iquid onto the growing whiskers. The source of the Fe was

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




a. Cylindrical whiskers

b. Blades

Figure 36. SEM micrographs of whisker growth on nitrided

si {111} wafers
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Figure 7. - (@) SEM micrograph of droplet on end of a-Si3N,
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 a--S1'3N4 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 51'3N4 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 3-51'3N4 except on the wafer nitrided at

34

g-Si.N_ were formed at 12000C in N,/1 percent H_ or N_/4
34 2 Vi P

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

1200°C in N, which had only a-Si_N . Only slight amounts of

allow calculation of relative amounts of each. At 12000C the only
significant 3_513N4 peaks were from the (2020) planes.

- Crystallographic texture of the wafe%s is sthn 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(hkT1)=[1(hki1)/ £hkil I(hki1)] (11)
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where I(hk?])_is the diffraction peak intensity for the (hkil)
reflection. Similar values, Ré, were calculated from the ASTM
standard powder patterns (1980). The ratio
R (hKT1) = R(nKTT)/R (K1) (12)
_is then plotted against ©, the angle between (hkil) and (2020). For
a randomly oriented sample, R' is unity for all @. Values of R' >l
indicate a preferred orientation.

The texture of g-Si,N, formed at 1375°C with each level of_

374

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

2

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

" preferred orientation of the basal plane as had been cbserved by
Guthrie and Riley {1973). The (2050) are planes of N, atoms. The
basal plane is made up of separated Si3N4 units. The (20?6)
texture be;omes greater with increasing Hz content. Heckingbo?tom
{1969) reported (2020) preferred orientation during nitridation in

HH3 observed by low energy electron diffraction and attempted a

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

to 1t as a-S13N4,

3_513N4.) The effort was only slightly successful for the (111)

sut the cell measurements used were for

Si plane and not at all for the (311). They concluded
(Heckingbottom and Wood 1973) that “formation and orientation of
nitride nuclei are determined by the geometry of Tocalized sites"

with_éubsequent growth determined by intra-layer bonding.
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Figure38._- Relative X-ray intensity vs. angle
from (2020) plane for B-SigN4 on (111) Si .
single crystal wafer nitrided at 13750 ¢, 4h,
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The inverse pole figures for o-Si at 1200° and 13750C‘

N

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

only, the basal plane is again the preferred orientation with the
(2020) orientation becoming more pronouﬁced with increasing H2
content. At 1375°C, three orientations, (2020), (1070) and (0002)
have a similar degree of relative X-ray intensity which doesn't

appear to have any particular relationship to H2 content.

_e4 & Y .
Both « S13N4 at low temperature and g 513N4 at high

temperature appear to initially grow with the same preferred

orientation that depends on H, content and then, at least in the

2
case of wu, continue growth in a variety of directions.

-
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Figure39. - Relative X-ray intensity
vs. angle from (2020) plane for
a-Si3N4 on {111) Si single crystal
wafer nitrided at 1200° C, 4h.
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Figure 40. - Relative X-ray intensity vs. angle
from (2020) plane for a-SigN, on (111) Si
single crystal wafer nitrided at 1375° C, 4h.
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V. CUNCLUSIONS

Several simple chemical reactions have been suggesteu to

contribute to the process, and the possiblie importance of gaseous

species such as Si0, 02 and H20 have been considered. The

thermodynamic caiculations made in this study showed that in the
presence of HZ’ both NH3 and SiH4 are formed in significant
amounts.‘ They may contribute to the increased nitridation and,

especially, u_Si3N4 formation attributed to H., since NH, and-

2 3
S1‘H4 can react in the vapor phase to form a—Si3N4.
It had been previously reported that S1'3N4 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

3_513N4 whisker formation attributed to H

5 pccurs only after

initiation o% whisker growth by Fe.

Fe is known to increase both the rate and degree of nitridation.
One explanation for thése effects is the initiation by Fe of
localized flaws in the 5102 layer and.formation of open channels
through the nitride layer on the Si single crystal surface to pores
.beneath the ]éyer. These channels provide continuing access of N2
. to the Si throughout nitridation.
The orientation of both o- and g-SizN, on the 31 single

crystal wafer appears- to change from basal planes, Jfto Si {111} to
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5 is added to the N2' This-change in a preference

of orientation may be a factor in the increased nitridatien observed

{(2020) when H

ih NEIH2 atmospheres.
Hydrogen appears to in-some manner-suppress surface diffusion of

Si resulting in much less particle growth than in He. This may
involve the removal of the $10, layer which may act as a fast
transport path or the physi-or chemisorption of H2 on fhe
particles.

- Other observations from either the thermodynamic calculations or
_experiment are that:

Hydrogen

enhances removal of 5102(5) from Si

when Si0.(s) is present

2
- increases $i0(g), Si{g)

~ decreases Oz(g)

- allows formation of Si3N4(S)

has no effect on these species when 5102 is removed

keeps Si particle size small during sintering

increases degree of nitridation

Iron

- promotes full nitridation at 1375°

It is proposed that nitridation is initially enhanced by

2
of Si-containing vapor species and NH, at or somewhat below

Hz—assisted removal of the Si0, layer from the Si and formation
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1200°C. Localized flaws are initiated in the Si0, by Fe. Fe
induces the formation of 31'3N4 whiskers, the growth of which is
then enhanced by HZ' Additional u-SiaN4 is formed by the
vapor phase reaction of NH, and_SiH4. Effects of H, diminish

2

as the 5102 is removed. Once the 3102 is effectively disrupted

and nitridation is occuring, Fe acts to maintain open channels

through the nitride forming on the 5i particles, allowing free

access of NZ to the underlying S$i until nitridation is compliete by

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

The mechanisms of formation of SigN, have not been
determined. There are many gquestions that could be addressed with
transmission e]ecﬁron microscopy and electron diffraction,
preferably under conditions allowing observation of S“i3N4
formation in situ. How do the a- and g-phases nucleate? Which
phase forms the S1'3N4 layer on the éi particle or wa%er? Do the
whiskers grow from the Si or the Si3N4 Tayer? What are the
conditions %Br growth of different Si3Nq morphologies? What is
mechanism of formation of the open channels through the nitride in
the presence of Fe? What is the effect of the presence or absence
of the 51'02 Jayer on the transport mechanism and sintering
behavior of 517

Other‘questions of interest are: Is there another form 6f Fe
that could be added to high purity Si to enhance nitridation without
the usual inhomogenities? Will something other than Fe work as well
and not create inhomogenities in the presence of HZ? What other
Si or atmospheric impurities may be having_a significant -effect on

either degree of nitridation or microstructure?
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