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Iron impurities in Si3N 4 processing 
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The atomic environment of iron impurities is investigated during the processing cycle of 
reaction-bonding silicon nitride (RBSN). Several analysis techniques are utilized, 
including X-ray photoelectron spectroscopy (XPS), extended X-ray absorption fine 
structure (EXAFS), and electron spin resonance (ESR), to examine iron impurities in the 
starting silicon powder, in sintered silicon compacts, and in RBSN materials. Results 
indicate that iron impurities in as-received metallurgical grade silicon powder are incor- 
porated in the silicon bulk as a highly distorted FeSi2 compound. No surface iron or iron- 
based particulate is observed in the starting material. Upon sintering, the iron environ- 
ment becomes an ordered FeSi2 structure. In the RBNS material, the FeSi 2 structure is 
again distorted, as observed by both EXAFS and ESR. 

1. Introduction 
Reaction-bonded silicon nitride (RBSN) is cur- 
rently being considered in a variety of high per- 
formance materials applications because of its 
excellent corrosion resistance and good thermal 
shock and creep resistance. However, RBSN is a 
brittle material whose mechanical properties are 
affected to a large extent by processing variables 
and by starting silicon powder purity. Despite 
extensive research on the reaction of Si(s) and 
N2(g) [1-7],  the reaction kinetics are not com- 
pletely understood. Introducing impurities into 
this reaction significantly complicates the picture. 
While the macroscopic effects of an impurity can 
be observed, it is difficult to correlate these effects 
with kinetic processes atributable to a specific 
impurity. 

Iron is frequently added to silicon powder in 
the production of RBSN because it is generally 
believed to accelerate the nitridation reaction, 
although the specific mechanism responsible for 
this acceleration is unclear. The role of iron in sili- 
con nitride processing has been discussed by many 
investigators. One theory [8] attributes the nitri- 
dation acceleration to iron-oxygen interactions, 
where iron induces volitization.of the native oxide 
layer on the silicon particles. A variation on this 
theory [9, 10] suggests that iron reacts with SiO 

and 02 to form FeO, thereby lowering the 02 
partial pressure. Another theory [11] attributes 
the accelerated nitridation to the formation of an 
FeSix melt which promotes liquid phase ~-Si3N4 
growth. Some investigators [12, 13] have con- 
cluded that while iron modifies the native SiO2 
layer on the silicon, the iron must first form a 
FeSi x liquid before it becomes effective. 

This paper presents the results of an interdisci- 
plinary study of the location of iron impurities 
during the processing cycle of reaction-bonded sili- 
con nitride. Iron impurities are examined in starting 
silicon powder, in sintered silicon compacts, and in 
reaction-bonded silicon nitride material. The study 
involves the use of several analysis techniques, 
namely X-ray photoelectron spectroscopy (XPS), 
extended X-ray absorption fine structure (EXAFS), 
and electron spin resonance (ESR), and concen- 
trates on data obtained from an as-received metal- 
l,urgical grade silicon powder. 

2. Experimental details 
Two silicon powders, designated $3 and S5, were 
investigated; a spectrographic analysis of the 
impurity content of these powders is presented.in 
Table I. The $3 powder was as-received metallur- 
gical grade silicon powder and contained 0.63% 
iron by weight, as determined by two different 
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TAB LE I Sample impurity content. Plasma spectro- 
graphic analysis of imprints, given in ppm by weight* 

Element Concentration (ppm) Detection 
limit $3 $5 

A1 3780 3820 37.5 
Ca 518 498 2.5 
Ct 1400 1400 100 
Ire 6310 15 900 7.5 
Mn 198 426 0.75 
Ti 410 418 1.5 

*Analysis performed by AMTEST, Inc. Seattle, Washing- 
ton. 
tAnalysis using Leco Furnace apparatus. 

wet chemical techniques. $5 was prepared by 
doping the $3 powder with F%O3 (haematite) to 
yield a total iron content of  approximately 1.6% 
by weight. All silicon powders had an average par- 
ticle size of  5/~m and were purchased from Union 
Carbide, Inc. 

Specimens were prepared by dry-pressing sili- 
con powders of  each composition into pellets of  
1.27 cm diameter under a pressure of  6.89MPa. 
(This pressure was selected because it produced 
pellets of  low density which, although somewhat 
fragile, could be handled successfully during pro- 
cessing.) The pellets were then processed by one of  
two methods: (1) nitrided only, or (2) sintered and 
then nitrided. The sintering was done in vacuum 
(10 -s t o r t ) fo r  4h  at 1100~ in a chamber heated 
by molybdenum elements. The nitriding cycle fol- 
lowed a procedure outlined by Mangels [ 14], which 
utilized the thermal conductivity of  a H=-He back- 
ground gas. The pellets were placed in a chamber 
and heated to 800 ~ C in vacuum (10 -s torr), and 
the chamber was then backfilled with 66% nitro- 
gen, 4% hydrogen, and 30% helium. The nitridi- 
zation utilized a nitrogen demand cycle in which 
the heating rate was coupled to nitrogen intake. 
The process required 12 days for completion and 
ended with a nitrogen demand of  0.5 litre h -1 at 
1400 ~ C. 

To investigate the bulk composition of  the 
RBSN material, X-ray diffraction analysis was 
applied in the manner outlined by Mencik and 
Short [15]. Powder specimens were irradiated 
using a CuKa X-ray source with a graphite mono- 
chromator, and the diffraction patterns were rec- 
orded and analysed for the presence of  c~-Si3N4, 
/3-Si3N4, Si, SiO2, SizON=, and iron silicides. The 
phase composition of  the as-received metallurgical 
grade powder, $3, is contrasted with the Fe=O3- 
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T A B L E  II Results of X-ray diffraction of RBSN 
samples. Components of samples in % of weight, +- 25% 
accuracy 

Component Sample 

$3 $5 

c~-SisN4 64.6 67.4 
3-SisN 4 21.5 31.7 
Si2ON2 0.9 0.5 
Si 11.5 0.7 
FeSi x 1.3 2.2 
SiO2 0.2 0.3 
c~/3 3.33 2.33 
Density 2.00 2.26 

doped powder, $5, in Table II, which also reports 
the c~/3 ratio and the density of  the RBSN product. 

ESR spectra were taken at room temperature 
and at 77K using powdered samples in a Varian 
model E3 spectrometer. DPPH was used as a 
primary ESR standard and polycrystalline CuSO4" 
5H=O was used as a secondary standard. EXAFS 
measurements were made on powdered samples by 
the fluorescence method using a soller slit and 
manganese filter [16]: the measurements were 
made at the Stanford Synchroton Radiation 
Laboratory in beamline IV at temperatures of 10, 
80 and 300K. XPS was performed at the Perkin- 
Elmer Surface Science Division Analytical Labora- 
tory using a PHI model 560 microprobe in the 
ESCA mode. 

3. Results and discussion 
3.1.  XPS 
The XPS spectrum determined for a sample of  the 
as-received metallurgical grade silicon powder $3 
is shown in Fig. 1. These results are presented in a 
scan at the "surface" o f  the powder (Fig. la) and 
a scan after sputtering to a "depth"  of  20nm 
(Fig. lb). Here, "surface" is used to indicate the 
top-most layer of  particles and "depth" is used to 
indicate a distance downward from this top layer 
of  particles. The average particle size is 5 gm and 
the analysis area is approximately 3 mm diameter. 
Neither XPS scan indicates the detectable presence 
of  iron in the as-received powder. However, the 
presence of  a "native oxide" coating on the silicon 
particles is indicated by the reduction in the oxy- 
gen peak between the surface and the 2 0 n m  
depth. 

If  iron were present as particulate, whether 
distributed as a few large particles or as many very 
small particles, or if the iron were located within 



a few lattice spaces of the surface of  the silicon 
particles, iron would be detected in this analysis. 
The detection limit for iron in the PHI Model 560 
Microprobe is 0.1 at % with an accuracy of-+ 10%. 
The as-received powder is known to contain 
6300/~gg -1 or 0 .18at% iron, which is close to 
the detection limit. However, iron has successfully 
been detected at or near the detection limit in 
other analyses by the Perkin-Elmer Analytical 
Group. In addition, if the iron were concentrated 
at the surface of  the silicon particles, its concen- 
tration would be greatly increased above the aver- 
age level. Therefore, this analysis provides strong 
evidence that a substantial portion of  the iron 
impurities present in commercial silicon powder 
resides in the bulk of  the sample. 

3 . 2 .  E X A F S  

EXAFS consists of the oscillatory structure in 
the X-ray absorption just above the absorption 

edge. The "edge" occurs when an incident photon 
has sufficient energy to ionize the central atom 
and eject a photoelectron. The .fine structure is 
due to the presence of  surrounding atoms which 
scatter the outgoing photoelectron and give rise 
to interference. The detailed shape of  the fine 
structure is sensitive to the arrangement of  the 
surrounding atoms, and the EXAFS oscillations 
can be analysed to determine the atomic structure 
in the material. The amplitude of  the oscillations 
gives the number and type of  neighbouring atoms 
and the phase of  the oscillations determines the 
atomic distance. The EXAFS can be Fourier trans- 
formed to give an effective average radial distri- 
bution function about a particular atomic species 
[16]. 

The average radial distribution function about 
the iron impurity in the as-received silicon powder 
$3 is shown in Fig. 2. The distribution function 
shows that there is only one major peak in the 
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Figure I XPS analysis of $3, the as-received metallurgical grade silicon powder. (a) as-received, (b) after 20 nm of the 
surface has been sputtered away. Note the • 4 scale change at --250 eV. 
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transform. A detailed analysis of the distribution 
function shows that the first shell can be modelled 
by a combination of iron and silicon atoms in a 
highly disordered FeSi2 structure: this model is 
verified by the tack of an appreciable temperature 
dependence of the EXAFS from 10K to room 
temperature, indicating that the large disorder was 
essentially entirely structural. The distribution 
function also shows that there is no metallic iron 
present in sample $3, since this would lead to 
peaks at larger distances. 

Fig. 3 shows the radial distribution function 
about the iron impurity determined in sample $5 
after reaction bonding. Again, the distribution 
function is dominated by a single peak, composed 
of bo th  iron and silicon atoms. Analysis of the 
distribution function indicates that the iron is now 
in a less distorted FeSi2 structure than in the 
starting powder: this distortion is still greater than 
in bulk FeSi2. 

~Details of the structure in the starting silicon 
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powder, the sintered powder (1060 ~ C), and the 
reaction-bonded silicon nitride are given in Table 
III for sample $3. Here, N gives the number of 
nearest iron or silicon neighbours surrounding each 
iron atom. R is the distance between the iron atom 
and the neighbouring silicon or iron atom, and Ao ~ 
is the disorder in the shell distance. The interpret- 
ation of these results is that the iron starts out in a 
highly disordered FeSi2 structure and that as the 
material is sintered, the FeSi2 structure anneals 
into an ordered form. After reaction bonding, the 
iron disilicide is again distorted from the structure 
of a bulk FeSi2 crystal but less so than'in the 
starting material. The distortion in the reaction- 
bonded form is interpreted to mean that the FeSi2 
has a large surface-to-volume ratio. The distortion 
at the interface propagates inward only several 
atomic lengths so that the final form of the FeSi2 
must be such that each iron is within severa! inter- 
atomic dimensions of the interface. No evidence is 
seen for the formation of Fe -N compounds. 
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Figure 2 EXAFS Fourier transform indicating the effective average radial distribution function about the iron impurity 
in the as-received metallurgical grade silicon powder, $3. 

3.3. ESR 
The E S R  spect rum o f  the  as-received silicon pow- 

der exhibits  a single absorpt ion  line, approx imate ly  

6.5 G peak-to-peak in wid th  wi th  a g-value o f  

2.0055 +- 0 .0005.  This line is consistent  in g-value 

wi th  that  p roduced  by  silicon dangling bonds  [ 17]. 

This in te rpre ta t ion  implies the  absence o f  para- 

magnet ic  iron species in solid solut ion in the  sili- 

con starting material ,  which  is consistent  wi th  the 

low solubil i ty o f  iron in silicon [18]. The ef fec t  o f  

sintering is to reduce the intensi ty o f  this absorp- 

t ion line. For  a 4 h  l l 0 0 ~  sinter, this peak 

intensi ty decreases 90%. No addi t ional  absorpt ion  

lines are observed in the  sintered material .  

Upon  ni t r idat ion,  two  types  o f  E S R  signals are 

observed.  First,  a very broad single waveform,  

T A B L E I I I The iron environment as determined by EXAFS in as-received, metallurgical grade silicon powder 
(sample $3) 

Sample Si neighbours Fe neighbours 

N R (nm) Aa~(nm) 2 N R (nm) a a 2 ( n m  2) 

Si powder 8 0.238 0.000 10 4 0.272 0.000 10 
+- 2.0 +- 0.003 +- 0.000 05 +- 2 -+ 0.004 ,+ 0.000 05 

Sintered Si 9 0.237 0.000 03 4.0 0.279 0.000 03 
-+ 1.5 -+ 0.003 +- 0.000 008 -+ .5 -+ 0.003 +- 0.000 008 

Nitrided Si 8 0.233 0.000 09 4.5 0.277 0.000 03 
,+ 1.5 -+ 0.003 + 0.000 008 -+ .5 ,+ 0.003 ,+ 0.000 008 

FeSi 2 8 0.235 4 0.269 

N is the number of nearest neighbours at the average distance R. The rms disorder about R relative to FeSi~ is ~a 2 in 
units of nm 2 . 
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Figure 3 EXAFS Fourier transform indicating the effective average radial distribution function about the iron impurity 
in the $5 reaction-bonded silicon nitride sample. 
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Figure 4 ESR spectrum of the $5 reaction-bonded silicon nitride sample showing the broad single waveform. (Scan 
width 5000 G.) 
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Figure 5 ESR spectrum of the $3 reaction-bonded silicon nitride sample at 77 K showing the two overlapping absorp- 
tion peaks. (Scan width 200 G.) 

unlike the conventional first derivative of the 
resonance absorption line, is observed. This signal 
in sample $3 is shown in Fig. 4. This type of wave- 
form is characteristic of Fe 3§ ions interacting in 
close proximity with one another. By comparing 
spectra from a variety of powder compositions, it 
can be shown that this signal is consistant with 
that produced by an iron silicide in a highly stressed 
state, as in the EXAFS result above. Second, a 
sharp absorption line is seen, approximately 9.5 G 
peak-to-peak in width, with a g-value close to that 
of the silicon dangling bond. Inspection of this 
absorption line at 77 K, shown in Fig. 5, indicates 
that this waveform is actually two overlapping 
lines. These absorption lines are very close in g- 
value, and could be produced by Fe B+ in solution 
in RBSN and/or dangling bonds in S%N4. The 
multiphase microstructure and high impurity con- 
tent make it impossible to identify absolutely 
these lines at this point. 

As the sample is heated to temperatures well 
below those temperatures where reaction bonding 
with nitrogen becomes appreciable, the iron 
environment becomes that of an ordered FeSi2 
and remains thus until reaction bonding is com- 
plete. In the final form, the FeSi2 is again distorted, 
though less so than in the initial powder, indicating 
that it has a large interface surface-to-volume ratio. 
The ESR results are consistent with those from 
EXAFS, showing a broad waveform which can be 
explained by the distorted iron environment. 
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4. Conclusions 
The results of this study indicate that the iron 
impurities in the silicon powder sample $3, the 
as-received metallurgical grade powder, are incor- 
porated in the silicon bulk. This is confirmed by 
two independent results: XPS measurements 
before and after sputtering to a depth of 20 nm 
give no indication of near-surface iron, and EXAFS 
measurements indicate that the iron is contained 
in a highly distorted FeSi2 compound. No evidence 
of an iron oxide (the likely form if the iron were 
on the surface) nor of Fe-based particulate (e.g. 
F%C) is found. 
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