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Oxygen ana carbon are the predominant impuri t ies i n  Czochrslski- 
grown si l icon. Their concentrations usually exceeding those o f  any 
intent ional  dopants. The behavior of these impuri t ies during the heat 
treatments character ist ic o f  device processing generally detennines the 
defect morphology of the proceqsed wafer. As a r e s u l t  t h i s  topic has 
been considerably researched. This paper w i l l  review the topic s ta r t i ng  
with the incorporation o f  oxygen and carbon during crystal  growth and 
proceed to a discussian o f  device effects. 

Specif ical ly, methods f o r  control1 ing oxygen and carbon incorpora- 
t i o n  during crystal  growth w i l l  be discussed and resul ts  supporting 3 
segregation coe f f i c i en t  o f  k=0.5 f o r  oxygen w i l l  be presented. The 
nucleation and prec ip i ta t ion behavior o f  oxygen i s  complex. This paper 
w i l l  focus on temperature and doping level  e f fects  which add ins igh t  
into the r o l e  o f  point  defects i n  the nucleation process. Ir, general 
prec ip i ta t ion i s  found to be retarded i n  #+ and P+ si l icon. The types 
and quant i t ies o f  defects resul t ing from the oxygen precipi tates i s  o f  
i n te res t  as they are technologically useful i n  the process ca l led "in- 
t r i n s i c  getterfng". A comparison w i l l  be made between the avai lable 
defect s i tes and the quanti t ies o f  meta l l ic  impur i t ies present i n  a 
typical  wafer which need t o  be "gettered". Final ly,  a discussion o f  the 
denuded-zone, intr insic-gettered ( D Z - I G )  strr-+ure on device properties 
w i  11 be presented. 

Introduction 

Oxygen and carbon are important impurit ies i n  Czochral ski-grown s i1  icon 
as the defect morphology o f  a processed wafer of ten depends on the 
behavior o f  these impurit ies during the heat treatments used i n  device 
fabrication. I n  part icular,  denuded zone (DZ), i n t r i n s i c  gettering (IG) 
techniques (1) are used t o  improve the y i e l d  and performance o f  b ipolar 
and MOS devices. These D Z - I G  techniques t ransform oxygen i n t o  a 
benef ic ia l  impurity. Because o f  t h i s  technological importance the 
sub jec t  o f  oxygen i n  s i l i c o n  has been considerably researched and 
per iod ica l ly  reviewed (1, 2, 3 ) .  The present state o f  the a r t  includes 
the f o l  i owi ng observations . Oxygen i s  now considered a control 1 ab1 e 
impurity i n  Czochral ski (CZ) s i1  icon. Most supplies o f  s i l i c o n  wafers 
w i l l  supply material to a specif icat ion. Secondiy, there i s  an assort- 

I 

243 

https://ntrs.nasa.gov/search.jsp?R=19850023318 2020-03-20T17:32:16+00:00Z

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42844743?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


.: 
! 

4 

merit o f  published heat treatments which can be used on wafers to  develop 
a "denuded zone", i.e., a near surface region fret? o f  oxygen-related 
defects, and an i n t e r i o r  " i n t r i n s i c a l l y  gettered zone" where the pre- 
c i p i t a t i o n  o f  oxygen and related defects i s  promoted. Theso treatments 
involve heat treatments a t  dif ferent temperatures to outdi f fuse oxygen 
f o r  a denuded zone, nucleate and prec ip i ta te oxygen, and promote the 
growth o f  defects resul t ing from the prec ip i ta t ion process. Figure 1 
i l l u s t r a t e s  a typical  cycle. Although such methods allow f o r  the con- 
t r o l  o f  oxygen during processing, questions s t i l l  remain as t o  the 
fundamental aspects o f  nucleation and precipi tat ion.  This i s  evident i n  
the behavior of crystals grown t o  the same apparent oxygen content, but  
exhib i t ing markedly d i f f e ren t  prec ip i ta t ion behavior during device 
processes. Ta use a pract ical  example we have observed si tuat ions where 
given the same level  o f  oxygen content wafers from one supplier w i l l  
readi ly  prec ip i ta te during processing, whereas artother vendor's m t e r i a l  
rernains precipitate-free. Such observations have l e d  to an in terest  i n  
the ro le  of point  defects (i.e., vacancies and i n t e r s t i t i a l s )  i n  the 
nucleation process. Differences i n  precipi  ta t Ion behavior are thought 
t o  be related to  the ef fect  of the thermal cycles, a crystal  receives 
i n - s i t u  i n  the grower, on the point  defect populations (4). The r o l e  o f  
carbon as a prec ip i ta t ion promoter i s  also being studied (5). 

Another recent area o f  i n te res t  i s  the behavior o f  oxygen i n  N+ and P+ 
si l icon. The use o f  N/N+ and P P +  epi tax ia l  s i l i c o n  wafers f o r  NMOS and 
CMOS devices ( 6 ,  7 )  has stimulated research i n t o  t h i s  area. Beyond the 
inmediate technological importance studies o f  N+ and P+ si1 icon provide 
another avenue t o  evaluate the r o l e  o f  point  defects i n  the nucieation 
process. 

This paper w i l l  review the topic s tar t ing with oxygen incorporation and 
proceed t o  device ef fects wi th an emphasis on newer results. 

Oxygen Incorporation 

The quantity o f  oxygen incorporated i n t o  a growirg crystal  i s  a t  any 
point  i n  time a function of the segregation coef f ic ient  and the oxygen 
content i n  the molten s i l i con  (melt). The melt Concentration depends on 
the erosion rate o f  the quartz crucible and the evaporation o f  Si0 from 
the melt-ambient interface ( 8 ) .  Although the erosion rate i s  tempera- 
ture dependent i t  i s  s ign i f i can t l y  increased by the presence of con- 
vection currents i n  the  melt. I n  large crucibles character ist ic o f  
industr ial-scale growers thermal convection ef fects are usually larger 
than those from forced convection. Given the Grashof number as an index 
of  themal convection (9).  The me1 t turbulence tends t o  be reduced as 
the level  o f  the me1 t decreases i n  the crucib; e during growth. A1 so, 
the surface area which i s  eroding simultaneously decreases. The net 
r e s u l t  i s  a decrease i n  the oxygen content o f  the melt. However, meth- 
ods t o  a l t e r  the erosion rate o r  otherwise control the melt oxygen con- 
ten t  have been found. These include the use o f  magnetic f i e l d s  to sup- 
press convection currents i n  the melt ( l o ) ,  double crucible techniques 
(11) which provide a constant erosion ra te  and surface area o f  an inner 
crucihle, and reduced a d i e n t  pressure growth (12).  I n  short, tech- 
niques ex i s t  which improve the uniformity o f  oxygen i n  an as-grown CZ 
crystal  by 1OX compared t o  unrefined CZ growth prczesses. 
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Beyond melt dynamics the influence of impur i t ies on crucible erosion 
needs t o  be considered. The carbon reduction o f  Si0 i n t o  CO and Si0 
has already been shown to be a favorable reaction (8).  Thus, higher 
leve ls  o f  carbon i n  the melt  increase the erosion rate. Note t ha t  since 
carbon has a low segregation coe f f i c i en t  (kt.07) it tends t o  enrich i n  
the melt as growth proceeds thus increasing the crucible erosion rate. 
We have noticed a s imi lar  e f f e c t  f o r  boron. As seen i n  Table I crysta ls  
grown with high leve ls  o f  boron tend to exh ib i t  a higher oxygen content 
when grown under otherwise ident ical  conditions. This i s  a t t r ibuted t o  
the glass forming properties of boron because s imi lar  melt leve ls  o f  
antimony a non-glass former do not increase the level  o f  oxygen. This 
f a c t  needs t o  be considered when comparing the behavior o f  P-, P+ and N+ 
crystals. It cannot be t a c i t l y  assumed ident ical  growth conditions 
r e s u l t  i n  ident ical  oxygen levels. 

Fundamental to understanding dopant incorporation i s  an accurat: V a l  ue 
f o r  the segregation coeff ic ient .  For many years the value fo. oxygen 
was generally accepted as k=1.25. Such a value was extracted from the 
axial  d i s t r i bu t i on  o f  oxygen i n  an as-grown crystal.  However, i n  hind- 
s igh t  the substantial var iat ion i n  melt oxygen content due t o  the con- 
vection effects j u s t  discussed render such an approach inval id.  Recent 
experimental work by L i n  (13) suggests a value o f  k-0.25. We have cal- 
culated k from f i r s t  p r i n c i  l es  and re-evaluated ex is t ing s o l u b i l i t  5 data for the l i q u i d  and s o l i  a phases and s im i la r l y  conclude k=0.5 - + .2 
(14). 

A re lated issue to the incorporation o f  oxygen i s  the method by which i t  
i s  measured. The mostl common method i s  i n f r a r e d  ( I R !  absorpt ion 
measurements a t  1106 un . However, the measurement i s  sensi t ive only 
to oxygen i n  i n t e r s t i t i a l  l a t t i c e  s i tes and needs t o  be cal ibrated with 
another analyt ical method. I n  fact, f i v e  ca l ibrat ion constants have 
been reported (15, 16, 17, 18, i91. Secondary Ion Mass Spectrometry 
(SIMC) and Charged Par t i c l e  Activation Analysis (CPAA) have also been 
used for oxygen determinations. I n  our experience the CPAA does seem t o  
indicate more oxygen than the I R  method by about 50% (Table I ) .  How- 
ever, due t o  uncertaint ies i n  the ca l ibrat ion o f  each technique and the 
oxygen inhomogeneity w i t h i n  a sample i t  i s  unclear whether a r e a l  
d i f f e r e n c e  i s  present. Evidence o f  a r e a l  d i f f e r e n c e  comes from 
Jastrzebski (20) who has heated wafers a t  high temperatures (1200- 
1300°C) and observed increases i n  the I R  oxygen content o f  up t o  2Y. 
This indicates a substantial amount o f  oxygen i n  non- interst i  t i a ?  s i tes 
i t i  the as-grown c r y s t a l .  However, we have n o t  observed a s i m i l a r  
increase upon heating i n  our crystals. This leaves open the question o f  
whether prec ip i ta t ion differences i n  material are due t o  nucleation 
ef fects  or simply a dif ference i n  oxygen content. I f  the l a t t e r  i s  t rue 
i t  means any ca l ibrat ion constant f o r  I R  measurements i s  good only f o r  
the vater ia l  on which it was produced. 

Nucleation and Prec ip i ta t ion 

The par t icu lars  o f  the nucleation process have been a sourcc o f  contro- 
versy f o r  some time. Discussions have centered on whether the nuclea- 
t i o n  i s  hwogeneous o r  heterogeneous and i f  heterogeneous the nature o f  
the nuclei. Specif ical ly, thc r o l e  o f  i n t e r s t i t i a l s  and vacancies. 
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Ins ight  i n t o  these questions can be gained from a study o f  N+ and P+ 
s i1  icon. 

We have observed (6) as has De Kock and van de Wijgert ( 7 )  t pa t  precipi3 
ta t i on  i s  suppressed i n  N+ s i l i c o n  above a doping l eve l  1x10 
when heated a t  high temperatures (T=100O0C). However, given a sui table 
heat treatment (24 hr-7W0C, 24 hr-9W°C, refI96) preciPjtates can be 
formed. A t  s t i l l  higher N+ doning leve ls  (5x10 atuns/aa no precipi-  
tates are observed even given the heat treatment j u s t  described. Fur- 
thermore, the lack o f  prec ip i ta t ion i n  N+ s i l i c o n  i s  not due to a lower 
oxygen content as discussed i n  the p r i o r  section. Addit ional ly, we have 
found tha t  p rec ip i t a t i f l  i s  retagded, but  not t o t a l l y  suppressed, a t  
doping leve ls  14)f 5x10 3atoms/an f o r  boron-doped s i1  icon. Doping 
leve ls  05 9x10 atoms/an s t i l l  exh ib i t  p r e c i p i t a t i m ,  but a t  densit ies 
up to 10 less than densities i n  P- samples given the same heat t reat -  
ment (Figure 2). These resul ts  are consistent w i th in  a framework o f  a 
vacancy model. Vacancies i n  s i l i c o n  e x i s t  i n  three charge states and a 
neutral configuration (211. The levels  are shown i n  Figure 3. For 
n-s i l icon a movement o f  the Fermi leve l  towards the conduction band 
means negatively charged vacancies becow the dominant po int  defect. I f  
these negative vacancies pai r  wi th opposi tely-charged dopant atoms then 
they are unavailable f o r  nucleation as proposed by De Kock (7 ) .  I n  p 
s i l i c o n  a s i m i l a r  movement o f  t he  Fermi l e v e l  w i l l  n o t  produce a 
daninance of positively-charged vacancies as the energy level  f o r  the V+ 
l i e s  much closer t o  the valence band edge. So even a t  high p doping 
leve ls  some neutral vacancies s t i l l  e x i s t  so some prec ip i ta t ion does 
occur. The available data does not conclusively prove the r o l e  o f  
vacancies, but does indicate the r o l e  o f  point  defects having asymnetric 
energy leve ls  wi th in the band gap. 

atoms/cm 

Device Issues 

OZgIG lveatmeny produce bulk stacking f a u l t  (BSF) densit ies i n  the 
10 -10 BSF/cm rang$. Jpical met311ic impurity contents o f  processed 
wafers are i n  the 10 -10 atoms/cm (22 ) .  A t  e i ther  9 x t r p e  complete 
capture ( g e t t e r i  ng) o f  impur i t ies by defects requires 10 -10 atoms/BSF. 
Given a ty_8icaleBSF circumference o f  10 microns a f a u l t  need on ly  
capture 10 -10- atoms/8. Thus, the f a u l t  need only r e t a i n  a rela- 
t i v e l y  few atoms along i t s  perimeter. This does not appear t o  be the 
l i m i t i n g  feature o f  i n t r i n s i c  gettering. The l im i ta t i ons  o f  IG probably 
stem from other sources. F i r s t ,  although BSF do exh ib i t  a net capture 
of impur i t ies it i s  not known how e f f i c i e n t  t h i s  process i s  compared t o  
other capture processes such as ion pai r ing i n  phosphorous gettering. 
Secondly, the capture o f  a meta l l ic  impurity a t  a BSF does not neutral- 
i z e  it e lec t r i ca l l y .  Rather removal o f  a me ta l l i c  impurity from the 
depletion region o f  a device t o  a BSF i n  the i n t e r i o r  0-r the wafer 
resul ts  i n  the impurity being changed from a factor i n  d i f fus ion rather 
than generation current. As such a net improvement i n  junct ion leakage 
w i l l  resul t ,  but  the leakage current w i l l  now be a function o f  OZ width. 
Increasing the DZ width can only be accomplished up t o  h a l f  the th ick- 
ness o f  the wafer a t  the zxpense o f  the number o f  get ter ing sites. The 
I G  reg ion  remains a reg ion o f  h igh  recombination f o r  photoexci t e d  
carr iers. 
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Conclusion 

I n  spite of considerable research i n to  t h i s  topic f u l l  and f i na l  answers 
t o  some questions are s t i l l  not obtainable, but  there exists a suf- 
f i c i e n t  body of data and in fo rmat ion  t o  successfu l ly  c o n t r o l  the 
behavior o f  oxygen i n  Cf si l icon. I n  part icular,  the study o f  heavily- 
doped si1 ican offers new insights i n to  nucleation and prec ip i ta t ion 
processes. 
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n+ (.02 ohm-an.) 

rw (.02 ohm-an.) 

p- (5 ohm-cm.) 

p- (5  ohm-cin. ) 

p- ( 5  ohm-an.) 

pi t.01 ohm-an.) 

p++ ( .001 ohm-cm.) 

p++ ( .001 ohm-an.) 

Table I 

IR - 

Comparison o f  Oxygen Contents o f  Si l icon 
as a Function o f  Doping Level and Type 
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18 1 .ox10 

CPAA 

1 .5x10r8 
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1 .9x10l8 
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18 2.1x10 

1.1 x10l8 
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DISCUSSION 
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SAH: The denuded zone gettering -- can you have a heavily doped region there 
that also could be used as the region for intrinsic gettering, like the 
region you are talking about where eventually you have a large conc;n- 
tration of metallic impurities? 

PEARCE: Are you asking if you can have a denuded zone in something very 
heavily doped? 

SAH: Yds. Denided zone in front of a very heavily doped region; that heavily 
doped region is the region that would getter. 

PEARCE: The structure that I mentioned earlier, the pp+. One of the reasons 
that it works so well is that we farm a denuded zone in the p+ sub- 
strate, and then ).he heavy doping plus the precipitation there captures 
all the impurities. That turns out to be a very efficient structure for 
impurity capture. The heavy doping then reduces minority carrier concen- 
trations so there 8.8 very few electrons available using the doping level 
for diffusion current. This is why we get these fantastic lifetimes. 

LESK: Could you not measure the distribution coefficient of oxygen in silicon 
directly by using one of the meit refreeze techniques, where within a 
matter of five or 10 seconds you have melted and refrozen, an6 jvst look 
at the difference in oxygen content on either side of the interface? 

PEABCE: Yes. I guess you could. We were lookiug for a fast answer and did 
some of the things we had done and when elected to do the variation of 
pull rate -- it's just amazing that we had the wrong number for so many 
years. 

SWANSON: Some one, years ago -- : think it was Rohatgi - -  reported that he 
was able to lower the oxygen concentration with HC1 oxidations below the 
solid solrWlity at 125OOC where the oxidations were being done. We 
took some Cz wafers, 100 micrometers thick, and repeated his treatment, 
which occording to the report would have depleted the oxygen almost com- 
pletely from the wafer, and also gave a fldat-zone wafer the same tredt- 
ment. The float-zone wafer had a high lifetime after this and the Cz 
wafer did not. 
or what we did wrong? 

Do you have any feeling aeybe why that would be the case, 

PEARCE: The work with the HC1 -- I was involved in that with George Rozgonyi 
-- and we had done some ctuff each way. 
and nt that time it looked like the HCl did give a pronounced improve- 
menC. 
that. I think, in retrospect, we were just seeing some smples of sample 
fluctuation. Maybe the role of the HC1 wasn't as large as we had origin- 
ally exoected. There is (L recent paper out of Penn State, and s m e  
others, which shows that in the presence of chlorine, at high t a  ?era- 
tures, the diffusivity of oxygen is increased, and they have an inter- 
stitial vacancy model, so I guess it does have an offect. I guess it is 
an effect mc.stly on the diffusivity rather than on anything else. 

We did it with and without HC1 

We even had some charged-particle data that seemed to support 
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SWANSON: Then you really 888 no strong evidence that the oxygen concentration . I  is below solid solubility at the processing temperature? 
I PEARCE: It is probably not below the solid solubility. 
I 

MI-CHWJDHURY: There is some evidence that this oxygen precipitates, although 
these precipitater behave as recon3instion sites or generation sites. 
Especially if you put in diodes, looking at the diode characteristics. 
you have any data to show what kind of electrical activity these precip- 
itates have? 

Do 

Can you comment on that? 
i 

PEARCE: We don't have any direct evidema on the precipitates. There was some 
early BBIC work by Kimmeriing at l4ur:ay Hi11 that showed decoration or 
impurities around the circumference 02 the fault, so that has been more or 
less proved. There was a'rsc some work by - -  I think it was Varker, out 
of Motorola -- doing some 4iode measurttrnents on things tha: were precipi- 
tated with no extended defects and it c'id show 2 degradation in lifetime. 
I personally have not done anything, but there are some data that suppcrt 
that the precipitates apparently attract metallic impurities as well as 
gettering centers and show the same effoct. 

LANDSBERG: Do you have any views about the incorkw2+3?? of defects as you 
lower the temperature? After you have had a high SfJhbility at a higher 
temperature, some of these oxygen -- or defects of ::mi k.nd - -  wiil get 
incorporated? 
whether there are some rules or some laws 078 t!iat. 

I am looking for people who knew how to dercribe this or 

PEARCE: One of the things we felt, at least with metall?(: imprrities, is that 
-- WB call them saucer pits, fog, haze, things like this -- you go through 
an oxidation, do an etch, you find a small density of p a t s .  One of the 
things we have found is that metallic i::.purities will pre ::.itate very 
rapidly, so that if you cool the material fairly slowly, starting at some 
high temperature down to some low temperature, you can precipitate the 
metallics, or so-called saucer pits. But now, since tho&- are not in 
solution, the lifetime tends to go up in many cases. 

in solution -- the lifetime is low. So a lot of the effects people see 
with leakage currents and lifetime in silicon deal with how they cool the 
material out of the furnace, and the particulars of the metallics that 
they have present. But even very small changes in pull rate will dramat- 
ically affect the amount of precipitates that form. 

On the other hsnd, 
If you quench the material -- very Wapid cooling keeps all the metallics I 

I 

I LANDSBERG: Right. Are there any sort of systematic studies with this? 

PBABCE: There is some good work in some of the semiconductor silicon series, 
like 1981 Blectrochem Soziety, on defects in silicon -- out of the San 
Pzancisco meeting, I guess, last year. Yes, there are some paprtrs I can 
give you the references.on. 

I 

i TMtDSBH&G: But there is no single law that kind of transpires 6s a result of 
all thia, like In my talk I used -- a number of times -- lt tcs a m  energy 
divided by some temperature? i 
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PEARCE: We'l, there is soam work by Graff and co-workers who b o k  at how these 
You can things precipitate as a function of solubility and diffusivities. 

start with that kind of information and see how sostething like a titanium 
m u l d  precipitate relative to an iron, and be has been able to predict 
that S;)?BQ of the metallics will be haze formers, etc. That is pretty good 
work. That is published in a 1981 volatse. 

CHBNG: X just heard you mention that the wafer can be denuded up to 100 
micrometers. This seems to ring a bell for solar-cell people, since 
people can make a four-mil cell thickness. 
that is processed? 

Could you say soam more how 

PEARCIS: Yes. It basically is a tiae-temperature thing. We did a lot of 
denuding up at 12SOoC, and at that temperaturs, if you go for sotmething 
20 hours, or whatever, one can denude into some very high thicknesses. 
On thib graph hdre, Curve No. 1, is the work we dit. at 125OOC and at 
several hundreds of minutes you caa get up over 100 ni:rometers aenuding. 
There is a book out, VLJLI Technology, edited by S.M. Sze, and the first 
chapter has the erperhental data at 125OoC versus ti=. 

SAH* T have j u s t  one more question: p-p process gave very good results, so how 
about nn+ or pn+ or np+: 
expect the same O K  dii'ferent results? 

15 there any indication that you m u l d  

PBARCE: The problm n on n+ is thzt it doesn't precipitate, of course, 
and we had a pa;. - L ~ ~ ~ t  wre published, YLSI," it was in the Electrochem 
Detroit meting, t.#e first .%SI Spriposiun, in 1982. The problem with a 
on u+ is that there are no iotrinsic getter s-tes, so all the impurities 
tend to go to the surface and you get 9 lot of precipitates at the sur- 
face, an6 il- is very poor mterial. To get the so-called intrinsic get- 
tering to L, ;k in nn+ you have to go up to something above 5 x 
There has been some work published 02 phosphorus eettering as to wheL 
concentrstion level you need. It is around 5 f so you have tc 
get a substrate level up to there. There was some work at RCA where they 
did that. 
were quite high. It is j?rst difficult to routinely grow epitaxial layers 
and grow background doping at those. high levels O P  srsenic or phosphorus. 
Furthemore, the c-ystal growers don't like to grow crystals like that 
be?ause of the hszards. But, yes, it does work iC you get up to that 
level. 

They grew s m 6  layers on some n++ material and the lifetimes 

SIRTL: Yo*i mentioned this distribution coefEicient of oxyken. I would have 
some d x e d  feelings if you would call it t'ieoretical digtribution coeffi- 
c!ent,. If it is the effective distritution coeZficienG for Czochralski 
prlling, that woula certainly be all right. 

PBABCI: I would agree with that. 

3IRTL: The work of a Japenese scientist was an outstanding contxibution to 
,his particular gc.nt. 
oxype?l during zoning so that he got the ideal conditionp in terms of 
oxygen incorporetfon. And if you'll just member tho diagram I shotc'e4 
during my t - . ' *  in this case, ingot solidificat;on in a m&,d is d neucly 

What exactly he did was, he avoided escspe of 
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ideal condition in this respect. 
found a distribution coefficient hi6her than 1, aad that was not just 
once. so I think that from the ideal standpoint, the Japanese work is 
really the true theoretical value. 

You u y  have seen that we indeed have 

CBbpcB: Yes. I think one of the things that make peopie accept that is that 
if yo0 take the slope of that one plot that we presented witn the 
unrefined c'eochralski &rowth, seea versus tail. and then use classic 
solidification theory to extract a k from that, you usually do set 
something greater than one. 
though what is called the effective value in Crochralaki is probably 
smthing lower and was clouded by all the variation of oxygen within the 
melt. 

So that tended to reinforce that, even 

So I would agree with your CoePents. 

I 
I 

i 

i 
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