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Act iva t ion  energy  of reac t ion  veloci ty  constant  was 
found to be 1.3 N 1.6 eV. 

4. Mo-ga te  MOSFET's ,  having  good s tab i l i ty  in shor t  
t e rm BT stressing, were  fabr ica ted  wi th  sa t i s fac tory  
reproducib i l i ty .  

Acknowledgment 
The authors  would  l ike to express  thei r  thanks  to 

Drs. D. Shinoda  and H. Muta  for thei r  encouragement ,  
to Dr. K. Higuchi  for he lpfu l  discussions, and to Mr. 
I. Nagashima and Mr. C. T a k e k a w a  for device fabr ica -  
tion. 

Manuscr ip t  submi t ted  Feb.  22, 1980; revised manu-  
scr ipt  received Ju ly  28, 1980. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Sect ion to be publ ished in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1981. 

Publication costs of this article were assisted by Nip- 
pon Electric Company, Limited. 

REFERENCES 
1. M. Kondo, T. Mano, F. Yanagawa,  K. Kikuchi ,  T. 

Amazawa,  K. Kiuchi,  N. Ieda, and H. Yoshimura,  
IEEE J. Solid-State Circuits, se-13, 611 (1978). 

2. T. Ohgishi, A. Dot, T. Akiyama,  and N. Enomoto, 
ibid., sc-13, 355 (1978). 

3. H. Ishikawa,  M. Yamamoto,  T. Nakamura ,  N. Toyo-  
kura,  F. Yanagawa,  K. Kiuchi,  and M. Kondo, 
IEDM Tech. Digest, p. 358 (1979). 

4. F. Yanagawa,  K. Kiuchi,  T. Hosoya, T. Tsuchiya,  T. 
Amazawa,  and T. Mano, ibid., p. 362 (1979). 

5. F. Yanagawa,  T. Amazawa,  and H. Oikawa,  Proc. 
10th Conf. So l id -S ta te  Devices, Tokyo, 1978; Jpn. 
J. Appl. Phys. Suppl., 18, 237 (1979). 

6. D. R. Kerr ,  J. S. Logan, P. J. Burkhard t ,  and W. A. 
Pliskin,  IBM J. Res. Dev., 8, 376 (1964). 

7. A. Rohatgi,  S. R. Butler,  and F. J. Feigl,  This Jour- 
nal, 126, 149 (1979). 

8. J. Monkowski,  J. Stach, and R. E. Tressler ,  ibid., 126, 
1129 (1979). 

9. M. Koyanagi ,  T. Hayashida ,  N. Yamamoto,  and N. 
Hashimoto,  Abs t rac t  153, p. 409, The Elec t rochem- 
ical Society  Extended  Abstracts ,  Boston, Mass., 
May 6-11, 1979. 

10. E. Yon, W. H. Ko, and A. B. Kuper ,  IEEE Trans. 
Electron Devices, ed-13, 276 (1966). 

11. R. N. Ghoshtagore,  Solid-State Electron., 18, 399 
(1975). 

12. A. E. Owen and R. W. Douglas,  J. Soc. Glass Tech- 
nol., 43, 159 (1959). 

13. Y. Komiya,  Y. Tarui ,  and K. Nagai,  Bull Electro- 
techn. Lab., 30, 34 (1966) (in Japanese ) .  

14. E. H. Snow, A. S. Grove, B. E. Deal, and C. T. Sah, 
J. Appl. Phys., 36, 1664 (1965). 

Silicon by Sodium Reduction of Silicon Tetrafluoride 
A. Sanjurjo,* L. Nanis,* K. Sancier, R. Bartlett, and V. Kapur* 

SRI International, Menlo Park, California 94025 

ABSTRACT 

High pur i ty  silicon can be p repa red  f rom the react ion of Na wi th  SiF4 to  
form Si and NaF. The SiF4 is obta ined from inexpens ive  H2SiF6 by  prec ip i ta -  
t ion and decomposi t ion of Na2SiF6. Concentrat ions of B and P are  %ach in the 
0.1 p p m  wt range in the p roduc t  St, s epa ra t ed  f rom NaF  by  aqueous leaching.  

Silicon is an impor t an t  ma te r i a l  in modern  semicon-  
ductor  technology and is finding increased use in solar  
cells for the photovol ta ic  genera t ion  of electr ici ty.  Each 
appl ica t ion  presents  special  r equ i rements  for the pu r i t y  
of the silicon. Cer ta in  e lements  (Ti, Zr, Mo, V, Cr, Fe)  
have been found to be de t r imen ta l  to the opera t ion  of 
silicon solar  cells by  act ing as recombina t ion  t raps  
when present  in concentrat ions  of as l i t t le  as 0.01-1 
ppba  (1, 2). Low cost silicon of high pur i ty  is needed 
to foster  the cont inued deve lopment  of solar  photo-  
vol taic  systems. Wi th  today ' s  technology, app rox i -  
ma te ly  20% of the total  cost for the manufac tu re  of 
a solar  cell is ascr ibed to the silicon mate r i a l  produced 
by  the convent ional  hydrogen  reduct ion of chloro-  
silanes. I t  has been es t imated  (3) tha t  the cost of 
silicon mus t  be reduced  f rom its p resen t  level  of at 
least  $70/kg to about  $14/kg (in 1980 dol lars)  to achieve 
acceptance for use in solar  photovol ta ic  panels. We 
have developed a process tha t  offers a p a t h w a y  to an 
indus t r ia l  method that  satisfies this cost requi rement .  
The s ta r t ing  ma te r i a l  is fluosilicic acid, H2SiF6, a low 
cost waste  by -p roduc t  of the  phosphate  fe r t i l izer  in-  
dus t ry  (4). SiF4 gas is p r epa red  f rom H2SiF6 and is 
reac ted  wi th  sodium meta l  to produce a mixed  react ion 
produc t  consisting of Si and  NaF. Aqueous leaching is 
used to separa te  NaF  from g ranu la r  St. 

The SiF4-Na Process 
The overa l l  process consists of three  ma jo r  steps: 

s t e p  1, p rec ip i ta t ion  of Na2SiF6, fol lowed by  SiF4 gen- 

* Electrochemical Society Active Member. 
Key words: silicon, solar cells, sodium, silicon tetraituoride. 

eration; step 2, Na reduction of SiF4; and step 3, sepa- 
ration of Si from the Si-NaF mixture. A flow diagram 
of the process steps is shown in Fig. i. The sequence 
of reactions is described below. 

Generation o~ SiF4 (step 1).--Fluosilicic a c i d  
(H2SiF~) of commercia l  grade  [23 weight  percen t  
(w/o)  ] was used d i rec t ly  as received wi thout  purif ica-  
tion or  special  t rea tment .  Sodium fluosilicate, Na2SiF6, 
was prec ip i ta ted  by  adding solid sodium fluoride di-  
rec t ly  to the as - rece ived  H2SiF~. The mix tu re  w a s  
s t i r red  overnight  at room t empera tu r e  in a po lyp ropy-  
lene tank. The superna tan t  liquid, containing most ly  
HF and some H2SiF~, was decanted,  and the Na2SiF6 
precip i ta te  was f i l tered on a plast ic  Buchner  funnel .  The 
fluosilicate was washed wi th  cold dist i l led wa te r  to r e -  
m o v e  HF and H2SiF6 and dr ied  in an oven at  200~ A 
min imum yie ld  of 92% was obta ined  for 1 kg batches  
of pure  Na2SiFG as de te rmined  by  x - r a y  diffraction. 
The product  Na2SiF6 is a nonhygroscopic whi te  powder  
that  is ve ry  s table  at room t e m p e r a t u r e  and thus p ro-  
vides an excel lent  means  for s tor ing the silicon source 
before it is decomposed to SiF4. 

As SiF4 is needed, the Na2SiF6 can be thermally 
decomposed (Fig. I) at 650~ in a graphite-lined, 
gas-tight stainless steel retort. In separate experiments, 
it was determined that SiF4 gas at a pressure of 0.4 atm 
is in equilibrium at 650~ with solid Na2SiF6 and NaF. 
Accordingly, gaseous SiF4 evolved at 650~ was con- 
densed as a white solid in a storage cylinder cooled by 
liquid nitrogen, attached to the retort. The SiF4 gas was 
allowed to expand by warming of the storage cylinder 
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Fig. !. Three-step method for silicon production 

to room temperature  and was fed into the reactor a s  
needed. SiF4 gas prepared in this manne r  was deter-  
mined by mass spectrometric analysis to be more pure 
than commercial  grade SiF4, as shown in  Table I. Ions 
formed from the sample gas were identified from the 
observed mass numbers ,  isotopic distribution, and 
threshold appearance potentials. The detection l imit  
was bet ter  than  0.005%. Positively identified gaseous 
impuri t ies  are listed in  Table I; no metall ic impuri t ies  
were detected. Peaks corresponding to B compounds, 
such as BFs, were specially checked, bu t  none were 
found. 

Although the SiF4 produced from H2SiFe had less 
impuri ty,  the commercial grade SiF4 was also used for 
exper imenta l  convenience. The possible presence of 
metall ic impuri t ies  in commercial SiF4 was determined 
by  bubbl ing  the gas through high pur i ty  H20 and heat-  
ing the resul t ing s lurry  with an excess of HF to drive 
off Si as SiF4. The final clear solution was then ana-  
lyzed by  plasma emission spectroscopy (PES).  The 

Table I. Mass spectrometric analysis of SiF4 

SiF4 prepared at SRI SiF, 
Ion f r o m  H~SiF6 (%) commercial (%) 

SiFs* 96.9 93.6 
SisOF6+ 3.04 4.24 
SiOFs+ ~ 1.79 
CCI~+ --  0.159 
SO=F~+ 0.076 0.098 
Si~2F~+ -- 0.081 
SOs* - -  0.035 

results are listed in Table II, together with PES anal -  
ysis of the waste by-product  H2SiF6 and the NaF used 
to precipitate Na2SiF6 (step 1, Fig. 1). Comparison of 
the first two columns of Table II  with column three 
shows that  the concentrations of some elements, e.g., Li, 
B, V, Mn, Co, K, and Cu, were unchanged by precipita-  
tion of Na2SiF6, whereas the elements Mg, Ca, A1, P, 
As, and Mo were diminished by a factor of 5-10. Some 
elements were concentrated into the Na2SiF6, namely  
Cr, Fe, and Ni. The fourth column in Table II is repre-  
sentative of the impur i ty  content  to be found in SiF4 g a s  
prepared on a commercial  scale. The low content  of P 
is of special significance for both semiconductor a n d  
solar cell applications. Elements known  to reduce solar 
cell efficiency (V, Cr, Fe, Mo) are uni formly  low in  
commercial grade SiF4. Only Mn, As, and  A1 are of 
comparable concentrations in  both Na2SiFe and SiF4 at 
the I ppm or less level. 

SiF4-Na reaction (step 2).--The central  operat ion of 
the pure Si process (step 2, Fig. 1) is the reduct ion of 
SiF4 by Na according to the reaction 

SiF4(g) -}- 4Na(1) --> Si(s)  ~- 4NaF(s)  [1] 

Although this reaction is thermodynamical ly  favored 
at room temperature  (AG%9s K ---- -- 146 kcal /mole Si),  
it has been found exper imenta l ly  that  Na has to be 
heated to about 150~ before any appreciable reaction 
can be observed. Once the reacting has been initiated, 
the released heat (AH~ -- --164 kcal /mole  Si) 
raises the temperature  of the reaction Na, which in 
tu rn  increases the reaction rate. Under  adiabatic con- 
ditions, a temperature  of 2200 K is predicted for re-  
action [1] with the stoichiometric quanti t ies of SiF4 
and Na. In practical reactors, rapid consumption of 
gaseous SiF4 produces a pressure decrease. The kinetic 
behavior of reaction [1] is complex because of the 
in terplay of several  factors, e.g., pressure of SiF4, va-  
porization of Na, local temperature,  porosity of two 
solid products, and t ransport  of SiF4 and Na vapor 
through the product crust that forms on the l iquid Na. 

Although only p re l iminary  studies have been made 
of the kinetics, the general  features of reaction [1] 
have been surveyed. In  a series of experiments  to esti- 
mate reaction temperatures,  5g of Na were loaded in  a 
Ni crucible (3 cm ID, 4 cm high) and heated in  SiF4 in i -  
tially at 1 atm pressure. The Na surface tarnished at 

:around 130~ with the formation of a thin b rown film. 
.~ks the temperature  increased, the color of the surface 
filrri gradual ly  changed from light b rown to brown 
and finally to almost black. The SiF4-Na reaction be-  
came rapid at 160 ~ _ 10~ and l iberated a large 
amount  of heat, as indicated by  a sudden rise in  re-  

Table II. Plasma emission spectroscopy analysis, 
parts per million (wt) 

Element H2SiF6 a NaF b Na~SiF6 SiF~ 

Li 0.1 0.2 0.01 
Na 460 d 1.8 
K 9.0 8.0 0.3 
Mg 55 6.4 2.3 
Ca 110 10 18 1.6 
B 1.0 0.8 <0.01 
A1 8.0 <2 .5  1.3 1.2 
P 33 5 0.08 
As 8.8 0.2 0.28 
V 0.3 < 5  0.3 <0.01 
Cr 0.8 <3.5 8.8 <0.01 
Mn 0.2 < 4  0.4 0.16 
Fe  13 <7  38 0.04 
Co 0.54 0.7 <0.01 
Ni  1.17 < 8  4.2 <0.01 
Cu 0.12 <4 0.6 <0.01 
Zn 1.4 1 <0.01 
Pb 14.5 5 0.03 
Mo 11 1.0 <0.01 

23 w/o waste by-product of phosphate fertilizer production. 
b Emission spectroscopy. 
c Commercial grade. 
d Major l ine.  
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act ion t empera tu re .  As shown in Fig. 2, the  pressure  in  
the reac tor  typ ica l ly  decreased s l igh t ly  unt i l  the  t em-  
pe ra tu re  increased  sharply ,  wi th  an associated rap id  
decrease in SiF4 pressure .  The reac t ion  lasts for  severa l  
seconds only. Fo r  SiF4 pressures  be low 0.3 arm, the r e -  
act ion mass was observed  to glow at a dul l  r ed  heat.  
Fo r  h igher  pressure ,  a character is t ic  flame was ob-  
served. The shor tes t  reac t ion  t ime (20 sec) and  the 
h ighest  t empera tu re s  (about  1400~ were  obta ined  
when  the in i t ia l  pressure  of SiF4 was a round  1 atm. In  
addit ion,  complete  consumpt ion of Na was ob ta ined  for  
1 a rm SiF4. When  sca l e -up  of this  reac t ion  was a t -  
t empted  b y  loading l a rge r  amounts  of Na, i t  was 
found tha t  as the  dep th  of the  Na pool increased,  the 
amount  of Na r ema in ing  unreac ted  also increased.  The 
produc t  formed a crust  on top of the Na surface, bu i ld -  
ing a diffusion ba r r i e r  for  the  reactants .  As the ba r r i e r  
thickness  increased,  the reac t ion  s lowed and even tua l ly  
s topped.  

On the basis of p r e l i m i n a r y  s tudies  of the pa rame te r s  
tha t  affect reac t ion  [1], a sys tem was developed tha t  is 
capable  of p roduc ing  Si a t  the  ra te  of 0.5 k g / h r  in a 
ba tch  mode. The reac tor  is shown schemat ica l ly  in Fig. 
3. The upper  section of the  Na dispenser  is coated in -  
t e rna l l y  wi th  epoxy  resin on al l  P y r e x  glass surfaces 
tha t  m a y  contact  Na. 

Sodium chips were  p r e p a r e d  by  feeding 225g blocks 
of sodium (6 cm d iam rod, cut longi tud ina l ly )  into a 
food processor  using a b l anke t  of argon to minimize 
contact  wi th  a tmospher ic  oxygen  and moisture.  Whi le  
Na chips were  be ing  in t roduced  into the  top of the 
s torage chamber  of the d ispenser  (2 kg capaci ty) ,  d r y  
argon flowed up th rough  the chamber.  The Na chips 
were  t r ans fe r red  f rom the s torage chamber  to the r e -  
ac tor  b y  means  of a hor izonta l  "hoe" mechanism. 
Downward  flow of Na chips in the  s torage chamber  was 
a ided  by  agi ta t ion  of the  ver t ica l  rod. 

The lower  section of the reac tor  was made  of  Inconel  
(20 cm diam, 90 cm high)  and  was fi t ted wi th  a sheet  
nickel  l iner  (18 cm diam, 60 cm high)  and an inner  
l iner  of sheet  Grafo i l  (18 cm diam, 90 cm h igh) .  The 
outside of the Inconel  reac tor  was w r a p p e d  wi th  four  
sets of heavy  du ty  e lect r ica l  hea t ing  tapes ( ra ted  for 
use to 800~ which were  covered wi th  Kaowool  in-  
sulat ion (1.3 cm thick) .  The top of the Inconel  reac tor  
and  the flanges tha t  connect to the P y r e x  Na dispensing 
section were  w a t e r  cooled. 

In  ope ra t ing  the  reactor ,  the  sys tem was first  evacu-  
ated, then filled wi th  SiF4 gas to a p ressure  of about  1 
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Fig. 2. $iF4-Na reaction: pressure and temperature profiles 

Fig. 3. Schematic of 18 cm diam Inconel reactor 

atm. React ion was in i t ia ted  as soon as Na chips were  
d ropped  to the bot tom of the  reactor ,  which  was p re -  
hea ted  to 400~ Reaction was sus ta ined by  manua l ly  
adding Na chips at a ra te  sufficient to ma in ta in  a given 
SiF4 flow rate, as ind ica ted  b y  an electronic f lowmeter.  
The m a x i m u m  flow ra te  used was 380 l i ters  SiF4/hr ,  
corresponding to an addi t ion  ra te  of about  1.4 kg N a / h r  
and a product ion ra te  of 0.5 kg S i /hr .  Dur ing  the 
opera t ion  of the Inconel  reactor,  the  t e m p e r a t u r e  of the  
reactor  wal ls  in the region of the  reac t ion  products  rose 
to 600~176 as ind ica ted  by  ex te rna l  thermocouples .  
The t e m p e r a t u r e  of the n ickel  l iner  reached  the mel t ing  
t empera tu re  of NaF  (998~ indica ted  b y  mol ten  NaF  
observed on the outside of the n ickel  l iner  nea r  seams 
as the react ion zone progressed  upward .  

Af te r  each SiF4-Na run  was completed,  the react ion 
products  comple te ly  occupied the cy l indr ica l  space in-  
side the Ni -Gra fo i l  l iner.  The reac t ion  products  were  
pulver ized  wi th  plas t ic  equipment ,  and  rout ine  checks 
were  made  for the presence of unreac ted  Na b y  acid 
t i t rat ion.  An  impor t an t  p a r a m e t e r  regu la t ing  the ra te  
and ex ten t  of the  react ion is the su r face - to -vo lume  
rat io  of the Na feed. For  the 18 cm d iam Inconel  reac-  
tor, no unreac ted  Na was observed in the  react ion 
products  even for  the  highest  Na addi t ion  ra te  used 
(1.4 k g / h r )  when the Na chips had a surface  to volume 
ra t io  of about  20 cm -1. 

The re la t ive  amounts  of Si, NaF, and  Na2SiF6 were  
convenien t ly  de te rmined  by  x - r a y  diffract ion using 
s t andard  mixtures .  The weight  f ract ion of Na2SiF6 was 
de te rmined  from the rat io  of the peak  intensi t ies  of 
Na2SiF6 and KC1 reference  addit ive.  The method  is 
r ap id  and accurate  to about  _--4_- 5%. The presence of 
Na2SiF6 was also cross-checked by  the rmograv ime t ry .  
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The presence of Na2SiF6 in the reaction product mix-  
ture is an indication of possible side reaction according 
to 

SiF4 ~- 2NaF--> Na2SiF8 [2] 

which is the reverse of the decomposition reaction used 
for SiF4 generation in step 1 (Fig. 1) of the overall  
process. 

When the reactor walls are kept above 600~ the 
formation of by-product  Na2SiF6 was less than 2 w/o. 

Separation (step 3).--The reaction product obtained 
by the SiF4-Na reaction [1] is a porous, brown mass. 
This intimate mixture of NaF and Si is readily sepa- 
rated by aqueous leaching. The Si product obtained 
after leaching is a brown crystalline powder with par-  
ticle sizes ranging from submicrometers up to 150 ~m. 
Some of the various morphological forms observed in 
this powder are shown in Fig. 4. Leaching is performed 
using 1.0N HC1 in a polypropylene container, although 
other acids such as H2SO4, CHsCOOH, and I-IF are 
equally effective. The acid normali ty can vary in the 
range 0.1-1.0N without affecting the leaching process, 
which may be monitored by measuring the F -  and Na+ 
concentrations in the leachant using ion selective elec- 
trodes. When the F -  concentration is about 10 -5 mole/ 
liter, leaching is stopped. The acidification of the leach 
solution is a precautionary measure to prevent  increase 
in local pH due to reaction of tt~O with Na, which 
could, in turn, result in Si loss by oxidation according 
to the reaction 

Si -b 2H~O -~ SiO2 + 2H~ [3] 

It has been determined (6) experimentally that during 
leaching in IN acid, Si can be oxidized at an initial rate 
of 15 weight percent per hour. The rate of oxidation in- 
creases with increased F -  ion concentration in solutions 

with pH in the range of --0.8 to 10. The contact time 
may be minimized by using forced filtration, which 
yields a 98% complete recovery of Si. Differences in 
leaching rate due to particle size of the products, tem- 
perature of the leaching bath, and amount of stirring 
were found to be important  only during the first min- 
utes of leaching. 

Purity of Silicon 
Several analytical methods have been used to char- 

acterize the very low levels of impuri ty elements in the 
silicon leached from the products of SiF4-Na reaction 
[1]. Generally, each of the methods is used at the Iimit 
of resolution for several elements. For comparison, a 
reference sample of high puri ty Si was analyzed in a 
similar manner to provide a check of spurious readings 
caused by sample preparation, background effects, and 
instrumental limitations. The reference material  was 
commercial polycrystalline semiconductor grade Si 
with resistivity greater  than 1 X 10~ ~ cm. 

In Table lII, the uncertainty in the methods of emis- 
sion spectroscopy and spark source mass spectrometry 
has been taken into account by selecting representative 
average concentrations based on several analyses. A 
range is indicated for (Fe, Cr, and Cu) where wide 
variations occur because of its importance, phosphorous 
was also determined by a wet chemical cotorimetric 
method (5). 

Discussion 
The process sequence shown in Fig. 1 was selected 

because of the inherent simplicity of the steps and 
their independent and combined suitability for scale- 
up. Some purification occurs during precipitation (step 
1, Fig. 1) for Mg, Ca, A1, P, and As due to the high 
solubility of their fluosilicates and fluosalts. Some con- 
centration takes place for Cr, Fe, and Ni, and this effect 

Fig. 4. Morphologies of Si pro- 
duced in the SiF4-Na reaction: 
(a) fine powder, (b) branches, 
(c) cubes. 



V o l .  128, No. 1 Si BY Na REDUCTION OF SiF4 1 8 3  

Table III. Representative silicon impurity content, 
parts per million (wt) 

Element SRI Si . Semiconductor Si 

B 0.1 0.1 
P 0.2 (0.09) b 0.3 
As  c c 
A1 0.8 0.4 
Ga 0.06 0.1 
Ti  2.0 0.2 
Zr 0.01 <0.3 
MO 0.3 e 
V 0.04 <0.3 
Cr <3.5d 0.8 
Mn O.l c 
Fe < 7  d <0.3 
Co 0.5 0.5 
Ni 2.0 4 
Cu < 4  a 0.2 
Zn 0.01 15 
F 0.1 <0.1 
Na 1.0 9.0 
K 0.01 <0.1 
Ca 1.0 0.1 
Mg 0.1 c 

a Polycrystalline sil icon for  s ingle  crystal  growth.  
b Wet chemical  analysis.  

Not  observed.  
a Emissioa spectroscopy; all others,  spark source mass spec- 

trometry. 

may be due to coprecipitation of these elements as 
fluorides since their  fluosilicates are very soluble. From 
Table II, i t  is clear that  most of the purification is ac- 
complished as a result  of the thermal  decomposition in 
step 1 (Fig. 1). Most t ransi t ion metal  fluorides are 
very stable condensed phases at 650~ the temperature  
of decomposition in step 1 (Fig. 1) and, tneremre,  wilI  
stay in the solid. In addition, volatile fluorides formed 
dur ing the decomposition of fluosalts such as Na2TiF6 
and Na2ZrF6 wil l  condense upon cooling of the SiF4 
gas s t ream from step 1. The condensed mater ia l  is then 
removed from the gas mains t ream by in- l ine  fume 
particle filtration. Mass spectrometry did not detect the 
presence of any metall ic or dopant  impur i ty  (Table I) 
in  ei ther the SRI produced gas or in the commercial  
SiF4 gas. The analysis done on the SiF4 by passing 
the gas through high pur i ty  water  was based on the 
hypothesis that  fluoride impurit ies should be hydro-  
lyzed and /or  trapped in  the SiO2 formed. The results 
listed in Table II show that the level of metal  impur i -  
ties in the result ing SiO2 is so low that, for practical 
purposes, the SiF4 can be considered free of metall ic 
impurities.  

The Na feed, reactor materials,  and possible con- 
taminat ion  of the product dur ing handl ing remain  as 
possible sources of impuri t ies  in the St. 

The impuri t ies  in Na can be divided roughly  into 
three types according to their tendency to react with 
SiF4, as classified by the free energy of reaction. The 
first type of impur i ty  includes a luminum and elements 
from the groups IA, IIA, and IIIB. The free energy of 
reaction of SiF4 with these impuri t ies  ranges from 
--100 to --200 kcal /mole SiF4 at room temperature  and 
from --50 to --100 kcal /mole SiF4 at  1500 K. It is ex- 
pected, therefore, that  even when these impurit ies are 
present  at the ppm level, they will react with the SiF4 
to form the corresponding fluorides. Subsequently,  the 
fluorides will be dissolved preferent ia l ly  in the NaF 
phase. The second type of impur i ty  includes t ransi t ion 
metals such as Mo, W, Fe, Co, Ni, and Cu, and the ele- 
ments  P, As, and Sb. These elements exhibit  positive 
free energies of reaction in  excess of 100 kcal /mole 
SiF4 and are not expected to react with SiF4. However 
it is an exper imenta l  fact that  the silicon resul t ing 
from the SiF4-Na reaction contains amounts  of Fe, 
Ni, and Cr in proportion to the concentrat ion of these 
elements in the Na feed. The mechanism by which 
these metals are t ransferred to the silicon has not yet  
been studied. In  any case, the concentrat ion of Fe, Cr, 
Ni, and also Ti can be decreased by a factor of about 
104-I06 for single-pass directional  solidification or the 

Czochralski crys ta l -pul l ing procedures used present ly  
for solar cell manufacture .  At the resul t ing levels, t h e s e  
elements would not be de t r imenta l  to solar cell per-  
formance (1). Boron represents a third type of im-  
purity. The free energy of reaction of this e lement  with 
SiF4 is positive bu t  small  (5-20 kcal /mole  SiF4 f o r  
temperatures  up to 1500 K) ; therefore, some p a r t i a l  r e -  
a c t i o n  can be expected and B will be dis tr ibuted be-  
tween the NaF and Si phases. I t  is noted that  the levels 
of the dopant  elements, B, P, and As in  SRI silicon a r e  
the same as in the semiconductor silicon used as ref-  
erence. Since i t  is convenient  to h a v e  dopant  levels a s  
low as possible to permit  flexibility in  subsequent  dop- 
ing procedures for semiconductor and solar cell appli-  
cations, the low B and P content  (Table III)  of Si pro- 
duced by the SRI process is of advantage. The possibil- 
i ty of contaminat ion from the reactor materials  w a s  
minimized by the use of Ni and Grafoil l iners (Fig. 3) 
that  completely contained the reaction products and 
avoided contact or impur i ty  t ransfer  with the r e a c t o r  
walls. The Ni l iner  served merely  as a mechanical  r e -  
t a i n e r  for the Grafoil sheet and did not contact the solid 
mixed reaction product. Both Ni and Inconel were s e -  
l e c t e d  for use in the reactor (Fig. 3) because of their  
stabil i ty in the presence of fluoride compounds. 

Contaminat ion during handl ing  was, after the Na 
feed, probably the second most impor tant  source of 
impur i ty  pick up. Airborne dust could have contacted 
the products either dur ing their removal  from the re-  
actor or during sampling. Furthermore,  al though elec- 
tronic grade acid and deionized water  were used for 
leaching the NaF, the large volume of l iquid used could 
have contr ibuted to the accumulat ion of impur i ty  in  
the silicon. Finally,  al though the pur i ty  of the silicon 
produced by the SiF4-Na reaction is appropriate for 
solar cell manufacture,  it is expected that  by prepurifi-  
cation of the commercial grade Na used and by avoid- 
ing contaminat ion during handling,  semiconductor 
grade silicon could be produced. 

Conclusion 
We have shown exper imenta l ly  that  high pur i ty  S i  

can be prepared as a powder using the inexpensive 
starting materials H2SiF6 and Na. Favorable  thermo- 
dynamics of the reduction step, easily controlled ki-  
netics, and abundan t  avai labi l i ty  of inexpensive s tar t -  
ing materials make this method attractive. Of special 
interest  for semiconductor applications are the low con- 
centrations of B and P impuri t ies  in the product St. 
The Si produced by the SiF4-Na reaction, if purified 
fur ther  by directional solidification, should be a low 
cost mater ia l  suitable for the manufac ture  of s o l a r  
cells. 
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ABSTRACT 

After an exhaustive reevaluation of the contact printing processes, photo- 
resist sticking to the photomask surface is identified as the principal cause of 
patterning defects and a preventive measure is developed. This process, called 
surface conversion for antisticking (SURCAS), facilitates a reduction in defect 
density by about one-fourth compared to conventional contact printing. This 
technique opens the way for improvement of current LSI fabrication, and 
moreover should be useful in ultrafine pattern lithography down to 1 ~m 
in the near future. 

Photo l i thographic  technology has been successively 
improved  and has dominan t ly  cont r ibu ted  to an in-  
crease in LSI  packing  densi ty  by  almost  a factor  of two 
every  yea r  over  the last  decade. On the other  hand, it  
has also been shown (1, 2) tha t  low device y ie ld  is 
ma in ly  due to pa t t e rn ing  defects formed in photo-  
l i thography.  Present ly ,  LSI ' s  wi th  l ines and spacings 
of 3 #m or  less a re  jus t  going into commercia l  p roduc-  
tion. When posi t ive photoresists ,  ins tead  of negat ive  
ones, are  used in combinat ion wi th  a contact  pr inter ,  i t  
seems ra the r  easy to del ineate  1 #m fine pat terns .  How- 
ever, pa t t e rn ing  defects due to f ragi l i ty  of the base 
resin i tself  have appea red  as the most serious problem.  
Therefore,  a new technique to reduce pa t t e rn ing  defects 
is u rgen t ly  needed to ful ly  ut i l ize the  high resolut ion of 
posit ive photoresis ts  for LSI  fabricat ion.  In the last  
severa l  years,  g rea t  progress  has been made  by  using 
a 1:1 projec t ion  a l igner  in y ie ld  improvement .  Still ,  its 
resolut ion l imit  is recognized to be about  2 gm. 

In this work,  the contact  p r in t ing  process is r e e x -  
amined  in de ta i l  focusing on pa t t e rn ing  defects. The 
invest igat ion has r evea led  tha t  s t icking of photores is t  
pieces on photomask  surfaces is the dominant  cont r ibu-  
tor. This photomask  to photores is t  adhesion phenome-  
non is ana lyzed  based on the d ry  adhesion mechanism 
repor ted  ea r l i e r  (3). And  finally, a novel  technique to 
effect ively p reven t  sticking, i.e., surface conversion for  
ant is t icking (SURCAS) ,  is developed.  

Theoretical Treatment 
It  has become a ma t t e r  of common knowledge  that  

photoresis t  to subs t ra te  adhesion is improved  by  sur-  
face conversion of subs t ra te  wafers  wi th  organic com- 
pounds such as HMDS. 1 

Our  exper iments  revea led  an inconsistent  phenome-  
non; when the same conversion t r ea tmen t  is appl ied  to 
a photomask  surface, photoresis t  to pho tomask  adhesion 
is d ras t ica l ly  weakened.  This inconsistency is solved by  
two different  adhesion mechanisms,  d ry  and wet  ad-  
hesion (3). 

Key words :  pho to l i t hography ,  con tac t  p r in t ing ,  p a t t e r n i n g  de- 
fects ,  adhesion,  sur face  convers ion,  

~ Hexarne t  hy ld i s i l azane :  (CH~) ~SiNH.Si(CH3) ~ 

Since there  is no l iquid in the  contact  pr in t ing  p ro -  
cess, adhesion in pho tomask-pho tores i s t - subs t ra te  sys-  
tem is ana lyzed  according to the d ry  adhesion mecha-  
nism as out l ined below. Adhesion be tween two ma te -  
rials, i.e., photomask  to photoresis t  and photoresis t  to 
subs t ra te  wafer ,  is eva lua ted  by  dispers ion in terac t ion  
as follows 

Wa(MR) -- 2 ('TM%R d) [1] 

Wa(MR) : 2 (TROTS d) [2] 

where  the suffixes M, R, and S denote the photomask,  
photoresist ,  and subs t ra te  wafer  respect ively,  Wa is 
the work  of adhesion indica t ing  the affinity be tween  
two mater ia l s  denoted by  suffixes, and  ~d is the  d isper -  
sion component  of surface free energy.  Since adhesion 
increases wi th  Wa, the photoresis t  wil l  s t ick to the 
photomask  ra the r  than  the subs t ra te  when 

Wa(MR) > WaCRS) [8] 

Subs t i tu t ing  formulas  [1] and [2] into [3] produces  

~d > ,ys d [4] 

Consequently,  to p reven t  the photores is t  st icking, ,yM d 
must  be smal ler  than  7s d. 

The values of 7d were  eva lua ted  for var ious  mate r ia l s  
commonly used in the semiconductor  indust ry ,  as 
shown in Fig. 1. The most  impor t an t  poin t  is that  a 
convent ional  ch romium mask  washed wi th  organic  
solvents shows a h igher  7d va lue  than  any other  sub-  
s t ra te  mater ia l .  Thus, photores is t  s t icking can be ex-  
pected with  the above consideration.  On the other  hand, 
7d of the SURCAS mask  is the lowest,  indica t ing  a low 
adherence  to photoresist .  

Experimental 
Wa~er inspect~on.--Two series of wafer  inspect ion 

tests were  carr ied  out wi th  each object. The first series 
was to classify the pa t t e rn ing  defects in convent ional  
processes. The second was for y ie ld  comparison wi th  
and wi thout  SURCAS. In the first series, 20 wafers,  
each including 80 chips of 9 m m  2 die, a re  processed 


