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Electrowinning of Silicon from 
K2SiFo-Molten Fluoride Systems 

Gopalakrishna M. Rao,* Dennis Elwell,* and Robert S. Feigelson 
Center  for  Materials Research, Stanford Univerity, StanSord, California 94305 

ABSTRACT 

The e lec t rowinning  of si l icon f rom solutions of K2SiF6 in fluoride mel ts  a t  
745~ has been achieved.  Electrolysis  close to the deposi t ion poten t ia l  gave 
dense, coherent,  and we l l - adhe re n t  deposits. Up to 3 m m  thick films were  
grown using a K2SiF6 concentra t ion of 4-6 m/o.  The po lycrys ta l l ine  sil icon has 
a co lumnar  s t ruc ture  wi th  g ra in  size up to 100 ~m. The morphology  of the  
e lec t rodepos i ted  si l icon onto s i lver  subs t ra tes  and  its dependence  on the dep-  
osition pa rame te r s  is discussed. The pur i ty  of the deposits  is subs tan t ia l ly  
h igher  than  tha t  p rev ious ly  r epor ted  for e lec t rodeposi ted  silicon. 

The avai labi l i ty ,  low toxici ty,  and high degree  of 
technological  deve lopment  make  sil icon the most l ike ly  
ma te r i a l  to be used in t e r res t r i a l  solar  cells. The cost 
of silicon solar  cells is s t i l l  too high, however ,  for 
economic energy  production,  and the cost of pure  
e lementa l  sil icon is i tself  a ma jo r  p rob lem in achieving 
the cost objec t ive  of $100-300 per  peak  kW by 2000 
(1). E lec t rowinning  is, in principle,  a ve ry  a t t rac t ive  
process for  product ion  of e lementa l  silicon since i t  
a l lows direct ,  s ingle-s tage  product ion  f rom some source 
mater ia l .  The process can be opera ted  at  r e l a t ive ly  
low t empera tu re s  in comparison wi th  those which 
involve  mol ten  silicon, and can y ie ld  a product  which 
is subs tan t ia l ly  lower  in impur i ty  concentra t ion than  
the source mater ia l .  

The e lect rodeposi t ion of sil icon was first r epor ted  
in 1854 (2) bu t  there  have been re l a t ive ly  few sys-  
temat ic  studies repor ted  in the  l i te ra ture .  The most 
de ta i led  inves t iga t ion  to da te  has p robab ly  been tha t  
of Monnier  e t a l .  (3, 4), who showed tha t  silicon of 
99.99% pur i ty  could be produced in a two-s tage  
winning and refining process. Their  deposits  were,  
however ,  appa ren t l y  powde ry  and incoherent  and 
requi red  subsequent  separa t ion  f rom en t rapped  sol-  
vent. Cohen et al. (5-7) in our  l abo ra to ry  showed 
that  single crys ta l  ep i tax ia l  layers  could be e lec t ro-  
deposi ted f rom solutions of K2SiF6 in a K F / L i F  eutec-  
tic and tha t  continuous films could be produced by  
electroref ining using a dissolving si l icon anode. 

The objec t ive  of the presen t  s tudy  was to e]ectrowin 
high pur i ty  silicon, in bu lk  form or  as films wi th  
la rge  gra in  size, f rom an inexpens ive  source. The 
morphology  of the po lycrys ta l l ine  silicon films p ro -  
duced and thei r  dependence  on the e lect rodeposi t ion 
condit ions is discussed. A p re l im ina ry  repor t  of this 
inves t igat ion has been presented  previous ly  (8). 

* Electrochemical Society Active Member. 
Key words: polycrystal!ine silicon, electrocrystallization, semi- 

conductor, solar cell. 

Experimental 
The appara tus  used in this invest igat ion was s im- 

i la r  to tha t  r epor ted  by  De Mattei  etal.  (9), except  
that  silica tubes were  used to e lec t r ica l ly  insula te  
the e lect rode leads f rom the top flange. The nickel  
leads were  fixed into the sil ica tubes using a low 
vapor  pressure  epoxy  cement.  The tubes were  re -  
p laced af te r  severa l  exper iments  when devi t r i f icat ion 
was evident .  

Potass ium fluorosil icate was chosen as  t h e  source 
of silicon because of the large  number  of successful  
silicon and silicide deposit ions using this ma te r i a l  
(2-8). Fluorosi l ic ic  acid is a by -p roduc t  of phosphate  
fer t i l izer  manufac tu re  and has at  p resen t  no useful  
application,  so tha t  fluorosilicates a re  an inexpens ive  
source of silicon. The potass ium sal t  has the  lowest  
vo la t i l i ty  and mate r i a l  of 99% pur i ty  was obta ined  
commerc ia t ly  (Alfa  Vent ron) .  

The solvent  used was the t e rna ry  L i F / N a F / K F  
eutectic "F l inak"  (mp 459~ or the  b ina ry  L i F / K F  
eutectic (mp 492~ These solvents have  the advan-  
tages of high conductivi ty,  low viscosity, h igh decom- 
posi t ion voltage, and high so lubi l i ty  for oxides which  
tend to form on the e lect rode surfaces. L iF  of 99.5% 
puri ty ,  NaF  of 99% pur i ty ,  and 99-99.5% K F  were  
used in this investigation.  These anhydrous  mate r ia l s  
were  mixed  and dr ied  first under  vacuum at 200~ 
and then under  flowing argon for severa l  hours  pr ior  
to fusion. The argon was purif ied by  pass ing i t  over  
t i t an ium chips at  650~ Af te r  cooling the fused sol-  
vent, K2SiF~ was added  and the resul t ing  solut ion 
was purified by  pre-e tec t ro lys i s  for 12-24 h r  under  
conditions s imi lar  to those used for deposi t ion bu t  
at  a subs tan t ia l ly  h igher  potent ia l  and cur ren t  density. 

Electrodeposi t ion of silicon was pe r fo rmed  at  745 ~ 
• 10~ in a two-  or th ree -e lec t rode  configurat ion 
with  the mel t  contained in a vi t reous  carbon crucible.  
Af te r  graphite ,  niobium, and nickel  had  been t r i e d  
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in  p re l iminary  experiments,  si lver was selected as 
the cathode mater ia l  because of its low reactivi ty 
with silicon. Graphi te  was found to be unsui table  as 
an anode mater ia l  because it reacts and tends to 
disintegrate. P l a t inum was therefore used both as 
anode and reference electrode. Electrodes were u l t ra -  
sonically cleaned in  ethanol prior to use. Vol tammetry  
and  electrolysis at constant  current  or potent ial  were 
carried out  using a potent ios ta t /programmer  and the 
charge passed was measured with a coulometer. 

Salts adher ing to the deposit were removed by 
digesting in  hot distilled water  for about 12 hr  fol- 
lowed by ul trasonic cleaning in  water, then ethanol, 
for about  15 rain. 

The morphology of the deposits was investigated 
by scanning electron microscopy and optical micros- 
copy. The samples were analyzed for impuri t ies  by  
x-ray,  electron microprobe, and emission spectro- 
graphic analysis. 

Results 
M o r p h o l o g y . - - A  major  aim of this invest igat ion was 

to determine the conditions for the deposition of 
inclusion-free,  coherent layers of uni form thickness. 
Ini t ia l  studies were made using K.~SiF6 concentrat ions 
from 0.5 to 2.5 mole percent  (m/o)  in the two- 
electrode configuration and a typical cyclic vol tam- 
mogram for a 1 m/o  solution at 750~ is shown in  
Fig. 1. Deposition potentials extrapolated from I inear  
regions of current -vol tage  plots for graphite, nickel, 
niobium, and si lver are listed in  Table I. Silicon is 
highly reactive at 750~ and only in the case of silver 
w a s  the reaction be tween the deposit and the sub-  
strate found to be negligible. 

Cell voltages above --2V vs. Pt and corresponding 
cur ren t  densities above 20 mA cm-2  were found to 
resul t  in very  nonuni fo rm powdery or dendri t ic  de- 
posits on top of a thin,  coherent layer  about  2 ~m 
thick. Reducing the deposition potent ial  to --1.9V 
was found to give coherent and s trongly adherent  de- 
posits. Figure  2 shows a typical sample of about 20 

Table I. Deposition potentials extrapolated from linear regions of 
current-voltage plots 

Sub- 
strate Deposition potential (V) Remarks 

Graph i t e  
Nickel  

Niobium 

Si lver  

--0.75 ~ 0.1 (vs. g r a p h i t e )  No ident i f iable  deposit 
-1 .26  + 0.01 (vs. g r a p h i t e )  P o w d e r y  d e p o s i t - - m a i n l y  

n i cke l  s i l i c ides  
-1 .45  ----- 0.05 (vs. g r a p h i t e )  P o w d e r y  d e p o s i t - - m a i n l y  

n iob ium si l tc ides  
--1.96 • 0.03 (vs. p l a t i n u m )  Dense,  coheren t ,  and  well-  

a d h e r e n t  s i l icon 

thickness which was deposited at a constant  po- 
tent ial  and the current  density was 3.9 m A c m  -2 with 
a total charge passed of 208 C cm -2. The average 
grain size is about 16 ~m. A similar  deposit at a con- 
stant  current  of 3.2 mA cm -2 is shown in  Fig. 3 and 
4. The measured potent ia l  was about  --1.95u vs. 
Pt  and the total charge passed was 514 C cm -2. The 
cross section demonstrates that the deposit is free 
from inclusions but  also shows the i r regular i ty  in  the 
thickness. 

It  was found possible to deposit reproducibly co- 
herent, wel l -adherent  films of about 50 ~m average 
thickness using a cell potential  of --1.88 • 0.02V vs. 
Pt with current  densities of 2-13 m A c m  -2 depending 
on the solute concentration. The current  efficiency 
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Fig. 2. Scanning electron m;crograph of a deposit plated at con- 
stant cell potential of - -1.9V vs. Pt at 750~ the K2SiFe con- 
centration ~ 1  m/o. 

Fig. I. Cyclic voltammogram of 1 m/o solution of KsSiF6 in 
Flinak eutectic at 750~ v = ! V/sec, silYer cathode area 
--,I.56 cm 2. 

Fig. 3. Scanning electron mlcrograph of a deposff plated at 
constant current density of 3.2 mA cm - 2  at 735~ the K2SiFe con- 
centration ,~1.5 m/o. 
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Fig. 4. Cross-sectional view of silicon, electrodepositing condi- 
tions same as in Fig. 3. 

was normal ly  35-50% and the grain size up to 60 ~m 
on top of an  ini t ia l  layer  of 8-14 zm average grain size. 

Attempts were made to deposit relat ively thick 
layers at these low current  densities. Figure 5 shows 
the result  of prolonged electrolysis at --1.90 • 0.02V 
vs. Pt  over two days (2945 C cm -2 charge),  at cur-  
ren t  densities in  the range from 4 to 12 mA cm -2. 
The deposit was 2 mm in thickness but  a cross section 
(Fig. 6) shows that there was a very high concentra-  
t ion of fluoride inclusions trapped between grains. 
A surprising feature of this exper iment  is that  the 
inclusion concentrat ion is ra ther  high even dur ing 
the early stages of growth, bu t  the deterioration in 
the later  stages is severe. 

Since thick, inclusion-free layers could not be elec- 
trodeposited from the dilute solutions used, the K2SiF6 
soIute concentrat ion was increased to 4 - 6  m/o  in 
subsequent  investigations. In  addition, a three-elec-  
trode a r rangement  was introduced since in principle 
this gives bet ter  control over the deposition rate. 
Although boron ni tr ide compartmented meta l /meta l  
ion (e.g., Ni/Ni  2+) and the hazardous fluorine refer-  
ence cells have been used (10), a p la t inum foil pseudo- 

Fig. 5. General view of thick deposit pTated =t constant cell po- 
tential of --1.9V vs. Pt at 750~ the K2SiF6 concentration ~2.5  
m/o. 

Fig. 6. Cross-sectional view of silicon, electrodepositing condi- 
tions same as in Fig. 5. 

reference electrode was preferred in  this s tudy be-  
cause of its simplicity. The measured deposition po- 
tent ial  against a Pt  reference electrode was found 
to be --0.74 • 0.03V. However, variat ions by as much 
as 0.10V were observed in  a few experiments.  These 
variat ions may be due to changes in electrode separa- 
tion or to small  changes in  electrode surface structure,  
or to the inheren t  uncer ta int ies  in  the determinat ion 
of deposition potential  (11). The deposition potential  
was therefore determined prior to each eleetrodeposi- 
tion experiment.  

Well-adherent ,  inclusion-free deposits up to 3 m m  
in thickness were found possible using applied po- 
tentials in the vicini ty of the deposition potential  
(Table II) .  The corresponding current  density was 
from 10 to 60 m A c m  -2 and the efficiency was from 
35 to 70%. Figure 7 shows a typical example of a 
deposit plated at --0.75V vs. Pt  for about  four days 
(total charge 12,890 C cm-2) .  The cross section of 
this deposit at the si lver-sil icon interface is shown 
in Fig. 3. With the exception of a few cracks in t ro-  
duced either during cooling or mounting, the deposits 
are substantially coherent; the wedge shape of Fig. 7 
is an end effect and is characteristic of the small 
samples currently prepared. 

Figure 9 shows the grain structure of a typical 
deposit as revealed by an HNO3/HF etch. Growth is 
columnar with a grain size up to I00 ~m, the grain 
size increasing with increasing thickness of the de- 
posit as is usual for electrodeposits from aqueous 
solutions without complexing agents (12). Grain orien- 
tation has not yet been studied in detail but a colum- 
nar structure might be advantageous for the direct 
use of polycrystalline films in solar cells. 

Puri ty . - -As  ment ioned earlier, s tar t ing materials  
were of 99-99.5% pur i ty  and were not  given any  
purification t rea tment  apart  from pre-electrolysis. This 
lat ter  procedure is expected to remove from the 

Table II. Experimental parameters and results for thicker deposits 
in three-electrode configuration 

Approx-  Thick-  
Cathode  i m a t e  ness  of  

Expert- poten- current  Tota l  the  de- 
m e n t  tial vs. density charge  pos i t  Effl- 
NO. Pt  (V)  (rflA c m  -~) (C c m  -2) (nlIrl) c i ency  

1 - 0.74 44 2450 0.9 50 
2 --0.75 33 12,889 2.5 44 
3 --0,74 19 6884 1 34 
4 -- 0.75 I0 6822 2 41 
5 - 0.85 60 4100 1.2 69 
6 --0.86 50 1749 0.4 49 
7 - 0.64 20 4015 1.1 38 
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Fig. 7. Micrograph of silicon, deposited at constant cathodic 
potential of --0.75V vs. Pt at 746~ the K2SiF~ concentration 
~'5 m/o. 

solut ion those impur i t ies  which deposi t  at  lower  po-  
tent ia ls  than  silicon. Impur i t ies  wi th  a h igher  deposi -  
t ion potent ia l  than  tha t  used for subsequent  e lect ro-  
deposi ts  should remain  in solution. This ideal ized 
s i tuat ion r a r e ly  occurs in pract ice  since co-deposi t ion 
tends effect ively to reduce differences in deposi t ion 
potent ia ls  be tween  ind iv idua l  elements.  An addi t ional  
factor  to be considered is tha t  normal  segregat ion 
of impur i t i es  is expected  to depend  upon the mor -  
phology of the deposit,  and also on the gra in  size. 

The increase  in i m p u r i t y  concentra t ion in i r r egu la r  
deposits  a t  h igher  potent ia ls  was confirmed by  analysis  
of h igh ly  dendr i t ic  films. These showed 2-20% of Li, 

Fig. 8. Micrograph of silicon-silver interface of the deposit in 
Fig. 7. 

Fig. 9. Micrograph of etched silicon surface of the deposit 
plated at constant cathodic potential of --0.74V vs. Pt at 747~ 
the K~SiF6 concentration ,~4 m/o. 

p re sumab ly  as inclusions of LiF,  together  wi th  about  
2% of o ther  impuri t ies ,  ma in ly  A1, Cr, and Fe  wi th  
t races of B, Cu, Mg, and Ni. 

When  deposits  were  made  a t  po ten t ia l  close to the 
deposi t ion potential ,  the i m p u r i t y  concentra t ion was 
reduced  to typ ica l ly  about  200 ppm of A1, B, Cr, Fe, 
Mg, and Ni. The best  electrodeposi ts ,  however ,  showed 
only 10 ppm of to ta l  impur i ty  (2 ppm B, 5 ppm Cr, 
0.6 ppm Cu, 0.3 ppm Pt, and  1 ppm Ag) .  This ma te r i a l  
appears  to be the highest  pu r i ty  sil icon to be p repa red  
by  e lect rodeposi t ion to date, since the best  ma te r i a l  
p rev ious ly  repor ted  is tha t  of Monnier  ct el. (3, 4) 
wi th  99.99% pur i ty .  

The th icker  inc lus ion-f ree  deposits  were  sometimes 
found to contain  0.01-0.1% of Cr and Fe. These de -  
posits r equ i re  a per iod  of severa l  days  of e lectrolysis  
dur ing  which fluoride vapor  or  anodicMly l ibe ra ted  
fluorine can a t tack  the Inconel  a tmosphere  tube and 
produce  t rans i t ion  meta l  fluorides. These m a y  be  
t ranspor ted  to the mel t  v ia  the vapor  phase  and resul t  
in the  t ransi t ion meta l  contaminat ion.  Microprobe  
analysis  of the reac ted  scales on the furnace  wal l  
indica ted  a Cr- r ich  phase ins tead of no rma l  Ni - r i ch  
.Tnconel 600. Such a Cr - r i ch  surface film format ion  
upon aqueous oxidat ion  of Inconel  600 even at  300~ 
was demons t ra ted  recen t ly  by  McIn tyre  et al. (13). 
This source of con t amina t i on  can c lear ly  be e l imin-  
a ted by  the use of an a l te rna t ive  furnace  design wi th  
an in te rna l  g raph i te  e lement  and wa te r -coo led  s ta in-  
less steel  jacket .  However  the  99.999% pure  ma te r i a l  
was produced as thick deposits.  

Discussion and Conclusions 
Reproducible  deposi ts  of silicon onto s i lver  have 

been obta ined  by  the electrolysis  of K2SiF6-fluoride 
systems at  745~ and conditions have been de te rmined  
for the deposi t ion of inc lus ion-f ree  and w e l l - a d h e r e n t  
layers.  Al though silicon has been deposi ted prev ious ly  
f rom fluoride melts,  the presen t  exper iments  appea r  
to be the first in which e lec t rowinning  of sil icon gave 
coherent  deposits  up to 3 m m  in thickness.  

The powdery  deposits  a t  high potent ia ls  and  the 
spongy or  dendr i t ic  deposits  on p ro longed  electrolysis  
of di lute  K2SiF6 solutions at  the  deposi t ion po ten t ia l  
could be exp la ined  in te rms of a secondary  reac t ion  
be tween  a lkal i  me ta l  deposi ted  b y  the  p r i m a r y  depo-  
si t ion as observed by  Dodero (14) 

4K -}- Si 4+ ~ Si ~ 4K + 

No evidence for e lect rodeposi t ion of potass ium was 
observed in our  sys tem and this is considered un l ike ly  
in view of the la rge  difference in deposi t ion potent ia l  
be tween  a lka l i  meta ls  and silicon. Dodero used ve ry  
high deposi t ional  potent ia ls  and so the  p r i m a r y  elec-  
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t rodeposi t ion of a lka l i  meta ls  was to be expected in 
his exper iments .  

The noncoherent  deposits  m a y  also be expla ined  
in terms of a secondary  react ion be tween  the deposi ted 
sil icon and the me l t  

Si  § Si 4+ ~_. 2Si2+ 

Dissolution of  si l icon has been observed when wafers  
were  he ld  in  contact  wi th  the  mel t  in  the  absence of 
an  appl ied  potential .  However  this does not  necessar i ly  
i m p l y  tha t  d i spropor t iona t ion  occurs under  the condi-  
tions of deposition, and i t  is difficult to unders tand  
how this effect can exp la in  the  ma jo r  improvement  
in morphology  on increas ing  the solute concentrat ion.  

I t  appears  l ike ly  tha t  po lynuc lea r  complexes are  
presen t  in the  solut ion and that  these m a y  have a 
s t rong influence on the deposi t ion process. Complexes 
such as Mo2~C19 ~-  (15) in a lka l i  chlor ide  melts  and 
U2043- in pe rch lora te  solut ions (16) a re  formed when 
the concentrat ions  of MoCI3 and u rany l  ions, respec-  
t ively,  a re  increased.  Compounds of s t ruc ture  SinF2a+2 
a re  known to exist,  and  both  Si3Fs and Si4Fs have  
been isola ted (17). I t  is suggested that  a slow chemical  
s tep involving dissociation of a po lynuc lea r  complex 
precedes  the e l ec t ron- t r ans fe r  react ion and tha t  this 
dissociation step is ra te  control l ing and favors the  
deposi t ion of coherent  films. F u r t h e r  s tudy is requi red  
before  this pos tu la te  can be confirmed, but  we bel ieve 
that  i t  is impor t an t  to de te rmine  the ra te -con t ro l l ing  
step in the  sil icon deposi t ion reaction.  

The pur i ty  of the best  deposits is good in comparison 
wi th  the  s ta r t ing  mate r ia l s  and indicates  that  the single 
s tage electropurif icat ion process is effective. Since the 
solvent  phase  is reusable ,  high pur i ty  a lka l i  meta l  
fluorides can be used reducing  the ini t ia l  impur i t y  
content  in the melt .  Improved  furnace  design to e l im-  
ina te  high t empe ra tu r e  react ions be tween  fluoride 
vapors  and Inconel  600 should lead to the deposi t ion 
of "solar  cell" grade  mate r i a l  as e i ther  thin or th ick 
films in a single step. 

Thick films have a co lumnar  s t ruc ture  of r e l a t ive ly  
la rge  gra in  s ize as is r equ i red  of the deposi ted m a -  
te r ia l  is to be used d i rec t ly  for solar  cell fabricat ion.  
The power  requ i red  to deposit  1 kg of sil icon is about  
16 k W - h r  plus the cost of main ta in ing  the mel t  a t  
745~ In large  scale plants,  joule  hea t ing  f rom the 
deposi t ion cur ren t  is adequa te  to main ta in  t empera -  
tures of this order,  so tha t  we bel ieve  that  e lec t ro-  
deposi t ion has the potent ia l  to y ie ld  silicon of ade -  
quate  pu r i t y  for solar  cells a t  about  $1 per  kg. S i lver  
is c lear ly  too expensive  a ma te r i a l  for  use on a large  
scale but  the subs t ra tes  could be reused if bulk  silicon 
were  s t r ipped  f rom the cathode af ter  deposition. A l -  
t e rna t ive ly  a 20-100 ~m coating on a cheap subs t ra te  
would  be sufficient in a process to produce  thin film 
solar  cells  d i rec t ly  using this method.  
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