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VOLTAGE CONTROLLING MECHANISMS IN  LOW RESISTIVITY SILICON 

SOLAR CELLS - A UNIFIED APPROACH 

V .  G. Weizer, C .  K.  Swartz, R .  E. Hart ,  and M. P. Godlewski 

Na t i ona l  Aeronautics and Space Admin i s t ra t i on  
Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

An experimental  technique capable o f  r e s o l v i n g  the  dark s a t u r a t i o n  
c u r r e n t  i n t o  i t s  base and e m i t t e r  components i s  used as the  basis  o f  an 
ana lys i s  i n  which t h e  vo l tage l i m i t i n g  mechanisms were determined f o r  a  
v a r i e t y  o f  h igh  vol tage,  low r e s i s t i v i t y  s i l i c o n  s o l a r  c e l l s .  The c e l l s  
s tud ied  i nc lude  the  U n i v e r s i t y  o f  F l o r i d a  h i - l ow  e m i t t e r  c e l l ,  t he  NASA and 
t h e  COMSAT mu l t i - s tep  d i f f u s e d  c e l l s ,  t h e  Sp i re  Corporat ion ion-implanted 
e m i t t e r  c e l l ,  and t h e  U n i v e r s i t y  o f  New South Wales MINMIS and MINP c e l l s .  

M 
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The r e s u l t s  proved t o  be, i n  general,  a t  var iance w i t h  p r i o r  expectat ions.  
m 
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Most s u r p r i s i n g  was the  f i n d i n g  t h a t  t he  MINP and t h e  MINMIS vo l tage improve- 
I 

w ments are  due, t o  a  considerable ex ten t ,  t o  a  p rev ious l y  unrecognized o p t i -  
m iza t i on  o f  t he  base component o f  the  s a t u r a t i o n  cu r ren t .  This r e s u l t  i s  
subs tant ia ted  by an independent ana lys i s  o f  t he  m a t e r i a l  used t o  f a b r i c a t e  
these devices. 

INTRODUCTION 

Low r e s i s t i v i t y  s i l i c o n  so la r  c e l l s  ho ld  out  t he  promise o f  h igh  open- 
c i r c u i t  vo l tage.  Although i n i t i a l  at tempts t o  r e a l i z e  t h e o r e t i c a l l y  p red i c ted  
values were n o t  successful ,  more recent  e f f o r t s  i n v o l v i n g  d i ve rse  and un- 
convent ional  approaches have y ie lded  devices t h a t  appear t o  be approaching 
these goals. The vo l tage c a p a b i l i t y  o f  t he  low r e s i s t i v i t y  c e l l  has r i s e n  
incrementa l l y  f rom the  600 mV range o f  10 years ago t o  the  mid 680 mV range 
w i t h  the  recent  development o f  the  MINP c e l l .  

Because each vo l tage improvement s tep has been made on an e s s e n t i a l l y  
unique device, i t  has been d i f f i c u l t  t o  p i n p o i n t  t h e  ac tua l  mechanisms 
involved.  Indeed i t  requ i res  a  s i g n i f i c a n t  e f f o r t  even t o  determine, w i t h  any 
c e r t a i n t y ,  whether a  g iven vo l tage increase i s  due t o  improvements i n  t he  base 
o r  t he  emi t te r ,  o r  both. This i n fo rma t ion  i s  c r i t i c a l ,  however, because i f  
f u r t h e r  advances are  t o  be made, we must know t o  which reg ion  o f  t h e  c e l l  we 
must d i r e c t  our a t t e n t i o n .  

While the re  a r e  several  attempts i n  t h e  l i t e r a t u r e  t o  determine the  
r e l a t i v e  i n f l u e n c e  o f  t he  base and t h e  e m i t t e r  i n  low r e s i s t i v i t y  c e l l s ,  they 
are, f o r  t he  most p a r t ,  based on quest ionable assumptions o f  i d e a l i z e d  
behavior ( r e f .  1 ) .  There i s  one technique, however, t h a t  prov ides an exper i -  
mental and e s s e n t i a l l y  assumption-free de terminat ion  o f  t h e  r e l a t i v e  mag- 
n i tudes  o f  t h e  base ( I o b )  and e m i t t e r  ( I o e )  components o f  the  dark 
s a t u r a t i o n  c u r r e n t  ( I o )  ( r e f .  2 ) .  I t  has been determined t h a t  one can, f rom 
a  knowledge o f  t h e  v a r i a t i o n  o f  Voc and d i f f u s i o n  l eng th  w i t h  1  MeV 
e l e c t r o n  f luence,  separate I. i n t o  i t s  base and e m i t t e r  components. 



The purpose o f  t h i s  paper i s  t o  present  t he  r e s u l t s  o f  our e f f o r t s  t o  use 
t h l s  technique t o  determine i n  a  cons i s ten t  manner t h e  magnitudes o f  I o b  
and Ioe f o r  the  var ious types o f  low r e s i s t i v i t y  ( P  5 0.1 ohm cm) s i l i c o n  
so la r  c e l l s  t h a t  have been developed over t h e  pas t  decade i n  the  quest f o r  
increased vol tage.  

CELL DESCRIPTION 

The f o l l o w i n g  i s  a  b r i e f  d e s c r i p t i o n  o f  t he  f i v e  types o f  c e l l s  inc luded 
i n  these i n v e s t i g a t i o n s .  As w i l l  be seen, each one i s  o f  unconvent ional 
design. As an a i d  t o  comparing t h e i r  r e l a t i v e  vo l tage c a p a b i l i t i e s ,  they a re  
l i s t e d  i n  t a b l e  I I n  order  o f  i nc reas ing  vo l tage (decreasing I,). For a 
more d e t a i l e d  d iscussion,  t he  reader i s  r e f e r r e d  t o  the  c i t e d  references. 

D i f f used  Emi t te r  C e l l s  

The d i f f u s e d  c e l l s  used i n  t h i s  ana lys i s  were f a b r i c a t e d  us ing  t h e  m u l t i -  
s tep d i f f u s i o n  (MSD) schedule developed a t  NASA Lewis ( r e f .  2) and e x p l o i t e d  
f u r t h e r  by the  COMSAT Corporat ion ( r e f .  3).  The MSD schedule cons i s t s  o f  a 
deep i n i t i a l  d i f f u s i o n  fo l lowed by chemical removal o f  t he  e m i t t e r  surface. 
The e m i t t e r  e t ch ing  step i s ,  i n  t u rn ,  fo l lowed by a  shal low second d i f f u s i o n .  
The pr imary d i f f e r e n c e  between the  NASA and the  COMSAT MSD c e l l s  i s  i n  t h e i r  
f i n a l  j u n c t i o n  depths. The COMSAT c e l l s ,  be ing  more h e a v i l y  etched between 
d i f f u s i o n s ,  have considerably shal lower j unc t i ons  ( X j  < 0.2 pm). 

Ion-Implanted Emi t te r  Ce l l s  ( r e f .  4) 

These c e l l s ,  f a b r i c a t e d  by the  Sp i re  Corporat ion, were made by (1)  
forming t h e  j u n c t i o n  v i a  phosphorus ion- imp lanta t ion ,  (2 )  anneal ing t h e  
imp lan t  damage us ing  an appropr ia te  heat treatment,  (3 )  growing a  t h i c k  
thermal ox ide on t h e  e m i t t e r  surface, fo l lowed by ( 4 )  chemical t h i n n i n g  o f  t he  
ox ide t o  improve i t s  a n t i - r e f l e c t i o n  p rope r t i es .  

Hi-Lo Emi t te r  (HLE) C e l l s  ( r e f .  5) 

This c e l l  was developed by t h e  U n i v e r s i t y  o f  F l o r i d a .  Thick ( 5  t o  10 pm) 
emi t te rs  were e p i t a x i a l l y  deposited on both  0.1 and 0.025 ohm-cm subst ra te  
m a t e r i a l .  A f t e r  ep i taxy ,  an attempt was made t o  induce an accumulat ion l aye r  
o r  h i - l ow  j u n c t i o n  on t h e  sur face o f  the  e m i t t e r  v i a  a  charged, t he rma l l y  
grown oxide.  

MINMIS C e l l s  ( r e f .  6) 

Developed by the  U n i v e r s i t y  o f  New South Wales (UNSW), these c e l l s  were 
prepared by growing a  t h i n  ( 4 6  A) ox ide l a y e r  on the  subs t ra te  sur face which 
was fo l lowed by the  depos i t i on  o f  a f i n e ,  low work f u n c t i o n  metal g r i d .  



MINP C e l l s  ( r e f .  7)  

These c e l l s ,  a l s o  developed by the  UNSW, a re  a  r e s u l t  o f  i nco rpo ra t i ng  
MINMIS technology i n t o  the  d i f f u s e d  c e l l .  A f t e r  a  shal low phosphorus 
d i f f u s i o n  (Xj < 0.2 pm), t he  MINP s t r u c t u r e  i s  completed by depos i t i ng  t h e  
MINMIS oxide and low work func t i on  m e t a l l i z a t i o n  on t h e  e m i t t e r  surface. 

I0 SEPARATION TECHNIQUE 

The technique used here t o  reso lve  I, I n t o  i t s  base and e m i t t e r  com- 
ponents has two major advantages over o ther  attempts t o  do so: (1 )  It i s  
based on d i r e c t  experimental  evidence, and ( 2 )  I t  invo lves  on l y  a  few e a s i l y  
v e r i f i a b l e  assumptions. The method assumes, f o r  example, t h a t  i n  t he  vo l tage 
reg ion  near Voc t he  s a t u r a t i o n  cu r ren t  component o r i g i n a t i n g  i n  t h e  
d e p l e t i o n  reg ion  i s  n e g l i g i b l y  smal l .  The f a c t  t h a t  t he  c e l l s  s tud ied  here 
a l l  d i s p l a y  i d e a l  d iode c h a r a c t e r i s t i c s  i n  t he  v i c i n i t y  o f  Voc i nd i ca tes  
t h a t  t h i s  c o n d i t i o n  i s  indeed f u l f i l l e d .  

The r e l a t i v e  degree o f  c o n t r o l  exerc ised by the  remaining two components 
can be determined by cons ider ing  the  e f f e c t  o f  1  MeV e l e c t r o n  i r r a d i a t i o n .  It 
i s  w e l l  known t h a t  when a  s i l i c o n  s o l a r  c e l l  i s  i r r a d i a t e d ,  i t s  red response 
drops r a p i d l y  due t o  a  reduc t ion  i n  the base d i f f u s i o n  length .  The b lue  
response, on the  o ther  hand, which i s  a  measure o f  t h e  e m i t t e r  d i f f u s i o n  
length,  i s  usua l l y  n o t  appreciably  a f fec ted ,  a t  l e a s t  f o r  low t o  moderate 
f luences.  Because o f  t h i s  i nva r iance  i n  t h e  b lue  response, we can consider 
Ioe t o  be a  constant ,  independent o f  f luence.  This f a c t  can be used t o  
determine the  r e l a t i v e  magnitudes o f  Ioe and I o b  as fo l l ows :  

The c e l l s  o f  i n t e r e s t  a re  i r r a d i a t e d  i n  steps t o  f luences o f  l x l ~ ~ ~ ,  
3x1013, 1x1014, 3x1014, and 1 x 1 0 ~ ~  1  MeV electrons/cm2. A t  each 
f luence l e v e l ,  t he  cur ren t -vo l tage ( I - V )  c h a r a c t e r i s t i c ,  t he  spec t ra l  re-  
sponse, and the  base d i f f u s i o n  l eng th  are  measured ( r e f .  8) .  The value o f  
I, determined f rom the  equat ion 

t 

i s  then p l o t t e d  aga ins t  t he  measured value o f  d i f f u s i o n  l eng th  f o r  a l l  f luence 
l e v e l s  up t o  t h a t  a t  which the  b lue  response begins t o  degrade. The expres- 
s ion  I. = Ioe + lob ,  which can be w r i t t e n  as 

- + - A S + tanh d/L 
'0 - 'oe L  1  t S tanh d/L (1 )  

where A = q n f ~ / ~ A ,  i s  then f i t t e d  t o  the  data us ing  Ioe and A as 
+ ad jus tab le  parameters. I n  t he  above expressions, L i s  t h e  base d i f f u s i o n  

length,  d  i s  the  base th ickness,  NA i s  t h e  base doping l e v e l ,  D i s  t he  
base d i f f u s i v l t y ,  and S i s  t he  normal ized sur face recombinat ion v e l o c i t y  a t  
t he  rea r  o f  t he  c e l l .  Once Ioe has been determined, i t  and the  known 
value o f  1, can be used t o  c a l c u l a t e  Iob .  

I t  should be mentioned a t  t h i s  p o i n t  t h a t  t he re  a re  two p o t e n t i a l  sources 
o f  e r r o r  i n  t h i s  ana lys is ,  i .e. ,  t he  d i f f u s i o n  l eng th  de terminat ion  and the  
de terminat ion  o f  S  a t  t he  rear  sur face o f  t he  c e l l .  The former w i l l  be 



discussed f u r t h e r  i n  a f o l l o w i n g  sec t ion .  I n  regard t o  the  l a t t e r  concern, we 
have found t h a t  t he  value o f  S assumed i s  n o t  very c r i t i c a l .  The reason f o r  
t h i s  i s  rooted i n  t he  f a c t  t h a t  t he  same value o f  S i s  assumed both i n  t h e  
de terminat ion  o f  L and i n  t he  I, r e s o l u t i o n  c a l c u l a t i o n s .  As  i t  tu rns  
out ,  t he  equat ions a r e  such t h a t  any e r r o r s  due t o  a poor choice f o r  t h e  value 
o f  S tend t o  cancel themselves ou t .  The r e s u l t s  have thus been found t o  be 
q u i t e  i n s e n s i t i v e  t o  the  assumed value o f  S. 

RESULTS 

D i f f used  and Ion-Implanted C e l l s  

The r e s u l t s  o f  app ly ing  the  I, r e s o l u t i o n  technique t o  a t h i n  (175 
um) NASA MSD c e l l  a re  shown I n  t a b l e  11. As can be seen the  base component 
was found t o  be dominant w i t h  an I o b  o f  2 . 2 ~ 1 0 - l 3  ~ / c m j .  This  value 
i s  about 3 t imes l a r g e r  than one would c a l c u l a t e  us ing  commonly accepted 
values f o r  t h e  parameters i n  the  expression f o r  I o b  ( r e f .  1  Since the  
r e s u l t s  have been shown t o  be i n s e n s i t i v e  t o  t h e  value assumed f o r  S, t he  
on l y  o ther  source o f  e r r o r  t h a t  cou ld  cause such a l a r g e  discrepancy i s  the  
d i f f u s i o n  l eng th  measurement. To t e s t  t h e  accuracy o f  our d i f f u s i o n  l eng th  
measurement technique, there fore ,  t he  f o l l o w i n g  experiment was performed. 

A number o f  c e l l s  were fab r i ca ted  t h a t  were i d e n t i c a l  t o  t he  175 pm c e l l  
except t h a t  they were about 530 urn t h i c k .  The measured values o f  Voc and 
I, f o r  t h i s  t h i c k  c e l l  a r e  shown i n  t a b l e  11. As can be seen, t h e  t h i c k  
c e l l  produced a Vo, o f  646 mV, 6 mV more than i t s  t h i n  tw in .  Using the  
same values o f  Ioe and A t h a t  were determined f o r  t he  t h i n  c e l l ,  as w e l l  
as the  same value o f  d i f f u s i o n  l eng th  (measured the  same f o r  bo th  c e l l s ) ,  and 
c o r r e c t i n g  I o b  on ly  f o r  t he  d i f f e r e n c e  i n  c e l l  th ickness,  t he  expected 
t h i c k  c e l l  vo l tage was ca l cu la ted  (see t a b l e )  t o  be 646 mV, i d e n t i c a l  t o  t he  
measured value. This  c lose  agreement between theory  and experiment i nd i ca tes  
t h a t  the  d i f f u s i o n  l eng th  measurement technique used here i s  indeed v a l i d  and 
accurate. 

Having thus e l im ina ted  both the  d i f f u s i o n  l e n g t h  measurement and the  
sur face recombinat ion v e l o c i t y  de terminat ion  as sources o f  e r ro r ,  we can 
conclude t h a t  t he  l o b  value determaned above f o r  t h i s  c e l l  i s  indeed 
several  t imes l a r g e r  than p rev ious l y  thought.  Fur ther  evidence support ing 
t h i s  conclus ion w i l l  be presented i n  the  nex t  sec t ion .  

S i m i l a r  conclusions can be drawn f o r  t h e  COMSAT MSD c e l l .  The increased 
value o f  Ioe i n  t h i s  c e l l  i s  thought t o  be due t o  i t s  r e l a t i v e l y  shal low 
junc t i on .  

The Sp i re  I I E  c e l l  was found t o  show t h e  g rea tes t  d e v i a t i o n  f rom theo- 
r e t i c a l  expectat ions w i t h  an I o b  4 t o  5 t imes t h a t  ca l cu la ted  f rom simple 
theory.  

HLE C e l l s  

A requirement f o r  the  use o f  the  present  technique on a g iven c e l l  i s  
t h a t  t he  c e l l ' s  b lue  response be independent o f  e l e c t r o n  f luence.  Unfor tu-  
na te ly ,  a  p l o t  o f  HLE spec t ra l  response as a f u n c t i o n  o f  f luence reveals a 

4 



severe drop i n  t he  sho r t  as w e l l  as the  l ong  wavelength response. These 
c e l l s ,  there fore ,  do no t  meet t he  above c r i t e r i o n .  

However, even though we could no t  use t h e  1, separat ion technique on 
these c e l l s ,  we were ab le  t o  ge t  a  rough idea o f  t he  I, s p l i t  by ana lyz ing  
I - V  and d i f f u s i o n  l eng th  data taken on HLE c e l l s  w i t h  d i f f e r e n t  base r e s i s t -  
i v i t i e s .  Using the  measured d i f f u s i o n  l eng th  and I. data g iven i n  t a b l e  
I 1  f o r  0.1 and 0.025 ohm-cm HLE c e l l s ,  one can se t  up a  p a i r  o f  simultaneous 
equat ions, analogous t o  equat ion ( I ) ,  w i t h  Ioe and a  mod i f ied  A value 
(bo th  assumed i n v a r i a n t  w i t h  r e s i s t i v i t y )  as ad jus tab le  parameters. S o l u t i o n  
o f  t he  equations, us ing  l i t e r a t u r e  values f o r  t h e  r a t i o s  o f  t he  d i f f u s i v i t y  
and the  doping concent ra t ion  a t  t he  two r e s i s t i v i t y  l e v e l s ,  ( r e f s .  9 t o  11) 
y ie lded  the  values o f  Ioe and I o b  g iven i n  t he  t a b l e .  

As can bee seen, t he  vo l tage i n  the  0.1 ohm-cm device i s  base con t ro l l ed ,  
as i t  i s  i n  t he  d i f f u s e d  e m i t t e r  c e l l s .  The f a c t  t h a t  t he  HLE e m i t t e r  
component i s  o f  t he  same magnitude as t h a t  found i n  the  d i f f u s e d  c e l l s  i n d l -  
cates t h a t  t he  h i - l ow  e m i t t e r  has no advantage over t he  d i f f u s e d  emi t te r .  

I t  i s  i n t e r e s t i n g  t o  note the  low value o f  I o b  i n  t h e  0.025 ohm-cm 
c e l l  i n  s p i t e  o f  t he  f a c t  t h a t  i t  has an extremely low (30 pm) d i f f u s i o n  
length .  This i s  due t o  the  combined e f f e c t s  o f  t he  increased doping l e v e l  and 
the  at tendant  lowered m o b i l i t y  t h a t  more than compensate f o r  t he  very low L 
value. 

UNSW M I N M I S  C e l l s  

Unfor tunate ly ,  when we subjected t h e  MINMIS c e l l  t o  1  MeV e l e c t r o n  i r -  
r a d i a t i o n ,  i t s  i d e a l  diode c h a r a c t e r i s t i c s  ( n  = "I) were i n s t a n t l y  destroyed, 
( r e f .  12) thus p rec lud ing  ana lys i s  by the  present  technique. We the re fo re  
t r i e d  an a l t e r n a t i v e  approach, s i m i l a r  t o  t h a t  used i n  t h e  HLE c e l l  ana lys is ,  
which makes use o f  publ ished I - V  and d i f f u s i o n  l eng th  data taken on c e l l s  w i t h  
var ious base r e s i s t i v i t i e s .  

The data selected f o r  ana lys i s  were taken a t  t h e  UNSW on 0.5 and 0.1 
ohm-cm f loa t -zone MINMIS c e l l s  ( r e f .  6 ) .  Before the  data could be used i t  had 
t o  be cor rec ted  f o r  temperature ( f r o m  28" t o  25" C )  and adjusted t o  r e f l e c t  
t o t a l  area output .  Gr id  coverage was assumed t o  be 25 percent  and the  temper- 
a t u r e  c o e f f i c i e n t  t o  be 2  m V / O C .  Published d i f f u s i o n  lengths o f  200 and 300 
pm were used f o r  the  0.1 and the  0.5 ohm-cm c e l l s ,  respec t i ve l y .  A f t e r  de- 
te rmin ing  1, from the  I - V  c h a r a c t e r i s t i c s ,  we performed e s s e n t i a l l y  t he  
same c a l c u l a t i o n s  used i n  the  preceeding sec t i on  t o  determine Ioe and 
Iob .  The r e s u l t s  a re  g iven i n  t a b l e  111. 

Although t h i s  c e l l  has been repor ted as havqng a  h i g h l y  opt imized 
emi t te r ,  t he  present  ana lys i s  i nd i ca tes  t h a t  i h s  Ioe i s  i n f e r i o r  t o  t h a t  
found i n  d i f f u s e d  c e l l s .  The base component, on the  o ther  hand, was found t o  
be considerably b e t t e r  (by  a  f a c t o r  o f  3) than the  I o b  values found i n  the  

h other  c e l l s .  I t  i s  apparent ly ,  there fore ,  no t  t he  e m i t t e r  b u t  an unrecognized 
improvement i n  t he  base t h a t  i s  responsib le f o r  h igh  vo l tage i n  t he  MINMIS 
c e l l .  



The numerous assumptions i nvo l ved  i n  t h i s  type o f  c a l c u l a t i o n  where the  
behavior o f  two d i f f e r e n t  c e l l s  a re  compared add a  degree o f  unce r ta in t y  t o  
the  r e s u l t s .  However, t he  f a c t  t h a t  t he  same low value o f  l o b  was found 
f o r  t he  MINP c e l l  ( f a b r i c a t e d  a t  t h e  same laba ra to ry )  us ing  the  more r igorous  
e l e c t r o n  i r r a d i a t i o n  technique, g r e a t l y  increases conf idence i n  t h e  r e s u l t s .  

UNSW MINP C e l l s  

Table I11 shows the  r e s u l t s  of sub jec t i ng  a  f a i r l y  good MINP c e l l  ( c e l l  
A) t o  t h e  I, r e s o l u t i o n  technique. As can be seen, Ioe has been re-  
duced t o  very smal l  value and Iob ,  w h i l e  low, i s  no t  as low as t h a t  
determined f o r  t he  MINMIS c e l l .  Also l i s t e d  i n  t a b l e  I11 a re  the  vo l tage 
increases (AVt) produced by depos i t i ng  p o s i t i v e  charge on the  e m i t t e r  sur face 
by means o f  an e l e c t r o s t a t i c  gun ( r e f .  13).  I t  i s  obvious t h a t  a  vo l tage 
increase brought about i n  t h i s  manner can on ly  be a t t r i b u t e d  t o  a  decrease i n  
I A decrease o f  about 0 . 2 6 ~ 1 0 - ~ ~  ~ / c m *  i s  ca l cu la ted  f o r  t h e  6 mV 
charge induced vo l tage increase i n  c e l l  A. I t  can thus be concluded t h a t  t h e  
e f f e c t  o f  sur face charge on t h i s  c e l l  i s  t o  reduce Ioe t o  n e g l i g i b l e  
values. \ 

C e l l  B i n  t a b l e  I11 can be seen t o  have a  h igher  vo l tage than c e l l  A b u t  
almost t he  same AV+. Using the  above reasoning, t h e  5  mV QV+ increase 
corresponds t o  an i n i t i a l  I,, o f  0 . 1 9 ~ 1 0 - ~ ~  Wcm2. The corresponding 
base component i s  then ca l cu la ted  t o  be 0.86~10-13 Mcm2 which i s  c lose  t o  
t h a t  found f o r  t he  MINMIS c e l l  and considerably lower than t h a t  i n  c e l l  A. 
The lower vo l tage i n  c e l l  A, there fore ,  appears t o  be due t o  a  s l i g h t l y  
degraded base. 

C e l l s  C and D i n  t h e  t a b l e  a re  very h igh  vo l tage MINP c e l l s .  I n  con t ras t  
t o  c e l l s  A and 8, these c e l l s  do no t  respond t o  the  charging a c t i o n  o f  t he  
e l e c t r o s t a t i c  gun, i n d i c a t i n g  t h a t  t he  e m i t t e r  components have been opt imized 
t o  very low ( e s s e n t i a l l y  zero) values. The p ro jec ted  I o b  value can be 
seen t o  agree q u i t e  w e l l  w i t h  those from c e l l  B and the  MINMIS c e l l .  Thus t h e  
MINP c e l l  has, as w e l l  as a h i g h l y  opt imized emi t te r ,  a  base component t h a t  i s  
several  t imes smal ler  than those found I n  equ iva len t  MSD, HLE, o r  I I E  c e l l s .  

DISCUSSION 

The preceding ana lys i s  has suggested the  ex is tence o f  some h i t h e r t o  un- 
recognized base improvements i n  t he  MINP/MINMIS c e l l s  r e l a t i v e  t o  t h e  o ther  
0.1 ohm-cm c e l l s .  I f  we compare, f o r  instance,  the  175 pm MSD c e l l  i n  t a b l e  
I 1  w i t h  MINP c e l l  C i n  t a b l e  I11 we f i n d  t h a t ,  a f t e r  t a k i n g  i n t o  account d i f -  
ferences i n  c e l l  th ickness,  d i f f u s i o n  length,  and rea r  sur face recombinat ion 
v e l o c i t y ,  t he  base s a t u r a t i o n  cur ren ts  s t i l l  d i f f e r  by a  f a c t o r  o f  two. 
Having discounted the  e f f e c t s  o f  d, L, and S, we turned our a t t e n t i o n  t o  t h e  
p o s s i b i l i t y  o f  d i f f e rences  i n  t he  acceptor concent ra t ion  o r  t he  m i n o r i t y  
c a r r i e r  m o b i l i t y ,  pe. 

Acceptor l e v e l  d i f f e rences  were r u l e d  ou t  when t h e  r e s u l t s  o f  a  C V  
ana lys i s  i nd i ca ted  a  c lose  correspondence between t h e  doping l e v e l s  i n  the  two 
ma te r ia l s .  Measurements o f  p,, on the  o the r  hand, revealed t h a t  t he  
e l e c t r o n  m o b i l i t y  i n  t he  MSD m a t e r i a l  was considerably l a r g e r  than one would 



have expected ( r e f .  14) .  The r e s u l t s ,  obta ined v i a  an AC phase s h i f t  tech- 
nique, a re  shown i n  t a b l e  I V .  As can be seen the  measured 680 cm2/~  sec i s  
almost tw i ce  t h a t  c i t e d  i n  the  l i t e r a t u r e  f o r  0.1 ohm-cm s i l i c o n .  We a re  thus 
ab le  t o  e x p l a i n  t h e  h igh  I o b  values found i n  the  NASA MSD c e l l  (and 
presumably a l l  t he  o ther  c e l l s  i n  t a b l e  11) as being due t o  an unexpectedly 
h i g h  m i n o r i t y  c a r r i e r  m o b i l i t y .  

Since no apparent spec ia l  t reatment  was g iven t o  t h e  base o f  t he  (UNSW) 
MINP/MINMIS c e l l s ,  we can conclude t h a t  e i t h e r  t he  UNSW group succeeded i n  
o b t a i n i n g  s t a r t i n g  m a t e r i a l  t h a t  was s u b s t a n t i a l l y  b e t t e r  than t h a t  used by 
o the r  i n v e s t i g a t o r s  I n  t h e  f i e l d ,  o r  t h a t  t h e  l a t t e r  group a l l  used c e l l  
f a b r i c a t i o n  procedures t h a t  resu l ted  i n  an increase i n  pe. 

The sup r i s ing  f i n d i n g  t h a t ,  f o r  a  g iven acceptor concent ra t ion ,  t he  
m i n o r i t y  c a r r i e r  m o b i l i t y  can vary over a  considerable range leads t o  some 
i n t e r e s t i n g  conclus ions.  For example, w h i l e ' m o b i l i t y  i s  genera l l y  be l ieved t o  
be a  f u n c t i o n  o f  acceptor concent ra t ion  on ly ,  these r e s u l t s  suggest t h a t  i t  i s  
no t .  They suggest t h a t  an a d d i t i o n a l  s c a t t e r i n g  s i t e  has been int roduced t h a t  
i s  independent o f  doping l e v e l .  I t  i s  thus tempt ing t o  speculate tha t ,  once 
t h i s  s i t e  i s  i d e n t i f i e d ,  one could poss ib l y  t a i l o r  m o b i l i t y  l e v e l s  t o  s u i t  
one's need. I n  t he  case o f  the  base c o n t r o l l e d  MINP c e l l ,  even h igher  vo l -  
tages would r e s u l t  f rom a  f u r t h e r  reduc t i on  i n  pe.  

M o b i l i t y  v a r i a t i o n s  aside, i t  i s  i n t e r e s t i n g  t o  exp lore  t h e  vol tages 
p o t e n t i a l l y  achievable i f  t he  MINP sur face pass l va t i on  techniques were app l i ed  
t o  c e l l  geometries t h a t  were unsuccessful  i n  t he  past  because i t  was n o t  
poss ib le  t o  lower S  s u f f i c i e n t l y .  Consider, f o r  instance,  a  t h i n  (50 pm) 
0.1 ohm-cm c e l l  w i t h  MINP-type pass i va t i on  on both f r o n t  and rea r  surfaces. 
S t ra igh t fo rward  c a l c u l a t i o n s  show t h a t  such a device should be capable o f  
y i e l d i n g  vol tages o f  t he  order o f  730 mV. I n  a s i m i l a r  manner, a  t h i n ,  
0.1 ohm-cm MINP passivated g r a t i n g  c e l l  w i t h  a  10 percent  f r o n t  face j u n c t i o n  
coverage can be shown t o  be capable o f  d e l i v e r i n g  vol tages approaching t h e  
800 mV b u i l t - i n  vo l tage.  P o t e n t i a l  improvements such as these i n d i c a t e  t h a t  
the  f u t u r e  i s  b r i g h t  f o r  the  s i l i c o n  so la r  c e l l .  Thanks t o  t h e  technology 
developed by the  UNSW group, AM0 e f f i c i e n c i e s  above 20 percent  a r e  probably 
n o t  t oo  f a r  away. 

SUMMARY 

The major conclusions t o  be drawn f rom the  preceding ana lys i s  a r e  as 
fo l l ows :  

1. Contrary t o  what one may c a l c u l a t e  us ing  commonly accepted values f o r  
the  parameters i n  t he  expression f o r  Iob,  t he  present  ana lys i s  shows t h a t  
I o b  i s  t he  dominant component f o r  d i f f u s e d  c e l l s  o f  normal (200 pm) 
th ickness.  As t h e  th ickness i s  increased t o  several  d i f f u s i o n  lengths,  t h e  
e m i t t e r  component becomes dominant. 

2. The values o f  Ioe f o r  both the  0.1 and the  0.025 ohe-cm HLE c e l l s  
were found t o  be e s s e n t i a l l y  t he  same as those found i n  d i f f u s e d  c e l l s ,  
i n d i c a t i n g  t h a t  t he  h i - l ow  e m i t t e r  has no advantage over t he  d i f f u s e d  emi t te r .  



3. It i s  n o t  t he  p e r f e c t i o n  o f  t h e  e m i t t e r  bu t  a h i t h e r t o  unrecognized 
improvement i n  t he  base t h a t  I s  respons ib le  f o r  h igh  vo l tage  i n  t h e  MINMIS 
c e l l .  

4. High vo l tage i n  t he  MINP c e l l  i s  due t o  the  same p rev ious l y  
unrecognized base improvement found i n  t h e  MINMIS c e l l  coupled w i t h  an e m i t t e r  
improvement t h a t  has reduced Ioe t o  n e g l i g i b l e  values. 

5. The enhanced base c h a r a c t e r i s t i c s  i n  t he  MINP/MINMIS c e l l s  a re  due t o  
a reduced m i n o r i t y  c a r r i e r  m o b i l i t y  i n  t h e  s i l i c o n  m a t e r i a l  used t o  f a b r i c a t e  
these c e l l s .  

6. Voltages approaching 800 mV appear t o  be achievable i n  0.1 ohm-cm 
s i l i c o n  c e l l s  w i t h  f u l l  u t i l i z a t i o n  o f  MINP sur face pass i va t i on  techniques. 
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TABLE I. - VOLTAGE CHARACTERISTICS OF HIGH VOLTAGE, LOW 

RESISTIVITY SILICON SOLAR CELLS USED I N  THIS STUDY 

a0.1 ohm-cm r e s i s t i v i t y  un less o therw ise  s ta ted .  
b ~ e a s u r e d  a t  25 m~/cm2, 25' C. 

C e l l  t ypea  

I o n  implanted e m i t t e r ,  
S p i r e  Co rpo ra t i on  

Hi-Lo e m i t t e r ,  0.1 ohm-cm, 
U n i v e r s i t y  o f  F l o r i d a  

M u l t i - s t e p  d i f f u s e d  (MSD) e m i t t e r ,  
COMSAT 

M u l t i - s t e p  d i f f u s e d  (MSD) e m i t t e r ,  
NASA 

MINMIS c e l l ,  
U n i v e r s i t y  o f  New South Wales 

HI-Lo e m i t t e r ,  0.025 ohm-cm, 
U n i v e r s i t y  o f  F l o r i d a  

MINP c e l l ,  
U n i v e r s i t y  o f  New South Wales 

TABLE 11. - SATURATION CURRENT RESOLUTION 

FOR THE MSD, HLE, AND I I E  CELLS 

[Parentheses I n d i c a t e  Ca lcu la ted  Values.]  

voc p b 
mV 

629 

634 

637 

640 

646 

648 

666 

a A l l  values x10-13 
b ~ e a s u r e d  a t  25 m~ jcm2 ,  25' C. 

10 

I o  * 
~ / c m 2  

5 . 8 6 x 1 0 - ~ ~  

4.72 

4.22 

3.78 

2.99 

2.77 

1.35 

A 

Refer-  
ence 

4 

5 

3 

2 

6 

5 

7 

MSD (NASA) 

MSD Measured 
(NASA) Ca l cu la ted  

HLE 
(0.1 ohm-cm) 

HLE 
(0.025 ohm-cm) 

MSD (COMSAT) 

S p i r e  i o n  imp lan t  

~ / c m 2  

3.78 

2.99 
(2.95) 

4.72 

2.77 

4.22 

5.86 

Voc, b 
mV 

640 

646 
(646) 

634 

648 

637 

629 

d, 
pm 

175 

533 
533 

300 

508 

200 

295 

lobpa 
~ / c m 2  

2.20 

------ 
(1.37) 

2.79 

0.84 

2.18 

3.42 

L 9  
pm 

250 

250 
250 

80 

30 

218 

220 

Ioe. a 
~ / c m 2  

1.58 

------ 
(1.58) 

1.93 

1.93 

2.04 

2.44 



TABLE 111. - SATURATION CURRENT RESOLUTION 

FOR THE MINMIS AND THE MINP CELLS 

[Parentheses I n d i c a t e  Ca lcu la ted  Values.] 

~ A I I  values x10-13. 
b ~ e a s u r e d  a t  25 m ~ / c m ~ ,  2 5 O  C .  

TABLE I V .  - SUMMARY OF EXPERIMENTALLY DETERMINED 

VALUES FOR THE ELECTRON MINORITY C A R R I E R  

MOBILITY IN 0.1 ohm-cm SILICON, 300' K 

AV+. 
mV 

- 

6 
5 
0 
0 

v ~ , , ~  
mV 

646 

666 
673 
678 
682 

I,,~ 
~ / c m 2  

2.99 

1.35 
1.05 
0.85 
0.74 

C e l l  

MINMIS 

MINPA 
MINPB 
M I N P  C 
MINP D 

Reference 

9 
10 
11 

14 

I o b t a  
~ / c m 2  

0.79 

1.13 
(0.86) 
(0.85) 
(0.74) 

pe 

300 
200-400 

425 

680 

Ioe r  a 

I _ _ _ _ - - -  

2.20 

0.22 
(0.19) 
( 0 )  
( 0 )  

Remarks 

Ex t rapo la ted  f rom 0.3 ohm-cm 
Ext rapo la ted  f rom 0.5 ohm-cm 

NASA MSD m a t e r l a l  
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