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ABSTRACL 

The MINP s o l a r  ce l l  concept r e f e r s  t o  a ce l l  s t r u c t u r e  designed t o  be a 
base region dominated device.  Thus, i t  t8 d e s i r a b l e  t h a t  recombination l o s s e s  
are reduced t o  t h e  point  t h a t  they occur on ly  i n  t h e  base region. The most 
unique f e a t u r e  of  t h e  MINP ce l l  design is t h a t  a tunnel ing con tac t  is u t i l i z e d  
f o r  t h e  nietalllc con tac t  OR t he  f r o n t  su r f ace .  The areas under the  c o l l e c t o r  
g r i d  and bus ba r  e r e  passivated by a t h i n  oxide of tunnel ing thickness .  
E f f o r t s  must a l s o  be taken t o  rrinimize recombination a t  the  s u r f a c e  between 
g r i d  l i n e s ,  a t  t h e  j u n c t i o n  per iphery and witi i in t h e  emitter. 
i nc ludes  r e s u l t s  o t  both t h e o r e t i c a l  and experimental  s t u d i e s  of s i iScon  
M I N P  c e l l s .  Performance c a l c u l a t i o n s  are descr ibed which g i v e  expected 
e f f i c i e n c i e s  as a func t ion  of base r e s i s t i v i t y  and j u n c t i o n  depth.  
and C h a r a c t e r i z a t i o n  of cel ls  are discussed which are based on 0.2 obm-cm 
s u b s t r a t e s ,  d i f f u s e d  e m i t t e r s  on t h e  o r d e r  of 0.15 t o  0.20um deep, and with 
Mg M I S  c o l l e c t o r  g r i d s .  
Detai led ana lyses  of photocurrent  and c u r r e n t  l o s s  mechanism a r e  presented 
and u t i l i z e d  t o  Jiscuss f u t u r e  d i r e c t i o n s  o f  research.  F i n a l l y ,  r e s u l t s  
reported by othe:: workers a r e  discussed.  

This paper 

F a b r i c a t i o n  

A t o t a l  area, AM1 e f f i c i e n c y  of 16.8% has been act ieved.  

1. INTRODUCTION 

This  paper concerns approaches t o  high e f f i c i e r i cy  s i l i c o n  s o l a r  c e l l s  
based on t h e  MINP concept.  This term is used t o  denote  ;hallow j u n c t i o n  
@/P ce l l s  which u t i l i z e  a MIS con tac t  f o r  t h e  f r c n t  c o l i e c t * > i  ? r i d .  The 
M I N P  s t r u c t u r e  was first discussed by Green, e t  a l .1  k x e n t l y  Green and 
coworkers have f a b r i c a t e d  c e l l s  e x h i b i t i n g  e f f k i e n c j e s  on t h e  o r h e r  of 19%. 
A s  a r e s u l t ,  t h e  .;IW concept has become one of t h e  most prorni2ing a p p r o a c b s  
:o f a b r i c a t i n g  high e f f i c i e n c y  s i l i c o n  cel ls .  

J 

Key f e%tures  of N L N P  c e l l s  are descr ibed i n  Figure 1. A shal low e m i t t e r  
i s  used i n  an e f f o r t  t o  minimize c u r r e n t  l o s s e s  i n  t h e  emitter reZion. The 
f r o n t  s u r f a c e  is passivated t o  reduze s u r f a c e  recombination. I f  t h e  base 
region l o s s e s  can be reduced a3 a r e s u l t  of a back-surface-field,  then a 
@ region is  e s t a b l i s h e d  a t  t he  back surEace. In  o r d e r  t h a t  t h e  emitter 
c u r r e n t  l o s s e s  a r e  f u r t h e r  r e d u c e d ,  an MIS con tac t  is used f3r t h e  front: 
c o l l e c t o r  g r i d .  
Thus, t h c  a r e a  under t h e  f r o n t  con tac t  i s  a l s o  passivated.  T i  and Mg have 
work func t ions  below 4.0 eV. A s  a r e s u l t ,  t h e s e  two metals  s r e  a p p r o p r i a t e  
f o r  t h e  f r o n t  t unne l ing  contact .  I n  summary t h e  MINP c e l l  has  f e a t u r e s  s i m i l a r  
t o  o t h e r  shal low e m i t t e r ,  high e f f t c i e n c y  s i l i c o n  cel ls .  C lea r ly ,  t h e  most 
unique feature is  the  MIS ( t u n n e l i n g )  c o n t a c t  used f o r  t h e  c o l l e c t o r  g r i d .  

A metal m u s t  be chosen which w i l l  accumulate t h e  N+ su r face .  

I n  t h e  next  s e c t i o n  the  t h e o r e t i c a l  performance of M I N P  c z l l s  wil.1 be 
discussed.  De ta i l ed  d i scuss ions  a r e  then given regarGing c e l l  f a b r i c a t i o n ,  
photocurrerit ,  c u r r e n t  loss mechanisms, t h e  Mg/nSi t unne l l ing  c o n t a c t ,  and 
s o l a r  c e l l  e f f i c i e n c y .  
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W e l i n g  c a l c u l a t i o a s  have been conducted t o  a p p r a i s e  t h e  p o t e n t i a l  o f  
t h e  MXNP concept and t o  provide guidance f o r  device design. biese s t u d i e s  
a t e  based on two sources  of t r i no r i ty  carrier lifetime d a t a ,  namely, t h e  LSA 
advisory board2, and t h a t  of F i sche r  and Pschunder3. 

In  order  t o  determine a n  upper l i m i t  t o  ce l l  performance, i t  was assumed 
t h a t  t he  device properties were completely determined by the  base region. 
Thus, t h e  j u n c t i o n  depth was considered t o  be van i sh ing ly  small and the  f r o n t  
su r f ace  recombination v e l o c i t y  was set equal  t o  zero. k d e l i a g  c a l c u l a t i o n s  
discussed in t h i s  paper are based on an assumed ce l l  t h i ckness  of 380 pm (15 
m i l s ) ,  s i n c e  experimental  s t u d i e s  have p r imar i ly  bezn based on cel ls  wi th  t h a t  
t h i ckness  . 

Calculated values  of t h e  maximum, a c t i v e  a r e a  photocurrent are p l o t t e d  
ve r sus  base region r e s i s t i v i t y  i n  Figure 2. The modeling calcuLat ions wert 
c a r r i e d  out for  t h e  two sets of l i f e t i m e  d a t a  and f o r  two cond i t ions  a t  t h e  
back contact.  An AM1 i r r a d i a n c e  spectrum a p p r o p r i a t e  f o r  Phoenix, A r i z m a  
was used i n  c a l c u l a t i n g  photocurrent.  

Theore t i ca l  va lues  of t h e  r eve r se  s a t u r a t i o i  currel ' t  (Jw) ar3 p l o t t e d  
ve r sus  base res i s t iv i ty  and NA i n  Figure 3. 
narrowing are taken i n t o  account as done i n  Reference 1. Calculated va lues  
of Voc are a l s o  given assuming Jsc = 36 mA/cm . With LSA l i f e t i m e s ,  
f o r  a base 
t i o n ,  t he re  is no reason t o  zse base r e s i s t i v i t i e s  below 0.1 ohm-cm. 

Auger recombination and bandgap 

2 
region dominated cell can approach 690 mV. Due to Aclger 

Calculated acti-Je area AM1 e f f i c i e n c i e s  are describe:! by Figure 4. I f  
one assumes t h a t  l i f e t i m e s  are given by LSA va lues ,  then a base r e s i s t i v i t y  
i n  the  range of 0.1 t o  0.2 ohm-cm is optimum f o r  c e l l s  w i th  ohmic c o n t a c t s ,  
while the r e s i s t i v i t y  can be any value g r e a t e r  than 0.1 ohm-cm f o r  cel ls  -wit: 
a BSF. I f  FP va lues  are assumed, then i t  is b e s t  t o  use  base region r e s i s t i v i t i e s  
between 9.1 and 1.0 ohm-cm. 

3.  CELL FABRICATION 

L f '  
- !  

The b a s i c  approaches t o  c e l l  f a b r i c a t i o n  involve s t e p s  l i s t e d  i n  Table 1. 
To da te  emitter d i f f u s i o n s  have been obtained from ASEC an& Spectrolab.  
The junc t ion  depths a r e  on t h e  o r d e r  of 0.15 t o  0.20 urn. 
t i o n  p r o f i l e s  obtained by SIMS and sprea6ing res?.stance a c a l y s i s  (SPA) are 
shown i n  3 g u r e  5 .  The el  -9r limits are est imated t o  be + 50% f m  both pro- 
f i l e s .  Thus, t h e  e r r o r  l i m i t s  over lap.  Although ve ry  l lmi t ed  d a t a  has been 
acquired, i t  a pears  thai: t h e  s u r f a c e  donor concen t r a t ion  is on the  o r d e r  of 

Phosphorus conceatra-  

0.5 t o  1.0~102 5 cm-3. 

In the  case of approach A (Table l ) ,  t h e  wafars are s c r i b e d  artd c leaned,  
an A 1  l a y e r  i s  deposi ted on to  t h e  back surface.  
e s t a b l i s h e s  an ohmic con tac t  on t h e  back and a 15 t o  20 A, t unne lab le  oxide 
forms on the  f r o n t  su r f ace .  This oxide layer provides some p a s s i v a t i o n  on 
t h e  f r o n t  surface.  Of  course,  it a l s o  s e r v e s  as an i a t e r f a c i a l  l a y e r  f o r  
t h e  MIS, co l l ec tDr  g r i d  or ' tunnel ing '  c o n t a c t s  on t h e  f r o n t  su r f ace .  
The MIS c o l l e c t o r  g r i d  is formed with a low work func t ion  metal. Mg has  
been used i n  t h i s  work. Uaing Approach A, t h e  ce l l  i s  completed by deposi- 
t i n g  an AR coat ing(s1.  

Heat t reatment  a t  5OO0C 

The key d i f f e r e n c e  w i t h  Approach B is t h a t  a 100 
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o 151! A laxer pf Si02 
is grown onto t h e  f r o n t  s u r f a c e  t o  achieve a lower Sur i ace  State end ty .  
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I n  o r d e r  t o  maximize t h e  photocurrent ,  and t o  I n t e r p r e t  Experimental 
r e s u l t s ,  d e t a i l e d  ana lyses  of photon and carrier economy have been c a r r i e d  out.  
In p a r t i c u l a r ,  optimum AR s t r u c t u r e s  have been determined f o r  bo th  pol ished 
and t ex tu red  cells. E s s e n t i a l  i n fonua t ion  f o r  such a n a l y s i s  is t h e  i n t e r n a l  
photoresponse f o r  t h e  ceil.  

Figure 6 shows a t y p i c t l  r e s u l t  f o r  t h e  i n t e r n a l  photoresponse of a 
pol ished cel l  s t r u c t u r e .  Calculated curves are bas& on ce i l  parameters PS 
indicatd.  The wave l e n g t h  region between 350 nm and 1050 me is t h e  most 
important one f o r  determining t h e  minor i ty  carrier d i f f u s i o n  length.  
of L = 150 m appears  t o  f i t  t h e  d a t a  f a i r l y  wli. 

A va lue  

Figure 7 d e s c r i b e s  t h e  apprcach tahen i n  determining t h e  o p t i m m  AR l a y e r  
s t r u c t u r e  f o r  pol ished and t ex tu red  cells. 
for each l a y e r  i n  t h e  m u l t i l a y e r  s t ack .  
is calcufat.cd wii:h a computer code, and used in an i n t e g r a t i o n  over  t h e  chosen 
i r r a d i a n c e  spectrum. 

Optical c c o n s t a n t s  must be known 
Photon t r ansmi t t ance  i n t o  s i l i c o n  

The optimum AR l a y e r  s t r u c t u r e  is determined by maximizing 

Figure 8 sumnarizes c a l c u l a t i o n  of JPH f o r  pol ished and t e x t u r e d  cells. 
The a c t i v e  area JPH i s  p l o t t e d  v e r s u s  

For a s l n g l e  
Most of t h e  p l o t s  are f o r  L = 150 pm. 
Nl, t h e  index of t h e  a n t i r e f l e c t i n g  l a y e r  a d j a c e n t  t o  s i l i c o n .  
LR case (1L-AR), N] is  of course t h e  index of t h c  s i n g l e  AR coating. 
each va lue  of N 1  ir. single AR s t r u c t u r e s ,  t h e r e  i s  3n optimum va lue  of t h e  
l a y e r  thickness .  In t h e  case of a two l a y e r  s t r u c t u r e ,  t h e r e  are, of cour se ,  
optimtna va lue  of t h i ckness  a t  which t h e  p l o t t e d  va lue  of JPH occurs.  

For 

Calcu la t ions  show t h a t  i t  is d e s i r a b l e  t o  u s e  a t ex tu red  stirface.  A single 
AR coa t ing  on t o p  of a t ex tu red  ce l l  l e a d s  t o  a p o s s i b l e  38.3 mA/cm2 compared 
t o  the poss ib l e  37 mA/cm2 achievable  wi th  a double AR on a pol ished su r face .  
Fu r themore ,  with a double AR on a texti ired s u r f a c e ,  a va lue  of  , lear ly  39 
mA/cmz becomes poss ib l e .  Thus r e s u i t s  are based on assming L = 150 m. 
I f  one assumes a Fischer-Pschunder value f o r  L (500 p), a va lue  of 42.5 
m A / c m 2  becomes a p o s s i b i l i t y .  

Table 2 i n d i c a t e s  some of t h e  b e s t  a c t i v e  area va lues  of JPH measured by 
SERI. Those v a l u e s  are f a i r l y  compatible with r e s u l t s  given i.n Figure 8 .  
It  would appear  t h a t  t h e  d i f f u s i o n  l eng th  of t h e  material used by Green and 
coworkers is s l i g h t l y  l a r g e r  than l5@ p. The . J a S  r e s u l t  of 37.8 rndcm2 
f o r  2 textured!lL-A!t case is  s l i g h t l v  less than t h e  p o s s i b l e  38.2 m A / c m 2 ,  
probably due t o  absorpt ion.  The S p i t e  r e e s u l t  may be due t o  a smal.ler 
d i f f u s i o n  l e n g t h  6 7  abso rp t ion  i n  t h e  AR coat ing.  

5 .  -CURRENT LOSS -- MECHANISMS 
Current-voltage c h a r a c t e r i s t i c s  are being s tud ied  i n  d e t a i l  i n  o r d e r  

t h a t  l i m i t i n g  current.  mechanisms can be i d e n t i f i e d  and understood. Figure 9 
summarizes the  theo ry  f o r  t h e  c u r r e c t  l o s s  mechanisms under cons ide ra t ion .  
Temperature dependent current-vol tage c h a r a c t e r i s t i c s  a r e  p a r t i c u l a r l y  u s e f u l  
f o r  determining I-V mechanisms. 
n-vzlue and magnitude of Jo can o f t e n  suggest  the o p e r a t i v e  c u r r e n t  l o s s  mech- 
anism. Table 3 l is ts  t h e  range of va lues  f o r  key I-V parameters.  

The a c t i v a t i o n  energy coupled with the  
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The emitter recombrnat ion  c u r r e n t  l i k e l y  t o  be a dominant l o s s  mechanism 
l u e s  o f  JOE are  p l o t t e d  vs  t h e  s u r f a c e  i n  low r e s t a t i v t t y  d e v i c e s .  C a l c u l a t e d  

donor  c o n c e n t r a t i o n  (Ns) i n  F igu re  10. 
t o  c a l c u l a t e  JOE. 
t h e  emitter are t a k e n  i n t o  accouc t .  
and ?'P l i f e t i m e s ,  as well as ohmic and BSF c o n d i t i 3 n s  f o r  t h e  back c o n t a c t .  
In a d d i t i o n .  v a l u e s  of  Voc c a l c u l a t e d  assuming 3,.c = 36 d c m -  a r e  g iven .  
The e s t i m a t e d  v a l u e  of Jo f o r  t h e  15Z ceLl of  Green, e r  a1 is based on t h e  
assump:ion t h a t  n = 1. 

The work of Fossum and Sh ib ib4  was used  
The e f f e c t s  of bandgap narrowing and of t h e  l o w  l i f e t i m e  i n  

Vzlues  of JOB are i n d i c a t e d  assuming LSA 

3 

7-V d a t a  a r e  t aken  w i t h  a computer  based d a t a  a c q u i s i t i o n  sys tem o v e r  a 
range cf t e m p e r a t u r e s  apd under  bo th  d a r k  and i l l u m i n a t e d  conditions. The 
approzch  to  d a t a  a n a l y s i s  is summarized i n  F igu re  11. The approach used f o r  
zna lyz ing  i l l u m i n a t e d  d a t a  is similar.  I n  g e n e r a l ,  we obse rve  t w o  c u r r e n t  
mechan i sm,  one dominant a t  low v o l t a g e s  and one  dominant a t  h i g h e r  v o l t a g e s .  
These c u r r e n t  mechanisms are r e f e r r e d  t.9 as t h e  lower and upper  mechanisms, 
r e s p e c t i v e  1 y . 

Transformed I-V c h a r a c t e r i s t L c s  f o r  an MINP cell a r e  shown i n  F i g u r e  12. 
The tm mechanisms are c l e a r l y  e v i d e n t .  Values  f o r  t h ?  JO and n of t h e  upper  
mechanism, and Jo and B cf che lower mechanism were determined f o r  each  temp- 
e r a t u r e .  R e s u l t s  are t y p i c a l l y  o b t a i n e d  f o r  ten t e n p e r a t u r e s .  "he v a l u e  of 
t h e  upper  mechanism is p l o t t e d  v e r s u s  11)00/T i n  F igu re  12.  From t h i s  p l o t ,  
one o b t a i n s  a v a l u e  :or I$ = 1.08 eV. I n  a n a l y z < ? g  tnnf! t empera tu re  dependent  
d a t a ,  J (T)  i s  assumed t o  v a r y  w i t n  t empera tu re  dS L--(T-?~) ,  w i t h  To = 100%. 00 

So-e r e s u l t s  of I-V a n a l y s e s  c a r r i e d  o u t  f o r  YIXP c e l l s  are g i v e n  i n  
Tab le  4. In p a r t i c u l a r ,  t h e  r e s u l t s  f o r  t h e  upper  mechznism are g iven .  
The lower mechanism i s  d i s c u s s e d  beloir. R e s u l t s  f o r  a n a l y s i s  of b o t h  i l l umina -  
ted and d a r k  d a r a  arr given. Only r e s u l t 5  of 1-V a n a l y s e s  were i n c l u d e d ,  for 
which t empera tu re  s t u d i e s  were made, e x c e p t  f o r  ce l l s  84-21 and 84-2;. These 
d e v i c e s  were made j u s c  r e c e n t l y .  
eV, i t  a p p e a r s  t h a t  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  are l i m i t e d  by  t h e  
emitter c u r r e n t  w i t h  bandgap n a r r o v i n g  of L E  -: 0.12 zV. I n  a i l  o €  t h e  o t h e r  
cases, n is ir! t h e  range  of 1.04 t o  1.Q9, and 4 1  l i es  IP t h e  range of 0.7 t o  
0.8 e V ,  excep t  €or c e l l  54-5. These pa rame te r s  s d g g e s t  e i t h e r  dep le t io r .  
r e g i o n  r ecombina t t an  o r  f i e l d  emiss ion .  F u r t h e r  s t u d y  i s  r e q u i r e d  t o  a l l o w  
one  t o  choose between t h e s e  p o s s i b i l i t i e s ,  and t o  r e l a t e  che r e s u l t s  t o  proces-  
sing. It i s  n o t  clear a t  t h i s  time what ! s  t h e  p rope r  moael f o r  95-5. 

Consider  c e l l  83-25. S ince  n = 1, and 4 = 1.08 

The upper  mechansin is u s u a l l y  d e s c r i b e d  by n = 1.0 t o  1.07 and J,, = 
i-t t h i s  p o i n t  i t  would appea r  t h a t  recombina t ion  i n  t h e  2 x 10-12 A/cm2.  

d e p l e t i o n  r e g i o n  o r  f i e l d  emis s ion  by h o l e s  n e a r  t h e  m e t a l l u r g i c a l  j u n c t i o n  
e x p l a i n  t h e  upper  mechanism. A p o s s i b l e  r e d u c t i o n  of t h e  rnagni t .de of t n i s  
mechanism may be accomplished by r educ ing  Ns. 

The l o v e r  mechanism is n o t  p r e s e n t l y  l i m i t i n g  c e l l  performance. I t  
cou ld  do so i n  t h e  f u t u r e ,  as t h e  upper  mechanism is improved. Thus, we  
must e v e n t u a l l y  unders tand  t h e  lower mechanism. 
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6. THE &/*Si TUNNELING CONTACT 
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The HIS collector g r i d  is a key f e a t u r e  of t h e  HINP cell. The term 
' tunne l ing  con tac t '  is o f t e n  app l i ed  t o  t h i s  c o n t a c t  and will. k used i n  
t h i s  paper. Figure 1 3 A  i l l u s t r a t e s  t h e  expected e l e c t r o n  band diagram a t  t h e  
ng-nSi i n t e r f a c e .  Sioce t h e  work f u n c t i o n  of Mg is less than  4.0 e V ,  t h e  
s i l i c o n  surfa:e is accumulated as shorn. 
through t h e  20 A i n t e r f a c i a l  l a y e r ,  thus providing a good ohmic c o n t a c t .  

Majori ty  carriers can r e a d i l y  tunne l  

The p r i a a r y  purpose f o r  using a tunne l ing  c o n t a c t  is t o  minimize t h e  
recambination under t h e  con tac t .  Thus, i t  is of i n t e r e s t  t o  estimate t h e  sur- 
f ace  recombination v e l o c i t y  f o r  t h i s  i n t e r f a c e .  W e  w i l l  examine t h i s  questfon 
in two ways. F i r s t ,  i t  is i n f o w a t i v s  t o  i n v e s t i g a t e  HIS diodes on p-type 
s i l i c o n .  
& / p s i  HIS cel ls  have been f a b r i c a t e d  and found t o  have e x c e l l e n t  p rope r t i e s .  
Figure 14 shows I-V characteristics f o r  CM devices .  Device 82 %Si-14 shows 
a r a t h e r  weak lower vo l t age  mechanim, while t h e  more r e c e n t l y  f a b r i c a t e d  
d e v i c e  84 %Si-1 e x h i b i t s  e s s e n t i a l l y  no lower mechanism. 
t h e  upper mechanism f o r  84 MgSI-1 correspond to an ideal diode. Thc I-V 
parameters are n = 1.00 and Jo = 4.8 x lo-'' A / a a 2 .  This va lue  of J 

Thus, one can conclude t h a t  in t h e  case of an %/ps i  c o n t a c t ,  t h e r e  is no 
s i g n i f i c a n t  s u r f a c e  recolabination ( c )  , o r  t u n n e l i n g / r e c m b i n a t i o n  (d) .  

Figure 1 0 B  i n d i c a t e s  poss ib l e  comman c u r r e n t  l o s s  wchanisms. 

More s i g n i f i c a n t l y ,  

can be 
i n t e r p r e t e d  in t e n s  of a b a r r i e r  he igh t  of $BE. = Eg znd A = 32 a/- %! . 

The I-V ana lyses  of HINP ce l l s  can p r  v ide  information a b u t  s l ~ r f a c e  
recombination under t h e  Hg c o n t a c t  on N+/P s t r u c t c r e s  clcre d i r e c t l y .  
con tac t  area is not t h e  same f o r  t h e  ce l l s  l i s t e d  i n  Table 4. Re fe r r ing  t o  
cel ls  84-21 and 84-22, t h e  Mg con tac t  area d i f f e r s  by a f a c t o r  of 20. Y e t  
t h e  Jo is very similar f o r  t h e  two devices.  
than f o r  84-22. I f  recombinarion under t h e  Mg c o n t a c t  were t h e  domLnant Lnss 
mechanism f o r  84-22, t h e  JO should be smaller f o r  a device with t h e  con tac t  
covering less area. 

'!-IC? Mg 

In f a c t ,  Jo f o r  34-21 is larger 

More e f f o r t  w i l l  be devoted t o  c h a r a c t e r i z e  recombination under t h e  MIS 
contact. 
t o  decrease below 10-12 A/cm2. 

However, recombination l o s s e s  appear t o  be low enough t o  a l l o w  Jo 

7. CELL EFFICIENCIES 

Two types of c e l l  s t r u c t u r e  are being pursued, namely: a n  MINP configu- 
r a t i o n  with a pol ished f r o n t  s u r f a c e ;  and MINP ce l l s  w i t h  t ex tu red  f r o n t  
su r f aces .  These s t r u c t u r e s  w i l l  be r e f e r r e d  t o  as ' po l i shed '  and ' t ex tu red ' .  

The best result  obtained wi th  a polished ce l l  i s  desc r ibed  by Figure 11. 
The current-vol tage c h a r a c t e r i s t i c s  were measured by SERI. As r,3ted, t h e  
e f f i c i e n c y  was 15.6%, and VOC = 636 mV. This c e l l  u t i l i z e d  a sing12 AR l a y e r  
of  S I O .  The S I 9  is deposi ted r a p i d l y  so t h a t  t h e  index of r e f r a c t i o n  is near  
1.9. Ar.alysis i n d i c a t e s  t h a t  a s i l i c o n  homojunction with a s i n g l e  AR l i y s r  
can provide an a c t i v e  area A M l  photocurreat  of 35.5 mAlcm2. The t o t a l  area 
c u r r e n t  in such a case f o r  ou t  ce l l s  woiild he 33.4 mA/cm2 (6% shadwlng) .  
The b e s t  t o t a l  area va lue  of JSC obtained f o r  a ce l l  with a single S i 0  layer  
is 31.8 mum2. 
due t o  photon abso rp t ion  in t h e  S i 0  fi lm. 
t h e  use of a double AR coa t ing  on a polished ce l l  s t r u c t u r e .  

Thus, i t  appears  t h a t  approximately 1.6 mA/cm* are l o s t  
Future  e f f o r t s  w i l l  concen t r a t e  on 
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SERI measured current-vol tage c h a r a c t e r i s t i c s  f o r  t h e  best tex tured  cel l  
are g iven  i n  Figure 16. 
FF and VOC are s l i g h t l y  lower than %at achieved with a polished cell .  
of t h i s  decrease  is due to  t h e  f a c t  t h a t  t h e  j u n c t i o n  area of t h e  textured ce l l  
is larger than t h e  s tandard cel l  by a f a c t o r  of 1.7, but  most of t h e  e f f e c t  
is pr imar i ly  because t h e  j u n c t i o n  has not  been optimized f o r  t h e  textured cells. 

Althougn J has been increased to  35.5 mA/cm2,  
P a r t  

8. CONCLUSIONS 

The MINP ce l l  s t r u c t u r e  i s  a shal low emit ter  ce l l  s t r u c t u r e .  The unique 
f e a t u r e  of t h e  HINP cel l  i s  t h e  tunnel ing c o n t a c t  used for  t h e  c o l l e c t o r  g r i d .  
Like any shal low emitter cell., tile f r o n t  s u r f a c e  must be w e l l  passivated and 
emitter losses minimized before  base l i m i t e d  performance can be echieved. 

kind of property improvements needed :o achieve 20X, and then 25%. 
g C Z l  ,Il,cfescies of 25X should e v e n t u a l l y  be poss ib le ,  Figure 17 i n d i c a t e s  t h e  

The au thor s  wish to acknoh-leape t h e  f i n a n c i a l  suppor t  zf the Saslsr E n e r a -  2e- 
search Inst i tc te  (,?cztrart XBS-2-02092-5 ).  
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TABLE 1 

MINP CELL FABRICATION 

A. WITH T H I N  PASSIVATING OXIDE 

i. Diffuse Ezifttcr i n t o  Wafer. 
2 .  Scribe i n t o  2 cm x 2 cm S u b s t r a t s s .  
3. 
I .  Deposit Aluminw Back Contact. 
5 .  S i n t e r  Back Contact a'. 500 C and Crow 15 

t o  20 A Tunnelable Oxide on Front Surface 
6. Deposit Col lec tor  Grid Based on a Tunneling 

Contact. 
7. Deposit an AK l a y e r ( s ) .  

Clean S u b s t r a t e  ( B a s i c a l l y  RCA Process).  

B. WITH 'CHICK PASSIVATING OXIDE 

1,2 and 3 Same as Above. 
4. Grow 100 t o  150 A SI02  Layer f o r  Pass iva t ion  of 

Front Surf ace, 
5 .  Define Contact Openings and Remove Oxide on Back Surface.  
6. C m p l e t s  ce l l  by Using Steps 4 Through 7 Given Above. 
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TABLE 2 

-TOTAL 
AR GWD AREA AM1 

CEU STRUCTUFIE !jHADownuG JPH 

GREON.€lAL 2L-AR 4.2% 36.0 
znSw2 

1 L-AR(Ta20sl 

84-6 1 L-AR(sioJ 

SPlRE TEXTURED 34% 36.1 

XGS rrxTuRB) 6% 35.5 

' t  

ACTlVE 
AREA 

ml JW 

37.6 

37.2-37.6 

37.8 L 

;. 
L 

.... 
C. 

L 

41 

- 1  

.- I 

EXPERIMENTAL RESULTS FOR AM1 PHOTOCURRENT 

TABLE 3 

KEY PARAMETERS FOR CURRENT MECHANISMS 

1.2 (*E)- i BGN 
BASEREGK)N 1 Joflexp(v/nkT) r , RECOMBINATION n = l  

I TYflCAUY 0.1 TO 0.2 I 1 TUNNELING 

I 
! 

D 

'. 

t4 
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TABLE 4 

I - V  PARAMETERS FOR HIGH-VOLTAGE CURRENT-LOSS MECHANISM 

I 
CELL 

83-22 
83-23 
83-25 

UPPER MECHANISK 
F M W J  AVERAGE 
CONTACT DARK ERROR ACTlVATlON 

AREA OR FORUPPER ENERGY, Jo 
(%I UUM RANGE(%) 4 (eV1 n (bvcm’) 

6 ILLUM - 0.19 0.73 1.04 2.1 E-12 
6 DARK 0.19 0.77 
6 DARK 0.63 1.08 

- 

83-26 
84-5 

6 DARK 0.28 1 y:Bi I 1.04 I 4.4 E-12 1 
0.6 DARK 0.19 1.04 I 2.4E-12 

TABLE 5 

84-6 
84-2 1 
84-22 

EXPERIMENTAL RESULTS FOR MINP CELL AM1 E F F I C I E N C I E S  

6 I DARK 0.33 0.80 :::: 1 2.4 E-11 1 
0.3 IUUM 0.40 - 5.3 E-12 

6 IUUM 0.40 - 1.05 2.6 E-12 

0.2 Ohmcm P-TYPE BASE 
CELL THICKNESS = 15 mils 

.~ 
MIS AR 1 GRID Jsc Voc1 EFFICIENCY 

GREEN. Et al 

JCGS 
84-4 

X G S  
84-6 

Ti 2L-AR 4% 36.0 650 0.812 1 19.0 

Mg 2L-AR 6% 31.1 636 0.787 15.6 

Mg TEXTURED 6% 35.5 617 0.768 16.84 

ZnSlMgL 

SiNlSio, 

lL-AR(SiO,l - - - J  

Results for Green, e t  a l ,  were reported at the IEEE 14 th 
Photovoltaic Specialists Conference. 
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MIS CONTACT 
USING Mg OR Ti \ 

\ AR LAYER 
I 

N-TYPE 1000 A EMlTTER TO 2500 ' 'I A 

I 
P-TY PE 
BASE 

/' 
P+ REGION' / TO PROVIDE ALUMINUM 
BACK SURFACE BACK CONTACT 
REID 

Figure 1 . MINP Solar  Ce l l  Concept. 

P lPunl 

10 5 2 1 0 6  0 2  J 1  05 02 01 

I I I I -  

F igure 2. Base Region Con t r i bu t i on  t o  Jo v s  Acceptor Concent;ation f o r  1 5  m i l  
Cel l  Thickness . 
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F igure  3 .  Calculated AM1 JPH vs Base R e s i s t i v i t y  for 1 5  m i l  C e l l  Thickness, 
Assuming 100% Photon Transmittance And No Grid  Shadowing . 

. RH;Y)U oou~w*rn. CEI~ DUL m MID NO SwWwwG . PHOENIX AM1 SPEC- 80% BSR 

z 

c 

f 

' C E U  TMICKNEIS~ 15 mb 
30 I I 1 1 1  1 I I l l  I I I I 1  

I , 1 

2.- ": 
CONTACT 

UPETME DATA 
RSCHER 8 PSCHUNMR --- LSA 1 

.01 0.1 1 0  '0 0 

48E RUUBTNrrY IOHM -an: 

Figure 4 .  Calculated AM1 Ce l l  Ef f ic iency For 1 5  m i l  Cell Thickness, Assuming 
100% Photon Transmittance And No Grid Shadowing. 
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Figure 5. Phosphorus Concentrat ion v s  Depth For MINP C e l l .  
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I 
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CllLCUlATEa C U M  HAE OHMIC 
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Figure 6. I n t e r n a l  Photoresponse For MINP Ce l l  . 
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POUSHED CEU TEXTURED CELL 

1 *A 

DETEUMINE TA VS. A 
FOR GWEN AR STRUC: 'ME 
USE REPRESENTATIVE SI 
BASEDONa VS.AAND 
CEU STRU~URE 

81=12~.8r=4"@A=600m 
REGARDLESS OF AR STRUCTURE 

ACCOUNT FOR TWO 
PHOTONPATHSAND 
REFLECTION OFF BACK 

SA = Sa + S u  

.\ 

1 00 

DETERMINE JR( =eoJ FATASA~A . DETERMINE Ni. N,, AND THICCNESSES 
WHICH YIELD MAXIMUM Jm 

Figure  7 .  Descript ion o f  Approach t o  Optimum AR Layer Analysis.  

15 ma CELL THICKNESS 
PHOENIX SPECTRUM 

L = 150, Ohmic BACK COlrT.4CT 
L = 500, BSF 44 

Nz=1.3 1.4 
- - - - L A &  

TEXTURED (2L-AR) 
I 42 

1 - 

40 - 
N,=1.3 1.4 - TEXTURED 2L-AH 

- 

TEXTURED (NO ARI 

38 11-AR - 

1.5 
36 - 

POLISHED 

34 

. 
#. 

I I I I I 
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

Nq, INDEX OF LAYER ADJACENT TO SILICON 

t 

I 

Figure 3 .  Calculated J p y  v s  N1, The Index Of The AR Layer Adjacent To 
S i  1 icon,  For I 01 i shed And Textured Cell s 
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5.  

EMITTER RECOMBINATION CURRENT 

FOR RM TEMP ANALYSIS: 

GF IS A FCT OF WH, Sp, Dpg & Tp 

TUNNELlNGiRECOMBlNAT!O~ 
J = Jor exp(5V) V >> kT 

B TLAPERATURE INDEPENDENT 
4 

JOT = Joo exp(=) 

4 TYPICALLY 0 TO 0.5 eV 

FIELD EMISSION 

J = Jo~exp(CV) 

+ B  nkT c =  

W 

3. DEPLETION LAYER RECOMBINATION CURRENT 

J exp 
kT JOR = 00 

i 

FOR n'2, +'Eg12 FOR nzl, 4"0.8 eV 

Figure 9 .  Summary O f  Theory For Current Loss Mechanisms. 
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Figure 11. Approach To Dark 

I-V Analysis. 
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Figure 12 .  Current-Voltage Characteristics O f  fin NINP Cell Based On 
A Polished Substrate. 

0- INJECTION 

JTOCURREM 

TUNNELING COPllACT 
FOR N+/P CELL 

Mg/pSi DIODE 

Figure 13.  Electron Band Diagrams For Tunneling Contact On ::+ Surface, 
And MIS Device On A P-type Substrate. 
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JUNCTION VOLTAGE iVOLlSI 

Figure 14.  Current-Voltage Characteristics O f  Mg/pSi MIS Devices Based 
On 0 .2  9-cm Si l icon.  
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Ftgure 15 .  Illuminated Current-Voltage Characteristics Measured By S E R I  For 
MINP Cell With Polished Surface And Si0 AK Layer. 
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Illuminated Current-Voltage Characteristics Measured By SERI For 
MINP CELL w i t h  Textured Surface. 

Figure 16 

PROJECTED PERFORMANCE 
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Figure 17. Estimated Property Improvements For High Efficiency MINP 
Cells. 



? DISCUSSIOU 

SYbllSM: How did you grow the thin oxides? 

OLSEM: After we deposit aluminum tc establish the back contact, a heat treat- 
meat at 5OO0C is carried out, and that process will grcw a 20A oxide. 

SUAWSON: Just from reeidual water, iron! the air? 

OLSW: Bill (Addis), why don't you coaarent on that? 

ADDIS: The oxidation is carried out in a tube furnace. 

SWMSON: Dry oxygen? 

OLSW: Yes. 

SUMISOM: Have you investigated different ways of forming the oxide and found 
whether any are better than others? 

OLSgW: Not yet. We would like to try nitriding, and I have some thoughts on 
pursuing that further, but right now we have been going with the standard 
208 oxide. 

SWANSON: Have you measured the contact resistance? 

OLSEN: I think so. On the 0.3% area coverage, on a 2 x 2 solar cell, Its is 
still below 0.1 ohm. 

SWAMSON: Doesn't seem good for concentrators. 

OLSW: Something seems to happen. It's strange; when the area goes down you 
get higher current density. The contact resistance goes down. 

SWANSON: Did I read you correctly that you got a better JO without the n 
layer under there than you did with the n layer? 
(A/cm2). 

You said 3 x 

OLSKN: No. That was for an MIS structure. Magnesium OII p-type. 

SWANSON: That is what I meant. 

OLSEN: I think that is pertinent, mainly because it tells you something of 
the quality of the magnesium deposition and what it does to the p-type 
material. But it is a different situation, it appears, when you deposit 
onto an n-type surface. 
3 x 

For a clg/p-Si MIS diode, the value G f  
is approximately the theoretical value for Jo. 

WANSON: One would think you would want to take the n-layer out then, if it 
is-- 
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OLSEtJ: Well, the problem with an HTS structure is the magnitude of photocur- 
rent, wbich is too low. You just canlt get adequate optical coupling, 
tbnt is, transmission of the photons through the metal. Maybe something 
worth considering along the same lines is an inversion-layer cell. That 
is one without any dooing done et all. That is something we have worked 
on ia the past. 

SyANSoiy: I sort of had the feeling that the phosphorus diffusion is not giving 
you the performance it could. 

OLtKiU: That's true. I think it is really hard to pin all this down. But I 
think it is clear that Green and his group have tailored their emitter to 
some degree a d  they have reduced the emitter recombination. 

RWJNEY: When you said you had 20 A of oxide underneath the metal, I assume 
you measured that by ellipsometry. 

OLSEN: That i3 right. 

KEAVNEY: Do you have any ideas as to whether that is really 20 A of oxide 
or whether there is an organic contamination throwing off the measurement? 

OLSEH: The ellipsmetry gives you 15 to 20 A and it is not really clear what 
that means. You really have to couple that information with other infor- 
mation such as HIS current- voltage characterization. The HIS devices we 
have looked at are really high-quality ones. So that tells us that the 
interfacial layer is of high quality. Then, also, surface recombination 
effects in the solar cells themselves seem to be reasonable. 

WOLF: It seems to me that Warty Green told us at the Photovoltaic Specialists 
Conference that his 19% cell was not an MINP structure but a dot contact 
structure. He had a new acronym for it too, PEST or something like that. 

OLSEN: A dot contact cell, that is just what we made too. That simply means 
that you put slots in the thermal oxide on the surface, and the collector 
grid cnly contacts a small area. But the question is: what is the nature 
of his contact at the interface? 

WOLF: That is right. That is what I thinking. 

OLSEN: He didn't think it was HIS anymore? 

WOLF: That was my iwression. 

OLSEN: I wouldn't argue about it. T! .y do sinter, like the standard pro- 
cedure. I think, in theory, titanium can be m e d  as hIr  T I L S  contact. It 
just may be very difficult to keep the oxygen out of it and get a decent 
contact. Maybe that is why you have to sinter. We have stuck with mag- 
nesium because it is not limiting us at this point and we haven't been 
motivated to change. 
magnesium impacts other processes. So we will move to try titanium as 
well, eventually. 

But we are considering changing, because the use of 
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WOLF: Another thine. I was a little surprised that you took the band gap as 
1.2 eV. That is the zero Kelvin nuakbet. Really it is, at toan temper- 
ature, more like 1.1. 

OtsEN: I know that. But if you look at the band gap expression versa8 temp- 
erature, it is 1.2, minus some constaGt, tiaes temperature. T3e constaat 
times temperature divided by kT gives you an e-constant so that goes 
out into the pre-exponential number. 

WOLF: So that is where you put it? 

OMEN: Yes. I hope that was clear to others. The band gap, I agree is 1.12, 
but it is the temperature dependence that I wanted to account for. An 
activation analysis gets 1.2 minus the bandgap narrowing. 

QUESTION: (Inaudible; concerning the use of magnesium.) 

OLSEH: No. We can't heat treat it. We haven't used titanium, but Green, for 
example, does heat treat at something like 450°C. 

- .- 
.a 

1 -  ;, . 

WOLF: I thought we might have 80186 questions with respect to all the papers 
together, and overall couments on the afternoon session -- even the 
morning session -- before we break up. 
I feel that bhat we really all eat and listened to this afternoon was 
perhaps more how do we model, what do we learn out of the modeling, and 
how does what we are doing actually relate to what we calculate? Rather 
than, really, concepts on how to get higher efficiency. So it seems to 
me it was more really modeling results and what did we learn from the 
modeling. I don't know whether that is challenging enough for more dis-- 
cuesion or not. We certainly, some of us, use low-level modeling and get 
up to some point with that, and then comes high-level modeling beyond 
that. 

One coarment I would like to make: 

We will hear amre about modeling tomorrow in any case. 

LKSK: I am still confused. In the back contact you had only ESP. Specifi- 
cally, what is the difference between ohmic and a ESP back--surface con- 
tact? 

OLSBN: Well, 8SP refers to back-surface field. An adequate BSP yields a sur- 
face recombination velocity of zero. 

LBSK: I am not sure I got that right. In ESP --- in your equation you put 
S = 0 -- that means ESP? 

OLSEN: That's right. 

LBSK: For ohmic, S is infinity but if you are maintaining the equilibrium in 
order to carry concentration to the back contact, that means ohmic. 
that the way it is used? 

Is 

OLSEN: Yes. The point is with low-cost silicou sheet material, the use of a 
ESP makes little difference to current. But, if you increase the life-. 
time, then a BSP can have a significant impact on photocurrent. 
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WOW: hre these things we are looking at here really all the approaches we 
can pursue to get to a higher efficiency? 
looking at in addition? 
exhaust the methods awailable at this time? 

hre there things we should be 
Does what we have been talking about really 

SPITZBR: I wanted to mention a few things. On the idea of how to improve 
efficiency, I think some people referrod to this. We are neglecting lots 
of currant. The theoretical Limit is 44 and if you tune up the base dif- 
fusion length, that current could easily be raised from 36, which most 
people are achieving, to about 38 with a back-surface reflector and dif- 
fusion length of 300 micrometers, which doesn't seem that hard to do. 
And, say, with 38 milliamps/m2 and a voltage of 660, with a fill factor 
of 0.8, that would be 20%. So I think some attention should be addressed 
to improving Jsc. 

WOLF: It seems essentiallv that everybody who is working on high-efficiency 
cells sees how he can make the next step to get 20%. It seems that this 
is just about iminent. I think the big question after that becomes, how 
do we get to 22 or 23, and do we really have to get the trap densities 
down, or are there other remedial stzps we calz be doing to get the effi- 
ciencies up? Have we really exhausted all the cell-design approaches to 
a large enough degree €or this next step? 

SWANSON: I think the goal of 15% modules is rather x,dest in view of the 19% 
ct;lls that are already being made. 

WOLF: N o .  

SWANSON: We are talking efficiency, not getting cost down. But I think if 
you want to go to the 15% range, you should very seriously consider the 
Yablonovich design, which in my opinio has the potential of 25%. 

WOLF: He combines again a number of the things we have been discussing, and 
also Dick Swanson. How to get high lifetime is one of his key aspects. 
How to get the lifetime up, how to get the sur€ace recombination velocity 
down, use a wider band-gap material on one side, etc. 

DYER: I have been out of this field for a number of years, but what are the 
difficulties with that overlap approach that someone mentioned earlier? 

WOLF: It is called the shingling of cells. 

DYER: What is the difficulty with that? You mentioned it, but I doil't see 
any - -  

WOLF: Well, I don't think I mentioned that by saying there was a difficulty 
with it. It has been used €or a long time in making submodules for space 
arrays. I guess it has given a certain amount of inflexibility within 
the array. One other approach was to make flexible interconnects, but 
still overlapping as far as individual soldering together ir concerned. 

DYER: Does it come out so it is not worth it, is what I am after. 
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WOLF: No. 
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DYER: Ig it such that it is very successful and you can say, Well. we can 
gain back all that we devote to metallization, or is it not worth It? 

wotp: Well, you have no contact shading at all on the front, so you have all 

You get quite a 
active surface that way. 
cell length is only 2 millimeters and then you overlap. 
bit but of the horizontal with the whole thing, but I don't think that is 
too much of a problem area. You can somehow adjust for it aBain. No. I 
don't see a major problem with it. I guess from a manufacturing view- 
point it might be tough to lsake so many very smell little devices and 
then assemble them into a bigger thing. It right give extra cost. 
that's not fundamental. Somehow you can imagine some nice aSS6Sbly 
machine that handles all these tiny little parts atd makes a bigger thing 
out of it. 

I see a little bit of a problem if the whole 

But 
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