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High-Bffieienay Ce l l  Conaepts on LorCost Siliaon Sheets 

me stroqlest levera8e for  redrroi- the cost of power 8Otket8ted f r a  
s o l u  easrm is the efficiency of the solar -11. 
a tarlet aost for e lectr ical  energy there is a minimum solar officio- that  
mast be exeeeded evea if  the module eost becamor negli8ible. 
beoause 0: the b.1- of systems cost (land, support structures, power 
conditionin& w i r 4 ,  etc.). For example, for e w e t i t i o n  with an intermediate 
load eoal-fired plant, a module efficiency of above la must be maintained [ l l .  
As this minimum e f f ic ienq is exoeeded, the power costs f a l l  rapidly. 

It is oasy t o  see that liven 

lhis ar i ses  

Thus. the drive t o  produce high effideney solar ce l l s  is very strong. 
I f  the teehnolo8y does not have the potential for  realizing th i s  minimam walue, 
then it w i l l  be non-competitive for  tAe particular scenario projected. 

In t h i s  paper we w i l l  discuss the limitations on sheet growth m t e r i a l  
( p r i u r i l y  with referense t o  BPB) in terms of the defect structure and minority 
carr ier  lifetime. 
solar cells, we rill estimate w h a t  effect  these various defects w i l l  have on 
performance. 
growth c e l l  that  w i l l  rrLc the best of the material characteristics. 

Usiw simple models for  material parameters and behavior of 

Biven these limitations we oan then propose designs for  a sheet 

mein dise-sinl S O h r  cells. the m8teri81 is often characterized in  
terms of a diffusion length, . whose square is direct ly  proportional t o  the 

For a homogeneous u e r i a l  the diffusion l e m t h  is .IS0 a measure of the 
distance over whieh minority carriers are colleoted. 
uteri81 where the S C 8 h  of the lifetime variations ray be less  than the loeal 
diffusion length, the meaning of the diffusion length as a oollection distance 
breaks dom. 

= Dz, ?! w ere the constant D is the diffusion coeffioient. 
** 

lifetime. %, i . 0 . D  

For inhao8eneous 

When teohniques r a d  as SPV or speetral response aaasoterents are applied 
t o  measure diffusion lengths in inhomogeneous material, it must be kept in mind 
that  the derived quantity, while often referred to  as a diffusion length, is 
real ly  ohar#e oolleotion distmoe. It is a oaplex  avera8e depellbing on how 
the minority car r ie r  lifetime varies with position. 
the context i f  we are usi- diffusion length as a measuse of looal lifetime or  

Oensrally it i r  slebr  froa 

8 8  a Uh8ZgO oolleotion distanae. 
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The mb8V defects in Silicon that &Or OIOCtriC81 activity, i.0.D 

oontribute to the majority carrier concentration or aot as recoabimtion 
ceaJers. are dislocatipns. grain boundaries. twins, inclusions including Sic 
.ad silimtes, point defects of either a substitution81 or interstitial 
ehamcter and impurities such as transition retals and oxygea and carbon (21. 
There Ore other closely related defects such as swirls. rtackinl( faults. 
partia, dislocations, etc., but in this paper we will concentrate our remarks 
on the more general types listed above. 

P. Wald has recently presented a comprehensive review of defects in BPG 
Rather than silicon with a discussion of the type and nollber of defects t2l. 

including figures illustrating the defects, we will simply reference his paper. 

A. Dislocations 

The classic edge dislocation. which a n  be vislrrrlited as being formed 
by reroving an atomic half plane, should exhibit a single line of silicon atoms 
whose bonding requirements are not satisfied. 
dislocation would exhibit a series of dangling bonds, one of which is 
associated with each plane. If each of these a t a s  behaved as a recorbin8tion 
center. then for a diSlOC8tiOn density of 1 0 s  
of 10-1s ea, the lifetime would be of the order of 30 psec which corresponds 
to a 300 pm diffusion length in p-type material. 

In a simple minded picture, a 

with a typical cross-section 

In actual fact most of the broken bonds will be reconstructed 121 so the 
number of "dangling bonds" rill be substantially 1eSsD thus giving a much lower 
potential for recombination. 

i 
Another possibility might be that recombination occurs not at dangling I 

bonds but rather at an impurity cloud attracted to the disloc8tions. If more 
than one electrically active atam were assooiated with each atomic lane, then 
the potential diffusion length could be reduced. We should note. rhough, that 
as rill be discussed in Section IIB, having the electrically active 
recorbinrtion centers concentrated <,?:ound the dis1ocations ray a c t ~ l l y  result 
in a higher efficiency cell than if the s-6 tot81 number of impurities were 
uniformly distributed throughout the solid. 

I' 

B. Brain Boundarie s 

When tvo grains with different orientations intersect, they form a 
First order and higher order twins can be Considered 6 

In the general case, grain boundaries can be 
In twins a specific 

grain boundary. 
sub-class of grain boundaries. 
oonstructed f r a  6 series of edge and screw dislocations. 
orientation between the grains efistiD but for general grain boundaries this is 
not necessary. 

d oonvenient ray to observe the electrioal/reaorbinatioa activity of 
dislocations and grain boundaries is by the use of KBIC. 
perpendiaular to the grain boundaries their recombination properties can be 
oharacterized typiC8ily in terms of a rooombination Velocity, 0 , and diffusion 
length, % tSD41. Optical techniqws, LBIC, have also been use8 in a similar 

By raking line scans 
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fashion to obtain the SUO material characteristics [ I ] .  
cdsec have been observed with typic81 velooities for ffstrong boundariesflteing 
the order of 10' d s e c .  
width (Ln - 100 pm, a = 1000 cm-11 is about 5 pm. The concept of an effective 
grain boundary width is d w  to Zook, and is defined as the equivalent width of 
8 region from which no charBe is collected. 
strong boundaries (lOa/cm1, the loss in short circuit current can become 
significant ( 5 % ) .  
and in fact many are electrically very weak or invisible. 

Velocities up to 105 

For suoh a velocity. the effective grain boundary 

If we have a high density of 

By no means do all grain boundaries have high recombination. 

Also of importance is the contribution that grain boundary recombin8tion 
can rake to the reverse saturation current. A reduction of 52 in the current 
collected corresponds to a decrease in the diffusion length by 3 s  for a 
horogeneoos distribution of recombination centers. This would reduoe the 
reverse saturation current tlso by 35% and produce 8 decrease in open circuit 
voltage of about 10 mV. 

Grain boundary recombination can be important if the density of 
electrically active boundaries i s  hie. 
such as produced by CVD or in silicon with a very higk intragranular diffusion 
length will they dominate performance. 

Only in the case of small grain size 

c. Ip_clrtsions 

The principal effect of inclusions is either to physically block the 
light or to shunt the junction. 
silicates. The contribution an ideal shunting particle makes to reverse 
leakage depends on its diamter and the sheet resistivity of the surfact layer 
to which the shunting occurs. It is easy to show that for a circular shunt of 
radius, a, and sheet resistivity. p,,. the voltage drop, AV, for a distance, d, 
away fran the particle is 

Typically, inclusions are found to be Sic or 

For a typical I of 30 mA/cma, AV of 0.25V, po of 50 W o ,  the current 
not collected (which f g  equal to ndrI 
the finite resistivity of the Sic limffs the current to less than that 
predicted by Bq. (1). The Sic density is gonerolly less than one per -2, and 
experimentally it is observed that such shunting is rarely a problem. 

1 is about 5 mA/particle. In most cases 

In the unfortunate case. though, that the metallization covers the 
inclusion, the cell rill be almost completely shunted since in this case pg is 
very small (the order of 5 d / O ) .  Since only about 5% of the solar cell is 
metallized, this i s  a rare occurrence. 

The fractional volume of a silicate particle is so small and the 
resistivity is so high that any contribution to losdea ty light blockage or 
shunting oan probably be safely ignored. 

Measurements of the junction characteristics of Epa solar cells often 
show a contribution to the reverse saturation current that h88 a temperature 
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dependence c h a r a c t e r i s t i c  of tunnel ing  r a t h s r  t han  space charge recombination 
[SI. It h8s been suggested t h a t  t h i s  phenomenon could be due t o  ve ry  smal l  
p r e c i p i t a t e s  t h a t  introduce charge c e n t e r s  i n t o  t h e  space charge region.  The 
l o s s  i n  e f f i c i e n c y  shows up a s  a s o f t  knee and is  e a s i l y  measured us ing  t h e  
dark I-V c h a r a c t e r i s t i c .  

D. P o i n t  Defect s and h u r i  t i e r  

So f a r  t h e  d i s c u s s i o n  has  d e a l t  w i th  d e f e c t s  t h a t  a r e  v i s i b l e ,  a t  
l e a s t  under moderate magni f ica t ion  wi th  an o p t i c a l  microscope or i n  an SBY. 
Poin t  d e f e c t s  and i m p u r i t i e s  i n  s h e e t  s i l i c o n  a r e  those  t h a t  occupy e i t h e r  a 
s i n g l e  or a f e r  l a t t i c e  r i t e s  and cannot g e n e r a l l y  be d i r e c t l y  imaged. The 
d e f e c t s  r4y be n a t i v e ,  such a s  s e l f  i n t e r s t i t i a l s  or vacancies ,  m e t a l l i c ,  such 
as Pen Ti ,  h, 8 t C . D  or non-me ta l l i c ,  ruch 8 8  carbon and oxygen. Dopants such 
as B and P are i n  a sense s u b s t i t u t i o n a l  d e f e c t s .  

I n  o r d e r  f o r  a p o i n t  d e f e c t  o r  impurity t o  s i g n i f i c a n t l y  a f f e c t  t h e  
minor i ty  c a r r i e r  l i f e t i m e  ( f o r  t h e  sake of d e f i n i t e n e s s  we rill t a l k  about 
e l e c t r o n s  i n  p-type m a t e r i a l ) ,  i t s  energy l e v e l  mst be l o c a t e d  above t h o  
quasi-Fermi l e v e l  f o r  e l e c t r o n s ,  but  no t  so near  t h e  conduct ion band edge that 
any trapped c a r r i e r s  can e a s i l y  be e x c i t e d  161. Shockley-Read-Hal1 (SUI 
theory  p r e d i c t s  t h a t  t h e  most e f f i c i e n t  recombination c e n t e r s  a r e  l o c a t e d  a t  
t h e  c e n t e r  of t h e  energy gap. 

A l a r g e  number of elements have been found t o  produce c e n t e r s  i n  t h e  band 
gap of s i l i c o n .  The i r  c h a r a c t e r i s t i c s  have been t h e  sub jec t  of a number of 
p u b l i c a t i o n s ,  inc luding  those by Weber 171, Sze 181 and S c h i b l i  and l l i l n e s  191. 
The d e n s i t y  of t h e  c e n t e r s  must be h igh  euough such t h a t  t h e  p r o b a b i l i t y  of 
t r app ing  a charge is s i g n i f i c a n t .  Zor a 1 psec l i f e t i m e  wi th  a reasonable  
c ross -sec t ion  (10-1s cm-3) , the  t rapping  c e n t e r  d e n s i t y  should be 10%' cm-3 , 
which is a very  small  number i n  terms of chemical concent ra t ion .  

Thus, it is n a t u r a l  t o  expsct  t h a t  i nadve r t en t  contamination can 
d r a s t i c a l l y  reduce t h e  l i f e t i m e  i n  s i l i c o n .  In f a c t ,  i t  i s  s u r p r i s i n g  how 
t o l e r a n t  EFG i s  t o  t h e  l e v e l  of m e t a l l i c  impur i t i e s .  
range from one t o  10 ppm and have l i t t l e  c o r r e l a t i o n  wi th  c e l l  performance. 
There is  appa ren t ly  a major d i f f e r e n c e  between the  t o t a l  impurity conten t  and 
those t h a t  c o n t r i b u t e  t o  recombination. Experiments [2D101 show t h a t  t h e  
i n t r o d u c t i o n  of Pe and Wo a t  concen t r a t ions  up t o  5 x 10" cm-3 can  be 
t o l e r a t e d .  

m i c a l l y  impurity l e v e l s  

Besides t h e  m e t a l l i c  i m p u r i t i e s ,  o t h e r  s p e c i e s  such a s  carbon and oxygen 
a r e  p re sen t  i n  l a r g e  q u a n t i t i e s .  The carbon comes from t h e  c r u c i b l e  ( i f  
g r a p h i t e )  and d i e  m a t e r i a l ,  and t h e  oxygen from t h e  c r u c i b l e  ( i f  fused q u a r t z )  
and gaseobr 4U:biWIt. Ind iv idua l  carbon atoms i n  a s i l i co la  l a t t i c e  a r e  not 
e l e c t r i c a l l y  a c t i v e  but probably express  t h e i r  a c t i v i t y  because of i n t e r a c t i o n s  
wi th  o the r  d e f e c t s .  Oxygen when i n t e r s t i t i a l  is  no t  e l e c t r i c a l l y  a c t i v e ,  but 
under va r ious  h e a t  t rea tments  forms complexes t h a t  a c t  ns donors or 
recombination c e n t e r s .  

Oxygen has been shorn t o  p l ay  an important r o l e  i n  producing Epo s i l i c o n  
wi th  the longes t  d i f f u s i o n  l eng th  Clll. 
from the  ambient or from t h e  c r u c i b - . .  

The oxygen can be in t roduced  e i t h e r  
The d i f f u s i o n  l e n g t h  f o r  oxygenated EFG 
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s i l i c o n  i s  not  only higher than i n  
lavels.  but a l s o  it shows a s t ronger  dependence on i l lmainat ion leve l .  

without addi t ional  oxygen a t  low l i g h t  

In non-defenerate s i l i aon ,  including CZ, f l o a t  zone, BFG, e tc . ,  the 
l i fe t ime i s  dominated by an SRE recombination process. This l i f e t ime  i s  
general ly  forrnd t o  decrease rap id ly  with doping density.  f i l l e r  1123 and 
Fossm e t  a l .  113.141 have modeled the  defect densi ty  a s  i f  i t  were a chemical 
react ion driven by the doping densi ty .  The l i fe t ime,  ‘t, can be approximated t o  
depend on the  doping leve l ,  %, as  

where ‘t i s  a constant t ha t  is a funct ion of mater ia l  qual i ty .  This i s  the  
expressyon used by Bohatgi and Bai-Choudhury 1151 when modeling high ef f ic iency  
so la r  c e l l s .  Fcr No they use 7 x 10” cm-3. 

In one BFG experiment i n  which the boron concentration was v a r i e l  t o  give 
r e s i s t i v i t i e s  between 0.2 and 10 Q*cm, the data  can be approximately f i t  with 
z having a value of 0.7 psec 12,161. By cont ras t  the Auger recombination, 
e&n i n  high q u a l i t y  mater ia l ,  does not dominate u n t i l  the r e s i s t i v i t y  is  below 
0.1 0-om. Other EFG material  has been grown with a d i f fus ion  length of over 
150 kq a t  4 0-cm which would imply a value of ro of 10  psec. 

11. SoLARCELLpERFaRMANcE 

A good deal  of work has been devoted t o  modeling the  behavior of so l a r  
c e l l s  but mostly on homogeneous mater ia l  (both with respect t o  depth and a r e a l  
d i s t r ibu t ion ) .  With ribbon mater ia l  t h i s  i s  not necessar i ly  a good assumption 
and a t  times the  e f f e c t  of inhomogeneous d i s t r ibu t ions  of minority recombination 
centers ,  c r y s t a l l i n e  defec ts  and majority c a r r i e r  doping cannot be neglected. 

In t h i s  sec t ion  we model the behavior of an EM; so la r  c e l l  t o  determine 
how t o  get  the most out of it. An out l ine  of the technique i s  given i n  the 
Appendix. It is  s imi l a r  t o  the approach suggested by golf  [171 and can includo 
surface recombination, doping dependent l i f e t imes  including Auger and SBH, and 
band gap narrowing. 
equation, including e l e c t r i c  f i e l d s  prodoced by doping gradients ,  give s imi la r  
r e s u l t s  when applied t o  the same cases  modeled here.  

Calculations based on the  so lu t ion  of the d i f fus ion  

In the  f i r s t  p a r t  of t h i s  sec t ion  we ca l cu la t e  the charge generation and 
Next we d iscuss  some col lec t ion  d i s t r i b u t i o n s  produced by the so l a r  spectrum. 

aspects  of inhomogeneous d i s t r ibu t ions  of l i f e t ime  and e f f ec t  on so la r  c e l l s .  
Final ly ,  the ef f ec t  of r e s i s t i v i t y  and surface passivat ion i s  considered. 

Of course, a s  when attempting t o  ex t rac t  the highest  possible  e f f i c i ency  
from any c e l i ,  it is important t ha t  the metal covorage be a s  l i t t l e  a s  possible  
consis tent  with 8 low s e r i e s  res la tonce and t h a t  any an t i - re f lec t ion  coating be 
optimized whether one o r  two layera.  Because sheet growth mater ia l s ,  except f o r  
web, general ly  do not have n predetermined or ien ta t ion ,  surface erching t o  
produce facet ing i s  not an option, although growth using a corrugated d i e  t o  
produce an equivalent e f f ec t  may be possible .  
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A. Charm Generation Bate 

Figure 1 shows a p lo t  of the charge generation r a t e  f o r  an Ay1.5 1181 
spectrum i n  s i l i c o n  [191. 
surface.  I f  we in tegra te  t h i s  curve and normalize it r e l a t i v e  t o  the  t o t a l  
possible  hole e lec t ron  p a i r s  produced (Pig. 21, we see t h a t  50% of the possible  
charge i s  generated within 5 p u  of the surface and SO% within 150 pm. 

By f a r  the highest  generatio- r a t e  is  close t o  the  

There i s  qui te  a long t a i l  on the opt ica i  absorption so even though most 
charge i s  generated r e l a t i v e l y  near the surface,  i f  we want t o  co l l ec t  almost 
a l l  minority c a r r i e r s  (95 t o  99%) a very long d i f fus ion  length ( the  order of 
1000 pm) would be required. 

B. Areal Inhamoneneities 

Calculations have been made of the e f f ec t  of a rea l  l i fe t ime 
inhamogeneitfes on so la r  c e l l s .  
dominate the performance, both by the e f f e c t  on shor t  c i r c u i t  cur ren t  and open 
c i r c u i t  voltage (201. Although t h i s  r e s u l t  might, a t  f i r s t  reading, seem t o  
ind ica te  t h a t  a hamogeneous mater ia l  i s  bes t ,  it can be shown through simple 
arguments t h a t  when the t o t a l  numbcr of recombination centers  i s  held f i r e d ,  an 
inhomogeneous d i s t r i b u t i o n  can produce a c e l l  with a higher e f f ic iency  than one 
i n  which the centers  a re  uniformly d i s t r ibu ted  (212. Thus, what a t  f i r s t  glance 
might be considered a disadvantage of sheet grown s i l i c o n  can r e a l l y  be an 
advantage. Assuming tha t  the behavior of recombination centers  i s  independent 
of concentration, i f  the recombination centers  a r e  concentrated i n  a few small 
regions, then the performance may be improved. 

In general  the regions with a low l i f e t ime  

Figure 3 shows a p lo t  of the r e l a t i v e  e f f ic iency  as  a funct ion of the  
amount of poor area. Depending upon the r a t i o  of the number of recombination 
centers  i n  the poor area t o  the good area,  the maximum ef f ic iency  occurs when 
the po3r area occupies between 10 and 3W of the t o t a l  c e l l  area.  Obviously i t  
is  t a t t e r  i f  the t o t a l  number of impuri t ies  o r  recombination centers  can be 
minimized, bat i f  they arc  present i t  i s  des i rab le  t h a t  they be segregated 
r a the r  than uniformly d is t r ibu ted .  

c. oDt iwr;m Bes i s t iv i tv  

Eigh ef f ic iency  so la r  c e l l s  have been made usins  e i t h e r  moderate 
r e s i s t i v i t y  s i l i c o u  with a long l i f e t ime  o r  low r e s i s t i v i t y  with a moderate 
l i fe t ime mater ia l .  Recently, Green 1221 has analyzed the e f f ec t  of Auger 
recombination on the open c i r c u i t  voltage and ef f ic iency  and conclude# t h a t  f o r  
heavily and l i g h t l y  doped mater ia l ,  Auger recombination places  the most 
s t r ingent  l imi t a t ion  on so la r  c e l l  performance. 
c i r c u i t  voltage of about 720 mV fo r  ''thick" c e l l s .  As we have seen i n  Section 
IID, the observed p rac t i ca l  l i f e t ime  l i m i t  of the base i s  not Auger but i s  
probably r e l a t ed  t o  a defect/dopant in te rac t io? .  

He estimates a maximum ope3 

Figure 4 shows a p lo t  of the calculated e f f h i e n c y  assuming t h a t  the 
+ 

Clearly a 19b e f f i c i e n t  s o l a r  c e l l  can be made f o r  the l a rge r  value of 'co 

l i fe t ime is  given by Eq. (2) with t of 1 and 10 psec. The parameters of the  n 
region have been adjusted so t h a t  tgey ti0 not contr ibute  t o  losses  of the s o l a r  
c e l l .  
but not fo r  the lower value. 

92 



D. &rfrce  Prs&vatioq 

In the  ana lys i s  made rbove, i t  wa r u e d  that the  the surfao W 8  L 
W e l l  p8SSiVated, i . e .  8 rooombination W 8 S  negl igible .  h C h  re$O!ent work 
demonstrates the  importrnoe of the  aorreot  trertment of the n region i f  the 
maximum is t o  be obtained from s o l a r  o e l l s  [15,23,241. With 8 bas0 l i f e t ime  of 
10 psec. the  e f f ea t ive  reorimbination velooi ty ,  v = D/Lp must be less than about 
2 x 10' oa/sec. 
emit ter ,  inaluding rurfaoe and mater ia l  reaombinatioa, must be less than tb',. 

To be base l imited requi res  t h a t  the contr ibut ion from the 

Teohniques have been developed f o r  passivat ing both f l 0 8 t  tone and Q, 
[15,24l. 
grown mater ia ls .  
on the l i f e t ime  should be dominrnt even i n  t e l r t i v e l p  l o r  qua l i t y  mater ia l .  
Anger reoorbinr t ion va r i e s  l i k e  the  square of the doping densi ty ,  whereas 
defeot/doping reoombinrtion va r i e s  d i r e o t l y  with doping donsity. This morns 
t h r t  a t  high enough dopin8 the ul t imete  l imi t a t ion  rill be Auger. 
bu i l t - in  e l e o t r i o  f i e l d s  produoed during any d i f fus ion  prooess, e s p e c i r l l y  f o r  
sbrl lor junotions,  rill m i n i m i t e  emi t te r  rooorbination. 

There is no reason t o  believa t h a t  they o r p o t  be rppl ied  t o  sheet 
A t  the  doping lovols  used i n  the n hyer,  Auger l imi t a t ions  

The inherent 

111. SUHMARY 

The optimum Epo o e l l  rill 1 ve the highest  doping oonsis tent  with the  
It probrbly rill be below 1 Oeam. defect/doping limit on l i fe t ime.  

junotion depth w i l l  be shallow with a sheet r e s i s t i v i t y  of a t  l e a s t  100 Q / O .  
Green e t  r l .  1231 have shown t h a t  tke  sheet r e s i s t i v i t y  needs t o  be above 100 
O/O i f  the  reoombinqtion is t o  be dominated by the surfaoe r r t h e r  than the bulk 
proper t ies  of the n region. 

The 

The thickness of the base w i l l  probrbly be determined by the  a b i l i t y  t o  
handle t h i n  shee ts  r r t h e r  t h rn  the requirement f o r  any book surfroe f i e l d .  With 
modest d i f fus ion  lenaths ,  the gain in ef f ic ienoy with brok surface f i e l d s  i r  not 
important u n t i l  the subs t ra tes  a r e  so t h in  t h r t  p r a c t i o r l  hrndling problems ru l e  
out t h e i r  use. For example, the peak effioiencrp f o r  a 100 pm d i f fus ion  length 
BSP 0011, peaks r t  8 S8mplO thickness of about 60 p, but i t  is only rbout 8% 
b e t t e r  than 8 th ick  0 300 ua) solar 0011. 

Anotter o r i t i o t l  rspeot is t o  oontrol the  l i f e t ime  of the Ainirhed 0011. 
Post f8bri08tiOn teohnigUeS h8Ve been developed, SUoh 8 S  hydrogen p8SS.V8tiOBI 
t o  improve mater ia l  qua l i t y  a f t e r  f rb r ioa t ion  (251. 
only 8 r e l a t i v e l y  th in  region is r f feo ted  beoause the open o i r o u i t  voltage and 
f i l l  f ro to r  tire ooatrol led t o  a large extent  by the mater ia l  p roper t ies  very 
close t o  the rurface.  

Thir works w - 1 1  oven though 

IV. 

The 8ohieVeQent of h i i h  o r 1 1  ef f io ienoier  in sheet s i l iaon,  Brown a t  hiah 
r a t e &  and prone t o  oontrin r i p i f i o a n t  d e n s i t i a s  of imporfeations and 
impurit ies,  t eqni res  developients i n  both o ry r t a l  arowth toohnology and 0011 
prooossing rpproaoher. Variations i n  orys ta l  growth of importanoe inalude 
oontrol mer deteot  s t ruoture  and impurity oontent. 
the fo l tor ing:  

Key dovelopaento inolade 

t 

i 
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( a )  Control over impurity content in c r y s t a l  g r m t b  f r m  the  
melt is needed t o  decrease tho number of l i f e t ime  reducing 
impurit ies.  In t he  case of Em, t h i s  includes sppropriate  
pu r i f i ca t ion  of elements of the c r y s t a l  growth machine. 

(b! Control over defect s t r u c t u r e  anr! dens i ty  is needed t o  
minimize defeat-impurity in te rac t ions .  
here include reduct ion i n  p l a s t i c  deformation a s  a 
consequence of post-growth heat treatment and the 
minimization of res idua l  s t r e s s .  In t h i s  context,  i t  is  
preferable  t o  increase the area r a t e  of production by the  
growth of wide c r y s t a l s  grown a t  moderate l i n e a r  growth 
r a t e s  than by increasing l i n e a r  growth r a t e s D  since defect  
generation by p l a s t i c  deformation i n  response t o  
thermo-elastic and thermo-plastic s t r e s s e s  appears t o  be a 
st ronger  funct ion of l i n e a r  growth r a t e s  than of the 
c r y s t a l  width. 

Areas of i n t e r e s t  

(c )  The influsnce and r o l e  of carbon in s i l i c o n  continues t o  be 
an u n b o r n  quant i ty .  A b e t t e r  understanding of the 
influence of carbon (and oxygen) on e l e c t r i c a l  phenomena i n  
s i l i c o n  is  needed. 

Device 2rocessing implicat ions a re  many. The key ones have been touched 
upon i n  t h i s  paper. The funaamental issue i s  one of achieving the optimum 
synergy between base mate t ia l  q u a l i t y  and device processing var iab les .  A t  the  
current  stage of development of low-cost s i l i c o n  sheet  technologies, a strong 
coupling between mater ia l  qua l i ty ,  and thus the  var iab les  during c r y s t a l  growth, 
and device processing va r i ab le s  e x i s t s .  The challenges a re  twofold: (1) t he  
optimization of t h i s  coupling f o r  Faximum performance a t  minimal cos tD  and (2) e 
decoupling of mater ia l s  from processing vy  continual improvement in base 
mater ia l  qua l i t y  t o  make i t  l e s s  s ens i t i ve  t o  processing var iab les .  
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A number of d i f f e ren t  sohemes ro model s o l a r  c e l l s  have been developed 
over the years s ince P r i m ,  [261 showed how o e l l  e f f io iency  varied with brnd 
gap. Probably the  mort acourate and math:watioally rigorous is t h a t  by Haorer 
and co-workers [27,281. They solve the fuaiP-mtal device equations but the 
procedure is  complicated and requi res  large amounts of computer time. Otbdr 
f i r s t  order models such a s  the  use of a sh i f t ed  diode ourve. a typ ica l  example 
being Wysocki and Rappaport [291, do not general ly  allow for inclusion of 
e f f e c t s  such a s  n l r c t r i c  f i e l d s ,  heavy doping and back surf-.oe f i e l d s .  

Recently though, Wolf [17,301 has suggested a teohnique which r e l i e s  on 
the s implici ty  of the diods model but allows inclusion of heavy doping e f f e q t s  
by the concept of a so-called t r a t s p o r t  ve? crity. This idea was introduced by 
Ounn 1311 f o r  th8 study of c a r r i e r  acoumulr,ion r ssoc ia ted  with seriooaductor 
Junctions. Bowler and Wolf [171 have used the technique t o  rake est imates  Qf 
the ult imate e f f ic iency  of so l a r  c e l l s  and how they depend on various 
geote t r ica l  and mater ia l  pa ramte r s .  

I 

We have adapted t h e i r  procedure t o  examine what might bu expected f o r  EFG 
materiel. The t ransport  ve loc i ty  concept was combined with models of charge 
generation and co l l ec t ion  t o  look a t  the so l a r  c e l l  output parameters. 

4 .  As shown by G u n  [311, f o r  p-type mater ia l  the diode current  a t  any 
posi t ion,  j ( x ) ,  can be expressed by 

where n(x)  i s  t h e  minority c a r r i e r  density,  u(x)  is the t ranspor t  ve loc i ty ,  and 
q is the e lec t ronic  charge. 

1' 

I f  the d i f fus ion  coef f ic ien t ,  Do and minority c a r r i e r  d i f fus ion  length,  5, 
are  constant over a region ustween x and x ' ,  u(x0 transforms snch t h a t  

-v 
b 

Thus, i f  we know the  value of u a t  some pos i t ion  x ' ,  then wi th  Bq. (A21 we can 
ca loula t?  it a t  x. I f  the various pa rme te r s  a r e  not oonsLant+ then the region 
can be divided up i n t o  s teps  such t h a t  the v a r i r t i o n  is  mall  over any given 
region and re9eated appl icat ions of Eq. (A21 oan be use. Note that as (x - x ' )  
beoomes lark0 aompared t o  L, u(x1 goes t o  D/L. 

! 

The transformation f o r  a+high/lo$ j-motion (a  cliangt i n  c a r r i e r  
concentration suoh as a t  a pfp or  n/n + junotion) i s  
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where 

A t  the junction, n(x.1 is determined by the b8 r r i e r  height, V, such t h a t  
J 

n is the i n l t i n s i c  c a r r i e r  coccentration. 

Combining Bqs. (Al) and (A41 a t  the junct ion and asink the l i g h t  generated 

i 

current,  jbC, t o  o f f s e t  the diode equation, we obtain 

j = jo [exp(qV/kT) - 11 + jsc (ASP) 

A s imi la r  treatmeot rill give the contr ibut ion f r m  the n region. Also, 
t o  account f o r  recombination i n  the  space charge region, a term of the form 
j '[erp(qV/2kT) - 11, where j ' = qn.W/r is added t a  Eq. (Ma) .  V is the  width 
of the  space charge region an8 t = L4/D is  the l i fe t ime.  

Thus, t o  model a so i a r  c e l l ,  r e  divide it up i n t o  regions where the  
propert ies  a re  uniform. S tar t ing  with a value f o r  the surface recombination 
velocity,  S, where o(x )  = S, we apply e i the r  Eq. (A2) o r  (A31 repeatedly u n t i l  
we have arr ived a t  the junct ion with a value of a(..). 
with an expression of the farm 

We next ca l ce l a t e  jsc 
11 

f 

where S(Ai is the f lux  fit the desired spectrum (here we have used M1.5 [ l l l  
nor i r l ized  t o  I00 mW!caa), Q ( A 1  i s  the charge co i l ec t ion  discussed below and 
R(A) is the r e f l e c t i v i t y  a t  the+front surPace. 
charge region and the surface n 

The contr ibut ions from the spece 
layer  a l so  a re  added t o  j 

S C '  

The so la r  c e l l  is now characterized by Zq. (AS) where jo, jot and jsc  
depend on Paate-ial and geometrical parameters. Because of sllrface coverage by 
the ~ e t t !  :r id and opt ica l  losses  in the AB coaring, R(A) is  not zero. For 
s implici ty ,  ic t h e  c r lcn l r t io r ,  R(2.1 = 0.15 was ared f o r  a l l  wavelengths. The 
peak power, 
j (voc)  c C, both of which ergressions were evaluated numerically. 
fac tor ,  FF, i s  

is given by d(jV)dV = 0 and the open c i r c u i t  voltage 1. 
' h e  f i l l  
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A couple of other itoms must 8180 be included. At high carrier 
conoeittationr, Auger and dsfectfdoping recombinatioo beeores irportant and 
their effect oa lifetimo is included. D also depends on carrier concentration. 
Thou@ band gap narrowingr ai varier at hi& doping levels. 
for these depsndeacier were used. 

Appropriate models 

The basic equations governing the flow of minority carriers in a 
semiconductor are the current equation and charge continuity equation 1191, 
which in one dimension are 

i 

U is the net recolbination rate and normally is s e t  equal to d r .  
eqailibrium where an/at = 0 and with no electric field, i.a., E = 0. by 
substituting &. (AB) into (b9) we obtain the diffusion equation 

At 

0 is the optical generation term. For the geametry shown in Fig Al. 
where light can reflect off the back surface, G will be 

where R is the reflectivity of the back surface. 

Ue use the general boundary conditions that the carrier concentration is 
zero at the front junction and that the current, including surface 
rscasbisation, is continuous at x = d 

T 
t 

n = O  at r = O  (A12a) 

r = d  dn 
q D p Snq - Jo 

Jo is the current produced in the region outride d. 
determined by 

The currentr J is 
PI 

J * = q D ; i ; ;  at x = o 

(Al2b) 

(A13 1 
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The soiution requires some algebraic manipulation and is a s  follows. 

+ Jo/[cosh(t/L) + f sinh(t/L)l 

I 

i 
i 

5.1 

where K, = [(D/L 2 aLS) + ( S  2 aD)ctnh(t/L) - 
- exp(+at) (S 2 aDE/sinh(t/L)I 

/[D/L ctnh(t/L) + SI 
-4- For the n layer, a sisihr expression, J , is obtained. It is 

essentially Eqs.  ($14) and (A151 with t replace2 by -t' where t' is the 
thichess of the n region. 

A f t w  multiplying by a factor that accounts for the optical absorption in + the n layer, the charge collection, Q ( A )  used in Eq. (A61 is just 

Typical results are shorn in Fig A2 where the efficiency is plotted as a 
function of thickness of the base thickness for various resistivities, diffusion 
lengths and back surface conditions. 

i 

98 



. 

1. 

2. 

3 .  

4. 

5.  

6.  

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Five Pear Besearch Plan, 1984-1988, Photovoltaics: Electricity f r a  
Sunlight, OOE/CJ3-0072, U.S. Department of Energy. Nay 1983. 

F. 'Iald, Presented at the European Naterials Research Society and to be 
pablished in J. Phys. Applique. 

J.D. Zook, Appl. Phys. Letters, 3J, 223 (1980). 

C. Donolato, J. Appl. Phys., 19, 1314 (1983). 

G.F.J. Garlick and A.H. Kachare, Appl. Phys. Letters, 36, 911 (1980). 

J.I. Hdnoka, R.O. Be11 and B.R. Bathey, hoc. of Sym. on Electronic and 
Optical Properties of Polycrystalline or Impure Semiconductors and Novel 
Growth Methods. (Ed. by K.V. Ravi and B. O'Mara) p. 76, (The Electrocher. 
SOC. Psnnington, N.J., 1980). 

E.B. Weber, Appl. Phys. m, 1 (1983). 
S.Y. Sze, "Physics of Semiconductor lkrvices", (Wiley-Interscience, New 
Pork, 1%3), p. 30. 

E. Schibli and A.G. Yilnes, Mater. Science Zngr., 2, 173 (1967). 

Private communication. Y.C. Cretella and B. Bathey. 

B. Mackintosh, J.P. Kalejs, C.T. Eo and F. V. hld, Proceedings of the 
Third CEC Wotevoltaic Solar Energy Conf., Ed. W. Palz (Dordrecht. D. 
Beidel, 1980). 

C. S. Fulier, ?'Defect Interactions in Semiconductors", -Ladoctors, 
(EditeO by N.B. Hannay), Academic Press, New Pork (1975). 

J.G. Fossum and D.S. Leo, Solid State Electron., a, 741 (1982). 
J.G. Fossum, R.P. Mertenr, D.S. Lee art J.F. Nijs, Solid State Electron. 
- 26, 569 (1983). 

A. Bbohatgi and P. Rai-Choudhury, IEEE Trans. Electron Dev., -31, 5% 
(1984). 

Private communication Y.C. Cretella. 

D.L. Bowler and Y. Wolf, IEEE: Trans. Components, Hybrids and ManufacturinB 
Tech., Cgyr-3. 464 (1980). 

ASTY StandaPd E-891, "Terrestrial Direct Normal Solar Spectral Irradiance 
for Air Mass 1.5". 

99 , 



1.4. D.E. Aspnes and A.A. Stmda, WYS. Rev. B, 21, 985 (1983). 

20, F.4. Li-dhol~, J.A. Hater, J.E. Dacis and J . I .  Arreola. Solid State 
Electron.. 23, 967 (1980). 

21. L O .  Bell, Solid State Electron. , 2, 175 (1982). 

27.  Y.A. Greec. IBEB Trar;s Electron. Dev. . ED-31, 671 (1984). 
I . 3 .  L A .  Green, A.W. Blakers, J. ShJ, E.H. Keller and S.R. Wenham, IEBE Trans. 

Electroi. Dev. . -31. 679 (1984). 
’i 

14. 1I.B. Spitrer, S.P. Tobio and C.J. Keavney, IEE Trans. Electron. Dev.. - -31. 546 (1984) 

?5. J . I .  Hanoh, C.H. Seager. D.J. Sharp and J.K.G. Panitz, Appl. Phys. 
Letters, a. 618 (1983). 

i 

I C’.. - 

i- 

.6. ll. Prince, J. Appl. P h p ~ . ,  26, 534 (1955). 

27. P.Y. Dunbar a d  J.R. Hauser. A Theoretical rlaalysis of the Current-Voltage 
Characteristic of Solar Cells, Semiconductor Device Laboratory, North 
Carolina State University, Raleigh, NC, NASA Grant NGR 34-002-195, August 
1975 and August 1976. 

28. R.C. Y. Fang and J.B. Hauser, ibib., September 1977 and January 1979. 

29. J .J .  Wysocki and P. Rappaport, J. Appl. Phys., 3l, 571 (1960). 

30. H. Wolf. IEHE Trans. Electron Devices. ED-27, 751 (1980). 
:, 

21. J.B. Gunn. J. Electron.-Contr., f. 17 (1958). 

100 



-. . 

~- . 

<. 

.
.
 

- L
 

-r W
 

0
 

i
 7 

031V
113N

39 
39U

V
H

3 (Ym
) 

\
 

I
 

I 
I 

% 
5 

- 
P
 

a
 

;I 
+

r
t
 

0
 

tu 
W

 
m

u
 

8-- . m
 

LL 
*
C

 

101 



,. , I. 

'I 

1 

i 

! 

Fig. 3. Nomal izer.  s o l a r  c e l l  e f f i c i e n c y  as a f u n c t i o n  o f  poor 
area f o r  d i f f e r e n t  r e l a t i v e  numbers o f  recombinat ion 
centers . 

I 

i 

0.1 

Fig.  4. E f f i c i e n c y  o f  a s o l a r  c e l l  as a f u n c t i o n  o f  r e s i s t i v i t y  
whose m i n o r i t y  c a r r i e r  l i f e t i m e  va r ies  as given by 
Eq. ( 2 )  i n  the  t e x t .  

'. 
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Fig. A l .  Geometry used t o  c a l c u l a t e  
s o l a r  c e l l  performance. The 
photons are  i n c i d e n t  on the  
le f t -hand side. 

I I I I I I 1 

Fig. A2. ( a )  Physical  dimensions and e l e c t r i c a l  parameters used i n  calcu- 
l a t i n g  s o l a r  c e l l  performance. 
s o l a r  c e l l  as a f i i n c t i o n  o f  t o t a l  sample thickness f o r  various 
d i f f u s i o a  lengths and r e s i s t i v i t i e s .  The curve labeled No BSF 
i s  the r e s u l t  w i t h  no bsck sirrface f i e l d  be ing present. 

(b )  Calculated e f f i c iency  o f  
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DYER: Is there stili a preferred orientation of the grain structure in these 
sheet structures, and is that [1101, the surface of it? 

BELL: The surface t8ndS to be OK, the orientation is a (211). Correction: 
it tends to be. 

DYER: What about the sirface? 

BELL: I believe it is close to [llol, we call it an equilibrium structure. As 
you grow, no matter what orientation you start with, you are growing to a 
certain distance. It essentially tends to become [211}. 

DYER: How close is that to <110>? Is it plus or minus 10 degrees, five 
degrees-- -? 

BELL: Ten or 20 degrees is the type of thing that one sees. 

QUESTION: You mentioned the possibility of silicon carbide particles shunting 
the junction. Have you run into a situation where a grid line hits a 
part ic le? 

BELL: Yes, I should mention that in the unfortunate event that a grid line 
hits a particle, the cell is 5;~~iled. Luckily, if you only have 5% good 
coverage and something less than 1 per cube pel em2, the probability is 
fairly low. 

QUESTION: As you go to larger cells the probability of that will increase. 

BELL: That's right, but even when we are talking about 50 cm2 cells it is 
well under 0.1%. I really don't know what the statistics are but it is 
quite low. 

LESK: Ast has written several reports in which he uses a 12OO0C anneal on 
EPG materials, passivates the grain boundaries at this location. The re- 
sults in his reports are quite striking. 
hydrogen passivation. I wonder if you might c0mmer.t on which one works 
best . 

You haven't mentioned that 

BKLL: We find, certainly, that the heat treatments that one gives to the 
material can have fairly dramatic efEects on its behavior. We have found 
that if one goes to a high temperature, like to 1200°, for a fairly 
short period of time - 10 minutes to a half an hour, something like that 
-- often one finds an improved performance. The problem is, we are 
debl!ngwith a fairly complicated situation; material grown from a quartz 
crucible and material grown from a carbon crucible often have somewhat 
different behavior. Although people from Hobil and others have had a lot 
of theories and ideas on what is going on, in my mind there is no clear 
picture. There is a lot of interaction going on. 

QUESTION: I would like io ask a question about hydrogen paosivation. Are 
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these passivating the grain boundaries, mainly, or also impurities and 
defects? How do you apply 9'; in the high-temperature form, atomic form 
or cosmic form? 

BELL: I really w i s h  I had another slide to show the grain. Jack Hanoka is 
going ' 7  discuss the work that we have done with hydrogen passivation; 
1'11 just say that it does passivate the grain boundaries and other 
parameters, but we will let Jack talk about the details. 
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