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ABSTRACT 

This  r epor t  desc r ibes  a research program i n v e s t i g a t i n g  integral .  
g l a s s  coa t ings  f o r  s o l a r  ce1l.s. The technology used and the 
r e s u l t s  obtained a r e  given i n  de t a i l .  

C e l l s  w i t h  conversion efficiencies up t o  Loo/o, i n  a i r  mass zero  
s o l a r  i l lumina t ion ,  were made i n  development q u a n t i t i e s .  T h e  
g l a s s  l a y e r  t h i ckness  could be va r i ed  from 2 microns t o  20 m i l s ,  
The methods developed show considerable  promise, p a r t i c u l a r l y  
f o r  space missions where very l i g h t  weight pass ive  thermal 
c o n t r o l  i s  requi red ,  and where the r a d i a t i o n  environment c o n s i s t s  
mainly of low energy p a r t i c l e s .  
production q u a n t i t i e s  of c e l l s  has  been demonstrated, 

The f e a s i b i l i t y  of coa t ing  

- ii - 
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1, INTRODUCTION 

0x1 sa t e l l i t e  missions of f a i r l y  long dura t ion ,  secondary 
power f o r  ga ther ing  or sending information has gene ra l ly  
been suppl ied by s o l a r  cel l  suppl ies .  Typical  present-day 
supp l i e s  use s e v e r a l  thousand s i l i c o n  solar cells ,  of c l o s e l y  
c o n t r o l l e d  and matched c h a r a c t e r i s t i c s ,  each c e l l  with a 
conversion e f f i c i e n c y ,  measured under equiva len t  space sun- 
l i g h t ,  of above 11%. The cells are attached t o  a l i g h t  s t rong  
s u b s t r a t e ,  such as alumipum honeycomb, bea r ing  p r i n t e d  c i r c u i t  
con tac t s  which interconnect  the s o l a r  ce l l s  i n  series and 
p a r a l l e l ,  w i t h  pick off po in t s  t o  supply the var ious  power 
needs. C h e m i c a l  batteries recharged by the s o l a r  cel ls ,  pro- 
v ide  power s torage .  
under the  stresses of launching and of continued opera t ion  i n  
t h e  space environment. 

This combination has proved reliable 

2.  PARTICULAR PROBLEMS OF SOLAR CELLS I N  SPACE 

Three problems are p a r t i c u l a r  t o  the space environment, and 
are discussed now i n  turn .  

2.1 Thermal Control  

Since t h e  only heat l o s s  i n  space i s  by r a d i a t i o n ,  the 
equi l ibr ium temperature of t h e  s a t e l l i t e  i s  determined by 
the o v e r a l l  r a t io  of a b s o r p t i v i t y  ( C Y )  t o  emis s iv i ty  (E) of 
the sa te l l i t e  sur face .  In the cases  where much of t h i s  
su r face  i s  covered with s o l a r  cel ls ,  the p r o p e r t i e s  of the 
c e l l  su r faces  have a large inf luence  on the s a t e l l i t e  
temperature.  _ A l s o  because ce l l  output  decreases  as the 
temperature increases ,  t h e  c e l l  "I r a t i o  should be as l o w  as 
poss ib l e .  

€ 

2.2  Micrometeorite Erosion 

Micrometeorites s t r i k i n g  t h e  space c r a f t  erode o r  remove t h i n  
l a y e r s  of t h e  sa te l l i t e  ou te r  sur face .  T h i s  could degrade 
a t h i n  coa t ing  used f o r  passive temperature c o n t r o l .  A l s o  
solar ce l l s  are very suscep t ib l e  t o  such impacts, bo th  because 

- 1 -  
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2.3 

3 .  

3.1 

of the i r  t h i n  a n t i r e f l e c t i n g  coat ing,  and a l s o  because the 
P N  junc t ion  respons ib le  f o r  the  energy conversion, i s  very 
shallow i n  ce l l s  optimized f o r  high output  i n  space. 

Radiation Effects  

The space s o l a r  spectrum is r ich  i n  u l t r a v i o l e t  r a d i a t i o n ,  
and a l s o  there may be large f l u x e s  of e l e c t r o n s  and/or - 

protons,  p a r t i c u l a r l y  i n  t h e  r a d i a t i o n  bel ts  surrounding 
the  earth. Both uncharged and charged r a d i a t i o n  can affect  
d i e l e c t r i c  p rope r t i e s ,  and i n  add i t ion  the p a r t i c l e s  can 
produce damage i n  the semiconductor 
and thereby  reduce c e l l  output.  

SOLUTIONS T O  SPACE PROBLEMS 

The  problems described i n  Sec t ion  2 
The  s o l u t i o n s  are given i n  the next  
discussed i n  the la ter  sec t ions  

Thermal Control 

used i n  t he  s o l a r  cells ,  

have been mainly solved. 
three sec t ions ,  and are 

low, and the best way 
the  ce l l s  w i t h  a h igh ly  

T h e  thermal emittance of s i l i c o n  i s  
t o  decrease the $ r a t i o  is t o  cover 
emi t t ing ,  o p t i c a i l y  t r anspa ren t  cover such as g l a s s  o r  
qua r t z .  Typical ca l cu la t ions  of the improved temperature 
c o n t r o l  a r e  summarized i n  T a b l e  1, taken from re fe rence  1, 
T h e  assumptions made t o  c a l c u l a t e  these f i g u r e s  w e r e  that  
the solar i n t e n s i t y  w a s  140 mW/cm2, i nc iden t  normally on 
cells,  o r i en ted  t o  f a c e  the sun, w i t h  the emiss iv i ty  of the 
back of the s u b s t r a t e  := 0.9 ,  The r e s u l t s  quoted are for  a 
P/N c e l l  of 10% e f f i c i e n c y  a t  28OC, bu t  w i l l  be s i m i l a r  f o r  
an 11% N/P ce l l .  Bare c e l l s  (case 1) a r e  seen t o  run a t  
8 S o C ,  and they  cool  t o  46OC when a g l a s s  cover i s  added 
(case 2 )  Generally these  covers  a r e  bonded t o  the c e l l  
by a t h i n  l a y e r  of t r anspa ren t  adhesive,  However, s ince  
m o s t  adhesives darken under the enhanced u l t r a v i o l e t  
r a d i a t i o n ,  the r e l i a b i l i t y  of the c e l l  p l u s  cover com- 
b i n a t i o n  i s  increased by applying an u l t r a v i o l e t  r e j e c t i o n  
f i l t e r  of many (up t o  18) a l t e r n a t e  dielectr ic  l a y e r s  
evaporated w i t h  c a r e f u l l y  c o n t r o l l e d  thicknesses .  T h i s  
g ives  case 3 ,  where the penal ty  f o r  the added r e l i a b i l i t y  

- 2 -  



TABLE 1. Effec ts  of C e l l  covers  on r a t i o ,  and on 
€ c e l l  output.  

Case - CY In-Space Loss From N e t  Gain Of+ 
Temperature 28OC Output Over € 

output B a r e  C e l l  

1. 

2. 

3. 

4. 

B a r e  P/N c e l l  

P/N c e l l  + 
g las s*  cover 

P/N c e l l  -t- 
g las s*  cover 
w i t h  W 
r e j e c t i o n  
f i l t e r  

P/" c e l l  + 
glass*  cover 
w i t h  UV and I R  
re  j ect ion  
f i l t e r s  

3- The n e t  gain 
coa t ings .  

2.5 

0.97 

0.97 

0.84 

85 OC 2 3% -- 
46 OC 8% 16% 

46 O C  8% 8.5% 

35 OC 4% 

includes -ransmission l o s s e s  i n  the 

1 1% 

*g las s  - 6 m i l  Corning 0211 g l a s s  w i t h  a n t i r e f l e c t i n g  
coa t ing  . 

- 3 -  
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3.2 

3 . 3  

i s  the lower n e t  ga in .  Some r e s t o r a t i o n  of output  (case 4) 
i s  gained by adding t o  t h e  s i d e  of the cover i n  con tac t  with 
t h e  adhesive,  another  f i l t e r  r e j e c t i n g  some i n f r a r e d  r a d i a t i o n ,  
of wavelength g r e a t e r  than 1 . 2  microns. T h i s  rejected rad i -  
a t i o n  does not  form hole e l e c t r o n  p a i r s  because it i s  less 
e n e r g e t i c  than  the energy gap of s i l i c o n .  

Micrometeorite Pro tec t ion  

The covers  used f o r  thermal c o n t r o l  can a l s o  p r o t e c t  aga ins t  
l a r g e  s c a l e  d e t e r i o r a t i o n  from micrometeorites.  Experience 
has shown t h a t  the frequency of impacts i s  l o w e r  t h a n  pre- 
d i c t e d .  The worst case i s  expected when t h e  t r anspa ren t  
cover becomes severe ly  abraded, causing around 20% loss i n  
t ransmission,  b u t  n o  reduct ion i n  temperature c o n t r o l  o r  
of o the r  c e l l  p rope r t i e s .  

Minimizinq De te r io ra t ion  From Radiat ion 

Two methods have been u s e d  t o  reduce c e l l  degradat ion from 
r a d i a t i o n  damage. F i r s t  t h e  c e l l  i t se l f  can be made less 
s e n s i t i v e  by using the N/P s t r u c t u r e  ( r e fe rence  2 )  and then  
f u r t h e r  by reducing the  acceptor  impurity concent ra t ion  i n  
t he  bu lk  s i l i c o n ,  o r  by  s e l e c t i n g  t h e  optimum dopant (aluminum 
i n s t e a d  of boron) ( re ference  3 ) .  Increased r a d i a t i o n  resist- 
ance can r e s u l t  from including a d r i f t  f i e l d  i n  the bulk  of 
the ce l l ,  b u t  a t  present  such ce l l s  a r e  not  a v a i l a b l e  i n  
product ion q u a n t i t i e s  with performance o r  c o s t s  comparable 
t o  convent ional  cel ls .  The second way t o  add r a d i a t i o n  
r e s i s t a n c e  i s  t o  use t r anspa ren t  sh i e lds .  The th ickness  
needed v a r i e s  according t o  t h e  dens i ty  and energy of t h e  
p a r t i c l e s  encountered. Covers as t h i c k  as 60 m i l s  of qua r t z  
have been used, b u t  f o r  many o r b i t s ,  p a r t i c u l a r l y  those  w e l l  
clear of the earth, covers of g l a s s  3 m i l s  th ick provide 
adequate p r o t e c t i o n  ( re ference  4) . 

3.4 Methods For Holdinq Covers 

By s u i t a b l e  choice of t h e  th i ckness  and na tu re  of t h e  t r a n s -  
pa ren t  covers ,  s o l a r  c e l l s  have coped w e l l  w i t h  t h e  above 
problems f o r  the operat ing condi t ions  i n  many d i f f e r e n t  
o r b i t s .  H i s t o r i c a l l y ,  t h r e e  methods have been used t o  hold  
t h e  covers  over the c e l l s :  Earliest  s a t e l l i t e s  (eg,  Vanguard I) 

- 4 -  
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used t h i c k  (65 m i l s )  quar tz  covers  h e l d  on t h e  cel ls  wi th  
a housing and a gasket s e a l .  These covers  w e r e  used before 
r a d i a t i o n  damage was expected, and w e r e  intended mainly 
f o r  micrometeorite p ro tec t ion ,  However, t h e  r e l a t i v e l y  
l a r g e  s h i e l d  th ickness  has allowed continued opera t ion  of 
t h e  s o l a r  cells .  The second method, m o s t  commonly used, 
r e l i e d  on adhesive bonding. 
used are e las tomer ic  i n  na ture  and have good t ransmiss ion  
over t h e  s p e c t r a l  range where t h e  cel ls  a r e  s e n s i t i v e .  
By t h e s e  means, t h i n  ( 6  m i l )  g l a s s  s l i d e s  f o r  temperature 
con t ro l ,  and l a t e r  t h i c k  (up t o  60 m i l s )  qua r t z  sl ices f o r  
a d d i t i o n a l  r a d i a t i o n  p ro tec t ion  have been bonded t o  t h e  ce l l  
su r faces .  Las t ly ,  t h e  T e l s t a r  power supp l i e s  ( r e fe rence  5) 
e l imina ted  the adhesive, and used a 30 m i l  sapphire  cover 
fused t o  platinum supports.  
and expensive than t h e  other  methods. 

The adhesive systems p r e s e n t l y  

T h i s  method i s  more complex 

3.5 Discussion O f  Adhesive-Cover System 

The advantages and disadvantages of t h e  second method 
(adhesive bonding) can be given: 

a)  Advantaqes 

i) The system i s  well  proven i n  many space missions.  

ii) Since only low temperatures are needed f o r  cu r ing  
t h e  adhesive, and t h e  cover has good o p t i c a l  t r ans -  
parency, the high output  of t h e  bare c e l l  can be 
re t a ined .  The degradation of s h o r t  c i r c u i t  c u r r e n t  
caused by t h e  appl ied cover can be a s  low a s  2% f o r  
g l a s s  covers,  and 5% f o r  th ick  qua r t z  covers.  

iii) Good c e l l  temperature c o n t r o l  has been achieved. 

i v )  The system i s  v e r s a t i l e ,  providing a w i d e  range of 
r a d i a t i o n  p ro tec t ion  (governed by weight r e s t r i c t ions  
of specific missions) .  A l a r g e  amount of mismatch 
between c e l l s  and covers  can be accommodated. 

v)  Covers can be appl ied t o  a l ready  connected modules 
s ince  the adhesive i s  cured below 150OC. 

- 5 -  
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b) Disadvantages 

i) 

ii) 

iii) 

The system i s  cos t ly ,  p re sen t  estimates f o r  2 cm2 covers  
varying from $0.50 t o  $3.50 depending on t h e  covers and 
f i l t e r s  required.  When assembly c o s t s  are included, 
t h e  cover costs can predominate i n  the completed solar 
a r r ay .  

Despite much e f f o r t  i n  adhesive s e l e c t i o n ,  t h e  adhesive 
sets the l i m i t  on mechanical s t r e n g t h  and on environmental 
performance, p a r t i c u l a r l y  on the p o s s i b i l i t y  of high 
temperature s torage  o r  operat ion.  A l s o  Campbell (Ref . 6)  
showed t h a t  under i r r a d i a t i o n ,  adhesive degradat ion w a s  
sometimes predominant. 

The  covers,  e s p e c i a l l y  those of t h i n  g l a s s  are f r a g i l e  
and t h i s  complicates a r r a y  assembly. T h e  f r a g i l i t y  
adds much d i f f i c u l t y  i n  providing covers  t h i n n e r  t han  
6 m i l s .  For some missions,  such t h i n n e r  covers are 
s u f f i c i e n t  and a r e  of advantage i n  reducing t h e  weight 
of t h e  power supply. 

3.6 Reasons For I n t e g r a l  Coatinqs 

I n t e g r a l  coa t ings  o f f e r  the chance of o f f s e t t i n g  the above 
disadvantages.  T h e  work repor ted  here provided q u a n t i t a t i v e  
estimates of the effects of removing t h e  need f o r  adhesives,  
by bonding g l a s s  i n t e g r a l l y  t o  t h e  s o l a r  c e l l  sur face .  

Before descr ib ing  the methods used during t h i s  work, some of the 
earlier unsuccessful  a t tempts  t o  provide s u i t a b l e  i n t e g r a l  
coa t ings ,  are recalled. Mostly these t r i a l s  involved the growth 
of s i l i c o n  dioxide f i lms  onto s i l i c o n ,  by thermal oxida t ion ,  
p y r o l y t i c  decomposition of s i l a n e s ,  evaporat ion o r  spu t t e r ing .  
These methods gene ra l ly  gave slow l a y e r  formation rates, o f t e n  
r equ i r ed  very high temperatures,  and when the l a y e r s  w e r e  
thicker than  2 microns, t h e  severe mismatch led t o  cracking of 
the s i l i c o n  dioxide o r  the s i l i c o n .  Layers of organic  materials 
l ike  epoxies o r  elastomers were success fu l ly  applied, b u t  
p re sen t  planning for  space missions r u l e s  out  t h i s  type  of coa t ing ,  

I because of t h e  h igh  chance of u l t r a v i o l e t  and vacuum degradat ion.  
Ear ly  at tempts  t o  f u s e  powdered b o r o s i l i c a t e  g l a s s e s  d id  no t  g ive  
a l a y e r  of good transparency, because, it is  now r e a l i z e q t h e  
experimental  techniques w e r e  inadequate. 
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4. PRESENT PRACTICAL TECHNIQUES 

I n  t h i s  work, f i n e  powdered g l a s s  i s  depos i ted  onto s i l i c o n ,  
and fused t o  form an i n t e g r a l  coat ing.  The  p r a c t i c a l  techniques 
have two aspects, c o n t r o l  of t h e  g l a s s  l a y e r  p r o p e r t i e s ,  and 
f a b r i c a t i o n  of solar c e l l s .  

4.1 Choice O f  G l a s s  

As usua l  i n  g l a s s  technology, the choice of t h e  best g l a s s  is  
a compromise between seve ra l  requirements, some c o n f l i c t i n g .  
The g l a s s  should have a thermal c o e f f i c i e n t  of expansion w e l l  
matched t o  t h a t  of s i l i c o n  over a f a i r l y  wide temperature 
range, should be of as low fus ing  temperature as poss ib l e ,  
w i t h  good o p t i c a l  t ransmission when fused, have h igh  thermal 
emit tance and be stable under i r r a d i a t i o n .  The easiest require-  
ment t o  m e e t  i s  t h a t  of high thermal emit tance,  which i s  the 
case f o r  most g l a s ses .  A t  f i rs t  i n  t h i s  work z inc  alumino- 
b o r o s i l i c a t e  g l a s s e s  were used because by change of composition, 
t h e s e  g l a s s e s  could have ex ansion c o e f f i c i e n t s  f o r  0°C t o  300°C, 

t h e  range 640°C - 750°C. However, t h e s e  g l a s s e s  w e r e  found t o  
have s e r i o u s  disadvantages,  p a r t i c u l a r l y  i n  low o p t i c a l  t r a n s -  
mission, chemical a t t a c k  by p l a t i n g  s o l u t i o n s  and l i m i t e d  f u s ing  
properties. S a t i s f a c t o r y  l a y e r s  thicker than  8 microns w e r e  
d i f f i c u l t  t o  fuse ,  and excessive bubbles formed i n  the g l a s s  
i f  t h e  fus ing  temperature exceeded 750°C by a s m a l l  amount. 
These disadvantages,  toge ther  w i t h  the p o s s i b i l i t y  t h a t  r a d i a t i o n  
darkening would be more severe t h a n  f o r  simpler g l a s s  systems, 
(see Sec t ion  5.6 below), l e d  t o  re-examination of o t h e r  g l a s ses .  
This  t i m e ,  because of better c o n t r o l  of the g l a s s  technology 
needed, some b o r o s i l i c a t e  g l a s s e s  thermally matched t o  s i l i c o n  
(Corning g l a s s e s  7070, 7720, 7040 and 7740) gave successfu l  
r e s u l t s ,  and had some advantages over the more complex g l a s ses .  
I n  p a r t i c u l a r  t h e s e  g l a s ses  had h igher  o p t i c a l  t ransmission,  
the i r  fus ing  temperature range w a s  less c r i t i ca l ,  and t h i c k e r  
l a y e r s  of good q u a l i t y  could be applied.  The o f f s e t t i n g  d is -  
advantages w e r e  t h a t  fus ing  temperatures w e r e  h igher ,  and tha t  
drying p a t t e r n s  w e r e  l e f t .  The  former disadvantage could be 
t o l e r a t e d ,  and the la t te r  was not  considered se r ious ,  and could 
be reduced. 

i n  the range 38  t o  45 x 10, -.p per  "C, w i t h  fu s ing  temperatures i n  
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4 .2  S l u r r y  Formation And Control 

The g l a s s  w a s  broken i n t o  small  p i eces  and w a s  powdered using 
e i t h e r  an alumina b a l l  m i l l ,  o r  a ceramic r o l l i n g  m i l l ,  Most 
of t h e  work here  used small ba tches  ( 2 0  grams) of g l a s s ,  and 
t h e  s m a l l  b a l l  m i l l .  T h e  method used t o  prepare s u i t a b l e  s l u r r i e s  
was based on an IBM method ( r e fe rence  7 ) .  The f i n e  g l a s s  was 
prevented from coagulating, by d i spe r s ing  it i n  isopropyl  
a lcohol ,  a l i q u i d  of high d i e l e c t r i c  cons tan t  ( 1 8 ) ,  I n  order  
t o  provide some degree of coagulat ion when the glasswas deposi ted 
onto s i l i c o n ,  a denser l i q u i d ,  e t h y l  a c e t a t e ,  of low d i e l e c t r i c  
cons tan t  (6)  w a s  mixed with t h e  a lcohol ,  so t h a t  t h e  g l a s s  
leav ing  t h i s  heavier  l i qu id  adhered weakly t o  t h e  s i l i c o n .  

E a r l i e r  u s e s  of t h i s  technique ( r e fe rence  7 )  gene ra l ly  requi red  
pinhole-free,  t h i n  f i l m s  (1 t o  5 microns) ,  I n  t h e  present  work, 
f i lms  10 microns o r  g rea t e r  w e r e  p re fe rab le ,  and t h e r e f o r e  
methods s u i t e d  t o  t h i c k e r  l a y e r s  w e r e  developed. 

The g l a s s  powder formed by  m i l l i n g  had a w i d e  range of p a r t i c l e  
s i z e s ,  and f o r  ob ta in ing  t h i c k e r  l a y e r s  it was decided not  t o  
a t tempt  time-consuming particle s i z e  a n a l y s i s .  The more 
pract ical  approach w a s  t o  f i n d  a r ap id  way t o  c o n t r o l  t h e  
s l u r r y  conten t  t o  provide t h i c k e r  l a y e r s  of c o n s i s t e n t  q u a l i t y .  
The method developed was very success fu l ,  It w a s  based on the 
use of a Bausch and Lomb Spectronic 20 Colorimeter,  which 
measures t h e  o p t i c a l  t ransmission through a s tandard tes t  t u b e  
f i l l e d  with t h e  s o l u t i o n  under t es t .  A movable g r a t i n g  allowed 
v a r i a t i o n  of wavelength from 350 t o  950 mil l imicrons b u t  because 
t h e  wavelength dependence of t ransmiss ion  d i d  not appear 
s e n s i t i v e  t o  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  most comparisons 
w e r e  t aken  near  t h e  wavelength g iv ing  peak t ransmission,  750 
mil l imicrons.  Typical c a l i b r a t i o n  curves are given below 
(Sect ion 5.1)  . 
The empir ica l  procedure used was as follows: For each g l a s s ,  
an upper dens i ty ,  which did not  form good l a y e r s  a f t e r  fu s ing  
was determined, and con t ro l l ed  d e n s i t i e s  below t h i s  l i m i t  w e r e  
used. The d e n s i t y  w a s  reduced by s e t t l i n g  under g r a v i t y  or by 
s l o w  c e n t r i f u g i n g  (300-800 rpm) ., Experience allowed a r ap id  
estimate of t h e  c o r r e c t  combination of c e n t r i f u g i n g  and s e t t l i n g  
which gave t h e  requi red  densi ty .  T h e  co lor imeter  was c a l i b r a t e d  
by using t h e  s l u r r y  l i qu ids  only, and wi th  ape r tu re  width cons tan t ,  
by a d j u s t i n g  t h e  lamp i n t e n s i t y  u n t i l  t h e  f u l l  s c a l e  reading 
( t ransmiss ion  = l O o o / o )  w a s  obtained a t  750 mil l imicrons 
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A cons tan t ,  low dens i ty  s l u r r y  was then  placed i n  the o p t i c a l  
pa th  and the lamp i n t e n s i t y  increased t o  g ive  the f u l l  s c a l e  
reading again.  I n  p r a c t i c e ,  f o r  the glasses used, and t h i s  
c a l i b r a t i o n  system, the usable t ransmission range was 8 t o  
50"/0. With t h i s  procedure, good adjustment of s l u r r i e s  w a s  
p o s s i b l e  (see Sec t ion  5.1), and fused l a y e r s  of c o n s i s t e n t  
q u a l i t y  and p r e d i c t a b l e  th ickness  w e r e  obtained,  

Cleaned sl ices of s i l i c o n  w e r e  p laced i n  a beaker  and the 
s l u r r y  was poured over the sl ices.  The beaker w a s  spun i n  a 
c e n t r i f u g e  a t  high speed (3000 r p m  f o r  3 minutes) ,  and t h e  
g l a s s  powder w a s  thrown onto t h e  s i l i c o n .  The s l i c e s  w e r e  
removed f r o m  the beaker c a r e f u l l y ,  t o  avoid d i s t u r b i n g  the 
l i g h t l y  adhering g l a s s  layer .  The  l i q u i d s  d r i e d  quick ly  leav ing  
a thick m a t t e ,  w h i t e  g l a s s  layer .  T h i s  l a y e r  w a s  fused as soon 
as poss ib l e .  Severa l  s l i g h t  v a r i a t i o n s  w e r e  poss ib l e  a t  t h i s  
s t age .  To reduce th ickness  v a r i a t i o n s ,  e s p e c i a l l y  a t  t h e  edges 
of t h e  s l ice ,  a s m a l l  volume of dense l i q u i d  w i t h  d ie lec t r ic  
cons t an t  lower than  t h a t  of e t h y l  a c e t a t e ,  eg. t r i c h l o r o e t h y l e n e  
( d i e l e c t r i c  cons tan t  3.4) could be i n j e c t e d  a t  the bottom of the 
beaker be fo re  cen t r i fug ing ,  A l t e rna te  ways of removing t h e  
s l u r r y  such as decanting or siphoning, w e r e  t r i e d  b u t  d i d  not  
show any advantage. It was found advantageous t o  take e x t r a  
care i n  the c l e a n l i n e s s  of the ce l l s  and the conta iners .  Also 
t o  avoid aging e f f e c t s ,  s l u r r i e s  w e r e  used as soon as p o s s i b l e  
af ter  they  w e r e  made. 

4.3 Fusinq Conditions 

The fus ing  cyc le  had t o  be  a compromise. The  o p t i c a l  q u a l i t i e s  
of t h e  fused g l a s s  l a y e r s  w e r e  found t o  improve as the temper- 
a t u r e  increased,  as a r e s u l t  of more complete fus ion ,  u n t i l  a 
l i m i t  w a s  reached, where de fec t s  such as bubbles began t o  
appear i n  the l aye r s .  A s  mentioned above, b o r o s i l i c a t e  g l a s s e s  
gave a much wider temperature range ( 8 2 O o C  - 95OoC) where good 
fus ion  w a s  poss ib l e .  T h e  compensating cons ide ra t ion  w a s  t h a t  
there could be degradation of s o l a r  c e l l  performance, by bu lk  
and/or con tac t  d e t e r i o r a t i o n ,  as the temperature - t i m e  cyc le  
became more severe.  The atmosphere used during fus ion  a f f e c t e d  
t h e  g l a s s  l aye r ,  and genera l ly  an i n e r t  gas (n i t rogen)  w a s  used. 
A t  first fus ion  w a s  done i n  an open tube  furnace using temper- 
t u r e s  i n  the range 75OoC t o  850°C f o r  t i m e s  of 5 t o  10 minutes. 
La ter  a s t r i p  h e a t e r  was used. 
v a r i a t i o n s  of p u l l  ra te  through the furnace,  o r  annealing 

Various c o n t r o l l e d  cool ing  cyc les ,  
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t rea tments  were t r i e d  t o  improve c e l l  performance, b u t  t h e  
best combination of g l a s s  l a y e r  and c e l l  p r o p e r t i e s  r e s u l t e d  
from f a s t  cool ing.  During t h i s  work, c e l l  f a b r i c a t i o n  methods 
w e r e  developed which minimized t h e  combined e f f e c t s  of poss ib l e  
degradat ion caused by t h e  r ap id  cool ing.  The best fus ing  cyc le  
found was a r ap id  hea t ing  and cool ing (15 seconds t o t a l )  with 
a peak temperature between 850°C and 950°C. For t h e  second and 
la ter  l aye r s ,  t h e  bond between t h e  a l ready  fused g l a s s  l aye r  
and t h e  powder could be formed a t  s l i g h t l y  lower temperatures.  
N o  s epa ra t e  i n t e r f a c e s  were not iced  be tween t h e  successive 
l a y e r s .  

4.4 Solar  C e l l  Processinq Methods 

Three methods w e r e  used t o  f a b r i c a t e  c e l l s  wi th  i n t e g r a l  g l a s s  
coa t ings .  These methods a r e  descr ibed next ,  wi th  comments on 
their  l i m i t a t i o n s  following. 

a )  G l a s s  was fused t o  a d i f fused  s l ice ,  t h e  d i f f u s e d  l a y e r  on 
t h e  back side was sandblasted o f f ,  and t h e  s l ice  was masked 
t o  leave a g r i d  p a t t e r n  on t h e  glazed su r face .  The exposed 
g l a s s  was then  etched away using hydrof luor ic  a c i d  o r  a 
mixture of t h i s  ac id  with hydrochlor ic  acid. The e t c h  r a t e  
of t h e  g l a s s  was approximately 0.25 microns p e r  second, b u t  
t h i s  r a t e  decreased f o r  t h i c k e r  l a y e r s .  Metal con tac t s  w e r e  
made t o  t h e  c e l l ,  back and f r o n t ,  mostly by e l e c t r o l e s s  
p l a t i n g .  The junc t ion  was etched c l ean  around t h e  edges, 
and t h e  con tac t s  w e r e  soldered.  

b) Before fus ion ,  t h e  g l a s s  w a s  removed i n  t h e  requi red  g r i d  
p a t t e r n ,  using e i t h e r  a shadow mask during c e n t r i f u g a l  
a p p l i c a t i o n  of t h e  g l a s s  powder or  by s c r i b i n g  t h e  powder 
while it was s t i l l d a m p ,  using a s o l i d  probe o r  a s m a l l  
diameter tube  connected t o  a vacuum l i n e .  The g l a s s  l a y e r  
w a s  then  fused, and any t h i n  g l a s s  remaining i n  t h e  g r i d  
p a t t e r n  w a s  removed by a shor t  e t c h  i n  hydrof luor ic  ac id .  
The rest  of the processing followed ( a ) ,  b o r o s i l i c a t e  g l a s s e s  
having t h e  added advantage i n  t h i s  method i n  not  being 
p l a t e d  by t h e  e l e c t r o l e s s  so lu t ions  

c) I n  t h i s  method, contac ts  w e r e  appl ied ,  a t  l e a s t  on t h e  
f r o n t  su r f ace  of the ce l l ,  be fo re  the g l a s s  powder w a s  
appl ied .  Af te r  fusing,  t h e  back con tac t  could be appl ied  
and t h e  junc t ion  etched clean. A f u l l e r  d i scuss ion  of s u i t -  
a b l e  contac t  design i s  given i n  t h e  s e c t i o n  4.6. 
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4.5 Comparison O f  Methods 

(a)  and (b) had the advantage t h a t  they  allowed h igher  fus ing  
temperatures  and t h e r e f o r e  poss ib ly  bet ter  g l a s s  layers., For 
(c) the h ighes t  fu s ing  temperature was set by the melt ing 
p o i n t  of t h e  m e t a l s  used i n  the  con tac t s  (96OoC f o r  s i l v e r ) .  
For (a) there w e r e  d i f f i c u l t i e s  i n  e tch ing  away the g l a s s  i n  
thicker g l a s s  l a y e r s  while prevent ing e t chan t  leakage under 
t h e  m a s k ,  w i t h  consequently w i d e r  g r i d  l i n e s .  Also i n  (a)  
and (b) ,  p a r t  of the f r o n t  su r f ace  cons i s t ed  p a r t l y  of metal ,  
t h u s  decreasing the  o v e r a l l  thermal emis s iv i ty  of the ce l l .  
For method (b ) ,  successive g l a s s  l a y e r s  could be appl ied  only 
i f  good g r i d  r e - r e g i s t r a t i o n  w a s  poss ib l e ,  However, there w a s  
no need f o r  a mask during p l a t i n g .  I n  t h i s  l a t t e r  case,  the 
f l u o r i d e  ions  i n  s o l u t i o n  removed the  pol i shed  su r face  formed 
when the  g l a s s  fused, leaving a m a t t e  f i n i s h .  T h i s  m a t t e  
su r f ace  r e t a i n e d  the o p t i c a l  t ransmiss ion  of the  shiny l aye r s ,  
had lower r e f l e c t i v i t y  and had the h ighes t  thermal emittance 
measured i n  t h i s  work. T h i s  m a t t e  f i n i s h  could be app l i ed  t o  
the g l a s s  su r face  i n  any of the  three methods, by a d i p  i n  HF 
(see Figure 10 f o r  photographs of these s u r f a c e s ) ,  Method (b) 
s t i l l  could not  y i e l d  very t h i n  g r id  l i n e s .  Method (c) overcame 
t h e  d e f e c t s  of (a) and (b) s o  w e l l  tha t  a detai led i n v e s t i g a t i o n  
of compatible con tac t s  was  undertaken. W i t h  adequate con tac t s ,  
it w a s  p o s s i b l e  t o  g e t  t h i c k  l a y e r s ,  covering most of the f r o n t  
su r f ace ,  a l l  of it i f  a wraparound con tac t  s t r u c t u r e  was used ,  
I n  add i t ion ,  these contac ts  added cons iderable  v e r s a t i l i t y ,  i n  
t h a t  t h i ck  cover s l ides  (6  m i l s  and above) made from g l a s s  
s i m i l a r  t o  t h a t  used i n  t h e  s l u r r y  could be bonded t o  the c e l l  
e i ther  by using a l aye r  of fused  powder a s  a "so lder" ,  o r  by 
d i r e c t  fus ion .  I n  t h i s  way, th ick  i n t e g r a l  covers  could be 
provided w i t h  only one or two fus ing  cyc le s .  T h e  reduct ion i n  
f u s i n g  cyc le s  enabled c lose  design of the con tac t  s t r u c t u r e .  

4.6 Desiqn O f  ContactsCompatible W i t h  The  Fusinq Cycle 

P resen t  day N/P s i l i c o n  s o l a r  ce l l s  have either p l a t e d  con tac t s ,  
or use the evaporated and s i n t e r e d  t i t an ium-s i lve r  con tac t s  
developed by Western E l e c t r i c  ( re ference  5 ) ,  For the  l a t t e r ,  
a l though t h e  s i n t e r i n g  i s  carried out around 610°C, the g l a s s  
fus ion  cyc le ,  caused some pene t r a t ion  of the m e t a l s  through 
t h e  shallow d i f fused  layer ,  w i t h  s e r i o u s l y  reduced output ,  
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T h e  p l a t e d  con tac t  degraded by the same mechanism a t  temperatures  
a s  low a s  4OO0C, and i n  t h e  fus ing  range there w a s  the  a d d i t i o n a l  
p o s s i b i l i t y  of severe reduct ion i n  bu lk  minori ty  carrier l i fe -  
t i m e  because of gold d i f f u s i o n  from the  p l a t i n g .  

Or ig ina l ly  it was planned t o  avoid these effects  by using a 
double d i f f u s i o n  method, wherein the f r o n t  con tac t s  w e r e  evap- 
o ra t ed  over reg ions  w i t h  a r e l a t i v e l y  deep P/N j unc t ion  ( s e v e r a l  
microns) ,  whereas the rest of t h e  a c t i v e  a r e a  of the c e l l  w a s  
d i f f u s e d  la te r  t o  leave a shallow P/N j unc t ion  (0.3 microns) ,  t o  
provide h igh  output  i n  space s u n l i g h t .  T h i s  method was t r i e d  
w i t h  some success,  b u t t h e  double d i f f u s i o n  and the need f o r  
c l o s e  r e - r e g i s t r a t i o n  of the con tac t  p a t t e r n  made it a complex 
method. 

I n  t h i s  w o r k ,  a new method w a s  developed and proved very 
successfu l .  The p r i n c i p l e  used w a s  t o  include a t h i n  dielectr ic  
l a y e r  between t h e  d i f fused  surface and t h e  evaporated m e t a l s .  
By c a r e f u l l y  c o n t r o l l i n g  the th i cknesses  of the m e t a l  and 
d i e l e c t r i c  l a y e r s ,  it could be arranged t h a t  during the  g l a s s  
fus ion  cyc le ,  the  metals  pene t ra ted  t o  make ohmic con tac t  t o  the  
d i f f u s e d  l aye r ,  w h i l e  f u r t h e r  pene t r a t ion  of the d i f f u s e d  l a y e r  
w a s  r e t a rded .  T h e  f irst  d ie lec t r ic  l a y e r  t r i e d  f o r  t h i s  purpose 
was the  phosphoros i l ica te  l a y e r  l e f t  on N/P cel ls  a f te r  phos- 
phorus d i f f u s i o n .  A l r e a d y  t he  th i ckness  of t h i s  l a y e r  was 
c a r e f u l l y  c o n t r o l l e d  around 0.3 microns, and it had provided 
t h e  a n t i r e f l e c t i n g  coat ing on Hoffman N/P cel ls  f o r  three years .  
By evaporat ing t i t an ium-s i lve r  on t o p  of t h i s  coa t ing ,  a good 
approach t o  the con tac t  problem w a s  achieved, Details of ce l l s  
made using these con tac t s  are given below (Sect ions 5 .5  t o  5 .7)  e 

Also evaporated l ayess  of s i l i c o n  monoxide of t h i ckness  800, 
1600, 2400 and 3200 A were t r i e d ,  b u t  although f a i r l y  successfu l ,  
only the 800 A l a y e r  gave good a n t i r e f l e c t i n g  p r o p e r t i e s .  
These t h i n n e r  l a y e r s  were gene ra l ly  less success fu l  than  the 
phosphoros i l ica te  g l a s s  i n  prevent ing  con tac t  pene t r a t ion .  

- 12 - 
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5 .  MEASUREMENTS AND RESULTS 

This  s e c t i o n  summarizes t h e  q u a n t i t a t i v e  r e s u l t s  which have 
been obtained on t h e  g l a s s  l a y e r s ,  and on t h e  g l a s s  coated 
cel ls .  

5 . 1  G l a s s  Thickness - Measurement And Control  

Measurement 

Severa l  ways of measuring the g l a s s  l a y e r  t h i ckness  w e r e  
a v a i l a b l e ,  depending on t h e  th ickness .  For very t h i n  l aye r s ,  
these involved d e s t r u c t i v e  methods, such a s  grooving o r  angle  
sec t ion ing  o r  i n t e r f e romet r i c  measurement of a s t e p  formed by 
removing some of the glass.  

For the th i ckness  range used most i n  t h i s  work (0.5 t o  2 m i l s )  
a s e n s i t i v e  d i a l  gage could be used, measuring the s l ice  thick- 
nes s  be fo re  and a f t e r  the g l a s s  l aye r  w a s  appl ied .  However, 
f o r  t h i s  range the  m o s t  convenient method, w h i c h  requi red  no 
d e s t r u c t i v e  s t e p s  used d i f f e r e n t i a l  focusing of a microscope 
and i s  shown schematical ly  i n  Figure 1. F i r s t  the r e f r a c t i v e  
index (n)  of t h e  g l a s s e s  was measured, by focusing a microscope 
i n  t u r n  on the s i l i c o n  surface ( C ) ,  on the  apparent su r f ace  
viewed through the g l a s s  ( B ) ,  and on a t h i n  mark on the upper 
glass su r face  ( A ) .  The r e f r a c t i v e  index w a s  c a l c u l a t e d  from - 

thickness - The s a m e  p r i n c i p l e  could be used ap a r e n t  t h i ckness  - AB ' n =  
f o r  bu 'p k g l a s s ,  o r  for  t h i n  l aye r s ,  w i t h  s u i t a b l e  changes i n  
the p r e c i s i o n  of the c a l i b r a t e d  s c a l e  used. For t h i n  l a y e r s ,  
t h e  ob jec t ive  focusing drum w a s  graduated i n  microns. W i t h  t h i s  
method t h e  r e f r a c t i v e  index of z inc  alumino b o r o s i l i c a t e  g l a s s  
w a s  found t o  be 1.6, and tha t  of the  b o r o s i l i c a t e s  approximately 
1.5. (See a l s o  Sec t ion  5.2 below f o r  another  measurement of n . )  
Once n was known, t h i s  same method could be used t o  determine 
l a y e r  t h i ckness  (AC = n A B ) .  W i t h  p r a c t i c e ,  reproducible  
focusing could be obtained on the lapped su r faces  w i t h  an 
average roughness of 5 microns gene ra l ly  used i n  t h i s  work, 
I f  t h i n  evaporated contac ts  w e r e  p re sen t  on the lapped sur face ,  
t hey  could a l s o  be used t o  give the  focus p o s i t i o n .  On pol i shed  
slices, po l i sh ing  scra tches  w e r e  convenient f o r  focusing. T h e  
t o p  of the g l a s s  l aye r  ( A )  w a s  loca ted  by focusing on a t h i n  
mark made w i t h  a wax penc i l  on the su r face .  
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This method allowed r ap id  measurement of t he  th ickness ,  and 
of v a r i a t i o n s  ac ross  the c e l l  sur face .  The accuracy of 
focusing for  l a y e r s  25 microns th ick  was f 3% f o r  p o s i t i o n s  
A and B .  Generally a t  l e a s t  three measurements w e r e  t aken  
f o r  each sample, and averaged, The  measured v a r i a t i o n  of 
t h e s e  average th icknesses  w a s  f 1.5 microns, except near t o  
t h e  edges, where the layer  th ickness  f e l l  t o  half  the average 
value.  Most of the v a r i a t i o n  w a s  caused by the drying p a t t e r n s  
of the  s l u r r y .  

Control  

Typical  curves  of the v a r i a t i o n  of s l u r r y  t ransmiss ion  versus  
wavelength are given i n  Figure 2 .  Figure 3 shows the change 
i n  t ransmiss ion  a t  f i x e d  wavelength 750 mi l l imicrons ,  versus  
t i m e .  This change i s  seen t o  be i n s e n s i t i v e  t o  t he  s t a r t i n g  
t ransmission,  and thus  no a d d i t i o n a l  information on the  g l a s s  
par t ic le  s i z e  populat ion could be gained from these curves.  
The s t a b i l i t y  of the color imeter  i s  seen i n  Figure 3 by the p l o t  
of a s tandard  s o l u t i o n  of isopropyl  a lcohol  and e t h y l  acetate. 

F igures  4 and 5 show the basis of the empi r i ca l  t h i ckness  con- 
t r o l  using the above th ickness  measurements, and s l u r r y  t r ans -  
mission a t  750 mil l imicrons.  Figure 4 shows the measured 
th i ckness  of the r e s u l t a n t  fused l a y e r s  versus  the 750 m i l l i -  
microns t ransmiss ion  of the s l u r r y  used. Figure 5 ( a )  shows t h e  
a c t u a l  g l a s s  dens i ty ,  obtained by weighing the g l a s s  i n  a d r i e d  
known volume of s l u r r y  as a func t ion  of the  t ransmission.  F igure  
5(b) shows t h a t  there i s  a good approach t o  the expected l i n e a r  
r e l a t i o n  between the  layer  th ickness  and the s l u r r y  dens i ty .  
Examples of the successfu l  degree of c o n t r o l  achieved are given 
below, i n  p a r t i c u l a r  i n  Sect ion 5.7. 

5 . 2  Topography And Imperfections 

I n  pre l iminary  s t u d i e s ,  it w a s  found t h a t  f o r  very t h i n  l aye r s ,  
d e f e c t s  i n  e a r l y  f i l m s  were f i l l e d  i n  on subsequent l aye r s .  
Figure 6 shows 1, 2 and 3 c o a t s  of a low d e n s i t y  s l u r r y  on a 
pol i shed  sl ice.  I n  Figure 6 ( a )  about half the sl ice a rea  i s  
covered with g l a s s .  I n  Figure 6 (b) , t h e  g l a s s  l a y e r  i s  con- 
t i nuous  except f o r  a f e w  ho le s  (approximately 1 micron 
d i ame te r ) .  I n  Figure 6 ( c )  , the ho le  d e n s i t y  has f a l l e n  by a 
f a c t o r  of f i v e .  For t h i c k e r  s l u r r i e s  the ho le s  w e r e  completely 
removed with success ive  layers .  Figure 7 shows the  f i l l - i n  f o r  

- 15 - 
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a lapped sl ice f o r  1 and 2 c o a t s  of denser  s l u r r y .  An 
i n t e r e s t i n g  observat ion was t h a t  as fus ing  w a s  more complete, 
t h e  cooled g l a s s  su r face  became f l a t . ,  I n  f a c t  for  good 
g l a s s  l a y e r s ,  around 1 m i l  thick,  even on a rough lapped 
su r face  w i t h  average roughness between 1/5 and 1/10 m i l s ,  
i n t e r f e r o m e t r i c  i nves t iga t ion  showed the g l a s s  l a y e r  t o  be 
much f l a t t e r  than  the s t a r t i n g  s i l i c o n  su r face .  Examples 
of t h i s  are shown i n  Figure 8. Figures  8 ( a )  t o  8 (d)  show 
i n t e r f e r e n c e  photographs f o r  4 lapped sl ices,  using a s i n g l e  
s l u r r y ,  g iv ing  a th ickness  around 1 m i l ,  when the f u s i n g  t i m e  
was va r i ed .  I n  a l l  four  cases ,  the vol tage  w a s  kept  cons t an t  
f o r  the hea t ing  s t r i p ,  t o  g ive  a maximum temperature around 
83OoC,  and the  t o t a l  hea t ing  t i m e s  w e r e  15, 20,  30 and 60 
seconds. The genera l  improvement i n  topography can be seen 
by the wider spacing of the f r i n g e s .  There are s i g n s  of 
l o c a l  i r r e g u l a r i t i e s  a few microns d i f f e r e n t  from the surround- 
ing  su r face  (shown by the  terraced f r i n g e  p a t t e r n s ) .  These are 
gene ra l ly  r a i s e d  por t ions  from inc lus ions  l i k e  dus t ,  unfused 
g l a s s ,  or from unmelted par t ic les  of alumina introduced during 
the m i l l i n g  process .  Some defects a r e  shallow p i t s  l e f t  on 
cool ing.  

Figure 9 ( a )  shows an example of a good g l a s s  l aye r  formed under 
t h e  same condi t ions ,  b u t  w i t h  the hea t ing  stopped immediately 
fus ion  appeared t o  be complete, Figure 9 ( b )  shows a mechanically 
pol i shed  s l ice  p a r t l y  covered w i t h  a g l a s s  l a y e r ,  Apart f r o m  
the pronounced curva ture  a t  t he  boundary, the p a r a l l e l  f r i n g e  
l i n e s  on the pol i shed  surface are seen t o  be gene ra l ly  con- 
t i nued  on t h e  g l a s s  side, w i t h  dev ia t ions  caused by s m a l l  l o c a l  
i r r e g u l a r i t i e s  

Figure l O ( a )  shows a cleaved s e c t i o n  of a lapped s l ice  w i t h  a 
g l a s s  l a y e r  around 35 microns th ick .  
of the g l a s s  l a y e r  i s  apparent, the cleaved s i l i c o n  w h i c h  is  seven 
t i m e s  as r e f l e c t i n g ,  being the  b r i g h t  po r t ion  w i t h  cleavage l i n e s .  
The  shiny s k i n  on the g l a s s  l a y e r  can be seen ( i n d i c a t e d  by the 
arrow).  Figure 1 0 ( b )  shows t he  same s e c t i o n  a f t e r  the sl ice w a s  
dipped i n  hydrof luor ic  acid f o r  10 seconds. The m a t t e  su r f ace  
descr ibed  above was l e f t ,  and the l a y e r  w a s  about 5 microns 
th inne r .  The shiny s k i n  can be seen t o  be removed, The  
l i g h t e r  appearance was caused by the photography, the a c t u a l  
samples having about the same r e f l e c t i v i t y .  I f  t h i s  m a t t e  g l a s s  
su r face  w a s  fused again,  the shiny su r face  re-formed, showing 
it t o  be a su r face  effect .  Figure 11 shows o t h e r  imperfect ions 

The  lower r e f l e c t i v i t y  
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b u t  t h e  same photographs show t h a t  the g l a s s  l a y e r  w a s  
gene ra l ly  of high q u a l i t y .  Localized imperfect ions appeared 
as t i n y  bubbles,  caused during fus ion ,  These bubbles 
gene ra l ly  d id  not  extend through the  whole l a y e r ,  and f o r  
mul t ip l e  l aye r s ,  t hey  were confined wi th in  each l a y e r .  The 
number of bubbles could be reduced by using f i n e r  g l a s s  
p a r t i c l e s  i n  the s l u r r y ,  and by not exceeding the  temperature 
a t  w h i c h  l o c a l i z e d  bubbling increased  d r a s t i c a l l y .  

Discussion on the  measured t ransparency of the l a y e r s  i s  
given below i n  Sec t ions  5.5 and 5.6,  The  photograph shown 
i n  Figure 1I.a shows some of the  imperfect ions b u t  a l s o  
i l l u s t r a t e s  the  degree of transparency of the fused layers .  
The samples f o r  t h i s  photograph w e r e  formed ei ther  on s i l i c o n  
o r  Kovar, and then  removed. For the former case,  the s l ice  
w a s  mounted g l a s s  s i d e  down i n  wax, and the s i l i c o n  was 
removed by e t ch ing  i n  approximately equal  p a r t s  of n i t r i c  
and hydrof luor ic  acids. W i t h  care, the  e t ch ing  could be 
stopped be fo re  the  hydrofluoric  acid attacked the glass., The l a t  
t e r  l a y e r s  w e r e  depos i ted  on 2 . 5  m i l  t h i ck  Kovar s t r i p ,  and 
t h e n  removed by f l e x i n g  the  Kovar, T h i s  method d i d  not 
produce such l a r g e  sheets as the e t ch ing  away of t h e  s i l i c o n ,  
b u t  w a s  i n t e r e s t i n g  i n  showing the  good f l e x i b i l i t y  of t he  
g l a s s  l a y e r  be fo re  it broke away,, Figure 1la shows a t r a n s -  
mission photograph through a sheet (A) of b o r o s i l i c a t e  g l a s s  
f u s e d  around 950°C, and through another sheet (B)  of the  
same g l a s s  fused a t  t h e  usual  temperature ( 8 8 O o C ) ,  Between 
t h e s e  sheets i s  an a i r  gap (C) ., Sheet A i s  seen t o  be 
h i g h l y  t r anspa ren t  b u t  w i t h  a f e w  l a r g e  imperfect ions,  W i t h  
t h e s e  t h i n  sheets, the r e f r a c t i v e  index of t he  fused g l a s s  
could be measured by another method, I n  t h i s ,  the  g l a s s  
s h e e t s  w e r e  immersed i n  a series of l i q u i d s  of graduated 
r e f r a c t i v e  index, u n t i l  the  lack of v i s i b i l i t y  of the g l a s s  
showed t h a t  the r e f r a c t i v e  index of the l i q u i d  matched t h a t  
of t h e  g l a s s .  I n  t h i s  way, the index va lues  given above 
w e r e  confirmed. 

F igure  1 L b  a l s o  shows the t ransparency of the l a y e r s .  It  
i s  a magnified p i c t u r e  (120 X) of the i n t e r s e c t i o n  of a g r i d  
l i n e  and edge con tac t  of a c e l l .  T h e  fused g l a s s  d i d  not 
reach the edge contac t ,  and t h e  boundary i s  shown by the  
arrows. Comparison of t h e  appearance of the  evaporated g r i d  
l i n e  on e i ther  s i d e  of th i s  boundary s h o w s  t he  transparency. 
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5 . 3  T h e r m a l  Emittance Resul t s  

One of t h e  major ob jec t ives  of t h i s  work w a s  t o  e s t a b l i s h  
t h e  e f f e c t i y e n e s s  of t he  i n t e g r a l  coa t ings  f o r  thermal  
c o n t r o l  i n  space. The f a c t o r  determining t h i s  e f f e c t i v e n e s s  
is  the  thermal emit tance ( € )  , and t o  measure t h i s  q u a n t i t y ,  
convent ional  methods w e r e  adapted., D e t a i l s  of t he  method 
used, and some t y p i c a l  measurement r e s u l t s  are given i n  
Appendix I.  The four  ce l l s  best matched i n  g l a s s  t h i ckness  
from groups of e i g h t ,  w e r e  mounted on the  b r a s s  sample b locks .  

Table 2 g ives  de ta i l s  of t h e  samples used,  and Figures  1 2  
and 13 summarize t h e  experimental va lues  of the emit tance 
versus  equi l ibr ium temperature. Figure 14 shows t h e  
v a r i a t i o n  of the emittance a t  3 O o C ,  from Figures  1 2  and 13, 
p l o t t e d  a g a i n s t  the g l a s s  th ickness  covering the ce l l s .  
From t h e o r e t i c a l  p red ic t ions  ( r e fe rence  8) it w a s  expected 
t h a t  as t h e  g l a s s  th ickness  increased,  the  emit tance i n  
F igure  14 would inc rease  from the emit tance of s i l i c o n ,  
approaching asymptot ical ly  the emit tance value of the  b u l k  
g l a s s  (0.95 f o r  r e f r a c t i v e  index = 1 . 5 ) .  The  genera l  t r e n d  
i s  seen t o  be i n  agreement with expec ta t ions ,  For bo th  
c e l l  su r face  f i n i s h e s  used ,  the  t r a n s i t i o n  th i ckness  w h e r e  
t h e  g l a s s  l a y e r  had thermal p r o p e r t i e s  resembling th i ck  
l a y e r s ,  w a s  around 1 m i l .  More work i s  needed t o  exp la in  
the dev ia t ions  measured f o r  some of the t h i n n e r  l a y e r s ,  
w h i c h  gene ra l ly  showed " b u l k "  behavior  f o r  l a y e r s  t h i n n e r  
t h a n  1 m i l ,  because t h e  g l a s s  l a y e r s  used f o r  these samples 
w e r e  very c o n s i s t e n t  i n  thickness .  For example, t h i ckness  
measurements on a l l  fou r  c e l l s  used f o r  samples J, K and L 
showed the dev ia t ions  t o  be less than  -C 0 , 7 5  p f o r  a l l  
t h r e e  cases .  From the above measurements, two conclusions 
could  be drawn: (a )  the emittance of i n t e g r a l  g l a s s  l a y e r s  
w a s  comparable t o  that  observed f o r  bu lk  g l a s s  f o r  l a y e r  
t h i cknesses  g r e a t e r  t han  1 m i l ;  (b) the e m i t t a n c e  was 
p a r t l y  dependent on t h e  s i l i c o n  su r face  f i n i s h  and w a s  
a lso a f f e c t e d  by t h e  sur face  f i n i s h  of the glass. 

Conclusion (a) represented one of t h e  hoped-for o b j e c t i v e s  
i n  t h e  p re sen t  work, and showed tha t  i n t e g r a l  g l a s s  l a y e r s  
1 m i l  t h i c k  o r  g r e a t e r ,  should be adequate f o r  thermal 
c o n t r o l  i n  space.  Conclusion (b) could be exp lo i t ed  f o r  
i n t e g r a l  coa t ings ,  because the  su r face  could r e a d i l y  be 
made matte.  
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TABLE 2. D e t a i l s  of Emittance Samples U s e d .  

SAMPLE CELL CELL EXPOSED COVER SAMPLE AREA OF 
SURFACE COATING CONTACT BLOCK UNKNOWN € 

FINISH METAL ENDS ( c m 2  

a Lapped Ph-g(l)  so lde r  - - -  soldered 6.95 

A Lapped Ph-g so lde r  6 m i l s  0211 soldered 7.7 

B Lapped Ph-g so lde r  5 microns soldered 7.4 
I G - 1  (2 )  

C Lapped Ph-g so lde r  10 microns soldered 7.4 
I G -  1 

D Polished S i 0  s i l v e r  - - -  brass 7.3 

E Pol i shed  S i 0  s i l v e r  - - -  soldered 7.3 

E l  Pol i shed  None s i l v e r  - - -  soldered 7.3 

F Pol i shed  S i 0  s i l v e r  6 m i l s  0211 brass 7.7 

G Pol i shed  S i 0  s i l v e r  30 microns brass 7.7 
IG-2 (3)  

H Lapped Ph-g s i l v e r  30 microns brass 7.7 
I G -  2 

I Lapped Ph-g s i l v e r  25 microns brass 7.7 
IG-2 ( m a t t e )  

J Lapped Ph-g s i l v e r  8 microns brass 7.7 
I G -  2 

K Lapped Ph-g s i l ve r  9.5 microns brass 7.7 
I G - 2  

L Lapped Ph-g s i l v e r  14 microns brass 7.7 
I G -  2 

L1 Lapped Ph-g s i l ve r  14 microns brass 7.7 

L" Lapped Ph-g s i l ve r  9 microns brass 7.7 

I G -  2 

I G - 2  ( m a t t e )  

(1) Ph-g refers t o  an a n t i r e f l e c t i o n  c o a t i n g  of phosphosilicate 

(2)  I G - 1  i s  z i n c  alumino b o r o s i l i c a t e  glass. 
(3)  IG-2 i s  borosi l icate  glass. 

glass,  produced du r ing  d i f fus ion .  
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OPOINTS ARE FOR ZINC ALUMINO BORO- 
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I 
5.4  So la r  C e l l  C h a r a c t e r i s t i c s  

Measurement of the output  of coated s o l a r  ce l l s  y ie lded  
much information on the i n t e r a c t i o n  between the l a y e r s  and 
t h e  cel ls .  Both the g la s s  l a y e r s  and the  fus ion  cyc le  
could have adverse e f f e c t s  on c e l l  output.  Before d is -  
cuss ing  the  methods used t o  minimize these effects,  a brief 
survey of poss ib l e  e f f e c t s  i s  given., 

The characterist ics most of ten  measured on coated ce l l s  w e r e  
t h e  photovol ta ic  I - V  curve, the dark r eve r se  c u r r e n t  of the 
ce l l ,  and the s p e c t r a l  response. The  most. rea l i s t ic  l i g h t  
source used f o r  t h e  I - V  output was one reproducing space 
sun l igh t ,  and here ,  t h e  performance under the Hoffman 
So la r  Simulator w a s  the f i n a l  c r i t e r i o n ,  However, f o r  
eva lua t ing  f a b r i c a t i o n  processes,  a c o n t r o l l e d  tungs ten  
source was more convenient,  

Figure 15 shows a photovol ta ic  curve, reflected from the 
f o u r t h  t o  t h e  f irst  quadrant f o r  convenience, f o r  a s o l a r  c e l l  
a t  a f i x e d  temperature,  i l luminated by a source of f ixed  
spectrum and i n t e n s i t y .  Four p o i n t s  of i n t e r e s t  on t h i s  
curve are shown. Is, i s  the s h o r t  c i r c u i t  c u r r e n t ,  t h e  
maximum c u r r e n t  generated i n  t h e  c e l l .  Voc i s  the open 
c i r c u i t  vo l tage ,  the vol tage developed ac ross  the open ce l l  
t e rmina l s .  A t  Pmax, the maximum power po in t ,  the product 
of c u r r e n t  and vol tage  i s  a maximum. A i s  a t y p i c a l  t e s t  
po in t ,  showing the cur ren t  11 a t  a f i x e d  load vol tage  VI. 
The  va lues  of these fou r  p o i n t s  depended on the d e t a i l e d  
c e l l  p r o p e r t i e s ,  b u t  some genera l  r u l e s  a r e  given t o  showhow 
c e l l  performance, or degradation, could be evaluated from 
such curves., 

Short  C i r c u i t  Current 

The  value of Is, f o r  a cons tan t  l i g h t  source,  depended 
on the r e f l e c t i v i t y  and a c t i v e  a r e a  of the  c e l l  sur face ,  
and on the e f f ec t iveness  of c o l l e c t i o n  of the generated 
carriers,  bo th  i n  t h e  shallow N+ t o p  l aye r ,  and from the 
bulk  P-s i l icon .  T h e  N+ l aye r  depth was maintained con- 
s t a n t  by c l o s e  con t ro l  of the d i f f u s i o n  process  forming 
t h e  P N  junc t ion .  The bu lk  c o l l e c t i o n  depended on the 
mean l i f e t i m e  of the generated e l e c t r o n s ,  and the  l i fe-  
t i m e  i n  t u r n  depended on the r e s i s t i v i t y  of the 
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s i l i c o n ,  and on t h e  number of harmful trace impur i t i e s  
o r  thermal stresses introduced i n t o  t h e  s i l i c o n  during 
c r y s t a l  growth o r  d u r i n g  d i f f u s i o n .  I n  add i t ion ,  t h e  
fus ing  of a g l a s s  layer  could reduce l i f e t i m e  by 
impur i t i e s  introduced from t h e  g l a s s ,  o r  by stresses 
during cool ing,  caused by mismatch be tween t h e  g l a s s  and 
t h e  s i l i c o n ,  p a r t i c u l a r l y  s i n c e  t h e  fus ion  temperatures 
w e r e  w e l l  above the range where s i l i c o n  became p l a s t i c .  
Because t h e r e  w e r e  fewer carriers generated a t  g r e a t e r  
depths  i n  t h e  s i l i c o n ,  Isc d id  not  depend s t rong ly  on 
l i f e t i m e  u n t i l  t h i s  f a c t o r  f e l l  below 10 microseconds. 
Is, a l s o  depended on the  t ransparency of t h e  g l a s s  
coa t ing ,  and when t h e  other  causes  f o r  v a r i a t i o n  of Isc 
w e r e  known o r  removed, measurement of Isc was a s e n s i t i v e  
i n d i c a t i o n  of t h e  t ransparency of t h e  fused g l a s s  l a y e r s ,  
I n  t h i s  way, d i f f e r e n t  s l u r r y  compositions, g l a s s e s  o r  
fus ing  cyc le s  could be assessed  quick ly  from t h e  Is, 
values ,  when Is, f o r  bare  ce l l s  w a s  known. 

Open C i r c u i t  Voltaqe 

Voc depended on t h e  r e s i s t i v i t y  of t h e  bulk  s i l i c o n ,  
because t h i s  determined the Fermi  level. s epa ra t ion  
between t h e  N+ and P regions.  I f  the  shunt leakage 
c u r r e n t  ac ross  t h e  ce l l  was very h igh  (and t h i s  would 
be shown by a high dark r eve r se  c u r r e n t ) ,  Voc could be 
decreased. Voc a l s o  decreased f o r  a poor P N  j unc t ion  
c h a r a c t e r i s t i c  under forward b i a s ,  and was temperature- 
dependent, decreasing approximately 2 3 mV/°C. 

Series Resis tance 

The p o i n t s  Pmax and A, f o r  given va lues  of Is, and Voc, 
w e r e  determined l a rge ly  by t h e  t o t a l  series r e s i s t a n c e  of 
t h e  ce l l .  This  r e s i s t a n c e  had t h r e e  main components, 
t h e  meta l - s i l i con  contact  r e s i s t a n c e  a t  the back con tac t ,  
t h e  r e s i s t a n c e  a t  the t o p  su r face  con tac t s ,  and t h e  
r e s i s t a n c e  of t h e  bulk s i l i c o n .  The second t e r m  w a s  t h e  
r e s i s t a n c e  of t h e  very t h i n  shee t  of N+ s i l i c o n  modified 
by t h e  presence of metal g r i d s ,  which reduced t h e  d i s t a n c e  
c a r r i e r s  must fol low through t h e  r e s i s t i v e  shee t  layer., 
One of t h e  common conf igura t ions  f o r  a s o l a r  c e l l  i s  shown 
i n  Figure 16; t h e  t h r e e  g r i d  l i n e s  w e r e  t h i n  ( 5  t o  7 m i l s )  
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and a good compromise between low sheet r e s i s t a n c e  and 
maximum a c t i v e  area, was achieved, The  g r i d  s t r u c t u r e  
could a l s o  add two other  con t r ibu t ions  t o  the  c e l l  
r e s i s t a n c e .  T h e  r e s i s t a n c e  of the g r i d  l i n e s  could be 
appreciable ,  and although the s i l i c o n  d i r e c t l y  under the  
t o p  con tac t  w a s  h igh ly  doped, minimizing barrier formation, 
there could be non-Ohmic barriers formed by i n t e r a c t i o n  
between t h e  con tac t  metals and the c e l l  su r face  l a y e r s ,  
I n  Sec t ion  5.5 (b) it i s  shown tha t  the g l a s s  fus ion  cyc le  
could lead t o  an increased con tac t  r e s i s t a n c e  un le s s  the 
con tac t  s t r u c t u r e  was c a r e f u l l y  designed, 

Shunt Le akaqe 

The p o i n t s  Pmax and A were a l s o  a f f e c t e d  by shunt leakage. 
There w e r e  three main causes of such leakage, namely, 
incomplete removal of metal p a r t i c l e s  o r  d i s tu rbed  s i l i c o n  
around the edges of t h e  P N  junc t ion ,  pene t r a t ion  of m e t a l  
p a r t i c l e s  ac ross  the whole a r e a  of t h e  shallow N+ region, 
and c u r r e n t  generated a t  recombination c e n t e r s  i n  the space 
charge region of t h e  P N  junc t ion .  W i t h  good c leaning  
procedures, and care t o  minimize harmful impur i t ies ,  the 
t h i r d  cause could be kept s m a l l ,  and the f i r s t  cause could 
be reduced by a good edge clean-up etch. The second cause, 
pene t r a t ion  by metal  p a r t i c l e s ,  took p l ace  only a t  e l eva ted  
temperatures,  high (> 6 0 O o C )  f o r  t i t an ium and lower (400OC) 
f o r  gold. 

Spectral Response 

The  s p e c t r a l  response could show the e f f e c t i v e n e s s  of col-  
l e c t i o n  of carriers as a func t ion  of wavelength. Ear ly  
t r ia l s  i n  t h i s  work compared the s p e c t r a l  response of a 
glass-coated ce l l  and the same c e l l  w i t h  the g l a s s  removed. 

Figure 17  shows such curves. The r e l a t i v e  c e l l  response 
w a s  s i m i l a r  f o r  t h e  two cases ,  showing t h a t  there was no 
s e l e c t i v e  absorp t ion  i n  the g l a s s  l a y e r .  Therefore any 
t ransparency losses were caused by a " f l a t "  decrease i n  
t ransmiss ion  over the wavelength range of i n t e r e s t  (0 .4  t o  
1 . 2  microns) .  S i m i l a r  conclusions w e r e  drawn from the measured 
t ransmiss ion  l o s s e s  of t h i ck  sheets of the g l a s s e s  used ,  (see 
Sec t ion  5 , 6 )  although the c e l l  s p e c t r a l  response comparison w a s  
more rea l i s t ic ,  because it could r e v e a l  any unusual effects  
caused by t h e  fused l aye r s ,  
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5.5 Measured Resul t s  on C e l l s  and Contacts 

I n  t h i s  s e c t i o n  a survey i s  made of the work leading  t o  the 
p resen t  best s t a t e - o f - a r t  procedures (see Sect ion 5 . 7 ) .  

For a l l  the g l a s s e s  used, much g r e a t e r  consis tency,  and 
h igher  Isc and Voc values  w e r e  obtained when the g l a s s  w a s  
fused over the diffusion-produced phosphos i l ica te  g l a s s ,  
rather than  over t h e  ba re  N+ - s i l i c o n ,  Another s ign  of 
i n t e r a c t i o n  w i t h  the g l a s s ,  showed a s  c raz ing  of the  l a y e r  
between zinc-alumino b o r o s i l i c a t e  g l a s s  and s i l i c o n  monoxide 
coated cel ls .  The  b o r o s i l i c a t e  g l a s s e s  d i d  not  show t h i s  
effect  

It w a s  a l s o  shown tha t  no apprec iab le  change i n  Is, r e s u l t e d  
either from mechanically pol i sh ing  the f r o n t  su r f ace  of the 
g l a s s  l aye r s ,  or from the  matte su r face  formed i n  hydrof luor ic  
acid 

a) C e l l  Measurements 

A t  t h e  o u t s e t ,  s eve ra l  f a c t o r s  w h i c h  w e r e  no t  expected 
t o  vary during app l i ca t ion  of the  g l a s s  l aye r s ,  w e r e  
checked on d i f f u s e d  slices. A f t e r  f u s ing  of the g l a s s  
l aye r s ,  no s i g n i f i c a n t  changes w e r e  found i n  the sheet 
r e s i s t a n c e  of the d i f fused  NC - s i l i c o n ,  i n  the resis- 
t i v i t y  of t h e  P - s i l i c o n ,  o r  i n  the dark r eve r se  c u r r e n t  
w i t h  o r  without t i t an ium s i l v e r  con tac t s  on the back 
P - su r face .  

Minority Carrier L i f e t i m e  

Severa l  d i f f u s e d  s l ices  w e r e  divided i n t o  p ieces ,  
some p ieces  being kept  as con t ro l s ,  o t h e r s  heated 
through the fusing cyc le  w i t h  no g l a s s  and o t h e r s  
covered x i t h  fused g l a s s .  T h e  g l a s s  w a s  removed 
from the l a t t e r  samples, and a l l  three groups w e r e  
p l a t e d  on t h e  sandblasted P-s i l icon ,  masked and etched 
t o  leave  a number of N-k - p la t eaus  on the d i f f u s e d  
l aye r .  The minority carr ier  l i f e t i m e  i n  the  P - s i l i con  
was measured f o r  the plateau-diodes,  by an e lectr ical  
pu l se  recovery method. Typical  r e s u l t s  w e r e  as follows: 
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I 
D i f f u s e d  s l i c e  ( c o n t r o l )  - 14 microseconds 
Diffused s l i c e ,  hea ted  only - 1 2  microseconds 
Diffused s l i c e ,  coated w i t h  g l a s s  - 11 microseconds 

Considering the r e l a t i v e l y  severe  heat cyc le  requi red  
t o  produce g l a s s  layers  of high t ransparency,  and w i t h  
re fe rence  t o  the statement above t h a t  Isc i s  not  
s e r i o u s l y  decreased u n t i l  the l i f e t i m e  f a l l s  below 10 
microseconds, these  l i f e t i m e  measurements suggested 
t h a t  good q u a l i t y  glass l a y e r s  could be fused t o  cells  
without s e r ious  degradation of the c e l l  p r o p e r t i e s .  

Layer Build-Up Ef fec t s  

W i t h  the  zinc-alumino-borosilicate g las ses ,  a t tempts  
t o  b u i l d  up layers 2 m i l s  t h i ck , r equ i r ed  up t o  seven 
successive layers,, Although the output w a s  f a i r l y  
high, there w a s  some degradat ion f o r  the la te r  l aye r s ,  
and the chance of degradat ion during repeated fus ings  
was g r e a t l y  increased,  

W i t h  t he  b o r o s i l i c a t e  g l a s s e s ,  t h i c k e r  s i n g l e  l a y e r s  
could be f u s e d ,  and double l a y e r s  a s  th ick  a s  6 m i l s  
w e r e  formed. For one t r i a l ,  the effects of l a y e r  bu i ld-  
up could be seen f r o m  the  va lues  measured under i l lumi-  
na t ion  by 2800°K tungsten,  100 mW/cm2, w i t h  cells  a t  2 8 ° C .  

Bare c e l l  59 20 

C e l l  4- 35 microns g l a s s  54.3 19 

C e l l  -t 67 microns g l a s s  52 18 

I n  the samples used f o r  i r r a d i a t i o n  t r i a l s  (see Sec t ion  
5.61, the thicker l a y e r s  w e r e  b u i l t  up by s e q u e n t i a l  
l a y e r  fus ions .  The value of Is, a s  a func t ion  of g l a s s  
thickness  i s  given i n  Figure 18. For ze ro  g l a s s  thick-  
ness ,  the value f o r  r a d i a t i o n  ba tch  R 1 3  w a s  used. The 
advantages of the  b o r o s i l i c a t e  g l a s s  can be seen. 
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I 
U s e  of High Temperature Contacts t o  Evaluate t h e  E f f e c t s  
of G l a s s  Fusion 

Although a t  f i r s t ,  s o l a r  c e l l  f a b r i c a t i o n  method ( a )  
described i n  Section 4,4 w a s  used most, la ter  work 
used method (c )  ., T h e  h igh  temperature con tac t  s t r u c t u r e  
w a s  used on t h e  f r o n t  su r f ace  of t h e  ce l l ,  and i n  some 
cases t h e  back contact  of t i t an ium-s i lve r  w a s  p re sen t  
be fo re  g l a s s  fusion,  These con tac t s  increased  i n  series 
r e s i s t a n c e  slowly enough t h a t  a f t e r  fus ion ,  t h e  t r u e  I,, 
could s t i l l  be measured, A s  mentioned above, when t h i s  
was the  case, the parameters governing g l a s s  fus ion  
could be r a p i d l y  assessed from the c e l l  c h a r a c t e r i s t i c s ,  
t h u s  f a c i l i t a t i n g  t h e  search  f o r  optimum fus ing  con- 
d i t i o n s  

Another example of t h e  usefu lness  of t h e s e  c o n t a c t s  
could be seen i n  the  f i g u r e s  below, which show f o r  
s tandard tungs ten  i l lumina t ion ,  t h e  va lues  of Isc, Pma, 
and t h e  dark reverse  c u r r e n t  f o r  a 
b o r o s i l i c a t e  g lass ,  and then  given 
5 minute hea t ings  a t  735"C0 

S t a r t i n g  c e l l  

C e l l  ,+ g l a s s  (fused 760'6-7 man,) 

Re-etched edges 

Reheated 7353C - 5 m i n .  

Reheated 735°C - 5 min, 

Reheated 735°C - 5 mfn. 

cel.1 coated with 
t .hree a d d i t i o n a l  

= sc 
CmN 

6 0  

55,5 

55 

52.7 

53 

54,5 

The s teady decrease i n  Pmax was caused b y  

Pmax 
(mW) 

22 

20 

19.5 

18 

17.5 

16.5 

I r e v  a t  

(PA)  
-0.7 v 

10 

>500 

85 

95 

110 

140 

i nc reas ing  
series r e s i s t a n c e ,  L a t e r  t r i a l s  showed t h a t  much of 
t h i s  degradat ion could be recovered by removing the back 
c o n t a c t ,  and making a f r e s h  contac t  on t h e  re-sandblasted 
su r f  ace 
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Separate  E f f e c t s  of Heat Treatment and Glass Fusion 

Another set  of t r i a l s  compared t h e  performance of 
cel ls  which had been hea ted  through t h e  fus ion  cyc le ,  
with and without the  g l a s s ,  t o  t h e  performance of 
c o n t r o l  ce l l s  which w e r e  no t  heated. The fus ion  cyc le  
hea ted  the cel ls  t o  890°C, and cooled t o  n e a r  room 
temperature,  a l l  within 30 seconds. Two d i f f e r e n t  
c e l l  su r face  condi t ions w e r e  used. S ix  ce l l s  with a 
pol i shed  f r o n t  surface,  had t i t an ium-s i lve r  c c p t a c t s  
evaporated over a s i l i c o n  monoxide l a y e r  750 A th ick .  
T h e  o the r  s i x  c e l l s  had a lapped su r face  f i n i s h ,  and 
t h e  t i t an ium-s i lve r  w a s  evaporated over a phospho- 
s i l i c a t e  g l a s s  a n t i r e f l e c t i n g  f i lm.  The back c o n t a c t s  
w e r e  appl ied,  and the ce l l s  w e r e  etched. Although the 
s i l i c o n  moncxide coa t ing  allowed an increase  i n  series 
r e s i s t a n c e ,  t h e  Isc values  could s t i l l  be compared. 
The r e s u l t s ,  averaged f o r  two c e l l  groups, a r e  given 
i n  Table 3.  The degradat ions are t y p i c a l  of t hose  
observed on t h e  b e s t  ce l l s  produced i n  t h i s  work, and 
t h e y  are i n  q u a l i t a t i v e  agreement w i t h  the  l i f e t i m e  
degradat ion observed under s i m i l a r  condi t ions .  T h e  
s i l i c o n  monoxide coated, po l i shed  cel ls  had lower Is, 
va lues  under tungsten,  b u t  had comparable va lues  under 
t h e  s imulator .  This was a l s o  t h e  case f o r  ce l l s  
without covers  and supported the  v i s u a l  impression t h a t  
t h e  t ransparency of t h e  fused  coa t ings  was good enough 
t o  allow the  c e l l  coa t ings  t o  r e t a i n  the e f f e c t i v e n e s s  
they  had without covers.  

E f f e c t  of Fusinq Temperature 

A good example of t h e  combination of high temperature 
con tac t s ,  and fusion cyc le s ,  i s  given by measurements 
on t h r e e  c e l l s ,  a l l  w i t h  a lapped f i n i s h  wi th  
phosphos i l ica te  glass coa t ing .  T h e  maximum fus ion  
temperatures  were 890°C, 9 2 0 ° C  and 958°C f o r  ce l l s  
1, 2 and 3 r e spec t ive ly ,  and i n  each case t h e  cyc le  w a s  
completed wi th in  30 seconds. Figure 19  shows I-V curves 
under both  tungsten and t h e  s o l a r  s imulator .  The h igher  
fus ion  temperatures increased  IscJ and a l s o  decreased 
t h e  series r e s i s t ance ,  which was measured t o  be 1.4 ohms 
f o r  c e l l  1 and 1 . 2  ohms f o r  bo th  c e l l s  2 and 3. 
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TABLE 3.  Separate  Ef fec t s  of H e a t  Treatment 
and Glass Fusion. 

C e l l  Treatment Is, Degra- Isc Degra- 
Surf ace (Tungsten, d a t i o n  (Solar  d a t i o n  

Preparation 100 mW/cm2) From S i m u  1 a t  o r ,  From 
Control  140 mW/cm2) Control  

~ ~ 

-- 74.5 mA -- 

S i l i c o n  Heated 55 mA 6% 70 mA 6% 

G l a s s  53 mA 9.5% 65 mA 13% 
Coated 

Pol ished Control  58.5 mA 
+ 

Monoxide 

-- Lapped Control 6 1  mA -- 74 mA 

Phospho- Heated 58.5 mA 4% 7 1  mA 4% 
+ 

s i l ica te  
G l a s s  G l a s s  

Coated 55 mA 1 0% 66 mA 1 1% 
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I 
Transparency of Fused Glass  Layers 

I n  a d d i t i o n  t o  comparisons w i t h  c o n t r o l  cel ls ,  another  
tes t  of the f u s e d  g l a s s  l a y e r  w a s  p o s s i b l e .  I n  th i s ,  
the c e l l  was coated w i t h  g l a s s  and i t s  photovol ta ic  
characterist ics measured. Next, the g l a s s  l a y e r  w a s  
d i s so lved  o f f  using hydro f luo r i c  acid, and the  c e l l  
w a s  coated w i t h  a t r a n s p a r e n t  organic  m a t e r i a l ,  o f t e n  
t h e  adhesive u s e d t o  hold  g l a s s  covers .  T h e  r e f r a c t i v e  
indexes of these materials and the g l a s s  w e r e  almost 
equal ,  ensuring i d e n t i c a l  r e f l e c t i v e  l o s s e s  f o r  the 
two cases. Any increase i n  c u r r e n t  f o r  the  adhesive 
coa ted  cel ls  ind ica ted  a lack of t ransparency  i n  the  
g l a s s ,  because the  adhesive w a s  known from s e p a r a t e  
measurements, t o  have h igh  t ransmiss ion .  Ear ly  tests 
of t h i s  t ype  w i t h  z inc  alumino b o r o s i l i c a t e  glass showed 
up t o  12% decrease i n  t ransparency  and t h i s  w a s  one 
s t rong  incen t ive  t o  seek more t r a n s p a r e n t  g l a s s e s .  
The d i f f e r e n c e s  introduced by the b o r o s i l i c a t e  glass 
w e r e  less t h a n  2%, i n d i c a t i n g  tha t  the l o s s e s  caused 
by f u s i n g  l a y e r s  of these g l a s s e s  w e r e  l a r g e l y  the 
r e s u l t  of degradation i n  the c e l l  i t s e l f .  These 
r e s u l t s  w e r e  supported by tes t s  of the output f r o m  a 
f i n e  l i g h t  spo t  moved a c r o s s  the c e l l  over reg ions  
w i t h  and without g l a s s .  

Besides s p e c t r a l  t ransmiss ion  tes t s  of sl ides (see 
Sec t ion  5.6), a quick assessment of the t ransparency  
of s l ices  of the g l a s s e s  used, w a s  obtained by 
measuring the output of a s m a l l  a r e a  s o l a r  cel l ,  first 
bare, and t h e n  covered by the g l a s s  sl ice,  I n  t h i s  
way, t h i ck  s l ices  w i t h  po l i shed  faces, and t h i n  fused 
l a y e r s  w h i c h  had been removed c a r e f u l l y  (see Sec t ion  
5.2), were measured. Thick samples of z inc  alumino 
b o r o s i l i c a t e  g l a s s ,  b o r o s i l i c a t e  g l a s s ,  and micro- 
sheet g l a s s  gave i n s e r t i o n  l o s s e s  (under s imula tor  
i l l umina t ion )  of 10.5%, 6.5% and 5% r e s p e c t i v e l y .  

The r e f l e c t i o n  losses ,  estimated from the r e f r a c t i v e  
indexes w e r e  5.3%, 3 . 6 %  and 4 . 5 % .  T h i s  l e f t  t r a n s -  
mission l o s s e s  of 5%, 3% and 0.5% r e s p e c t i v e l y  f o r  the 
three g la s ses .  
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Another t e s t  (under tungsten i l l umina t ion ]  compared 
t h e  i n s e r t i o n  lo s ses  of a t h i c k  ( 2 0  m i l )  s l i de  of 
b o r o s i l i c a t e  glass wi th  those of a t h i n  (1 m i l )  fused 
l aye r  of t h e  same g l a s s .  The  t h i n  s l i d e  w a s  7% less 
t r anspa ren t ,  and t h i s  q u a l i t a t i v e l y  agreed with t h e  
decreased Isc values  on coated ce l l s .  

Wraparound Contacts 

One con tac t  conf igura t ion  used w a s  t h e  'wraparound" 
type,  w h e r e  t h e  d i f fused  N-k l a y e r  was continued around 
t o  t h e  bottom of the s l i c e ,  and t h e  con tac t s  t o  both  
N-F and P regions w e r e  made on t h e  bottom su r face ,  
This  allowed t h e  e n t i r e  t o p  l a y e r  t o  be coated with 
b o r o s i l i c a t e  g l a s s .  Although t h e  curve shape was not  
good, t h e  f i n a l  e l e c t r i c a l  r e s u l t s  w e r e  promising, 
Under tungs ten  i l lumina t ion ,  Is, w a s  59 mA f o r  t h e  
c e l l  be fo re  coa t ing ,  and 55 mA for t h e  coated c e l l ,  
The Pmax va lues  w e r e  18,5 mW and 17,s mW r e s p e c t i v e l y ,  

T e s t s  wi th  Thick S l i d e s  of Glass 

Thick ( 2 0  m i l )  s l i d e s  of b o r o s i l i c a t e  g l a s s  w e r e  
formed, and were bonded t o  t h e  cel ls ,  e i t h e r  by d i r e c t  
fus ion ,  or  by using a t h i n  prefused l aye r  of s l u r r y  
conta in ing  a s i m i l a r  g l a s s ,  I n  the former case, t h e  
loss i n  putput  was lower, b u t  t h e  adhesion w a s  l i m i t e d  
t o  a few regions of t h e  cover and was l a r g e l y  between 
t h e  g r i d  l i n e s  and cover,  The adhesicn with t h e  g l a s s  
"so lder" ,  was good, 

Typical values  of Is, and Pma, for t h e  two eases  
under s imulator  i l lumina t ion ,  w e r e  65 mA, 18 mW and 
57 mA, 15  mW. The low Is, value for t h e  so lde r  case 
was not  expected. I n  both  in s t ances ,  some of t h e  power 
loss w a s  c a u s e d  by increased series r e s i s t a n c e ,  t h e  
r e s u l t  of t h e  longer hea t ing  needed f o r  t h e  increased  
mass of g l a s s  involved, 
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b) Contact Measurements 

The evolu t ion  of compatible c o n t a c t s  described i n  Sec t ion  
4.6 w a s  an important s t ep  forward in t h i s  work, H e r e ,  
some of t h e  con tac t  t r i a l s  are described, 

Deep Diffused Regions Under t h e  Top Con%,acts 

Ear ly  t r i a l s  of c e l l s  wi th  a junc t ion  depth of s e v e r a l  
microns showed no shor t ing  caused by contact metal  
pene t r a t ion  during two fus ion  cyc le s  of 7 3 O o C  - 5 minutes, 
This  supported t h e  concept of using deep d i f f u s e d  a r e a s  
under t h e  f r o n t  con tac t s ,  A s  mentioned, such a s t r u c t u r e  
w a s  made successfu l ly ,  The process  s t e p s  w e r e  a deep 
N-t d i f f u s i o n  ( 2  microns) i n t o  P-sLlicon, masking t o  
cover t h e  requi red  contact  a r e a ,  e tch ing  t o  remove the 
rest of t h e  Nd- l ayer ,  re-diffusang t o  give the  usua l  
shallow N+ l a y e r ,  r e - r e g i s t e r i n g  evaporated con tac t s  
over the deep d i f fused  reg ions ,  and coa t ing  wi th  g l a s s ,  
The best cel ls  obtained t h u s ,  in tungs ten ,  had Is, == 

5 1  mA and Pmax L- 1 7  mW. 
p o s s i b i l i t y  of lowered l i f e t i m e  because of t h e  double 
d i f f u s i o n  cyc le ,  and i n  t he  r e - r e g i s t r a t i o n  of the g r i d s ,  
However, t h e r e  is s t i l l  a need f o r  more work i n v e s t i g a t i n g  
some of t h e  obvious a l t e r n a t e  ways t o  produce t h i s  
s t r u c t u r e .  

The  main problems w e r e  i n  the 

High Temperature Contacts 

The most convenient con tac t  method, a s  mentioned, w a s  t o  
leave a t h i n  d i e l ec t r i c  l aye r  between the t i t a n i u m  and 
t h e  s i l i c o n .  Some of t h e  r e s u l t s  descr$bed i n  the f i rs t  
p a r t  of t h i s  sec t ion  showed t h a t  a 750 A f i l m  of s i l i c o n  
monoxide gave f a i r  r e s u l t s ,  b u t  w a s  not completely 
s a t i s f a c t o r y .  W i t h  t h i c k e r  s r l i c o n  monoxide l a y e r s  t h e r e  
w a s  less m e t a l  pene t ra t ion ,  b u t  the  ant iref l e c t i n g  
p r o p z r t i e s  of these  f i l m s  w e r e  much i n f e r i o r  t o  t h e  
750 A l a y e r .  

A hybrid s t r u c t u r e  i l l u s t r a t i n g  t h a t  t h e  g l a s s  could be 
appl ied  t o  any of t h e  present-day s i l i c o n  s o l a r  c e l l  
sur faces ,  gave good r e s u l t s ,  H e r e ,  ~n c o n t r a s t  t o  m o s t  
slices used,  which had a lapped f i n i s h ,  w i t h  t h e  
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phosphos i l ica te  g l a s s  coa t ing ,  some mechanically 
pol i shed  P - s l i ce s  were given t h e  usua l  phosphorus 
d i f f u s i o n .  The f ron t  con tac t s  w e r e  evaporated over 
t h e  phosphos i l ica te  g l a s s ,  and a mask was appl ied  t o  
cover t h e s e  contac ts .  The remaining phosphos i l ica te  
g l a s s  w a s  removed by hydrof luor ic  acid, and t h e  c e l l  
w a s  coated wi th  750 of s i l i c o n  monoxide,’ and a l aye r  
of b o r o s i l i c a t e  g l a s s  w a s  fused over t h e  c e l l ,  The 
best e lec t r ica l  r e s u l t s  w e r e  promising, Under 

Under s imula tor  i l lumina t ion  Isc bncreased t o  68 mA, 
again i l l u s t r a t i n g  t h a t  t h e  g l a s s  l a y e r s  maintained 
t h e  f u l l  e f f e c t s  of t h e  a n t i r e f l e c t i n g  coa t ings  s i n c e  
t h i s  enhanced r a t i o  of ~ ~ ~ ~ ~ ~ ~ g r  c u r r e n t  i s  found a l s o  
on pol i shed  cel ls  with s i l i c o n  monoxide coa t ings ,  w i th  
no g l a s s  appl ied .  

tungs ten  i l lumina t ion ,  Is, = 54 mA, Pma, 7 2 0  mW. 

Measurement of Contact R e s  1 s tance  

Some measurements w e r e  made on t h e  high temperature con- 
t ac t s  alone, Three conf igura t ions  w e r e  used t o  measure 
t h e  con tac t  r e s i s t a n c e  between t h e  t i t an ium-s i lve r  
con tac t s ,  and e i t h e r  t h e  10 ohm-cm P-sibicon o r  t h e  
d i f fused  N+ - s i l i c o n ,  a s  a func t ion  of repeated h e a t  
cyc le s ,  P-s i l icon  blanks,  10 ohm-cm r e s i s t i v i t y  w e r e  
evaporated on both s i d e s  with t i tansum-salver  , which 
w a s  f i r e d  a t  6LOoC. 

Also some 1 ohm-cm N-si l icon s l ices  w e r e  d i f f u s e d  wi th  
phosphorus, and divided i n t o  two lots, One l o t  had 
t h e  phosphosilacate g l a s s  removed, t h e  o the r  lot 
r e t a i n e d  t h i s  g l a s s .  Titanaum-silver was evaporated 
onto both  s i d e s  and f i r e d  a t  610°C, A l l  s l ices w e r e  
given an edge e t c h  t o  remove leakage pa ths ,  and t h e  
t o t a l  series r e s i s t a n c e  perpendicular  t o  t h e  l a r g e  
f aces  of t h e  s l i c e s ,  was measured by p l o t t i n g  I-V 
curves.  Checks of t h e  r e s i s t a n c e  with t h e  vo l t age  
p o l a r i t y  reversed showed no curva ture  i n  t h e  I-V curves,  
suggest ing t h a t  t h e  con tac t s  w e r e  Ohmic, and w e r e  
symmetrical. This l a s t  f a c t  was used  t o  de r ive  t h e  
con tac t  r e s i s t a n c e  f o r  one su r face  by ha lv ing  t h e  t o t a l  
r e s i s t a n c e  measured., The s l ices  were given a series 
of i d e n t i c a l  hea t  t rea tments  (77’0°C - 7’ minutes ) ,  and 
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a f t e r  each treatment t h e  contact  r e s i s t a n c e  was 
measured (see Figure 2 0 )  Although t h e  ind iv idua l  
r e s i s t a n c e  va lues  were d i f f e r e n t ,  t h e  genera l  p a t t e r n  
w a s  s i m i l a r  f o r  each type of c o n t a c t ,  For t h e  metal  
t o  N+ - con tac t  w i t h  t h e  phosphos i l fca te  g l a s s ,  t h e  
r e s i s t a n c e  decreased a f t e r  t h e  f i r s t  h e a t  t reatment ,  
and then  increased,  tending t o  s a t u r a t e ,  For t h e  
m e t a l  t o  P-s i l icon  contac t  t h e  r e s i s t a n c e  increased 
r a p i d l y  from t h e  first hea t ing  c y c l e ,  again tending 
t o  l e v e l  out .  These measurements confirmed t h e  
hypothesis  descr ibed i n  Sec t ion  4 , 6  of t h e  mechanism 
underlying the high temperature f r o n t  c o n t a c t ,  The 
measurements on the m e t a l  t o  P - s i l i con  suppl ied  good 
r e a m n  why t h e  back contac t  should not  be appl ied  
u n t i l  a f t e r  t h e  g l a s s  w a s  fused,  Three o the r  
observat ions were of i n t e r e s t ,  

F i r s t ,  f o r  the  metal t o  N S  - s i l i c o n  w i t h  t he  phos- 
p h o s i l i c a t e  g l a s s  removed, t h e  s t a r t i n g  r e s i s t a n c e  
was lower than  the  r e s i s t a n c e  of the b u l k  s a l i con ,  
Second, it w a s  only when t h e  t i t an ium-s i lve r  was 
i n  con tac t  with t h i s  phosphos i l ica te  g l a s s  t h a t  t h e  
slices showed s igns of d i s c o l o r a t  i on  probably caused 
by i n t e r a c t i o n  between t h e  t i t an ium and the d i f f u s i o n  
g l a s s .  Third,  a f te r  s e v e r a l  h e a t  t r ea tmen t s ,  when 
t h e  s l ices  w i t h  high r e s i s t a n c e  w e r e  soldered,  no 
apprec iab le  change i n  r e s i s t a n c e  was observed, showing 
t h a t  t h e  increased r e s i s t a n c e  was azot caused by poor 
contac t  between t h e  measuring probes and the  meta l l ized  
su r f  aces  

5.6 P a r t i c l e  I r r a d i a t i o n  

Using t h e  e l e c t r o n  acce le ra to r  and f a s i l  Fties at Space 
Technology Laborator ies ,  two i r r a d i a t i o n  t r i a l s  w e r e  c a r r i e d  
out  a 

I r r a d i a t i o n  of Sl ides  

I n  t h e  f i rs t  t r i a l ,  some t r anspa ren t  s l i d e s  had t h e i r  t r a n s -  
mission measured using a monochromator, w e r e  i r r a d i a t e d  wi th  
5 x 1015 1 Mev e l ec t rons  pe r  cm2, and t h e  t ransmission was 
measured again.  The samples w e r e  of fou r  types,  6 m i l  micro- 
shee t  (0211 g l a s s )  w i t h  evaporated f i l t e r  l a y e r s ,  30 m i l  
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NUMBER OF HEATING CYCLES (770°C-7  MINI 
FIGURE 20 (a)  - CONTACT RESISTANCE VS. NUMBER OF HEATING CYCLES 
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c l e a r  fused quar tz ,  30 m i l  c l e a r  fused  qua r t z  w i t h  a s i n t e r e d  
l aye r  1/2 m i l  t h i c k  of zinc alumino b o r o s i l i c a t e  g l a s s ,  and 
a 13 m i l  po l i shed  s l ide  of t h i s  same g l a s s ,  The  r e s u l t s  of 
t h e s e  measurements a r e  shown i n  Figure 21, The t ransmiss ion  
l o s s e s  i n  the  f i r s t  t h r e e  samples w e r e  l o w  ( 2  t o  3%) b u t  
t h e  s l ide  of t he  i n t e g r a l  g l a s s  degraded considerably (1o”k), 
T h i s  was another of the reasons f o r  changing t o  b o r o s i l i c a t e  
g l a s ses .  

I r r a d i a t i o n  of C e l l s  

The second t r i a l  w a s  more comprehensive. It w a s  designed 
t o  compare t h e  r a d i a t i o n  r e s i s t a n c e  of s e v e r a l  v a r i a n t s  
of i n t e g r a l l y  coated cel ls  with t h a t  of a number of c o n t r o l  
batches.  
and t h e  ce l l s  w e r e  s p l i t  i n t o  two groups f o r  s epa ra t e  
i r r a d i a t i o n .  The  consis tency of the r e s u l t s  on the two 
groups showed t h a t  t h e  acce le ra to r  dosage was w e l l  c o n t r o l l e d ,  
T h e  ba tches  of three cel ls  are i d e n t i f i e d  i n  Table 4,  Batches 
R 1  t o  R5 w e r e  c o n t r o l s  using t h e  two present-day forms of 
N/P cel ls ,  b a r e  and w i t h  conventional cover s l ldes ,  Batches 
R6  t o  R 8  and R9  t o  R11 a l l  had high temperature con tac t s ,  and 
tested t h e  e f f e c t  of increas ing  the th ickness  of z inc  alumino 
b o r o s i l i c a t e  g l a s s  or  b o r o s i l i c a t e  g l a s s  r e s p e c t i v e l y ,  R8 
and R 1 1  included samples of m a t t e  g l a s s  coa t ings ,  R12 w a s  a 
t r i a l  of t h i ck  b o r o s i l i c a t e  g l a s s  sl ides,  f u s e d  direct ,  o r  
using g l a s s  so lde r .  R13 w a s  i n c l u d e d  t o  f i n d  m y  r e a c t i o n  
between the g l a s s  fusion c y c l e  only, and i r r a d i a t i o n .  R 1 7  
w a s  l i k e  R13, with a cover s l i de  added, On R14 to R16 the 
g l a s s e s  w e r e  fused before  p l a t e d  con tac t s  w e r e  added, A l l  
ce l l s  w e r e  made with t h e  same d i f f u s i o n  schedule,  from P- 
s i l i c o n  i n  the r e s i s t i v i t y  range 8-12 oh-cm,  During 
p repa ra t ion  and measurement of the samples the e f f e c t i v e n e s s  
of t h e  s l u r r y  con t ro l ,  and the conclusions above regarding 
t h e  s i m i l a r  s p e c t r a l  response w i t h  and without g l a s s  l a y e r s ,  
w e r e  confirmed. 

The dosage w a s  2 x lOl5 l Mev e l e c t r o n s  per  c m 2 ,  

Before and a f t e r  i r r a d i a t i o n ,  I-V curves f o r  a l l  t h e  ce l l s  
w e r e  traced under both  s imulator  and tungs ten  i l lumina t ion ,  
and t h e  s p e c t r a l  response of one cell. f n  each ba tch  was 
measured. There w a s  good consis tency of bo th  sets of 
measurements wi th in  each ba tch ,  The averaged s imulator  Is, 
va lues  are given i n  Table 5 ,  and a l s o  i n  Figure 2 2 ,  The 
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TABLE 4. Pa r t i c l e  I r r ad ia t ion  S a m p l e s  

G r o u p  C e l l  Contacts a/r Cover D e t a i l s  
Surface Coating 
F in i sh  Front  B a c k  On C e l l s  

R 1  

R 2  

R 3  

R 4  

R 5  
R 6  

R 7  

R 8  

R 9  

R 1 0  

R 1 1  

R 1 2  

R 1 3  

R 1 4  

R 1 5  

R 16 

R 1 7  

Lapped 

Polished 

Lapped 

Polished 

Pol ished 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

Lapped 

A u - N i  

T i - A g  

A u - N i  

T i - A g  

T i - A g  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

H i g h  T e m p  

A u - N i  

A u - N i  

A u - N i  

H i g h  T e m p  

A u - N i  

T i - A g  

A u - N i  

T i - A g  

T i - A g  

T i - A g  
T i - A g  

T i - A g  

T i - A g  

T i - A g  

T i - A g  

T i - A g  

T i - A g  

A u - N i  

A u - N i  

A u - N i  

T i - A g  

Ph-g N o n e  

S i 0  N o n e  

Ph-g 6 m i l  0 2 1 1 ( 7 )  

si0 6 m i l  0 2 1 1 ( 7 )  

S i 0  

Ph-g 9 m i c r o n s  I G - ~ ( ~ )  

Ph-g 20  m i c r o n s  I G - 1  

Ph-g 35 m i c r o n s  I G - 1  

20 m i l  q u a r t z  ( 2 )  ( 7 )  

Ph-g 14.5 m i c r o n s  I G - 2  ( 4 )  

Ph-g 25 m i c r o n s  I G - 2  

Ph-g 73 m i c r o n s  I G - 2  

Ph-g 20 m i l s  I G - 2  

Ph-g N o n e  ( 5 )  

Ph-g 16 m i c r o n s  I G - 1  (6) 

Ph-g 38 m i c r o n s  I G - 2  ( 6 )  

Ph-g 14 m i c r o n s  I G - 2 ( 6 )  

Ph-g 6 m i l  0 2 1 1 ( 5 )  

N o t e s :  (1) Ph-g refers t o  phosphosilicate glass.  
( 2 )  I n c o m p l e t e  cover, bare areas .05 c m 2  along each long edge. 
( 3 )  I G - 1  w a s  z i n c  a l u m i n o  borosi l icate  glass .  
(4)  I G - 2  w a s  borosil icate glass. 
( 5 )  Taken through fus ion  cycle. 
( 6 )  C o n t a c t s  p la ted  through etched s l o t s .  
( 7 )  The  f i l t e r s  used w e r e  OCLl 207 SCC 400-2, w i t h  400 m i l l i -  

m i c r o n  c u t - o f f ,  and an t i r e f l ec t ive  coa t ings .  
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TABLE 5. Values of I,, Before and Af ter  Elec t ron  I r r a d i a t i o n .  

Radiat ion Isc, Solar  Simulator (mA) % 
Batch Before A f t e r  Decrease 

R 1  

R2  

R3 

R4 

R5 

R6 

R7 

R 8  

R9 

R10 

R 1 1  

R 1 2  

R13 

R14 

R15 

R16 

R 1 7  

70.8 

71.3 

69.8 

70.7 

71,O 

61.7 

56.6 

49.6 

64.4 

62.4 

56.9 

56 

71.7 

54.6 

59.6 

57,2 

7 1  

56.7 

56.3 

54.4 

52.5 

56 

49.9 

46 

39.7 

52,8 

51.5 

45.7 

43 1 

59.1 

44.7 

48.6 

45.5 

55.4 

20 

2 1  

22  

25.5 

2 1  

19 

19  

20 

18 

17.5 

19 ,5  

23 

17.5 

18 

18 ,5  

20.5 

22  
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changes i n  r e l a t i v e  response followed a s i m i l a r  p a t t e r n ,  
i nd ica t ed  i n  Figure 23 ,  and t h e  va lues  of response a t  t h e  
four  p o i n t s  shown a r e  l i s t e d  i n  Table 6 ,  

The conclusion from t h i s  t r i a l  w a s  t h a t  t h e  degradat ion 
during i r r a d i a t i o n  w a s  very s i m i l a r  f o r  a l l  ba tches ,  and 
t h e r e f o r e  t h e r e  w a s  no apparent c o r r e l a t i o n  between t h e  
r a d i a t i o n  r e s i s t a n c e  and cover th ickness  

Anomalous I - V  Curves 

Some i n t e r e s t i n g  p o s t - i r r a d i a t i o n  tests arose from t h e  
observat ion t h a t  a f t e r  i r r a d i a t i o n ,  t h e  I - V  curves  i n  
some of t h e  ba tches  had a change of curva ture  towards the 
Voc region.  The ba tches  showing t h e  e f f e c t  w e r e  R 6  t o  R 1 3  
and R 1 7 ,  al though not  a l l  ce l l s  i n  t h e s e  batches showed t h e  
s a m e  degree of curvature .  Examples of t h e  worse cases a r e  
seen i n  curve ( 2 )  i n  Figures 2 4  and 25.  Curve ( 2 )  i n  
Figure 26  i s  t y p i c a l  of the  curves f o r  ce l l s  not  showing 
t h e s e  unusual curves.  The only common l i n k  i n  ce l l s  
e x h i b i t i n g  t h i s  e f f e c t  was the s a m e  combination of con tac t s ,  
namely high temperature con tac t s  on the f r o n t ,  and the 
u s u a l  t i t an ium-s i lve r  contac ts  on t h e  back, bo th  c o n t a c t s  
being p resen t  while t h e  c e l l s  w e r e  heated through the fus ing  
cyc le .  During t h i s  cycle,  t h e  g l a s s  w a s  not  always p re sen t  
( ego  f o r  R 1 3  and R 1 7 )  and i n  add i t ion  the  i n t e g r a l  g l a s s e s  
could not  be blamed because ba tches  R 1 4  t o  R 1 6  had these 
g l a s s e s  b u t  d i d  not have anomalous curves.  Shelf-aging was 
e l imina ted  as a cause s i n c e  s i m i l a r  c e l l s  made a t  the  same 
t i m e ,  b u t  no t  i r r a d i a t e d ,  d id  not  show such curves.  

T h e  usua l  p o s t - i r r a d i a t i o n  curve w a s  recovered when the  
back con tac t s  of t h e  anomalous ba tches  w e r e  removed ( they  
w e r e  found t o  have very low adhesion) ,  and w e r e  rep laced  
by p l a t e d  con tac t s  (see Figure 2 4 ) ,  The  s l i g h t  reduct ion  
i n  Isc was expected from the decreased a rea  a f t e r  re-etching,  
I f  t h e  back contac t  w a s  replaced by t i t an ium-s i lve r  con tac t s ,  
evaporated and f i r ed ,  not only was t h e  anomalous curve shape 
cor rec ted ,  b u t  a l s o  t h e  c e l l  recovered almost t o  i t s  pre- 
i r r a d i a t i o n  l e v e l  (Figure 2 5 ) .  A conventional i r r a d i a t e d  ce l l  
( B a t c h  R 2 )  wi th  no contact  change was f i r e d  a t  6 0 5 ° C  f o r  
5 minutes, and a l s o  showed almost complete recovery (Figure 2 6 )  
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TABLE 6.  Values of Relat ive Response a t  Two Wavelengths 
f o r  Radiation Batches 

Percentage Percentage 
Radiation A t  0.5 micron A t  1 . 0  micron 

Batch B A B '  A '  

R 1  

R2 

R3 

R4 

R5 

R6 

R7 

R 8  

R9 

R10 

R 1 1  

R13 

R14 

R15 

R16 

R 1 7  

43 

51  

46 

47 

47 

36 

34 

29 

38 

36 

35 

41  

38 

42 

37 

40 

57 

63 

57 

60 

62 

46 

47 

39 

48 

50 

45 

53 

48 

54 

48 

48 
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79 

90 

8 2  

81 

81 

84 

85 

85 

81 

80 

8 2  

80 

83 

85 

8 2  

7 8  

33 

29 

36 

24 

29 

40 

40 

40 

36 

36 

37 

36 

38 

33 

36 

36 
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I n  l a te r  work the back contact  w a s  appl ied  a f t e r  g l a s s  
fusion,  and batches R3 t o  R5  w h i c h  had t h i s  type  of con tac t  
d id  not  show these e f f e c t s .  Therefore the unusual post  
i r r a d i a t i o n  I - V  curves could be avoided by changing the 
back con tac t .  However, although t h e s e  curves could be 
avoided, the ques t ion  remained as t o  the i r  cause during 
i r r a d i a t i o n .  I f  spike heat ing w a s  pos tu l a t ed ,  it i s  hard 
t o  see why some of t h e  other  batches,  p a r t i c u l a r l y  those  
conta in ing  p l a t e d  cel ls ,  d i d  not  a l s o  d e t e r i o r a t e  i n  curve 
shape. 

It i s  of i n t e r e s t  t h a t  w i t h  t i t an ium-s i lve r  con tac t s ,  the 
i r r a d i a t i o n  degradat ion could be recovered by a s i n g l e  
f i r i n g  a t  605OC f o r  5 minutes, 
added v e r s a t i l i t y  t o  damage-annealing s t u d i e s ,  I f  anneal ing 
of h igh ly  damaged cel ls  should be requi red ,  the  f r o n t  c o n t a c t s  
developed i n  t h i s  work should allow the  use of more severe 
annealing cyc les .  

T h i s  type  of contac t  has  

I n  summary, although t h e  bare ce l l s  compared better than  
expected, a t  least  the  i n t e g r a l  g l a s s  coa t ings  d i d  not 
introduce any adverse i r r a d i a t i o n  degra t ion .  I n  f u t u r e  
s t u d i e s ,  f o r  reasons given below i n  Sec t ion  7, the  emphasis 
should be on the p ro tec t ion  given by these coa t ings  aga ins t  
damage by low energy protons.  

5 . 7  State O f  A r t  Samples 

Towards the  end of the  con t r ac t ,  100 ce l l s  made w i t h  the 
best s t a t e  of a r t  w e r e  de l ivered  t o  NASA, The detai ls  
agreed on f o r  t h e i r  f a b r i c a t i o n  now fol low,  The cel ls  w e r e  
made from lapped and l i g h t l y  etched P-s i l icon ,  8-12 ohm c m ,  
w i t h  a phosphorus d i f fused  l aye r  0 , 3  microns deep. The  
phosphos i l ica te  g l a s s  was l e f t  i n  p l ace  and t i t an ium-s i lve r  
con tac t s  w e r e  made t o  the  f r o n t  su r f ace ,  B o r o s i l i c a t e  g l a s s  
of th ickness  2 5  microns, w i t h  dev ia t ions  s p e c i f i e d  t o  be 
less than  k 5 microns i f  poss ib l e ,  w a s  fused t o  the cells., 
T h e  back su r face  was then sandblasted,  a t i t an ium-s i lve r  
con tac t  w a s  evaporated and f i r ed - in ,  and the ce l l s  w e r e  
etched. 
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Approximately 150 s l i c e s  w e r e  processed, and t h e  y i e l d  
obtained was very s a t i s f a c t o r y ,  90% be ing  above 8,5% AMO* 
and 65% w e r e  above 9,5% AMO. The 100 ce l l s  s u b m i t t e d  w e r e  
chosen f o r  good ove r -a l l  appearance and complete g l a s s  
coverage, and with good e l e c t r i c a l  characterist ics,  Of 
t h e s e  submitted cel ls ,  75 were above 9,5% AMO, and t h e  
measured spread of t h e  I - V  curves of t h i s  75% i s  given i n  
Figure 27 .  The simulator Is, values  w e r e  g r e a t e r  than  
64 mA f o r  90 of t h e  c e l l s  submitted, and ranged up t o  69 mA. 
The t y p i c a l  value of series r e s i s t a n c e  w a s  1,4 ohms k 0,2  
ohms, compared t o  0 ,9  3. 0 . 2  ohms f o r  c o n t r o l  ce l l s  made i n  
t h e  conventional way. This increased series resistance 
accounted f o r  some of t h e  loss of power output., b u t  a s  
mentioned above, improved f r o n t  con tac t  design should inc rease  
t h e  output power. On each t e n t h  c e l l  i n  t h e  100 f i n a l  samples, 
t h e  g l a s s  th ickness  w a s  measured, and t h e  measurements a r e  
shown i n  Figure 28 .  The th ickness  c o n t r o l  i s  seen t o  be 
w e l l  w i th in  t h e  t a r g e t  spread, 

Figure 29 shows a c e l l  l i k e  those  used f o r  t h e  s t a t e  of a r t  
samples. I n  t h i s  case ,  only t h e  c e l l  t o  t h e  l e f t  of t h e  
arrows was covered with g l a s s ,  and on t h i s  s i d e  t h e  good 
t ransparency,  and some of t h e  drying p a t t e r n s  can be seen. 
The g l a s s  l a y e r  stopped s h o r t  of t h e  edge con tac t  ( l i k e  t h e  
sample shown i n  Figure L l ( b ) ,  b u t  i n  p r a c t i c e ,  t h e  g l a s s  
l a y e r  could be continued up t o  tnis con tac t ,  

* This  means t h e  cell. had conversion e f f ic i . ency  := 8,5% under 
simulated sun l igh t ,  a i r  mass zero ,  
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6.  ASSOCIATED TOPICS 

Al t e rna t ive  G l a s s  Application Methods 

Two methods, o the r  than  the c e n t r i f u g e  method descr ibed 
above, w e r e  t r i ed  f o r  deposi t ing g l a s s  powder onto sl ices.  
The f irst  method sprayed s l u r r y  over the s l ices  using an 
a i r  gun. I n  t h i s  way f a i r  glazed s l ices  w e r e  obtained 
b u t  there was much g l a s s  powder wasted, and a l s o  the  f o r c e  
of the stream of s l u r r y  dislodged g l a s s  powder a l ready  i n  
p l ace  on t h e  s l ice .  I n  the second method, a high e lec t r ic  
f i e l d  w a s  appl ied  between the s l ice  and a metal  e l ec t rode ,  
bo th  immersed i n  a s l u r r y ,  P o t e n t i a l s  up t o  3 KV w e r e  used  
bu t  no no t i ceab le  e l ec t rophore t i c  act . ion r e s u l t e d ,  

T r i a l s  For Thicker Layers 

Early i n  the c o n t r a c t ,  at tempts w e r e  made t o  b u i l d  up 
th ick  l a y e r s  (- 5 m i l s )  i n  one a p p l i c a t i o n  of a dense 
s l u r r y .  The problem was  t h a t  the r e s u l t a n t  glass l aye r  
contained mostly bubbles and even the use of very high 
fus ing  temperatures  d i d  not improve the  t ransparency.  
Attempts w e r e  a l s o  made t o  fuse  the  g l a s s  l a y e r  i n  a 
vacuum, a f te r  prel iminary pump-down and baking, It  was 
hoped t h a t  t h i s  procedure would de-gas the s l u r r y  and remove 
the bubbles,  b u t  t h e s e  l aye r s  w e r e  s t i l l  u n s a t i s f a c t o r y .  
Later  work which enabled thicker preformed slides t o  be 
appl ied,  lessened t h e  need f o r  applying thick fused l aye r s .  

Formation O f  Thick Glass Slices 

A f e w  t r i a l s  w e r e  made t o  withdraw th i ck  s l ices  from molten 
g l a s s  matched t o  s i l i c o n ,  These tests w e r e  no t  success fu l ,  
b u t  it w a s  known t h a t  the  crucible used w a s  not  s u i t a b l e .  
When such sl ices w e r e  usable, fol lowing development of the 
compatible con tac t s ,  a commercial vendor was found who 
would produce sample q u a n t i t i e s  of such s l ides ,  Should 
these slides become necessary i n  f u t u r e  work, the q u a l i t y  
of these commercial slides can be improved, and some 
a l t e r n a t i v e  methods f o r  forming sl ides a r e  a v a i l a b l e  f o r  
i n v e s t i g a t i o n .  
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Flame Fusion 

Severa l  a t tempts  w e r e  made t o  improve the q u a l i t y  of the 
g l a s s  l a y e r s  by flame fusion.  T h i s  method has  the m e r i t  
of hea t ing  the  g l a s s  layer  d i rec t ,  minimizing extreme hea t  
cyc l ing  of the  ce l l .  Along t h e  same l i n e s ,  some tes t s  w e r e  
done where t h e  s l ice  was mounted g l a s s  side down on the 
heater s t r i p ,  with a suitable l aye r  not  wetted by the g l a s s  
between t h e  sample and the  heater.,  Neither method improved 
the l aye r  q u a l i t i e s .  

A n t i r e f l e c t i n q  F i l m s  

Some increased output  should be p o s s i b l e  by reducing the  
r e f l e c t i v i t y  of the fused g l a s s  l a y e r s .  T h e  m a t t e  surface 
mentioned above was one means of doing this., A s u i t a b l e  
d ie lectr ic  l a y e r  could a l s o  suffice. ,  For g l a s s e s  w i t h  
r e f r a c t i v e  index i n  t h e  range 1.5 t o  1.6, the  r e f r a c t i v e  
index of the d i e l e c t r i c  should be 1 .3  o r  less.  A poss ib l e  
s o l i d  was magnesium f luo r ide ,  b u t  t i m e  d i d  not  permit a 
t r i a l .  However, s o m e  l i qu ids  (methyl a lcohol ,  water) have 
s u i t a b l y  low r e f r a c t i v e  index, b u t  when they  w e r e  appl ied  
t o  some g l a s s  covered ce l l s ,  no apprec iab le  improvement w a s  
observed. The t h e o r e t i c a l  decrease i n  r e f l e c t i v i t y  is  from 
4% t o  2%, and based on t h i s ,  it i s  f e l t  t ha t  a s l i g h t l y  
increased output  would  r e s u l t  from a p p l i c a t i o n  of a s u i t -  
able dielectr ic  l a y e r  

Environmental E f f e c t s  

Because of the  h igh  fusion temperatures,  t he  g l a s s  l a y e r s  
and the ce l l s  are stable under the normal high temperature 
t e s t s  requi red  f o r  s o l a r  ce l l s .  Prolonged hea t ing  a t  
temperatures  above 6 0 0 ° C  should be p o s s i b l e  by s l i g h t  modi- 
f i c a t i o n  of the present  ce l l  con tac t  s t r u c t u r e  

Some temperature shock t r i a l s ,  w h e r e  g l a s s  covered ce l l s  
w e r e  t r a n s f e r r e d  quickly between b o i l i n g  water and l i q u i d  
n i t rogen ,  d i d  not  remove the l aye r ,  and d i d  not  degrade 
the  c e l l  e lectr ical  c h a r a c t e r i s t i c s .  Boi l ing  some coated 
cel ls  i n  water for  1 hour  d i d  not  produce e lec t r ica l  o r  
v i s u a l  changes. 
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I ‘  
Scalinq-Up 

The experience gained showed there w a s  good p o s s i b i l i t y  
of scaling-up t o  h igher  production rates. The f a b r i c a t i o n  
of c e l l  blanks up t o  the a p p l i c a t i o n  of g l a s s  powder, and 
t h e  s t e p s  following fusion,  are minor modi f ica t ions  of 
a l ready  e s t a b l i s h e d  production methods f o r  s o l a r  cells .  
The fus ion  is  capable of be ing  speeded up by use of a 
l a r g e r  s t r i p  h e a t e r ,  or by moving the sl ices cont inuously 
through a s u i t a b l e  temperature g rad ien t  The  major problem 
i s  i n  t h e  production of the g l a s s  powder. Some t r i a l s  w i t h  
l a r g e r  gr inding  m i l l s  were promising b u t  w e r e  s t i l l  slow. 
E s t i m a t e s  of t h e  s l u r r y  usage w e r e  poss ib l e  us ing  the  work 
t o  date. As an example, cons ider  a s l u r r y  g iv ing  1 m i l  of 
b o r o s i l i c a t e  g l a s s .  By Figure 5 (b) , t h i s  corresponds t o  a 
s l u r r y  of dens i ty  4.4 mg/ml .  Assuming 20 m l  of s l u r r y  1.8 
c m  high,  each c e l l  should rece ive  16 mg, The c a l c u l a t e d  m a s s  
f o r  1 m i l  of b o r o s i l i c a t e  g l a s s  was 10.6 mg. T h i s  shows 
over 50”/0 usage, the rest be ing  accounted f o r  by losses 
during c e n t r i f u g i n g  and w h i l e  the  sl ices w e r e  be ing  w i t h -  
drawn. Assuming c l o s e  packing of cel ls ,  it should be 
p o s s i b l e  t o  depos i t  1 m i l  l a y e r s  on 5 ce l l s  per  batch of 
20  m l  of s l u r r y ,  and w i t h  10 batches, 50 cel ls  could be 
covered. Thus s i n c e  15 gm of g l a s s  w a s  used t o  make 200 m l  
of slurry, the t o t a l  g l a s s  usage is  Oo500 = 3,3%. 

tests showed t h a t  t h e  g l a s s  could be reground and used again,  
and it should be possible t o  ge t  loo/o usage i n  t h i s  way. 
Therefore t o  coa t  500 c e l l s  pe r  day would only r e q u i r e  
approximately 50 g m  of glass. 

Other 15 

Before scaling-up, s o m e  of the o the r  methods of app l i ca t ion ,  
such as spraying of t h e  s l u r r y  would r e q u i r e  c a r e f u l  eval-  
ua t ion .  Thus although no real  a t tempts  w e r e  made i n  t h i s  
work t o  scale-up, the  f i g u r e s  given show the h igh  f e a s i -  
b i l i t y  of achieving normal production rates.  
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7. SURVEY OF CONTRACT, AND CONCLUSIONS 

Survey 

During t h i s  con t r ac t  t h e  techniques of f a b r i c a t i n g  s i l i c o n  
s o l a r  cel ls  w i t h  i n t e g r a l  coa t ings  have been extended t o  
provide a q u a n t i t a t i v e  basis f o r  eva lua t ion .  Good c o n t r o l  
of g l a s s  s lurr ies  w a s  achieved, and fused l a y e r s  as thick 
as 6 m i l s ,  w e r e  success fu l ly  appl ied.  Using g l a s s  l a y e r s  
as so lde r ,  g l a s s  covers 2 0  m i l s  o r  g r e a t e r  could be applied., 
M o s t  of t h e  work was concentrated on l a y e r s  between 1 and 
2 m i l s .  

Severa l  commercial b o r o s i l i c a t e  g l a s s e s  w e r e  found t o  be 
supe r io r  t o  special g l a s ses  used earlier i n  t h i s  work. 
Novel con tac t  s t r u c t u r e s  allowed a p p l i c a t i o n  of glass 
l a y e r s  over already-formed con tac t s ,  and high q u a l i t y  
g l a s s  l a y e r s  w e r e  formed. The  conversion e f f i c i e n c y  of 
t h e  cel ls  has  exceeded loo/o AMO, and the ce l l  p r o p e r t i e s  
w e r e  very c o n s i s t e n t ,  The thermal emit tance of ce l l s  
coated with 1 m i l  o r  more of g l a s s  approached the 
emit tance of bu lk  g l a s s .  The r e s i s t a n c e  t o  1 mev e l e c t r o n  
damage provided by t h e  g l a s s  coa t ings  w a s  no t  increased  
over c o n t r o l  cel ls ,  although n e i t h e r  w a s  it decreased. The  
r e s u l t s  obtained showed tha t  the processes  could be used on 
a l a r g e  scale. 

Conclusions 

Present  cover methods f a i l  f o r  slides t h i n n e r  t han  3 m i l s .  
The i n t e g r a l  coa t ings  show promise f o r  thermal c o n t r o l  of 
s o l a r  cel ls  i n  space missions w h e r e  high r a d i a t i o n  
r e s i s t a n c e  i s  not  requi red  and t h i n  slides are worth using t o  
reduce weight. Such missions include deep space probes, 
l una r  o r b i t i n g  satell i tes,  and earth s a t e l l i t e s  opera t ing  
a t  low a l t i t u d e s .  The coa t ings  should p r o t e c t  aga ins t  low 
energy protons,  and may be u s e f u l  f o r  o r b i t s  approaching 
the sun, where h igh  temperatures must be t o l e r a t e d .  Layers 
1 m i l  t h i c k  have one-seventh the weight of p re sen t  6 m i l  
covers  and the  adhesive, and because the  adhesive has  been 
el iminated,  the r e l i a b i l i t y  of the c e l l  a r r a y s  should be 
g r e a t e r .  W i t h  p resent  s u b s t r a t e s  and cel ls ,  the  weight 
saved is  around 4.5 pounds pe r  KW. Greater f r a c t i o n a l  
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weight savings a r e  poss ib l e  i f  these coa t ings  a r e  combined 
with l i g h t  weight s u b s t r a t e s  and/or l i g h t e r  ce l l s ,  T h e  
techniques developed should be app l i cab le  t o  t h i n  f i l m  cel ls  
made from gall ium arsenide  o r  s i l i c o n ,  and the coa t ings  are 
f a i r l y  f l e x i b l e .  It  is  poss ib l e  i f  necessary,  t o  coa t  the 
edges of ce l l s  w i t h  g lass .  Appreciable c o s t  savings a r e  
poss ib l e ,  because the  expensive o p t i c a l  f i l t e rs  are not  
necessary,  and the complexity of a r r a y  assembly should be 
reduced w i t h  these coated cel ls .  

T h e  con tac t s  developed i n  t h i s  work show promise f o r  wider 
u s e  where high temperatures are needed i n  semiconductor 
technology. Some of the methods used could be adapted f o r  
d e t a i l e d  s tudy of the g l a s s  s i n t e r i n g  process,  or f o r  u s e  
i n  mic roc i r cu i t  encapsulat ion 

Poss ib l e  Future Work 

Severa l  a spec t s  of t h e  work m e r i t  f u r t h e r  study. 

There is  need f o r  f u r t h e r  eva lua t ion  of g l a s ses .  The best 
g l a s s ,  no t  y e t  found, would be able t o  form good fused 
l a y e r s  d i r e c t l y  over t he  usua l  production ce l l s .  Study of 
the i n t e r a c t i o n  between some of the g l a s s e s  and the t h i n  
a n t i r e f l e c t i n g  coa t ings  used on cel ls  could help t o  f i n d  
the c e l l  coa t ing  and f i n i s h  best s u i t e d  t o  t h e  g l a s s  l a y e r ,  
The use of h igher  melting po in t  metals i n  t h e  f r o n t  c o n t a c t s  
would a l l o w  h igher  fus ing  temperatures.  T h i s  might improve 
the g l a s s  q u a l i t y ,  the  l i m i t  being set  by increased  degra- 
d a t i o n  of c e l l  p rope r t i e s .  

The f r o n t  contac t  design can be optimized c l o s e l y  f o r  
s p e c i f i c  fus ing  cyc les .  Other d ie lec t r ic  l a y e r s  should 
be inves t iga t ed ,  p referab ly  lead ing  t o  one tha t  could be 
depos i ted  immediately before  t h e  metal  con tac t s ,  through 
the same mask. The s t r u c t u r e  using a deeper P N  j unc t ion  
under the f r o n t  contac ts ,  showed promise f o r  fu r the r  s tudy.  

T e s t s  are needed of the a b i l i t y  of the  g l a s s  l a y e r s  t o  with- 
s t and  low energy proton damage and space u l t r a v i o l e t  degra- 
d a t i o n .  There i s  chance of combining the high temperature 
c o n t a c t s  w i t h  s u i t a b l e  connecting bonds , t o  a l low continuous 
coa t ings  over interconnected c e l l  a r r ays .  Also wraparound 
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s t r u c t u r e s  which al low the  whole f r o n t  sur face  t o  be glass 
coated,  should be  developed f u r t h e r  t o  receive these  
coa t ings .  

I f  l i g h t  weight mounting su r faces  o r  t h i n  c e l l s  are ava i l ab le ,  
t h e  use  of i n t e g r a l  coat ings w i t h  these should be inves t iga t ed ,  
Some scaling-up t o  assess  any product ion problems i s  j u s t i f i e d  
by r e s u l t s  t o  da te .  
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8. NEW TECHNOLOGY* 

Some of the  work c a r r i e d  out under t h i s  c o n t r a c t  may be 
c l a s s i f i e d  a s  "New Technology" Descr ip t ion  of the f i r s t  
three t o p i c s  appeared above: the f o u r t h  t o p i c  is  an extension 
suggested by r e s u l t s  obtained. T h e  t o p i c s  w e r e :  

a)  High Temperature Contacts. 

Metal-semiconductor contac ts  able t o  withstand severe 
heat cyc le s  w e r e  developed. Besides use i n  t he  present  
con t r ac t ,  these contac ts  may be more gene ra l ly  use fu l  i n  
semiconductor work, p a r t i c u l a r l y  i n  anneal ing s t u d i e s  ion- 
d r i f t ,  and o the r  high temperature s t u d i e s  

b) Contacting Methods ., 

It w a s  p o s s i b l e  t o  f a c i l i t a t e  con tac t  formation subsequent 
t o  fus ion  of i n t e g r a l  g l a s s  coa t ings ,  by removing the 
deposi ted g l a s s  powder w h e r e  r equ i r ed  by masking, s c r ib ing ,  
scraping o r  by vacuum-suction, T h i s  technique too,  has 
p o s s i b l e  u s e s  i n  t he  w i d e r  semiconductor f i e ld .  

c )  Formation of Thin Glass Sl ides .  

A f t e r  f u s ing  g l a s s  powder on s i l i c o n  o r  metal ,  it w a s  p o s s i b l e  
t o  remove the unsupported fused  g l a s s  s l i d e .  The l a y e r s  
formed w e r e  around 1 m i l ,  b u t  ex tens ion  t o  t h i c k e r  o r  t h i n n e r  
l a y e r s  i s  f e a s i b l e .  

d) Concentrator Design. 

Coating a metal  concentrator  su r face  w i t h  a fused g l a s s  l aye r ,  
should provide a concentrator  of h igh  emittance,  high re- 
f l e c t i v i t y ,  l i g h t  w e i g h t ,  and some f l e x i b i l i t y ,  

* Pa te rkd i sc losu res  f o r  ma te r i a l  descr ibed  i n  t h i s  s e c t i o n  are be ing  
submitted s e p a r a t e l y  t o  t h e  O f f i c e  of Pa ten t  Counsel, Goddard 
Space F l i g h t  Center ., 
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APPENDIX I" 

Tota l  Hemispherical Emittance Measurements 

The method used was a ca lo r ime t r i c  determination of t h e  hea t  t r a n s f e r  
between t h e  sample and a knowenvironment. A r a d i a t i v e  balance was 
e s t a b l i s h e d  between t h e  sample, which was maintained a t  temperature 
Ts and t h e  surrounding space which was maintained a t  temperature Tc 
where Ts > Tc. When equilibrium e x i s t e d  between t h e  sample and i t s  
surroundings, measurement of Ts and Tc, and of t h e  power required 
t o  maintain Ts cons tan t ,  allowed c a l c u l a t i o n  of t h e  t o t a l  hemi- 
s p h e r i c a l  emittance from t h e  Stefan - Boltzmann law, 

Four i d e n t i c a l  s o l a r  c e l l s  (o r  s l i d e s )  were a t tached  by  a conductive 
adhesive t o  t h e  l a r g e  f aces  of a 1 x 1 x 2 em b r a s s  block (see  Figure I- 
l ( a ) .  
a r e s i s t o r ,  100 ohms, 3 wat t ,  i l%, f i t t e d  i n t o  a ho le  d r i l l e d  
through t h e  block. The power lead-in wires which a l s o  supported 
t h e  block were of 5.7 m i l  diameter n i c k e l ,  Nickel was chosen because 
i t s  Lorentz Number ( t h e  r a t i o  of thermal t o  e l e c t r i c a l  conduct iv i ty)  
i s  lowest among common mater ia l s .  A copper-constantan thermocouple 
(1 m i l  w i r e s ) ,  soldered t o  t h e  contac t  of one of t h e  c e l l s  on t h e  
block, measured t h e  sample temperature, The h e a t  conduction l o s s e s  
were c a l c u l a t e d  f o r  these  wires.  Under t h e  condi t ions  used, t h e  
power conducted away was 1.44 x 10-5 lTs - Tc) w a t t s .  The e f f e c t s  of 
conduct iv i ty  l o s s e s  through t h e  a i r  were minimized by p lac ing  t h e  
sample i n  a vacuum chamber capable of opera t ing  below 5 x t o r r ,  
This chamber cons i s t ed  of two 30 cm diameter c a s t  aluminum hemi- 
spheres  pa in ted  f l a t  black on the in s ide ,  The sample block was 
supported a t  t h e  c e n t e r  of t h e  sphere formed when t h e s e  hemispheres 
were sea led  by a neoprene gasket around t h e  equator ,  Figure I - l (b )  
shows t h e  supported sample, and Figure I - l ( c }  shows t h e  hemispheres 
be fo re  c los ing .  The power l o s t  i n t o  t h e  vacuum was .L kl p(Ts - Tc) 
where k l  was a complex funct ion of sample and chamber a reas ,  
accommodation c o e f f i c i e n t s ,  s p e c i f i c  h e a t s ,  molecular weight, and 
vacuum gauge temperature., When p t h e  pressure  w a s  expressed i n  

The power was suppl ied t o  t h e  block by  passing cu r ren t  through 

* J. M. Palmer and D. Bickler  b u i l t  and operated t h e  emittance 
equipment, and wrote t h i s  appendix. 
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(b) SAMPLE SUSPENDED 

(c) SPHERE OPEN (d) SPHERE IMMERSED 

FIGURE 1-1 - VIEWS OF THERMAL EMITTANCE SAMPLE AND EQUIPMENT 
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microns of mercury, kl = 1.26 x 10-4 w a t t s  f o r  t h e  condi t ions  
here .  A p l o t  of W versus p with ( T s  - Tc) a s  parameter i s  shown 
i n  Figure 1 - 2 .  The chamber temperature was measured by two 
copper constantan thermocouples. The chamber temperature (Tc) 
was maintained a t  200'K o r  l e s s  by immersing t h e  chamber i n  a 
ba th  of dry i c e  and isopropanol ( see  Figure I - l ( d ) f o r  a view of 
t h e  immersed sphe re ) .  The t o t a l  hemispherical  emittance was 
computed from t h e  following equation: 

Eq. 1 

where P = power appl ied t o  sample,, 
€s ,  cc  = sample, chamber emittances 
As, A, = sample, chamber areas  
Ts, T, = sample, chamber temperatures 

K = cons tan t  covering conduction l o s s e s  

For t h e  present  case,  it was shown t h a t  t o  w i t h i n  0,04%, t h e  
equation reduced t o  

P = € S  A s  (T ( T s 4  - Tc4) + K ( T s  - Tc) 

Re-arranged, t h i s  became 

Eq. 2 

Eq. 3 

Since the samples contained sur faces  o the r  than those  f o r  which 
t h e  emittance i s  required,  i n  c a l c u l a t i o n s  

The eva lua t ion  of t h e  a reas  and e m i s s i v i t i e s  f o r  t hese  o the r  
su r faces  was extremely important. The edges of t h e  s o l a r  c e l l s  
con t r ibu ted  10% t o  t h e  t o t a l  area of t h e  c e l l s .  
emit tance run  with etched P-s i l icon  blanks r e s u l t e d  i n  an 
emittance of 0.6 f o r  t hese  edges. Runs w i t h  b r a s s  blocks alone, 
and w i t h  a soldered block, gave emittance values  of 0.08 and 
0.11 r e spec t ive ly .  For s i l v e r  con tac t s ,  an emittance of 0.04 was 
assumed. 

A s epa ra t e  
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An i d e n t i c a l  r e s i s t o r  w a s  connected i n  series wi th  t h a t  hea t ing  t h e  
sample, and a measure of t h e  power d i s s i p a t e d  i n  t h i s  r e s i s t o r ,  
gave t h e  sample power. Sample powers w e r e  measured t o  wi th in  5 1%. 
Sample temperatures could be measured t o  C l 0 C ,  and t h e  chamber 
temperatures  t o  k 1.5"C. This  gave e r r o r s  i n  t h e  emittance va lues  
of 2.5% and 3.5% a t  sample temperatures of 400°K and 3 0 0 ° K  
r e spec t ive ly .  

It w a s  found t h a t  a long t i m e  e lapsed be fo re  thermal equi l ibr ium 
w a s  reached. Since t h e  temperature versus  t i m e  curve w a s  exponent ia l ,  
t h e  fol lowing equat ion could be appl ied ,  

Eq. 5 

where T1,T2 and T3 w e r e  temperatures taken a t  equal  increments of 
t i m e .  

As an example of t h e  ca l cu la t ion ,  t h e  58°C run on sample G i s  
taken. T a b l e  1-1 s h o w s  t h e  r a w  da ta .  Column 1 w a s  the p res su re  
measured on an i o n i z a t i o n  gauge, Column 2 w a s  t h e  b a t h  temperature 
observed on a l iqu id- in-g lass  thermometer. The vol tages  from 
thermocouples are shown f o r  t h e  sample (Column 3 ) ,  and t h e  chamber 
(Columns 4 and 5 ) .  The reference junc t ion  was an ice b a t h  a t  0°C. 
Column 6 shows t h e  vo l t age  drop ac ross  t h e  r e s i s t o r  i n  series wi th  
t h e  h e a t e r ,  and squaring t h i s  vol tage,  and d iv id ing  by t h e  resist- 
ance gave t h e  power, Column 7 shows t h e  sample temperature,  
obtained by r e f e r r i n g  Column 3 t o  NBS thermocouple tables. 
Column 8 g ives  the t i m e  corresponding t o  t h e  temperature reading 
of t h e  sample. Column 9 shows t h e  average thermocouple reading 
f o r  the chamber. 

Equilibrium temperature c a l c u l a t i o n s  obtained from equation 5 
are shown i n  Table 1 - 2 ,  F ina l ly  t h e  computation w a s  completed 
as follows: 

T s  = 330.78 OK 
Tc = 194.00 O K  

Ts-Tc = 136.78 OK 

Ts4 = 119.72  x lo8  ( " K I 4  

Tc4 = 14,16 x 
Ts4-Tc4 = 105.56 x l o 8  
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0 = 5.67 x watts/cm2 

o(TS4 - Tc4) = .0598 

Conduction losses = K (Ts - Tc) = .002 watts 

= 0.483 watts (6.95) 
100 Power dissipated = 

e net power radiated = 0.481 watts 

Correction (A€) product = 0.722 

Using equations 3 and 4: 

net power radiated 
(5 (Ts4 - Tc4) 

QS A -t (correction F A  products) = 

ie. c S  A = 00481 - 
.0598 .722 = 7.31 

A = 7.7 0 2  

€ s = -  7*31 = 0.95 
7.7 . .  

This straightforward, relatively tedious procedure was followed 
for each sample for 3 or 4 equilibrium temperatures. These results 
are summarized in Figures 13, 14 and 15. 
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