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PREFACE

P h o to v o lta ic  s o la r  c e l l s  in  segmented d ish  co n cen tra to rs  

have fu tu r e  promise fo r  e f f i c i e n t l y  d e l iv e r in g  e l e c t r i c a l  power a t  

a r e l a t i v e l y  low c o s t .  In t h i s  p r o j e c t ,  se v e r a l  co n cen tra to rs  were 

assembled and sev era l  a s p e c t s  o f  t h e i r  performance were s tu d ie d .  

C onsiderable ex p er ien ce  was gained in  deve lop ing  tech n iq u es  fo r  

mounting c e l l s  in  c o n c e n tr a to r s .  A ls o ,  knowledge was aquired fo r  

improving the  o v e r a l l  performance o f  the  co n cen tra to r .

I would l i k e  to  g r a t e f u l l y  thank my a d v is o r ,  Dr. R. L.

C a l l ,  fo r  h is  a s s i s ta n c e ,  and h e lp fu l  s u g g e s t io n s .  I am a ls o  indebted  

to  Mr. W. Meinel o f  Arizona S c i e n t i f i c  R esearch , Tucson, Arizona  

fo r  provid ing  the  r e c e iv e r  and o p t ic a l  module components o f  the  

c o n cen tra to r .  I would a l s o  l i k e  to  acknowledge Sandia L aboratories  

o f  Albuquerque, New Mexico who funded the  p r o je c t  (Sandia Contract  

No. 13 -  0211 ) .
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ABSTRACT

P rior  to  mounting s o la r  c e l l s  in  c o n c e n tr a to r s ,  methods o f  

mounting the  c e l l s  were thoroughly  in v e s t ig a t e d .  In order to  make 

e l e c t r i c a l  c o n ta c t  to  the  back s id e s  o f  the  c e l l s ,  they  were f i r s t  

mounted onto molybdenum s u b s t r a t e s .  Experiments were conducted to  

s e l e c t  an ad h esive  fo r  mounting the  c e l l - s u b s t r a t e  com binations onto  

the  r e c e iv e r s .  S i l i c o n e  rubber was chosen, because o f  i t s  therm ally  

co n d u ct iv e ,  e l e c t r i c a l l y  in s u la t in g  c h a r a c t e r i s t i c s .  I-V c h a ra c te r 

i s t i c  curves o f  the completed modules were p lo t t e d  using  an X-Y 

record er .  The e l e c t r i c a l  data was used to  e v a lu a te  the  module 

performance and determ ine how improvements could be made. Thermo

coup les  were a l s o  used to  monitor c e l l  tem peratures to  determ ine  

the  e f f i c i e n c y  o f  the  var ious  heat s in k in g  tech n iq u es .

v i i



CHAPTER I

INTRODUCTION

In the  l a s t  few y ea rs  the  need to  develop a l t e r n a t e  sources  

o f  energy has become very e v id e n t .  S o la r  energy in  p a r t ic u la r  appears 

to  have a b r ig h t  fu tu r e .  One method o f  c o l l e c t i n g  s o la r  energy i s  

through th e  use o f  p h o to v o lta ic  s o la r  c e l l s  which con vert  l i g h t  in to  

d ir e c t  e l e c t r i c a l  cu rre n t .

Why S o lar  C oncentrators

S o lar  co n cen tra to rs  can be very e f f e c t i v e  in  reducing th e  area  

on which l i g h t  i s  to  be c o l l e c t e d .  There a re  se v e r a l  reasons why t h i s  

may be d e s ir a b le .  In thermal a p p l ic a t io n s  h igher tem peratures can be 

achieved  through th e  use o f  c o n c e n tr a to r s .  In p h o to v o l ta ic  a p p l ic a t io n s  

more e l e c t r i c a l  power can be generated  by s o la r  c e l l s  when concentrated  

l i g h t  i s  focused  on the  c e l l s .  The cu rrent  and power generated  by s o la r  

c e l l s  are both p rop ortion a l to  the i n t e n s i t y  o f  the  incoming l i g h t  and 

the su r fa ce  area o f  th e  given  c e l l s .  Thus, the  generated  e l e c t r i c a l  

power can be in creased  by using  more concentrated  l i g h t  or by adding 

, more s o la r  c e l l s  to  the  g iven  system . Due to  the high c o s t  o f  p h o to v o lta ic

s o la r  c e l l s  i t  can q u ick ly  become very ex p en s iv e  to  add more c e l l s  to  a
1. - ' /

system . In many in s ta n c e s  i t  i s  much more economical to  use a l im ite d

number o f  s o la r  c e l l s  and l i g h t  th a t  i s  very con cen tra ted . A lthough.a  

co n cen tra to r  i s  an e x tra  c o s t ,  the reduced c o s t  o f  s o la r  c e l l s  can make

1
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up t h i s  d i f f e r e n c e  i f  th e  co n cen tra to r  i s  com parative ly  in ex p e n s iv e .

Under th e s e  c ircum stances  s o la r  co n cen tra to rs  become very c o s t  e f f e c t i v e .

Cell Parameters and Equations

P h o to v o lta ic  s o la r  c e l l s  are  comprised o f  two la y e r s  o f  

semiconductor m a te r ia l ,  an n -ty p e  la y e r  and a p -type  la y e r .  The c e l l s  

used in  t h i s  p r o je c t  are s i n g l e  c r y s ta l  s i l i c o n  c e l l s .  The c e l l s  have 

been doped a p p r o p r ia te ly  to  form a p-n ju n c t io n .  The th in  n -type  la y e r  

l i e s  on top o f  th e  p -type  la y e r .  E le c tr o n -h o le  p a ir s  are generated in  

the semiconductor when the  absorbed photons have e n e r g ie s  g r e a te r  than  

the band gap energy o f  s i l i c o n .  I f  m in or ity  c a r r ie r s  reach the ju n c t io n  

before  they  recombine they  w i l l  be swept across  the  ju n c t io n  by the  

d e p le t io n  e l e c t r i c  f i e l d  g iv in g  r i s e  to  a photo generated  e l e c t r i c  f i e l d ,  

o p p o s i te  in d ir e c t io n  to  the  d e p le t io n  e l e c t r i c  f i e l d .  Ohmic co n ta c ts  

are a ttach ed  to  each s id e  o f  the ju n c t io n  to  c o l l e c t  th e  generated  

cu r r e n t .  The fr o n t  or top c o n ta c t  has a gr id  s tr u c tu r e  in  order to  

a llo w  the  l i g h t  to  p en etra te  in to  the  ju n c t io n .  The back c o n ta c t  covers  

the complete back s id e  o f  the  c e l l .  The b a s ic  elem ents o f  a s o la r  c e l l  

are shown in  Figure 1.

An e q u iv a le n t  c i r c u i t  o f  a s o la r  c e l l  i s  shown in  Figure 2. The 

c i r c u i t  i s  composed o f  an id ea l cu rrent source 1^, the  d iode o f  the  

ju n c t io n ,  a s e r i e s  r e s i s t a n c e  R^, and a shunt r e s i s t a n c e  Rs ^. R̂  i s  the  

load r e s i s t a n c e  which i s  ex tern a l to  the c e l l  i t s e l f .  The value o f  i s  

proportional to  the l i g h t  i n t e n s i t y .  These e lem ents  are r e la te d  through  

equation  (1 ) .

V-IRS
I s £exp(BV-BIRs

■ l s '
( 1 )
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Light

S i lv e r  grid  

n-type  s i l i c o n  

p-n ju n c t io n

p-type s i l i c o n

Back s i l v e r  
c o n ta c t

Figure 1. Cross s e c t io n a l  diagram o f  a s i l i c o n  s o la r  c e l l .
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Figure 2. An e q u iv a le n t  e l e c t r i c a l  c i r c u i t  o f  a s o la r  
ce l  1.
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where B

q

K

T

I

KT

e le c tr o n  charge  

the  Boltzman co n s ta n t  

c e l l  temperature (°K) 

r e v e r se  s a tu r a t io n  current

A w ell  made s o la r  c e l l  t y p i c a l l y  has a very low s e r i e s  r e s i s t a n c e  

and a very high shunt r e s i s t a n c e .  In Such ca ses  the  approxim ations  

Rsh*^® anc* Rs^O can be made which reduces equation  (1) to  equation  ( 2 ) .

I t  should be noted th a t  th e  dark cu rrent  I^ through th e  d iod e  i s  

12  ^ e x p ( B V ) - ^ .  . The r ev e rse  s a tu r a t io n  cu rrent Is fo r  2cm x 2cm 40X 

Solarex  c e l l s  i s  2 .43  x 10"^^ amperes (Backus and a s s o c ia t e s  1978, p. 2 .1 4 a )

I I exp(BV)
- 1)

( 2)

P h o to v o lta ic  s o la r  c e l l s  are commonly d escr ib ed  through th r e e  

param eters, the  sh o r t  c i r c u i t  cu rre n t  I s c , the open c i r c u i t  v o lta g e  VQC> 

and the curve f i l l  f a c to r  CFF, which are d escr ib ed  by eq u ation s  ( 3 ) ,  ( 4 ) ,  

and (5 ) .

1—1 to o 11

- h (3)

Voc ■ (4)

CFF = v« (5 )

Voc ‘ s c

d erived  d i r e c t l y  from equation  ( 2 ) . The curve

f i l l  f a c t o r  i s  determined g r a p h ic a l ly  from th e  c h a r a c t e r i s t i c  I-V curve

o f  a c e l l  as i l l u s t r a t e d  in Figure 3 .  Vm and Im are the  v o l ta g e  and
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Current

Maximum Power 
Point

V oltage

Figure 3. A ty p ic a l  I-V curve fo r  a s o la r  c e l l .



7

cu rrent  r e s p e c t i v e ly  a t  the maximum power p o in t  Pm lo c a te d  near the  

knee o f  the  curve. The more the  I-V curve resem bles a rec ta n g u la r  shape 

the  h igher the  c e l l ' s  effic iency  and CFF w i l l  be.

The e q u iv a le n t  c i r c u i t  and eq u ation s  d is c u sse d  above can be 

used to  d e sc r ib e  the  e l e c t r i c a l  output o f  a s o la r  c e l l .  However, they  

can a l s o  be used to  d e sc r ib e  a com plete system o f  c e l l s  connected  

to g e th e r  as in  a p h o to v o l ta ic  c o n cen tra to r .  The I-V curve o f  a system  

o f  s o la r  c e l l s  w i l l  be s im i la r  to  the  I-V curve o f  a s i n g l e  c e l l  ex cep t  

th a t  the  cu rrent  and v o l ta g e  v a lu es  w i l l  be la r g e r .  The s h o r t  c i r c u i t  

c u rre n t ,  open c i r c u i t  v o l t a g e ,  and Curve f i l l  f a c t o r  fo r  a p h o to v o lta ic  

system are a l l  determined from the  I-V curve as in  the ca se  o f  a s i n g l e  

c e l l .

Concentrator Components Supplied  by 

Arizona S c i e n t i f i c  Research

Arizona S c i e n t i f i c  Research (ASR) provided th e  o p t ic a l  modules 

and heat s in k s  needed to  c o n s tr u c t  s i x  s o la r  c o n c e n tr a to r s .  Each heat  

s in k  or r e c e iv e r  was a hexagonal prism machined on th e  su r fa c e  o f  a 

metal p ipe w ith  the hexagonal shape around th e  c ircu m feren ce . The 

r e c e iv e r  holds 18 2cm x 2cm, 40X s o la r  c e l l s .  Three c e l l s  were mounted

on each o f  the s i x  fa c e s  o f  the  r e c e iv e r  which were 2 .2  cm wide. Three
. .

r e c e iv e r s  were a c t i v e l y  coo led  as shown in  Figure 4. The th ree  o ther  

r e c e iv e r s  had a s im i la r  des ign  but used heat p ipes  to  r e j e c t  heat put 

the  bottom end. In one ca se  th e  bottom end o f  the heat p ip e  was p a s s iv e ly  

coo led  with a i r  f i n s .  In th e  two o th er  c a se s  the heat p ip es  were coo led  

by water c i r c u la t in g  in  tubes surrounding th e  bottom ends o f  the  heat  

p ip e s .



Side View

S olar  C e l ls

M illed  Hexagon

.Mounting P la te

Coolant  
In .

Coolant
Out

Figure 4. An a c t i v e l y  coo led  r e c e iv e r .



9

S u n lig h t  was focused  on the cen tra l  hexagonal r e c e iv e r s  by the  

ASR o p t ic a l  modules. F ive o f  the  o p t ic a l  modules were made from p le x i g la s  

and one was made from ABS p l a s t i c .  One module had evaporated s i l v e r  as  

th e  r e f l e c t i v e  s u r fa c e .  Another used copper. The remaining four  o p t ic a l  

modules had aluminum d ep o s ited  as the r e f l e c t i v e  su r fa c e .

Each o p t ic a l  module had f i v e  co n ic a l  s e c t io n s  th a t  focused  

s u n l ig h t  on th e  r e c e iv e r .  Figure 5 d e p ic t s  an o p t ic a l  module to g e th e r  

w ith  an a c t i v e l y  co o led  r e c e iv e r .  .Each co n ic a l  s e c t io n  over lap s  a 

p a r a l l e l  s e c t io n  o f  s u n l ig h t  on the  r e c e iv e r  r e s u l t i n g  in a small i n t e n s i t y  

v a r ia t io n  along the  r e c e iv e r .  The modules have been designed  so th a t  the  

average co n cen tra t io n  r a t io  i s  40X.

Research was ca rr ied  ou t in se v e r a l  areas b efore  s o la r  c e l l s  

were mounted in a c o n cen tra to r .  In order t o  keep the e l e c t r i c a l  output as 

high as p o s s i b l e ,  i t  was important to  keep the s o la r  c e l l s  r e l a t i v e l y  c o o l .  

The c e l l s  could not be e l e c t r i c a l l y  shorted  to  the metal r e c e iv e r .  Thus, 

i t  was n ecessa ry  to  f in d  a mounting procedure which conducts heat  

e f f i c i e n t l y  from the c e l l s  to  the  r e c e iv e r  y e t  keeps the  c e l l s  e l e c t r i c a l l y  

in s u la te d  from the  r e c e iv e r .  Before the  s o la r  c e l l s  were a ttached  to  the  

r e c e iv e r s ,  e l e c t r i c a l  co n n ect io n s  were made to  the  back s id e s  o f  the c e l l s .  

An e l e c t r i c a l l y  conducting s u b s tr a te  on which c e l l s  could be mounted was 

s e l e c t e d  fo r  t h i s  purpose. S o la r  c e l l s  under very in t e n s e  l i g h t  gen era te  

r e l a t i v e l y  la r g e  c u r r e n ts .  T h erefore ,  i t  was very im portant th a t  a l l  

e l e c t r i c a l  in te r c o n n e c t io n s  add l i t t l e  or no s e r i e s  r e s i s t a n c e  in  order  

to  keep the  module performance from degrad ing . All th e s e  problems were 

thoroughly in v e s t ig a t e d .
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Figure 5. Optical module with a c t i v e l y  cooled  r e c e iv e r .
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'F in a l ly ,  the  performance o f  the  completed module was ev a lu a ted .  

The e l e c t r i c a l  performance o f  each r e c e iv e r ,  th e  e f f i c i e n c y  o f  each method 

o f  c o o l in g ,  and the  o p t ic a l  e f f i c i e n c y  o f  each o p t ic a l  module was i n v e s t i 

gated . An a n a ly s i s  o f  the  module's o v e r a l l  e l e c t r i c a l  e f f i c i e n c y  was 

conducted to  determ ine where improvements could  be made.



CHAPTER II

MOUNTING CELLS ONTO MOLYBDENUM

Before the s o la r  c e l l s  were mounted onto heat s in k s ,  a means 

was d ev ised  by which th e  e l e c t r i c  cu rrent  could be c o l l e c t e d  from the  

back s id e  o f  the  c e l l .  Experiments le d  to  a techn ique fo r  mounting 

the c e l l s  onto f l a t  p ie c e s  o f  molybdenum. E le c t r ic a l  le a d s  cou ld  then  

be so ld ered  onto the  molybdenum to  make c o n ta c t  w ith  the  back s id e  o f  

the  c e l l .

S u b stra te  S e le c t io n

When a l i g h t  co n cen tra t io n  o f  40 suns was focused  onto s o la r  

c e l l s  the su r fa ce  tem perature o f  th e  c e l l s  in creased  s i g n i f i c a n t l y  even  

when a c t iv e  c o o l in g  was used. C onsequently , the  c e l l s  as w e ll  as the  

s u b s tr a te  on which they  are mounted w i l l  go through many c y c l e s  o f  

expansion and c o n tr a c t io n .  In order to  minimize th e  s t r e s s  on the  c e l l s  

and reduce th e  p o s s i b i l i t y  o f  f r a c tu r in g  or c o n ta c t  l i f t i n g ,  a s u b s tr a te  

was chosen which has a c o e f f i c i e n t  o f  expansion c l o s e  to  th a t  o f  s i l i c o n .  

The CRC Handbook o f  Chemistry and Physics  (1974-1975 , p. D-152) shows 

th a t  s i l i c o n  has a c o e f f i c i e n t  o f  expansion o f  3^4 m/m C. Molybdenum was

chosen as the s u b s tr a te  m ater ia l s in c e  i t s  c o e f f i c i e n t  o f  expansion o f• ---- - - . - • •
5 jym/m0C i s  c l o s e r  to  th a t  o f  s i l i c o n  than any oth er  m eta l .

The s o la r  c e l l s  were mounted onto a molybdenum s u b s tr a te  fo r  the  

purpose o f  making e l e c t r i c a l  c o n ta c t  w ith  th e  back s id e  o f  the  c e l l s .  In 

order to  in su re  th a t  the c e l l s  were adequate ly  supported , the molybdenum 

s u b s tr a te  covered the  com plete back s id e  o f  the  c e l l s .  This a l s o  made

12
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m atters  e a s i e r  when the  c e l l - s u b s t r a t e  com binations were mounted onto the

molybdenum s u b s tr a te s  u sing  s o ld e r  to  ensure good thermal c o n ta c t  and to

minimize th e  s e r i e s  r e s i s t a n c e ,  R .s
So larex  s o la r  c e l l s ,  2cm x 2cm, were used in  t h i s  p r o je c t .  A 

diagram o f  the  c e l l  i s  found in  Figure 6. To accommodate the c e l l s  the  

molybdenum was cu t  in to  2.0cm x 2.2cm p ie c e s .  The e x tr a  0 .2  cm in one 

dimension was f o r  the edge which was bent up fo r  the e l e c t r i c a l  connection  

to  the  back s id e  o f  the c e l l .  Molybdenum th ic k n e s s e s  o f  0 .1 3  mm, 0 .2 5  mm, 

and 0 .3 8  mm were cu t  and prepared fo r  c e l l  mounting. I t  soon became 

e v id e n t  th a t  the 0 .1 3  mm molybdenum was very  f l im sy  and d i f f i c u l t  to  work 

w ith . No such problems were encountered in  preparing th e  o th er  two 

t h ic k n e s s e s .  However, fo r  the  sake o f  maximum heat t r a n s f e r  the  th in n er  

0 .2 5  mm molybdenum w as.chosen  as  th e  s u b s tr a te  t h i c k h e s s . .

E le c tr o p la t in g  and Cell Mounting

A c o a t in g  o f  copper was e l e c t r o p la t e d  to  the  bottom and top  

c o n ta c t  areas o f  the s o la r  c e l l s .  This was done to  prevent the  s i l v e r  

on th e  c e l l  c o n ta c ts  from a l lo y in g  w ith  the  s o ld e r  when the  molybdenum 

and top e l e c t r i c a l  con n ection s  were so ld ered  to  the  c e l l s .  A s o lu t io n  

o f  188g/£  copper s u l f a t e  (CuS04 • 5H20) and 74g/ji s u l f u r i c  a c id  (HgSO^) 

was used in  the  e l e c t r o p la t i n g  p rocess  (Gray 1953, p. 2 3 5 ) .  The top  

c o n ta c t  pads were p la ted  fo r  about 45 seconds using  50 mA o f  cu rrent .

The back s id e  o f  each c e l l  was p la te d  fo r  two minutes us in g  175 mA o f  

cu rren t .  A fter  p la t in g ,  a th in  la y e r  o f  so ld e r  was coated  onto the back 

s id e  o f  the c e l l  u s in g  a so ld e r in g  ir o n .



Contact pads

Figure 6. So larex  s o la r  c e l l .
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The s o la r  c e l l s  were so ld ered  onto the  molybdenum s u b s tr a te s .  

However, s o ld e r  w i l l  not adhere to  molybdenum so i t  a l s o  needed to  be 

p la ted  f i r s t .  I n i t i a l l y  copper was p la ted  onto th e  molybdenum but the  

copper la y e r  would not adhere w ell  to  th e  molybdenum. A n ic k e l  p la t e  

using  a s o lu t io n  o f  300g/£  n ick e l  s u l f a t e  (NiS04 » THgO), 60g /£  n ick e l  

c h lo r id e  (NiClg • GHgO), and 38g/& b o r ic  ac id  (HgBOg) was t r i e d  next  

(Gray 1953, p. 3 0 3 ) .  This e l e c t r o p la t i n g  was ca rr ied  ou t w ith  only  

l im ite d  s u c c e s s .  The n ic k e l  p la t e  adhered b e t t e r  than th e  copper but 

i t  would a l s o  peel o f f  o c c a s io n a l ly .  In order to  g iv e  th e  p la ted  metal 

a b e t t e r  su r fa c e  on which to  adhere, the  molybdenum m e ta l ,  which 

p r e v io u s ly  had been very  smooth, was g iven  a thorough sandpaper rub. 

Experiments were then performed p la t in g  both copper and n ick e l  onto  

th e  sanded molybdenum. Both appeared to  p la t e  w ell  onto the  molybdenum 

so  t e s t s  were performed to  see  which p la t e  had the  s tro n g er  adhesion .

I t  was determined th a t  the n ick e l  p la t e  adhered b e t t e r  so n ick e l  p la ted  

molybdenum was used from th a t  p o in t  on.

To prepare th e  molybdenum fo r  c e l l  mounting i t  was f i r s t  cu t  

in to  2.0cm x 2.2cm p ie c e s .  The p ie c e s  were then sanded and th e  one 

edge was bent up fo r  the  back e l e c t r i c a l  con n ection . In order to  ensure  

a c lean  su r fa c e  b efore  p la t in g ,  th e  molybdenum p ie c e s  were dipped in  a 

s o lu t io n  o f  four  parts  HgSO  ̂ and one p art  HgOg a t  a tem perature o f  90°C 

fo r  10 secon d s. A fter  an adequate r i n s e ,  n ick e l  was p la te d  onto the  

molybdenum usin g  a cu rren t  o f  200 mA fo r  two m inutes . A th in  co a t in g  

o f  s o ld e r  was then ap p lied  to  the  molybdenum using  a hot p la t e  and 

s o ld e r in g  ir o n .  The back o f  the  c e l l  and th e  molybdenum s u b s tr a te  were 

put in  c o n ta c t  and heated on a hot p la t e  to  m elt  the  s o ld e r  and make
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the  bond between them. When the  s o ld e r  m e lte d ,  the  e x c e ss  s o ld e r  was 

squeezed out the  s i d e s .

A fter  th e  above procedure was completed the  c e l l s  were ready  

to  be in d iv id u a l ly  e l e c t r i c a l l y  t e s t e d .  The c e l l - s u b s t r a t e  com binations  

were a l s o  ready to  be mounted onto heat s in k s .  However, i t  was n ecessary  

f i r s t  t o  determ ine a good heat conducting ad h es ive  and a proper mounting 

procedure. This i s  covered in  Chapter IV.



CHAPTER I II

ELECTRICALLY TESTING INDIVIDUAL CELLS

Before the s o la r  c e l l s  were mounted in m odules, e l e c t r i c a l  

t e s t s  were performed on a l l  the  c e l l s  in d iv id u a l ly .  The data were 

c o l l e c t e d  in  the  form o f  I-V curves from which a l l  n ecessa ry  inform ation  

could be e x tr a c te d .  These p re lim in ary  t e s t s  are  important fo r  sev era l  

reason s .  I f  any c e l l s  are d e f e c t i v e ,  they  must be d e te c te d  before  

being mounted in  a module. The e f f i c i e n c y  o f  each c e l l  was determined  

so c e l l s  w ith  s im i la r  e f f i c i e n c i e s  could be put in  the  same module.

This was important because i f  c e l l s  w ith  a v a r i e t y  o f  d i f f e r e n t  

e f f i c i e n c i e s  were in  the  same module, th e  o v e r a l l  performance o f  the  

module would on ly  be as good as the  w orst c e l l .

Setup fo r  Making I-V Curves

An indoor s o la r  c e l l  t e s t e r  us in g  quartz io d in e  e l e c t r i c  lamps 

was designed  to  g iv e  c o n s i s t e n t  r e s u l t s  as w e ll  as to  make the  t e s t  

procedure sim ple  and ea sy .  General E le c t r i c  ENH 250 w att  p ro je c to r  

lamps were used as the  l i g h t  sources  in th e  s o la r  s im u la to r .  A s in g le  

lamp was p laced  a t  40 cm from th e  t a r g e t  area to  s im u la te  one sun
p

(1 sun AMI = lOOmW/cm ) .  Five o th er  lamps were each p laced  13 cm from 

th e  ta r g e t  a rea ,  each prov id ing  the e q u iv a le n t  i n t e n s i t y  o f  10 suns.  

Thus, an i n t e n s i t y  o f  50 suns could be focused  on the t a r g e t  area i f  

so  d e s ir e d .  Frequent c h eck s ,  u s in g  a standard c e l l ,  were made and 

the lamp p o s i t io n s  were ad ju sted  a cco r d in g ly  to  ensure th a t  the  c o r r e c t  

i n t e n s i t y  was m aintained . The t a r g e t  area c o n s is t e d  o f  an aluminum

17
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h eat  s in k  through which w ater was c i r c u la t e d  fo r  c o o l in g .  Figure 7 

shows a c e l l - s u b s t r a t e  combination mounted on the aluminum heat s in k  

ready fo r  an e l e c t r i c a l  t e s t .

A diagram o f  th e  e l e c t r i c a l  t e s t  apparatus i s  shown in  Figure  

8. The r e s i s t o r  shown in  the  c i r c u i t  was a p r e c i s io n  O.Olfz r e s i s t o r .  

Current was found by measuring the v o l ta g e  drop across  t h i s  r e s i s t o r .

The v o l ta g e  across  the  c e l l  would be V-IR where V was th e  v o l ta g e  o f  

the power supply . The product IR was very small w ith r e s p e c t  to  V.

Thus the  c e l l  v o l ta g e  was e f f e c t i v e l y  th e  same as V. As V, the  c e l l  

v o l t a g e ,  was va r ied  th e  c e l l  cu rren t  I was forced  to  change along the  

c h a r a c t e r i s t i c  I-V curve. The c e l l  v o l ta g e  and cu rren t  were measured 

s im u lta n eo u s ly  by th e  X-Y recorded which made the  I-V p lo t .

C a lib r a t in g  th e  Standard C ell

Whenever data  was being c o l l e c t e d ,  th e  e x a c t  i n t e n s i t y  o f  

l i g h t  was determined through the  use o f  a standard c e l l .  In order to  

c a l ib r a t e  t h i s  c e l l  e x a c t l y ,  i t s  sh o r t  c i r c u i t  cu rrent read ings were 

compared w ith  the accu ra te  s o la r  in s u la t io n  measurements taken a t  the  

Atmospheric S c ie n c e s '  weather s t a t i o n .  The weather s t a t i o n  d a ta ,  

standard c e l l  d a ta ,  and con vers ion  f a c t o r s  are a l l  recorded in  Table I .
O

The average con vers ion  f a c t o r  i s  113mA/l sun or 113mA-cm /lOOmW. 

S in ce  the  sh o r t  c i r c u i t  cu rren t  I o f  the  standard c e l l  i s  proportional  

to  s o la r  i n t e n s i t y ,  th e  e x a c t  s o la r  i n t e n s i t y  can be found using  equation  

( 6).

S o lar  I n te n s i ty  (mW/cm^) = ^sc (6)

( 113mA-cm^/100mW)
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Figure 7. A s o la r  c e l l  mounted for  an e l e c t r i c a l  t e s t .



20

S olar  c e l l

X -  Y Recorder

(H o rz .) ( V e r t . )
-  V + - I +

f i

Heat s in k

Figure 8 . S in g le  c e l l  e l e c t r i c a l  t e s t  apparatus.
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Table I .  Standard c e l l  c a l ib r a t io n  data

Date T ime
S o la r

in s o la t io n
Standard c e l l  

reading
Conversion

f a c t o r

1 /0 8 /7 9 11:30 am 9 2 .0  mW/cm2 102 mA 110 .9  mA/1 sun

1 /0 8 /7 9 1:50 pm 92 .1 105 114 .0

1 /0 8 /7 9 2:20  pm 90.1 101 112.1

1 /0 8 /7 9 2:45 pm 8 9 .5 100 1 1 1 ,7

1 /3 0 /7 9 2:00  pm 101 .2 113 1 1 1 .6

1 /3 0 /7 9 2:40  pm 9 8 .8  , . 113 114 .4

2 /0 2 /7 9 12:10 pm 9 8 .8 112 113 .3

2 /0 6 /7 9 3 :0 0  pm 9 2 .8 105 113 .1

In d iv id u a l C ell T e s ts

According to  s p e c i f i c a t i o n s ,  th e  2cm x 2cm c e l l s  purchased  

from So larex  should produce an e l e c t r i c a l  output o f  2 w a tts  a t  25°C 

under a l i g h t  i n t e n s i t y  o f  40 suns. Thus, a t y p ic a l  c e l l  should have 

an e f f i c i e n c y  o f  12.5%. Each c e l l  was t e s t e d  to  make sure th a t  none 

were d e f e c t i v e  and a l s o  to  f in d  th e  e x a c t  e f f i c i e n c y  o f  each .

The f i r s t  s te p  in  c e l l  t e s t i n g  was to  look fo r  d e f e c t i v e  

c e l l s  by measuring the  sh o r t  c i r c u i t  cu rren t  p f  each under one sun. 

This was done b efore  any s o ld e r in g  or con n ection s  were made to  the . 

c e l l s .  E le c t r ic a l  c o n ta c ts  were made through the  aluminum heat s ink  

on the  bottom and p o in t  probes on the  top . As e x p e c te d ,  some c e l l s  

were b e t t e r  than o th ers  but none proved to  be d e f e c t i v e .  The average  

sh o r t  c i r c u i t  cu rrent  under an i n t e n s i t y  o f  one sun was 92 mA. In



making one sun 1-V c u r v e s s a problem was encountered w ith  an abnormally  

high s e r i e s  r e s i s t a n c e  causing  a low curve f i l l  f a c t o r .  This was due 

to  c o n ta c t  r e s i s t a n c e  between th e  back s id e  o f  the  c e l l  and the  

aluminum heat s in k .  A drop o f  water between th e  c e l l  and the  heat s in k  

co rr ec ted  t h i s  problem. A ty p ic a l  I-V curve fo r  a S o larex  c e l l  using  

an i n t e n s i t y  o f  one sun i s  shown in  Figure 9.

The next s te p  was to  mount th e  c e l l s  on the molybdenum 

s u b s tr a te s  and perform e l e c t r i c a l  t e s t s  w ith  high c o n c e n tr a t io n s  

o f  l i g h t .  In order to  be sure th a t  the  p rocess  o f  s o ld e r in g  the  

c e l l s  to  th e  molybdenum did not damage th e  c e l l s  or degrade t h e i r  

perform ance9 on ly  a few c e l l s  were i n i t i a l l y  mounted. I-V curves  

o f  th e s e  c e l l s  were compared w ith  curves  taken b efore  mounting. As 

Figure 10 shows, th ere  i s  on ly  a small d i f f e r e n c e  between th e  two 

c a se s  w ith  the  mounted c e l l  having a s l i g h t l y  b e t t e r  performance.

The s l i g h t  improvement i s  due to  a fu r th e r  red u ction  in  s e r i e s  

r e s i s t a n c e .  Contact t o  the  back o f  th e  c e l l  was now made by a 

d ir e c t  con n ection  to  the  molybdenum s u b s tr a te  in s te a d  o f  through  

the  aluminum heat s in k .

Every c e l l  was t e s t e d  in  the  s o la r  s im u la tor  us in g  l i g h t  

i n t e n s i t i e s  o f  10, 20 , 30 ,  40 , and 50 suns. A ty p ic a l  r e p r e se n ta t io n  

o f  the  r e s u l t i n g  curves i s  seen in  Figure 11. The average e f f i c i e n c y  

n o f  the c e l l s  a t  40 suns was 11.0% .. The average c e l l  temperature  

a t  40 suns was determined to  be 45°C. I f  the  peak power v o l ta g e  

i s  c o rr ec ted  to  25°C using  the f a c t o r  2mV/°C, the  average e f f i c i e n c y  

i s  11.8%. This compares w ith  12.5% which i s  what th e  S o larex  

s p e c i f i c a t i o n s  say th e  e f f i c i e n c y  should be a t  25°C.

22
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Current

(mA)

100 - -

V oltage ( v o l t s )

Figure 9. So larex  c e l l  I-V curve a t  one sun.
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Current

(mA)

100 - -

With molybdenum

Without
molybdenum

V oltage ( v o l t s )

Figure 10. I-V curves a t  one sun before  and a f t e r  molybdenum mounting.
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Current
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500 --

400 --

300 --

200 - -

100 - -

V oltage ( v o l t s )

Figure 11. I-V curves fo r  10-50 suns o f  i n t e n s i t y .
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C ell E f f ic ie n c y  Versus L igh t I n te n s ity  

The e f f i c i e n c y  o f  a c e l l  w i l l  vary w ith  l i g h t  in t e n s i t y .  

Using th e  curves o f  F igure 11 , th e  e f f i c i e n c i e s  were c a lc u la te d  fo r  

each l i g h t  in t e n s i t y .  The c e l l  tem perature was m onitored w h ile  th e  

curves were tr a c e d . The c a lc u la te d  e f f i c i e n c i e s  were compared to  

th e  e f f i c i e n c i e s  o f  S o larex  40X c e l l s  c a lc u la te d  by th e  School o f  

E ngineering a t  A rizona S ta te  U n iv e r s ity  (ASU) (Backus and a s s o c ia t e s  

1978, p. 2 -3 1 ) . In order to  be a b le  to  compare d a ta , a l l  v a lu es  were 

co rr ec ted  to  25°C. Power and e f f i c i e n c y  d a ta , b efore  and a f t e r  being  

co rr ec ted  to  25°C, are g iven  in  Table IT.

Table I I .  C ell peak power and e f f i c i e n c y  versu s l i g h t  in t e n s i t y

L ight

in t e n s i t y

C ell

temp.
p . n Pm co rr ec ted  

to  25°e

n co rr ec ted  

to  25°C

50 suns 50°C 2.08W 10.4% 2.28W 11.4%

40 45 1 .7 4 10 .9 1 .8 6 . 11 .7

30 40 1 .3 6 1 1 .4 1 .4 4 1 2 .0

20 35 0 .9 2 11 .6 0 .9 6 1 2 .0

10 30 0 .4 5 1 1 .2 0 .4 6 1 1 .4

The co rr ec ted  e f f i c i e n c i e s  are compared w ith  ASU1s data u sin g  

curves which p lo t  e f f i c i e n c y  versu s s o la r  in t e n s i t y .  Both curves are

shown in  F igure 12. The c e l l s  used in  t h i s  p r o je c t  have s l i g h t l y  b e t te r  

e f f i c i e n c i e s  than th o se  used by ASU. The reason  i s  probably because th e  

c e l l s  used fo r  t h is  p r o je c t  are a yea r  newer. S o larex  has probably made 

improvements in  th e perform ance o f  the more r e c e n t c e l l s .



27

A ll curves tem perature co rr ec ted  to  25°C

ASU Curve
4-  10

S o lar  I n te n s ity  (su n s)

F igure 12. Laboratory and ASU curves comparing e f f ic ie n c y  and l i g h t  
in t e n s i t y .



PROCEDURE FOR MOUNTING CELLS ONTO HEAT SINKS .

B efore th e  c e l l s  cou ld  be mounted in  a c o n c e n tr a to r , a 

p r a c t ic a l means o f  mounting th e  cell-m olybdenum  com bination  onto a 

h eat s in k  needed to  be d e v ise d . T his tech n iq u e must use an ad h esive  

which p rov id es good heat conduction  between th e  molybdenum su b str a te  

and h eat s in k  w h ile  keeping them e l e c t r i c a l l y  in su la te d  from each  

o th er .

' CHAPTER IV

Procedure fo r  A ttach in g  Thermocouples 

In order to  determ ine which a d h esiv es  provided  good or poor 

h eat co n d u ction , tem peratures had to  be m onitored throughout a l l  t e s t s .  

A ll tem perature measurements were made w ith  th e  use o f  cop p er-con stan tan  

therm ocouples. F igure 13 shows where th e  therm ocouples (TC) were p laced  

A sm all trench  was cu t in  th e  top  o f  th e  h eat s in k . TCI was la id  in  

t h is  tren ch  to  m onitor th e  tem perature o f  th e  h eat s in k  j u s t  below th e  

a d h es iv e . TC's 2 , 3 , and 4 were mounted in  va rio u s p la c e s  on the c e l l  

or molybdenum s u b s tr a te . B efore measurements could  be made, a method o f  

a tta c h in g  therm ocouples was needed which would g iv e  a ccu ra te  r e s u l t s .

T ests  showed th a t  a good therm al c o n ta c t was n ecessa ry  between 

th e  therm ocouple and th e  m a ter ia l whose tem perature was to  be measured. 

In the fo llo w in g  exp erim en t, th ree  ca ses  were t e s t e d .  In ca se  1 TC3 

was a tta ch ed  f ir m ly  to  th e  top o f  the c e l 1 w ith  s i l v e r  p a in t ,  a p a in t  

which co n ta in s  a la r g e  prop ortion  o f  powdered s i l v e r .  In ca se  2 TC3 

was la id  on top o f  th e  c e l l  and no m a ter ia l was used to  enhance th e

28
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.Solar c e l l

Molybdenum
A dhesive

Heat s in k

Figure 13. Thermocouple lo c a t io n s  fo r  tem perature t e s t  measurements.
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thermal c o n ta c t  between th e  therm ocouple and th e  c e l l .  In ca se  3 ,  th e  

therm ocouple was r a ise d  s l i g h t l y  to  put i t  j u s t  ou t o f  c o n ta c t  w ith  

th e  c e l l .  The data summarized in  Table I I I  were a l l  taken u sin g  a 

l i g h t  in t e n s i t y  o f  40 su n s.

Table I I I .  Thermocouple measurements w ith  varying d egrees

o f  thermal c o n ta c t

TCI TC3 aT31

Case 1 26°C 44°C 18°C

Case 2 29 68 39 .

Case 3 28 71 48

I f  th e  therm ocouple TC3 does n ot have good thermal co n ta c t  

w ith  th e  c e l l 9 as in  ca se  2 and c a se  3s tem perature measurements are  

abnorm ally h igh . The sm all therm ocouple w ires are in  th e  path o f  th e  

l i g h t .  I f  th ere  i s  not a good thermal c o n ta c t  between th e  end o f  th e  

therm ocouple and th e  c e l l ,  e x c e ss  h eat b u ild s  up in  th e  w ires  and an 

erro n eo u sly  high tem perature i s  read . On th e  o th er hand, i f  a good 

thermal c o n ta c t  e x i s t s ,  h eat can flo w  f r e e ly  between th e  c e l l  and the  

therm ocouple and TC3 w i l l  be a t  th e  same tem perature as th e  c e l l .

A t e s t  was d ev ised  to  study se v e r a l compounds which could  be 

used to  a tta ch  therm ocoup les. These in c lu d ed  s i l v e r  p a in t ,  bery lliu m  

ox id e p a s te ,  and s i l i c o n e  g r e a se . E veryth ing was removed from th e  

top o f  th e  w ater co o led  h eat s in k  ex ce p t TCI which remained in  the
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narrow tren ch . TC3 was a ttach ed  to  th e  h ea t s in k  near TCI u sin g  one 

o f  the. th ree  compounds. Temperature measurements were taken fo r  each  

compound a t  40 su n s. Table IV summarizes the, r e s u l t s .

Table IV. A com parison o f  therm ocouple attachm ent compounds

Compound TCI TC3 aT31

S ilv e r  p a in t 260C 27°C m
 

:
O o

B eryllium  o x id e  p a ste 25 30 5

S i l ic o n e  g rea se 26 36 10

TCI and TC3 are both m easuring th e  tem perature o f  th e  

aluminum h eat s in k  so  they  should  be read ing  th e  same tem perature.

S i lv e r  p a in t gave the b e s t  c o r r e la t io n  between TCI and TC3. I t  i s  

apparent th a t  a tta c h in g  therm ocouples w ith  s i l v e r  p a in t g iv e s  th e  

most a ccu ra te  r e s u l t s .

One o th er  p o s s i b i l i t y  e x is te d  fo r  a tta c h in g  th erm ocop ies.

On s o ld e r a b le  su r fa c e s  therm ocouples cou ld  be so ld ered  in to  p o s it io n .

As one m ight ex p ect tem perature com parisons between therm ocouples 

a tta ch ed  w ith  so ld e r  and s i l v e r  p a in t  showed a c lo s e  c o r r e la t io n  

between the two c a s e s .  E ith er  method o f  attachm ent cou ld  be used to  

ob ta in  a ccu ra te  tem perature m easurem ents.

Heat Conducting A dhesive S e le c t io n  

V arious e l e c t r i c a l l y  in s u la t in g  a d h esiv es  were t e s t e d  fo r  

thermal c o n d u c t iv ity .  A good h eat con d u ctor , through which h eat p a s s e s .
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w il l  have a r e l a t iv e l y  sm all tem perature g ra d ie n t a cro ss  i t .  In the  

t e s t s  run, therm ocouples were s e t  up as shown in  F igure 13. The 

therm ocouples were a ttach ed  u sin g  s i l v e r  p a in t . Temperature d if fe r e n c e s  

between th e  top o f  th e  c e l l  and th e  bottom o f  the a d h esiv e  were measured. 

This in c lu d e s  the tem perature d if f e r e n c e s  a cro ss  th e c e l l  and molybdenum 

as w ell as the tem perature d if fe r e n c e  a cro ss  the a d h e s iv e . However, 

due to  th e  high thermal c o n d u c t iv ity  o f  s i l i c o n  and molybdenum, most o f  

th e  measured tem perature drop w i l l  occur a cro ss  th e  a d h es iv e .

The two most prom ising a d h esiv es  were a s i l i c o n e  rubber 

s e a la n t  and RTV-560. In a l l  c a s e s ,  an ad h esiv e  th ic k n e ss  o f  0 .1  mm was 

used . Using 0 .0 5  mm th ic k  tap e as a g u id e , 0 .0 5  mm o f  ad h esiv e  was put 

on the heat s in k  and a llow ed  to  dry. Then 0 .0 5  mm o f  ad h esiv e  was a p p lied  

to  th e  back s id e  o f  th e  molybdenum s u b s tr a te . The c e l l - s u b s t r a t e  

com bination was im m ediately p laced  on th e  h eat s in k  where th e  ad h esive  

had p r e v io u s ly  been a p p lie d . Under p r e ssu r e , the ad h esiv e  was allow ed to  

dry form ing th e  bond between the molybdenum and th e  h eat s in k .

The s i l i c o n e  rubber s e a la n t  was used w ith  vary ing  c o n cen tra tio n s  

o f  powdered s i l i c o n  mixed in  to  in c r e a se  h eat con d u ction . Volume r a t io s  

o f  0 :1 ,  1 :1 , and 2:1  s i l i c o n  powder to  s i l i c o n e  rubber were used to  

show th e  e f f e c t s  o f  s i l i c o n  in  s i l i c o n e  rubber. Table V summarizes 

th e  tem peratures which were observed under a l i g h t  in t e n s i t y  o f  40 su ns.

The h igh er co n c e n tr a tio n s  o f  s i l i c o n  powder w i l l  indeed make 

the compound more h eat co n d u ctiv e . However, th ere  a r e  l im it a t io n s .  I f  

th e  s i l i c o n  powder co n cen tra tio n  i s  to o  h ig h , the m ixture i s  very dry 

and d i f f i c u l t  to  work w ith . The compound a ls o  does not "wet" the  

su r fa c e s  as w e l l  which b eg in s to  reduce h eat con d u ction . As a compromise.
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Table V. Temperature r e s u l t s  w ith  th e  s i l i c o n e  rubber ad h esiv e

R atio s i l i c o n  to  
s i l i c o n e  rubber

Heat s in k  
temp.

C ell
temp.

. Temperature 
d if fe r e n c e

0:1 21°C 42°C 21°C

1:1 26 43 17

2:1 26 42 16

i t  i s  b e s t  to  use th e  s i l i c o n  powder r a t io  o f  1 :1 .

A t e s t  was run comparing th e  h eat conduction  p r o p e r tie s  o f  

RTV-560 and s i l i c o n e  rubber. Both were t e s t e d  usin g  a 1:1 r a t io  by 

volume o f  s i l i c o n  powder to  a d h es iv e . W hile th e  s i l i c o n e  rubber m ixture  

had a tem perature d if f e r e n c e  between th e  c e l l  and h eat s in k  o f  about 

17°C, th e  RTV-560 m ixture had a tem perature d if fe r e n c e  o f  14°C. RTV-560

w il l  conduct h eat s l i g h t l y  b e t te r  than s i l i c o n e  rubber. However, fo r  

sev era l reasons s i l i c o n e  rubber was s e le c t e d  over RTV-560. RTV-560.

adhered very p oorly  to  th e  smooth m etal su r fa c e s  which were used . No 

such problems were encountered  w ith  s i l i c o n e  rubber. RTV-560 was a ls o  

more d i f f i c u l t  to  work w ith  because i t  was n ecessa ry  to  mix in  a c a t a ly s t  

fo r  cu r in g . In l i g h t  o f  t h is  as w ell as th e  f a c t  th a t  RTV-560 i s  on ly  a 

s l i g h t l y  b e t te r  thermal con d u ctor, s i l i c o n e  rubber was s e le c t e d  as th e  

a d h esive  to  be used .

Another t e s t  was conducted u sin g  s i l i c o n e  rubber. T his tim e  

copper powder, in s tea d  o f  s i l i c o n  powder, was mixed w ith  th e  s i l i c o n e  

rubber in  a 1:1 r a t io .  At 40 su n s , t h i s  gave a c e l l - t o - h e a t  s in k  

tem perature d if fe r e n c e  o f  13°C. T his was an improvement but th e  s i l i c o n e
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rubber became e l e c t r i c a l l y  co n d u ctive  due to  th e  p resen ce o f  copper powder. 

Reducing th e  copper co n cen tra tio n  enough to  make sure th e  compound was no 

lon ger  e l e c t r i c a l l y  co n d u ctive  r e s u lte d  in  a thermal conduction  th a t  was 

no b e t te r  than the m ixture o f  s i l i c o n e  rubber and s i l i c o n  powder.

A c e l l - s u b s t r a t e  com bination was mounted onto a sm all copper 

p la te  u sin g  th e  ad h esiv e  m ixture o f  s i l i c o n e  rubber and s i l i c o n  powder.

The copper p la te  was then cy c led  d a ily  on and o f f  o f  a h o t p la te  m aintained  

a t  200°C. The c y c lin g  was continued  over a period  o f  s i x  weeks in  order to  

s e e  i f  s i l i c o n  rubber cou ld  w ith stan d  high  tem peratures over long p eriod s  

o f  tim e w ith ou t d e te r io r a t in g .  Throughout the c y c l in g ,  th ere  was no 

d e te r io r a t io n  in  th e  s i l i c o n e  rubber.

Temperature Measurements o f  A ll Mounting Components

A cell-m olybdenum  com bination was mounted on th e  w ater Cooled  

h eat s in k  u sin g  s i l i c o n e  rubber and s i l i c o n  powder in  a 1:1  r a t io .  Under 

va rio u s l i g h t  i n t e n s i t i e s ,  th e  tem peratures o f  sev era l lo c a t io n s  were 

m onitored . As shown in  F igure 13 , TCI was used to  measure th e  tem perature  

o f  th e h eat s in k  j u s t  below th e  s i l i c o n  rubber. TC2 was so ld ered  to  th e  

top c o n ta c t  pad o f  th e  s o la r  c e l l .  Using s i l v e r  p a in t ,  TC3 was a tta ch ed  

to  th e  top o f  the c e l l  near th e  c e n te r . TC4 was so ld ered  onto the  

molybdenum edge where the c e l l  in te r c o n n e c tio n s  would be p la ced . The 

tem peratures were recorded u sin g  l i g h t  in t e n s i t i e s  o f  10, 2 0 , 30 , and 40 

su ns. The r e s u l t s  are summarized in  Table VI.

The tem perature d if f e r e n c e s  between th e  top o f  the c e l l  and the  

h eat s in k  were what would have been exp ected  from p rev iou s experim ental 

r e s u l t s .  One would e x p e c t the tem perature o f  th e top c o n ta c t  pad to  be 

c lo s e  to  th a t  o f  the c e l l  su r fa c e . However th e  c o n ta c t  pad tem peratures
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Table VI. Temperature measurements o f  a mounted s o la r  c e l l

L ight Heat C ontact C ell Molybdenum C e ll - to -h e a t
in t e n s i t y sin k pad su r fa c e edge sin k  aT

10 suns 26°C 33°C 33°C 40oC O O

20 27 38 39 51 12

30 27 46 41 63 14

40 28 51 45 76 17 .

were s l i g h t l y  h ig h er . The tem peratures o f  th e  molybdenum were much h igh er  

than the c e l l  tem p eratu res. This would be exp ected  because th e  molybdenum 

edge had been bent up away from th e  h ea t s in k  a llo w in g  t h is  area to  g e t  

r e l a t iv e l y  warm.

At t h is  p o in ts  a l l  p re lim in ary  t e s t s  and experim ents n ecessa ry  

b efore  module assem bly had been com pleted . A mounting procedure was 

developed  th a t  would keep th e  c e l l  tem perature as low as p o s s ib le  and 

m inim ize any s t r e s s  and s tr a in  on the c e l l  due to  expansion  and c o n tr a c t io n .  

In determ ing the mounting p rocedure, accommodations were made fo r  easy  c e l l  

in te r c o n n e c t io n s . The methods developed  to  p lo t  c e l l  I-V curves and make 

thermal measurements on s in g le  c e l l s  were a ls o  used in  g a th er in g  data from  

com pleted m odules.



CHAPTER V

MODULE DATA

Using the tech n iq u es developed  in  p rev iou s exp er im en ts, th e  

modules were assem bled in to  f in is h e d  p rod u cts. S evera l c h a r a c t e r is t ic s  

o f  th e  com pleted modules were in v e s t ig a te d .  E le c t r ic a l  measurements were 

used to  t e s t  the q u a lity  and perform ance o f  each r e c e iv e r  and o p t ic a l  

module. The tem peratures o f  va rio u s lo c a t io n s  on each r e c e iv e r  were 

m onitored to  see  i f  th e  v a r io u s c o o lin g  methods were removing heat 

a d eq u a te ly . F in a l ly ,  th e  o p t ic s  o f  th e  r e f l e c t o r  were an a ly zed .

Module Assembly

S ix  h eat s in k s  or r e c e iv e r s  were c o n str u c te d . Each had s ix  

machined su r fa c e s  in  a hexagonal shape. Each su r fa c e  was d esigned  to  

accommodate th ree  c e l l s  so e ig h te e n  s o la r  c e l l s  mounted on molybdenum 

su b s tr a te s  were mounted on each r e c e iv e r .  Each o f  th e f l a t  su r fa c e s  on 

th e  r e c e iv e r  was coated  w ith  0 .0 5  mm o f  s i l i c o n e  rubber and s i l i c o n  powder 

mixed in  a 1:1  r a t io .  A fter  c u r in g , another 0 .0 5  mm o f  th e  a d h esive  was 

a p p lied  to  th e  bottom s id e  o f  the molybdenum s u b s tr a te .  W hile the a d h esiv e  

was s t i l l  w e t, the cell-m olybdenum  com bination was p ressed  onto the r e c e iv e r .  

The th ree  c e l l s  o f  each fa c e  were mounted a t  the same tim e . They were 

mounted as c lo s e  to g e th e r  as p o s s ib le  to  reduce o p t ic a l lo s s e s .  However, 

a sm all d is ta n c e  had to  be m aintained  between them to  keep neighboring c e l l s  

or molybdenum su b s tr a te s  from c o n ta c tin g  each o th e r . The r e s is ta n c e  was 

measured between every  molybdenum s u b s tr a te  and the r e c e iv e r  on which i t  

was mounted. T his was done to  be sure th ey  were e l e c t r i c a l l y  in s u la te d .

36
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Three methods o f  r e c e iv e r  c o o lin g  were em ployed. R eceiver  #1 . 

# 2 , and #3 were a l l  co n stru cted  in  a s im ila r  manner. As shown in  F igure  

4 , th e s e  a c t iv e ly  co o led  r e c e iv e r s  were hollow ed out in s id e .  Two m etal 

tu b es were in se r te d  through th e  bottom to  provide an i n l e t  and o u t le t  

fo r  w ater. R ece iv ers  #4 and #5 were both co n stru cted  from aluminum 

p ip e s . The upper ends o f  each were l e f t  open to  a llo w  th e  in s e r t io n  o f  

a heat p ip e which f i t  sn u g ly  down th e  c e n te r  o f  each r e c e iv e r .  The 

low er end o f  th e  h eat p ip e was surrounded sn ugly  by another aluminum 

p ip e . I t  was coo led  by a V  aluminum tube wrapped around and welded to  

th e  o u ts id e  o f  th e  p ip e . A flow  o f  w ater was provided through th e  k"  

tu b e. Figure 14 d e p ic t s  a r e c e iv e r  co o led  w ith  a h ea t p ip e . R eceiver  

#6 was very s im ila r  to  #4 and #5. However, in  t h is  c a se  th e  low er end 

o f  th e  h eat p ip e was co o led  p a s s iv e ly  by h eat f in s  made o f  c a s t  aluminum 

Once mounted on th e  r e c e iv e r s ,  th e  c e l l s  were in terco n n ec ted

in  one o f  two p o s s ib le  ways. P u ttin g  a l l  e ig h te e n  c e l l s  in  s e r i e s ,
\

denoted as IP x 18S, a llow ed  th e  h ig h e s t  p o s s ib le  v o lta g e  a t  th e  lo w est  

cu rre n t. Under 40 suns a s in g le  c e l l  should  produce about 0 .5 5  v o l t s  

and 3 .2  amperes a t  th e  maximum power p o in t .  This would y ie ld  10 v o l t s  

a t  3 .2  amperes fo r  th e  m odule. Power lo s s e s  due to  s e r ie s  r e s is ta n c e  

would be sm a ller  w ith  th e  IP x 18S w ir in g  because o f  th e  sm all cu rren t. 

However, i f  a l l  e ig h te e n  c e l l s  are n ot un iform ly il lu m in a te d , the module 

cu rren t i s  lim ite d  by th e  cu rren t g en era tio n  o f  the c e l l  w ith  the l e a s t  

i l lu m in a t io n . S in ce  non-uniform  l i g h t  d is t r ib u t io n  was exp ected  along  

th e  v e r t ic a l  a x is  o f  th e  r e c e iv e r s ,  a second con n ection  c o n fig u r a tio n  

was a ls o  used to  le s s e n  some o f  the problem s a s so c ia te d  w ith  non-uniform  

l i g h t  d is t r ib u t io n .  The th ree  c e l l s  on each fa c e  were w ired in  p a r a lle l
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S ide view

S o la r  c e l l s

M illed  hexagon

.Mounting p la te

C oolant out

C oolant in

Heat p ipe

Figure 14. R eceiver coo led  w ith  heat p ip e .
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The s ix  fa c e s  were then w ired in  s e r i e s .  W iring in  t h i s  fa sh io n  i s  

denoted as a 3P x 65 c o n f ig u r a t io n . The c e l l s  on r e c e iv e r s  # 2 , # 4 , # 5 , 

and #6 were connected  in  t h is  manner. The c e l l s  on r e c e iv e r  #1 were 

connected  in  th e  IP x 185 c o n f ig u r a t io n . The w irin g  on r e c e iv e r  #3 

was changed once so  th a t  both o p tio n s  cou ld  be t e s te d  u s in g  th e  same 

c e l l s .

The in te r c o n n e c tio n s  between c e l l s  were made w ith  copper b ra id . 

The f l e x i b i l i t y  o f  braid  was d e s ir a b le  because i t  made i t  e a s ie r  to  

con n ect th e  c e l l s  to g e th e r  and would cau se l e s s  s t r a in  on th e  c e l l  

c o n ta c ts  a f t e r  th e  co n n ectio n s  had been so ld e r e d . A braid  w ith  64 

stran d s o f  0 .0 7 5  mm diam eter copper w ire w as.u sed . Even w ith  the maximum 

p o s s ib le  cu rren t in  a 3P x 65 c o n f ig u r a t io n , on ly  3% o f  th e  e l e c t r ic a l  

output would be l o s t  due to  w ir in g  s e r ie s  r e s is ta n c e .  In th e  IP x 185 

c o n f ig u r a t io n , th e  w ir in g  lo s s e s  would be a maximum o f  1%.

C e lls  o f  s im ila r  e f f i c i e n c i e s  were mounted on each r e c e iv e r .

The average c e l l  e f f i c i e n c y  as w ell as th e  o th er  c h a r a c t e r is t ic s  o f  each  

r e c e iv e r  are summarized in  Table V II.

S ix  cop p er-con stan tan  therm ocouples were a tta ch ed  w ith  s i l v e r  

p a in t to  v a r io u s p o in ts  on each r e c e iv e r .  Temperatures were m onitored  

fo r  sev era l rea so n s . The e f f i c i e n c y  o f  each method o f  r e c e iv e r  c o o lin g  

was to  be determ ined. The a ctu a l c e l l  tem peratures were a ls o  m onitored  

to  determ ine how much th e  module ou tput was degraded due to  c e l l  h e a tin g . 

Thermocouple w ires  were fed  through h o le s  in  a p la s t i c  p lug a t  the base  

o f  th e  r e c e iv e r .  The w ires  ended on term inal boards a tta ch ed  to  the

r e c e iv e r  b ase .
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R eceiver  C ooling C ell Average c e l l
number method w ir in g  e f f i c i e n c y

1 A c t iv e ly  co o led  
by w ater

IP X 18S ; 1 0 . 3 %

2 A c tiv e ly  coo led  
by w ater

3P x 6S 1 0 .9

3 A c t iv e ly  co o led  
by w ater

IP X 
3P x

18S
6S

1 1 .8

4 Water co o led  
h e a t  p ipe

3P x 6S 1 0 .8

5 Water co o led  
h eat p ip e

3P x 6S 1 1 ,5

6 A ir coo led 3P x 6S 1 0 .8

Table V III . Summary o f  the c h a r a c t e r is t ic s  o f  each o p t ic a l  module

Module
number M aterial R e f le c t in g

su r fa c e L ight d is t r ib u t io n

0M2A P le x ig la s Aluminum Large image spread

0M3A P le x ig la s Aluminum Good d is t r ib u t io n

0M4A P le x ig la s Aluminum Medium im age spread

0M5A ABS Aluminum Rough s u r fa c e , la r g e  image spread

0M7A P le x ig la s Copper B est d is t r ib u t io n

0M8A P le x ig la s S i1ver Good d is t r ib u t io n
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As shown in  Figure 5 ,  each r e c e iv e r  f i t s  in to  an o p t ic a l  

module. Each o p t ic a l  module was made o f  ABS p la s t i c  or p le x ig la s .

The c o r r e c t  shape was formed by h ea tin g  th e  p la s t i c  and then p u ll in g  

i t  by a vacuum in to  a mold. The r e f l e c t i v e  su r fa c e s  o f  each module 

were then coated  w ith  evaporated  m e ta l. Copper, s i l v e r ,  and aluminum 

were used in  d i f f e r e n t  m odules. Table VIII summarizes th e  c h a r a c t e r is t ic s  

o f  th e  s ix  o p t ic a l  m odules. The r e la t iv e  l i g h t  d is t r ib u t io n  in form ation  

i s  co u r te sy  o f  A rizona S c i e n t i f i c  Research where th e o p t ic a l  modules 

were made.

E le c tr ic a l  Measurements

During m easurem ents, th e  modules were mounted on a p o lar  type  

o f  mount norm ally used fo r  t e le s c o p e s .  M o d ifica tio n s  were made to  handle  

th e  m odules. A c lo ck  d r iv e  kept th e  module aimed a t  th e  sun once i t  was 

p rop erly  o r ie n te d . The i n i t i a l  o r ie n ta t io n  was done by m easuring th e  

module sh o r t c i r c u i t  cu rren t and making adjustm ents u n t il  i t  was m axim ized. 

A photograph o f  th e  module on th e  c lo c k  d riven  mount i s  seen  in  Figure 15.

The module ou tput cu rren t was determ ined by m easuring the  

v o lta g e  drop a cro ss  a 0 .0 1  ohm p r e c is io n  r e s i s t o r  w h ile  th e  module v o lta g e  

was measured d ir e c t ly  from th e  module te r m in a ls . The p r e c is io n  r e s i s t o r  

and a v a r ia b le  r e s i s t o r  were connected  in  s e r ie s  a cro ss  th e  output 

te r m in a ls . An X-Y reco rd er  was used to  draw I-V c h a r a c t e r is t ic  curves  

o f  the module o u tp u t. The curves were drawn by the record er  as the  

v a r ia b le  r e s i s t o r  was changed from zero  to  v a lu es  la r g e  enough to  com plete  

th e  cu rve . F igure 16 shows a diagram o f  th e  apparatus u sed .
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Figure 15. Module mounted on the clock driven telescope mount.



X - Y Recorder

(H orz .) (V e r t .)

-  V + -  I +

Module

Figure 16. Module e l e c t r i c a l  t e s t  apparatus.
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E le c tr ic a l  measurements were used to  determ ine th e  r e la t iv e  

q u a lity  o f  each o p t ic a l  m odule. The o p t ic a l  q u a lity  depends on th e  

evaporated  m etal co a tin g  and th e  r e la t iv e  l i g h t  d is t r ib u t io n .  The 

r e f le c ta n c e  o f  th e  evaporated  m eta ls  in  order from b e s t  to  w orst are  

s i l v e r ,  aluminum, and copper. However th e  b e s t  to  w orst o p t ic a l  modules 

w il l  not n e c e s s a r i ly  be in  th a t  ord er. S u rface d e fe c ts  and a b n o rm a litie s  

in  th e  p la s t i c  due to  in a cc u r a te  m olding cau se o p t ic a l  d egrad ation .

In order to  make com parisons between th e o p t ic a l  m odules,

measurements were made w ith  r e c e iv e r  #3 in se r te d  in  each o f  th e  s ix

m odules. R eceiver #3 was used because i t  was exp ected  to  have th e

h ig h e s t  e f f ic ie n c y ;  I-V cu rves were taken w ith  each module using  th e

c e l l s  o f  r e c e iv e r  #3 in  both th e  IP x IBS and 3P x 65 w ir in g  c o n f ig u r a t io n s .

The data  taken fo r  each o f  th e  w ir in g  c o n f ig u r a t io n s  i s  rep resen ted  in

T ables IX and X. A ll cu rren t and power data has been ad ju sted  fo r  l i g h t

in p u t v a r ia t io n s  as i f  a l l  th e  measurements were taken in  a s o la r  f lu x
2o f  e x a c t ly  one sun or lOOmW/em . T h e .c a lib r a te d  standard c e l l  was used  

to  determ ine th e  e x a c t  s o la r  in t e n s i t y .  The c r o ss  s e c t io n a l  area o f  th e  

module was 0 .3 8  square m eters. Thus a t  one sun 380 w a tts  o f  l i g h t  was 

in te r c e p te d  by th e  m odule. The module e f f i c i e n c y  was determ ined by 

d iv id in g  th e  maximum d e liv e r e d  e l e c t r i c a l  power by 380 w a tts .

Module 0M5A has a s ig n i f i c a n t l y  low er e f f i c i e n c y  in  both c a s e s .

This module was th e  on ly  one made o f  ABS in stea d  o f  p le x ig la s .  A v isu a l  

in sp e c t io n  rev e a led  th a t  i t  d id  not mold w e ll and has d ep artu res from  

sm oothness th a t  would c o n tr ib u te  to  a poor l i g h t  d is t r ib u t io n .  Modules 

0M2A, 0M3A, and 0M4A were a l l  made o f  p le x ig la s  and used aluminum
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Table IX. A djusted data fo r  each o p t ic a l  module w ith  r e c e iv e r  #3 (IP xlS S )

Module
number : s= :Voc 'm vm : ; Power 

i n E ff .

0M2A 1.75A 12.4V 1.67A 1 1 .0  V 1 8 .4W 380W 4 .8 1

0M3A 1 .8 5 1 2 .4 1 .77 11 ,1 1 9 .6 380 5 .2

0M4A 2 .7 0 1 2 .4 2 .57 1 0 .0 25 .7 380 6 .8

0M5A 1 .7 0 ' 1 2 .2 1 .5 9 1 0 .8 1 7 .2 380 4 .5

0M7A 2 .9 2 1 2 .5 2 .7 5 1 0 .2 2 8 .1  . 380 7 .4

0M8A 3 .1 0  - 1 2 .5 2 .8 8 1 0 .2 2 9 .4 380 7 .7

Table X. A djusted data fo r  each o p t ic a l  module w ith  r e c e iv e r  #3 (3Px6S)

Module 
number ' s c Voc ! m

v"
Power

in
E ff .

0M2A 8.3A 4.0V 7.1A 3.2V 2 3 .7W 380W 6.2%

0M3A 10 .3 3 .9 9 .6 2 .9 2 7 .8 380 7 .3

0M4A 1 0 .2 3 .9 9 .1 3 .0 2 7 .3 380 7 .2

0M5A 6 .6 4 .1 6 .3 3 .3 2 0 .9 380 s.'s

0M7A - 10 .1 4 .0 9 .3 3 .1 2 8 ,8 380 7 ,6

0M8A 1 0 .6 4 .1 9 .8 3 ,1 3 0 .5 . 380 8 .0
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as th e  r e f l e c t i v e  su r fa c e . They were somewhat s im ila r  ex ce p t th a t  0M2A 

has a s ig n i f i c a n t l y  low er e f f i c i e n c y  due to  a la r g e r  image spread .

S i lv e r  i s  p red ic ted  to  have a b e t te r  r e f le c ta n c e  than th e  o th er  m eta ls  

and indeed module 0M8A had th e  h ig h e s t  e f f i c i e n c y .  Module 0M7A a ls o  

had a r e l a t iv e l y  high e f f i c i e n c y .  W hile co p p er 's  r e f le c ta n c e  i s  n o t as 

good as s i l v e r  or aluminum, module 0M7A had a good l i g h t  d is t r ib u t io n  

which made i t  a good o p t ic a l  module.

I f  any one o f  th e  modules r e f le c t e d  .an equal co n cen tra tio n  o f  

l i g h t  on every  c e l l ,  th e  IP x 18$ module e f f i c i e n c y  would be th e  same 

as th e  3P x 6S e f f i c i e n c y .  However, i f  a l l  c e l l s  in  a TP x 18S 

co n fig u r a tio n  are n o t un iform ly  i l lu m in a te d , the module cu rren t i s  

l im ite d  by th e  cu rren t generated  by the c e l l  w ith  th e  l e a s t  i l lu m in a t io n .  

T his d ecrea ses  th e  module e f f i c i e n c y .  In every  module t e s t e d ,  th e  

e f f i c i e n c y  d ecreased  as th e  c e l l s  were changed from 3P x 6S to  IP x 18S. 

T his dem onstrates th e  n on -u n iform ity  o f  con cen tra ted  l i g h t  on the c e l l s .

Once i t  was determ ined th a t  th e  b e s t  o p t ic a l module was 0M8A, 

each o f  the s ix  r e c e iv e r s  was t e s t e d  u sin g  i t .  I-V curves were taken  

w ith  each r e c e iv e r  in s e r te d  in to  module 0M8A. Table XI shows the  

r e s u lt in g  e l e c t r i c a l  r e s u l t s  a f t e r  th e  data was co rr ec ted  to  a s o la r
p

in t e n s i t y  o f  lOOmW/cm (one s u n ) .

There were sev era l fa c to r s  which determ ined the e l e c t r ic a l  

e f f i c i e n c y  o f  each r e c e iv e r .  The average e f f i c i e n c y  o f  th e  c e l l s  on 

each r e c e iv e r  was im portant but two o th er  fa c to r s  had a s ig n i f i c a n t  

in f lu e n c e . As observed w ith  r e c e iv e r  # 3 , an unequal l i g h t  d is t r ib u t io n  

on th e  r e c e iv e r s  due to  im p erfect o p t ic a l  modules made i t  more e f f i c i e n t  

to  w ire  th e  c e l l s  in  th e  3P x 6S c o n f ig u r a t io n . The f in a l  fa c to r  in



47

Table XI. A djusted data fo r  each r e c e iv e r  in  o p t ic a l module 0M8A

R eceiver
number

C ell
w ir in g ■sc . voc ■m Vm Pm Power E ff .

1 IPxlSS . 2.4A 12.7V 2 .2  A 1 1 . ov 24.2W 380W 6.4%

2 3Px 65 9 .9 4 .1 9 .4 3 .1 29 .1 380 7 .7

3 IPxlSS 3 .1 12 .5 2 .9 1 0 .2 2 9 .4 380 7 .7

3 3Px 65 10 .6 4 .1 9 .8 3 .1 3 0 .5 380 8 .0

4 3Px 65 9 .1 2 .4 7 .4 1 .5 11.1 380 2 .9

5 3Px 65 10 .3 3 .2

CO 2 .2 19 .1 380 5 .0

6 3Px 65 9 .9 2 .9 8 .3 1 .9 1 5 .8 380 4 .2  . .

determ ining th e  e f f i c i e n c y  o f  each r e c e iv e r  was th e  o p era tin g  

tem perature o f  th e  s o la r  c e l l s .  The low e f f i c i e n c i e s  o f  r e c e iv e r s  # 4 ,

# 5 9 and #6 were due to  high c e l l  tem peratures caused by th e  heat p ipe  

arrangem ents. High c e l l  tem peratures caused th e  c e l l  v o lta g e  to  drop 

s ig n i f i c a n t l y .  T h is  can be seen  by o b serv in g  th e  low v o lta g e s  o f  

r e c e iv e r s  # 4 , # 5 , and #6 compared w ith  th e  3P x 6S v o lta g e  o f  r e c e iv e r  

#3. The cu rren ts  were not s ig n i f i c a n t l y  changed.

The o p t ic a l  m o d u le -rece iv er  com bination w ith  th e  b e s t  o v e r a ll  

e f f i c i e n c y  was o p t ic a l  module 0M8A w ith  r e c e iv e r  #3 w ired in  the 3P x 6S 

c o n fig u r a t io n . T his com bination used a module w ith  s i l v e r  as the  

r e f l e c t iv e  su r fa ce  and had a r e l a t iv e l y  good image d is t r ib u t io n .  The 

average c e l l  e f f i c i e n c y  was h ig h e s t  o f  a l l  r e c e iv e r s  and th e  3P x 6S 

c e l l  w ir in g  helped reduce any lo s s e s  caused by unequal l i g h t  d is t r ib u t io n .'  

The r e c e iv e r  was a ls o  a c t iv e ly  coo led  w ith  w ater keeping th e c e l l s  

r e l a t iv e l y  coo l and o p era tin g  a t  h igh er e f f i c i e n c i e s .  F igure 17 shows
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Figure 17. I-V curve using optical module 0M8A with receiver #3 (3Px6S).
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th e  I-V curve o f  t h is  com bination  which gave the b e s t  e l e c t r i c a l  ou tp u t. 

T his curve shows th e  raw data b efore  i t  was co rr ec ted  t o  a s o la r  in t e n s i t y  

o f  one sun.

Temperature Measurements

A ll w ater c o o lin g  was provided from dom estic w ater l i n e s .  In 

order to  determ ine an adequate flow  r a te  fo r  an a c t iv e ly  co o led  r e c e iv e r ,  

c e l l  tem perature was measured as a fu n c tio n  o f  flow  r a te .  R eceiver #3 

and o p t ic a l module 0M8A were used in  t h i s  experim ent. As shown on th e  

graph in  Figure 18, th e c e l l  tem peraure l e v e l s  o f f  a f t e r  th e  flo w  r a te  

was in crea sed  to  th ree  l i t e r s  per m inute. In order to  b e .su r e  th a t  th e  

c e l l  tem peratures had indeed le v e le d  o f f ,  i t  was decided  to  use a f lo w  

r a te  o f  fou r l i t e r s  per m inute in  a l l  c a s e s .

Temperature measurements were taken w ith  each r e c e iv e r  in  

o p t ic a l module 0M8A. Thermocouples were a ttach ed  to  se v e r a l p la c e s  on 

each r e c e iv e r  a llo w in g  tem peratures to  be m onitored a t  a v a r ie ty  o f  

lo c a t io n s .  W hile tem perature measurements were being ta k en , the module 

sh o rt c i r c u i t  cu rren t was a ls o  being m on itored . The sh o r t  c i r c u i t  

cu rren t was kept maximized to  ensure th a t  th e  module o r ie n ta t io n  was 

such th a t  a maximum o f  s o la r  r a d ia tio n  was reach ing  th e  r e c e iv e r .

Table XII summarizes th e  r e s u l t s  o f  th e  tem perature measurements taken .

As can be s e e n , d ir e c t  w ater c o o lin g  used in  r e c e iv e r s  # 1 ,

#2 , and #3 i s  fa r  su p e r io r  to  c o o lin g  w ith  heat p ip es which were used . 

in  r e c e iv e r s  # 4 , # 5 , and #6. Heat p ip e c o o lin g  a llow ed  th e  c e l l  

tem peratures to  go w e ll above 100°C. The h ig h er  c e l l  tem peratures in  

th e se  modules are due to  th e  la r g e  tem perature drops a t  th e  in te r fa c e  

between th e  h eat p ipe and th e  two end p ie c e s  which surrounded the h eat
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p ipe as w e ll as th e  tem perature drop a cro ss  th e  h eat p ip e i t s e l f .  Any 

a ir  pocket around th e  h eat p ip e would s e v e r e ly  hamper th e  flo w  o f  h ea t. 

I t  should  be noted th a t  i t  d id  not seem to  make any d if f e r e n c e  w hether 

th e  bottom end o f  th e  h eat p ip e was a c t iv e ly  or p a s s iv e ly  c o o le d .  

R eceiver  #6 had th e  on ly  heat p ip e th a t  was p a s s iv e ly  co o led  w ith  a ir  

f i n s .  Heat p ip es  in  genera l are t o t a l l y  inadequate fo r  c o o lin g  s o la r  

co n cen tra to rs  w ith  in t e n s i t i e s  o f  40 su n s. One o p t im is t ic  o b serv a tio n  

i s  th a t  th e  very high r e c e iv e r  tem peratures d id  not appear to  damage 

th e  s i l i c o n e  rubber ad h esiv e  used in  mounting th e  cell-m olybdenum  

com bination onto the r e c e iv e r .  The so ld ered  in te r c o n n e c tio n s  were a ls o  

not a f fe c te d  by th e  high tem p eratu res.

Table X II. Temperature measurements w ith  each r e c e iv e r  in  o p t ic a l  
module 0M8A

R eceiver
number

C ooling  
w ater

R eceiver  
su r fa c e

S o la r  
c e l 1 1

AT C ell 
to r e c e iv e r

AT R eceiver  
to  w ater

AT C ell 
to  w ater

1 20°C 27°C 47°C 20° C 7°C 27°C

2 24 32 47 15 8 23

3 23 30 43 13 7 20

4 27 140 190 50 113 163

5 ; 22 - 116 140 24 " 94 : 118

6 _ _ —  —  — 138 - - 119*

* S in ce  r e c e iv e r  #6 was p a s s iv e ly  a ir  c o o le d , t h is  tem perature r e p r e se n ts  
th e  AT between th e  c e l l  and the am bient a ir .
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A ctiv e  w ater c o o lin g  kept th e  c e l l  tem peratures below 50°C.

The c e l l  tem perature on th e s e  r e c e iv e r s  degraded th e  module v o lta g e  

by on ly  a minimal amount. In g e n e r a l, th e  tem perature measurement 

r e s u l t s  o f  th e  th r e e  a c t iv e ly  coo led  are en cou raging . The a ctu a l c e l l  

tem p eratu res, as w ell as th e  tem perature d if fe r e n c e  between th e  c e l l s  

and th e  r e c e iv e r ,  are  very c lo s e  to  th e  measurements taken u sin g  th e  

s o la r  s im u la to r . The module tem peratures were what would have been 

p r e d ic te d .

The o v e r a ll  e l e c t r i c a l  e f f i c i e n c i e s  o f  r e c e iv e r s  # 4 , # 5 , 

and #6 are r e l a t iv e l y  low . T his i s  because o f  th e  d egrad ation  in  v o lta g e  

due to  high c e l l  tem p eratu res. In order to  se e  e x a c t ly  how much th e  

v o lta g e  was degraded, measurements were taken o f  th e  module open 

c i r c u i t  v o lta g e  versu s c e l l  tem perature. R eceiver  #4 in  o p t ic a l  module 

0M8A was used fo r  t h is  t e s t .  The module was shaded u n t i l  the c e l l s  had 

reached a r e l a t iv e l y  coo l tem perature and then suddenly exposed to  th e  

f u l l  sun. The open c i r c u i t  v o lta g e  and th e  c e l l  tem perature were 

measured as th e  r e c e iv e r  tem perature g ra d u a lly  in c r e a se d . The curve o f  

Voc versu s c e l l  tem perature i s  shown in  F igure 19. The average s lo p e  

o f  th e  p lo t  i s  -11.5m V /°C . S in ce  the c e l l s  are w ired in  th e  3P x 6S 

c o n f ig u r a t io n , t h is  t r a n s la t e s  to  a v o lta g e  lo s s  o f  -1 .9 2 m V /ce ll°°C  which 

i s  c lo s e  t o  what was ex p ected .

O ptica l A n a ly s is

The o v e r a ll e f f i c i e n c y  o f  a module i s  determ ined by a number o f  

d if f e r e n t  f a c t o r s .  These fa c to r s  were examined usin g  th e  com bination  

o f  r e c e iv e r  #3 in  o p t ic a l  module 0M8A. The module e l e c t r i c a l  e f f i c i e n c y  

can be rep resen ted  by eq u ation  ( 7 ) .



53

Open Circuit 
Voltage
(volts)

3.8 - -

3.6 ** Slope = 11.5mV/ C

3.4 --

3.2 "

2 . 6 - -

Temperature (°C)

ocFigure 19. Module V versus ce l l  temperature.



^module = ^dome • ngeom opsp x eT l (7 )

Tdome 15 th e  tra n sm issio n  c o e f f i c i e n t  fo r  th e  p la s t i c  dome cover  

which p r o te c ts  th e  r e f l e c t in g  s i l v e r  as w e ll as th e  c e l l s  from th e  

environm ent. T his can e a s i l y  be determ ined by tak in g  s im ila r  measurements 

w ith  and w ith o u t th e  dome co v er . I t  was a lrea d y  determ ined th a t  w ith  

e x a c t ly  one sun th e  IP x 18S c o n fig u r a tio n  had a maximum e l e c t r i c a l  power 

o f  2 9 .4  w a tts  w ith  th e  dome on. With th e  d o m e.o ff, th e  e l e c t r i c a l  power 

was 3 1 .5  w a tts . S in ce  th e  power i s  p ro p ortion a l to  th e  s o la r  in t e n s i t y ,  

Tdome cou ld  be c a lc u la te d  to  be 0 .9 3 .

The geom etric  e f f i c i e n c y  o f  th e  module i s  denoted by ngeom* By 

stu d y in g  F igure 5 ,  one can s e e  th a t  th e  incom ing rays in  th e  cen ter  o f  

th e  module w i l l  s t r ik e  th e  r e c e iv e r  and th e  f la n g e  where th e  r e c e iv e r  i s  

connected  to  th e  r e f l e c t o r .  T his l i g h t  w i l l  not have a chance to  be 

r e f l e c t e d  onto th e  s o la r  c e l l s  and w i l l  be l o s t .  The c r o ss  s e c t io n a l  

area o f  th e  module i s  0 .3 8 0  square m eters w h ile  th e  c r o s s  s e c t io n a l area  

o f  the r e c e iv e r  and f la n g e  i s  0 .0 1 8  square m eters. Thus, 5% o f  the l i g h t  

which sh in e s  through th e  dome never even s t r ik e s  th e  r e f l e c t o r ;  thus

"geom 15 0-95'
n0psp i s  th e  o p t ic a l  spread fu n c t io n . There are two fa c to r s

which determ ine n0pSp. The f i r s t  i s  th a t  some o f  th e  r e f le c t e d  l i g h t

w i l l  s t r ik e  th e  r e c e iv e r ,  e i th e r  too  h igh or too  low , m iss in g  th e  c e l l s .

The second fa c to r  th a t  determ ines n rtncn i s  th e  u n iform ity  o f  l i g h t  onopsp
the r e c e iv e r . A p h o to v o lta ic  system  o p era tes  most e f f i c i e n t l y  when a l l

c e l l s  are illu m in a ted  e q u a lly . The v a lu e  o f  nnncn i s  to  be determ ined.opsp
i s  th e  r e f l e c t i v i t y  o f  th e  o p t ic a l module used which was a s i lv e r e d  

fr o n t - s u r fa c e  m irror. The v a lu e  fo r  i s  t y p ic a l ly  0 .9 5 .
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The f in a l  two fa c to r s  which determ ine th e  o v e r a ll  module

e f f i c i e n c y  are the c e l l  d e n s ity  and th e  average c e l l  e f f i c i e n c y  o f  th e

module. The average c e l l  e f f i c i e n c y  nc e yj o f  the module was determ ined

to  be 11.8% or 0 .1 1 8 . The c e l l  d e n s ity  nccj i s  the p ercen tage o f  area

on th e  r e c e iv e r  where l i g h t  i s  supposed to  sh in e  th a t  i s  a c tu a lly

covered by s o la r  c e l l s .  This i s  .kept from being 1 .0 0  by th e  sm all

sp aces th a t  must e x i s t  between a d ja cen t s o la r  c e l l s .  nccj was 0 .9 5 .

I t  was a lrea d y  determ ined th a t  th e  o v e r a ll e f f i c i e n c y  o f

o p t ic a l module 0M8A w ith  r e c e iv e r  #3 w ired in  th e  3P x 6S c o n fig u r a tio n

i s  8.0%. Knowing t h i s ,  a l l  o th er  known v a lu es  can be s u b s t itu te d  in to

eq u ation  (7 ) and n cr, so lv e d  fo r .  In t h is  c a s e , th e  o p t ic a l  spread

fu n c tio n  was determ ined to  be 0 .8 5 . With more a ccu ra te  to o l in g  and

m anufacturing te c h n iq u e s , t u**- cou ld  be improved to  somewhere between
• 0PSP

0 .9 0  and 1 .0 0 , say 0 .9 5 . C oncentrator c e l l s  w ith  an e f f i c i e n c y  o f  20%

should  a ls o  be a v a ila b le  w ith in  a few y e a r s . With th e se  im provem ents,

a module o f  t h is  d es ig n  cou ld  have an e f f i c i e n c y  o f  14.7%.

In order to  g e t  a c le a r e r  p ic tu r e  o f  how o p t ic a l  module 0M8A

was perform ing , a scan o f  th e  i l lu m in a t io n  on th e  r e c e iv e r  was made.

T his was done by removing th e  p la s t i c  dome cover o f  th e  module and
\

m easuring th e  sh o rt c i r c u i t  cu rren t o f  each in d iv id u a l c e l l .  Each 

v a lu e  o f  cu rren t measured was m u lt ip lie d  by 0 .9 3  to  c o r r e c t  i t  to  what 

the sh o rt c i r c u i t  cu rren t would have been i f  the cover dome had been 

in  p la c e . T his v a lu e  was then compared to  the sh o rt c i r c u i t  cu rren t  

fo r  th a t  p a r t ic u la r  c e l l  measured u sin g  th e  s o la r  s im u la to r  a t  40 su ns. 

From th e se  two v a lu e s ,  th e  average s o la r  in t e n s i t y  f a l l i n g  on each c e l l  

was c a lc u la te d . Table XII summarizes th e  r e s u l t s .  The sh o r t c i r c u i t
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cu rren t m u lt ip lie d  by th e  0 .9 3  c o r r e c t io n  fa c to r  and th e  average s o la r  

in t e n s i t y  on each c e l l  are in clud ed  in  th e  ta b le .  The measurements were 

taken in  a s o la r  in t e n s i t y  o f  e x a c t ly  one sun so  no adjustm ents were needed  

to  c o r r e c t  fo r  th e  incoming s o la r  in t e n s i t y .

Table X III. O ptica l data  o f  o p t ic a l  module 0M8A w ith  r e c e iv e r  #3

Si de 1 2 3 4 5 6 C ell
p o s it io n

I 4.15A 3 .6 5 4 .0 0 3 .1 0 2 .9 0 . 3 .7 0sc
S o la r  in t e n s i t y 44 suns 39 45 33 31 ■ 41 Top

hr 4.70A 4 .1 5 4 .8 0 4 .5 5 3 .2 0 4 .3 0S 0
S o la r  in t e n s i t y 51 suns 45 52 49 33 47 M iddle

I sc 3.80A 3 .4 0 3 .3 0 3 .2 5 2 ,9 0 3 .6 5

S o la r  in t e n s i t y 42 suns 36 36 34 31 ... 41 Bottom

The module was d esign ed  to  d e l iv e r  a s o la r  co n cen tra tio n  o f  40 

suns to  every  c e l l .  In r e a l i t y ,  th e  average s o la r  co n c e n tr a tio n s  on each  

c e l l  ranged from 31 suns t o  52 su ns; th e  s o la r  in t e n s i t y  a cro ss  a l l  c e l l s  

in  th e  module averaged ou t to  be 40 su n s. As one m ight e x p e c t , th e  h ig h e s t  

l i g h t  in t e n s i t y  on each s id e  was on th e  m iddle c e l l .  From th e  m iddle o f  

each s id e  th e  s o la r  in t e n s i t y  d ecrea ses  as one went up or down.

The s o la r  in t e n s i t i e s  on s id e  5 w ere, in  p a r t ic u la r ,  very  low.

The probable cau ses are d e fe c ts  in  th e  r e f l e c t in g  su r fa c e  or d e fo r m itie s  

in  th e  p la s t i c  on which th e  s i l v e r  had been d e p o s ite d . I f  the c e l l s  on 

t h is  r e c e iv e r  were w ired in  th e  IP x 18S c o n f ig u r a t io n , th e top and bottom  

c e l l s  on s id e  5 should  l im i t  th e  module sh o r t c i r c u i t  cu rren t to  2 .9 0  am peres.
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In r e a l i t y ,  th e  sh o r t c i r c u i t  cu rren t fo r  t h is  c o n fig u r a tio n  was 3 .1 0  

amperes. I f  th e  3P x 6$ w ir in g  was u sed , s id e  5 should  l im it  th e  module 

sh o r t c i r c u i t  cu rren t to  9 .0 0  am peres. The a ctu a l sh o r t  c i r c u i t  cu rren t  

fo r  t h is  ca se  was 1 0 .6  amperes.

Although a maximum module e f f i c i e n c y  o f  on ly  8.0% has been 

r e a l iz e d ,  an in  depth stud y  o f  the-m odules has shown where improvements 

can be made. For modules o f  t h is  d e s ig n , a c t iv e  c o o lin g  must be used to  

keep th e  c e l l  tem peratures reason ab ly  low . Improvements in  the o p t ic s  

and in  c e l l  e f f i c i e n c i e s  cou ld  improve th e  o v e r a ll e f f i c i e n c y  to  15% in  

a co n cen tra to r  o f  t h is  d e s ig n .



CONCLUSIONS AND RECOMMENDATIONS 

R esu lts  and O bservations '

A lthough the r e c e iv e r s  and o p t ic a l  modules were co n stru cted  by 

A rizona R esearch , a l l  th e o th er  s te p s  in  th e  fa b r ic a t io n  o f  th e  segmented  

d ish  co n cen tra to r  module were performed a t  th e  U n iv e r s ity  o f  A rizona. 

S evera l d i f f e r e n t  methods o f  c e l l  mounting were in v e s t ig a te d .  A mounting 

procedure was s e le c t e d  which gave adequate heat conduction  and provided  

fo r  co n v en ien t e l e c t r i c a l  co n n ectio n s  between c e l l s .  Once th e  modules 

were put to g e th e r , e x te n s iv e  t e s t s  were c a rr ied  out to  determ ine the  

e l e c t r i c a l  perform ances o f  th e  modules and th e  e f f i c i e n c i e s  o f  variou s  

typ es o f  h eat s in k in g . The o p t ic a l  e f f i c i e n c y  o f  one module was a ls o  

s tu d ie d .

A co n s id e r a b le  amount o f  tim e was sp en t in  d eterm ining th e  

b e s t  way c e l l s  cou ld  be mounted in  a m odule. In order to  make e l e c t r i c a l  

co n n ectio n s to  th e  back s id e  o f  a c e l l  a f t e r  i t  was mounted, c e l l s  were 

f i r s t  mounted on e l e c t r i c a l l y  conducting  s u b s tr a te s .  Molybdenum was 

chosen because i t  has a thermal c o e f f i c i e n t  o f  expansion  s im ila r  to  

th a t  o f  s i l i c o n .  B efore so ld e r in g  th e  c e l l s  onto the molybdenum 

s u b s tr a te s ,  the c e l l s  were e le c tr o p la te d  w ith  copper to  p r o te c t  th e  

s i l v e r  m e ta liz a t io n . The molybdenum was e le c tr o p la te d  w ith  n ick e l 

because so ld e r  w i l l  not adhere to  molybdenum.

The n ext ta sk  was to  determ ine th e  b e s t  a d h esiv e  and th e b e s t  

method fo r  mounting th e  c e l l - s u b s t r a t e  com bination onto th e  r e c e iv e r s .

Two q u a l i f ic a t io n s  had to  be met. A ll o f  th e  molybdenum su b s tr a te s

CHAPTER VI
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needed to  be kept e l e c t r i c a l l y  in su la te d  from the r e c e iv e r  on which th ey  

were mounted. The e l e c t r i c a l  perform ance o f  a module would be se v e r e ly  

degraded i f  any sh o r ts  e x is t e d .  B esid es  being e l e c t r i c a l l y  in s u la t in g ,  

th e  a d h esive  must a ls o  be a good conductor o f  h ea t. As observed  in  th e  

modules w ith  poor h ea t s in k in g  c a p a b i l i t i e s ,  th e  module v o lta g e  

d ecrea ses  s ig n i f i c a n t l y  when th e  c e l l s  are forced  to  op era te  a t  high  

tem peratures. A good ad h esiv e  a llo w s h eat to  pass f r e e ly  from the c e l l  - 

to  the r e c e iv e r .  I f  th e  r e c e iv e r  i s  a good h eat s in k , th e  h ea t gen erated  

by the s u n lig h t  on th e  c e l l s  can be d is s ip a te d  q u ick ly  a llo w in g  th e  c e l l  

tem perature to  remain r e l a t iv e l y  Tow.

An indoor s o la r  s im u la to r  cap ab le o f  g en era tin g  l i g h t  i n t e n s i t i e s  

o f  up to  50 suns was used in  perform ing a v a r ie ty  o f  thermal t e s t s .  

Thermocouples were used to  measure tem peratures w herever d e s ir e d . By 

m easuring tem perature d if f e r e n c e s  a cro ss  v a r io u s  a d h e s iv e s , th e  b e s t  

h eat conductors cou ld  be id e n t i f i e d .  A sm a lle r  tem perature d if f e r e n c e  

means a b e t te r  conduction  o f  h ea t. Heat conduction  was n o t the on ly  

c r i t e r io n  used in  s e le c t in g  an a d h es iv e . The ad h esiv e  was a ls o  judged  

on i t s  q u a lity  o f  adhesion  as w e ll as th e  r e la t iv e  ea se  w ith  which i t  

cou ld  be used . E le c t r ic a l ly  conducting  a d h esiv es  were n o t even co n sid ered . 

A fter  a co n s id e r a b le  amount o f  t e s t in g ,  s i l i c o n e  rubber mixed w ith  

powdered s i l i c o n  in  a 1:1  r a t io  by volume was s e le c t e d .  T e s ts  w ith  t h i s  

a d h esive  in  th e  s o la r  s im u la to r  show th a t  in  a l i g h t  co n cen tra tio n  o f  

40 suns th ere  w i l l  be a tem perature d if f e r e n c e  o f  about 17°C between 

the c e l l  and a w ater co o led  h ea t s in k . The tem peratures measured in  th e  

com pleted modules w ith  a c t iv e ly  co o led  r e c e iv e r s  gave th e  same r e s u l t s .
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A fter  being mounted on molybdenum, every  c e l l  was e l e c t r i c a l l y  

t e s t e d  under a s o la r  in t e n s i t y  o f  40 su n s. There were two reasons fo r  

doing t h i s .  A lthough th e  c e l l s  were d esign ed  to  op era te  under an 

in t e n s i t y  o f  40 su n s , i t  was n ecessa ry  to  be sure th a t  th ey  performed  

ad eq u ately  b efo re  mounting them in  m odules. The e f f i c i e n c y  o f  every  

c e l l  was a ls o  determ ined so th a t  c e l l s  w ith  s im ila r  e f f i c i e n c i e s  cou ld  

be mounted on th e  same r e c e iv e r .  The c e l l  e f f i c i e n c i e s  were f a i r l y  

uniform . Although th ey  ranged from 9.6% to  12.2%, most c e l l  e f f i c i e n c i e s  

were near 11%. The average c e l l  e f f i c i e n c y  a t  40 suns fo r  a l l  c e l l s  

was e x a c t ly  11.0%.

th e  c e l l - s u b s t r a t e  com binations were mounted onto th e  s ix  

r e c e iv e r s  u sin g  th e  m ixture o f  s i l i c o n e  rubber and s i l i c o n  powder. The 

e l e c t r i c a l  performance o f  every  r e c e iv e r  was then  an a lyzed . R eceiver  

#3 w ired in  th e  3P x 6S c o n fig u r a tio n  gave th e b e s t  e l e c t r i c a l  perform ance 

T his i s  what would be ex p ected . The average c e l l  e f f i c i e n c y  was th e  

h ig h e s t  o f  any r e c e iv e r .  I t  was a ls o  a c t iv e ly  c o o le d , keeping v o lta g e  

lo s s e s  due to  high c e l l  tem peratures to  a minimum. The 3P x 65 w ir in g  

le sse n e d  th e  lo s s e s  due to  non-uniform  T ight d is t r ib u t io n  on th e  r e c e iv e r .

Temperature measurements show th a t  h eat s in k in g  th e  r e c e iv e r s  

w ith  h eat p ip es  i s  in ad eq u ate . The h ea t can not be d is s ip a te d  q u ick ly  

enough and c e l l  tem peratures go w ell above 100°C. The e f f e c t s  o f  th e se  

high tem peratures are seen  in  th e  low e l e c t r i c a l  ou tp u ts o f  th e se  

r e c e iv e r s .  A lthough th e  module cu rren t was not e f f e c t e d ,  th e  v o lta g e  was 

decreased  by a s ig n i f i c a n t  amount. On th e  o th er  hand, th e  r e c e iv e r s  

which were a c t iv e ly  co o led  kept th e  c e l l  tem peratures below 50°C. V oltage  

d egradation  i s  not a se v ere  problem in  t h is  tem perature range. The
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tem perature d if f e r e n c e s  between th e  c e l l s  and the a c t iv e ly  coo led  

r e c e iv e r s  ranged from 130C to  20°C. The thermal t e s t s  u sin g  sim u lated  

s o la r  l i g h t  p red ic ted  t h is  tem perature d if fe r e n c e  to  be 170C„

Using e l e c t r i c a l  m easurem ents, o p t ic a l  module 0M8A was 

determ ined to  have th e  b e s t  o v e r a ll  o p t ic a l  e f f i c i e n c y .  T his module 

had a r e l a t iv e l y  good image d is t r ib u t io n  in  comparison to  th e  o th er  

modules and used a h ig h ly  r e f l e c t i v e  c o a tin g  o f  evaporated  s i l v e r  as 

th e  r e f l e c t in g  su r fa c e . T his o p t ic a l  module was analyzed  in  d e ta i l  

to  g e t  a b e t te r  p ic tu r e  o f  i t s  o p t ic a l  perform ance. T his study rev ea led  

th a t  even th e  o p t ic a l  module w ith  the b e s t  o v e r a ll  o p t ic a l  performance 

had a non-uniform  d is t r ib u t io n  o f  l i g h t  a cro ss  th e  c e l l s  on the r e c e iv e r .  

T his a lo n e  can c o n tr ib u te  s ig n i f i c a n t l y  to  a degrad ation  in  th e  e l e c t r i c a l  

output o f  a module.

Recommendations fo r  Module Improvement 

The modules fa b r ic a te d  by th e  tech n iq u es d escr ib ed  in  t h is  

rep o r t have prom ising ou tput c a p a b i l i t i e s .  However, th ere  i s  room fo r  

improvement in  se v e r a l a r e a s . These in c lu d e  c e l l  mounting p roced u res, 

h eat s in k in g  te c h n iq u e s , and an improvement in  th e  q u a lity  o f  some o f  th e  

components which make up th e  co n cen tra to r .

Although a m ixture o f  s i l i c o n e  rubber and s i l i c o n  powder performed  

ad eq u ately  in  conducting  h eat from c e l l  to  r e c e iv e r ,  th e r e  i s  room f o r  

improvement. Under a l i g h t  co n cen tra tio n  o f  40 suns a tem perature 

d if f e r e n c e  between c e l l  and r e c e iv e r  o f  17°C was ob served . I t  would be 

very  d e s ir a b le  i f  t h i s  tem perature d if f e r e n c e  could  be low ered to  10°C or  

l e s s .  Experim ents and more research  in  t h i s  area cou ld  rev ea l th a t  th ere



62

i s  an e l e c t r i c a l l y  in s u la t in g  a d h esiv e  which conducts h eat b e t te r  than  

th e  compound used h ere .

There are many s te p s  in  th e  tech n iq u e developed  fo r  mounting 

the c e l l s  onto th e  r e c e iv e r s .  The p ro cess  i s  ra th er  d i f f i c u l t  and 

tim e consuming. T his t r a n s la t e s  to  a very  high lab or c o s t  i f  th e se  

c o l le c t o r s  are to  be mass produced fo r  th e  commercial m arket. The 

la r g e  number o f  s te p s  in  th e  mounting p rocess  a ls o  makes i t  p o s s ib le  

fo r  more th in g s  to  go wrong. I t  would be d e s ir a b le  to  d evelop  a . 

mounting procedure more e f f i c i e n t  and e a s ie r  than th a t  d escr ib ed  in  

t h is  r e p o r t . ' "

I t  w i l l  probably alw ays be n ecessa ry  to  mount th e  c e l l s  on an 

e l e c t r i c a l l y  co n d u ctiv e  su b s tr a te  such as molybdenum in  order to  be 

a b le  to  make e l e c t r i c a l  co n n ectio n s  to  th e  back s id e  o f  th e  c e l l s .  

However, i f  the r e c e iv e r s  cou ld  be co n stru cted  o f  a m a ter ia l th a t  i s  

an e l e c t r i c  in s u la to r  y e t  conducts h eat w e l l ,  the mounting procedure  

would be s im p li f ie d .  A g r e a t amount o f  e f f o r t  was taken to  ensure  

th a t  th e  molybdenum s u b s tr a te s  remained e l e c t r i c a l l y  is o la t e d  from th e  

r e c e iv e r .  E lim in a tin g  t h is  need would s im p lify  the w hole mounting 

procedure. I t  would a ls o  make i t  p o s s ib le  to  use e l e c t r i c a l l y  

con d u ctive  a d h esiv es  which are l i k e ly  to  have b e t te r  h ea t conducting  

c a p a b i l i t i e s .  . : '

The b e s t  r e c e iv e r  used to g e th e r  w ith  th e  b e s t  o p t ic a l module 

gave an o v e r a ll e l e c t r i c a l  e f f i c i e n c y  o f  on ly  8.0%. T his le a v e s  room 

fo r  a l o t  o f  improvement in  th e  perform ance o f  th e  s o la r  c o l le c t o r .  Of 

a l l  th e  fa c to r s  which determ ine th e  o v e r a ll  e l e c t r i c a l  e f f i c i e n c y ,  th e
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two which can be improved th e  most are th e  c e l l  e f f i c i e n c y  and the o p t ic a l  

spread fu n c tio n  o f  th e  m odules.

Even o p t ic a l  module 0M8A, the b e s t  o f  th e  o p t ic a l  modules t e s t e d ,  

had a r e l a t iv e l y  non-uniform  d is t r ib u t io n  o f  l i g h t  a cro ss  the 18 c e l l s  on 

the r e c e iv e r .  T his module had an o p t ic a l  spread fu n c tio n  o f  85%. Thus, 

th ere  i s  room fo r  improvement in  th e  performance o f  th e  o p t ic a l  m odules.

I f  th e  o v e r a ll perform ance o f  t h is  s o la r  co n cen tra to r  i s  to  be improved, 

tim e and energy should  be d ir e c te d  toward improving th e  p ro cess  used in  

fa b r ic a t in g  th e  o p t ic a l  m odules. I f  th e  o p t ic a l perform ance o f  th e se  

modules can approach what i s  t h e o r e t i c a l ly  exp ected  o f  them, th e  o p t ic a l  

spread fu n c tio n  would be near 100%. The o p t ic a l  modules used in  t h i s  

p r o je c t  were p a rt o f  a sm all order d e liv e r e d  by A rizona S c i e n t i f i c  

R esearch. I f  mass produced, th e  O ptica l perform ance o f  th e  modules would 

probably improve s ig n i f i c a n t l y .

The c e l l s  used in  th e  modules had an average e f f i c i e n c y  o f  11.0%. 

By to d a y 's  s ta n d a rd s, th a t  i s  not p a r t ic u la r ly  good. In th e  near fu tu r e  

p h o to v o lta ic  co n cen tra to r  c e l l s  should  be a v a ila b le  w ith  e f f i c i e n c i e s  

near 20%. These c e l l s  used to g e th e r  w ith  s ig n i f i c a n t l y  improved o p t ic a l  

modules cou ld  r e s u l t  in  an o v e r a ll c o l le c t o r  e f f i c i e n c y  o f  a lm ost 15%.

T his means th a t  th e  a c tu a l e l e c t r i c a l  ou tp ut would be 55 w atts  which i s  

co n s id era b ly  h igh er than th e  e l e c t r i c a l  ou tp uts which were observed . I f  

a module e f f i c i e n c y  o f  15% can be a c h ie v e d , th e r e  i s  reason  to  be 

o p t im is t ic  in  th e  fu tu r e  o f  s o la r  co n cen tra to rs  o f  t h i s  ty p e .
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