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PREFACE TO THE SECOND EDITION 

Since the f i r s t  edition of the handbook i n  1973, the solar  cel l  

industry has improved the efficiency of solar  c e l l s  by employing known 

principles and new technologies. Thus the original edition has been 

revised t o  include discussions on some of the ~ e w l y  developed solar ce l l s  

as well as t o  update radiation data. 

As was true o f  the original edition, t h i s  revision was conceived and 

supported by the J e t  Propulsion Laboratory, California Ins t i tu te  of 

Technology. The philosophy underlying the revision was t a  include 
new materials o f  technological achievement, with a minimum amount o f  

alteration i n  the original contents. In t h i s  context, the i n i t i a l  intent 

of this  handbook i s  s t i l l  in tac t ;  that  i s ,  t h i s  handbook should provide, 

for  the purpose o f  assisting solar array engineers, the background knowledge 

and necessary tools and techniques for a proper evaluation o f  solar array 
degr~dation i n  space radiation f i e lds  with a m i n i m u m  amount of reading 

in various related f ie lds .  In t h i s  respect, the aim of th i s  handbook 
i s  practical and concise. If he so desires,  the reader can confer with 

such a book as Solar Cells' f o r  more general and extended so l a r  ce l l  
2 knowledge, or  with Salar Array Design Handbook for organized massive 

and detailed information fo r  solar array design engineering. 

In th i s  edition will be found discussions on some high-efficiency c e l l s ,  

temperature coefficient and radiatjon data, updated  f l i g h t  data, and a 
computer program ?or equivalent fhuence calculation. 

For support anti technical direction, the author gratefully acknowledges 
the  effor ts  of Dr. Bruce E. Anspaugh, project technical director.  Anspaugh 

also provided the considerable amount of da ta  essential to  th is  revision 

and a c r i t i ca l  editorial review. 

I. H.J. Hovel, Solar Cells, &jniconductors and Semimelals, 11, Academic 
Press, London, 1975. 

2. H.S. Rauschenbach, Solar Cell Array Design Handbook,L; TRW DSSG, 
Redondo Beach, Calif . ,  July 1976. 
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FOREWORD TO THE FIRST EDITION 

The purpose of t h i s  document i s  t o  de ta i l  a method of predicting 

the degradation of a so l a r  array in a space radiat ion environment. The 

text  contains a discussion of so la r  ce l l  technology which emphasizes 

the cell  parameters which degrade -in a radiat ion environm~nt. The 

experimental techniques used in the  evaluation of radiat ion e f fec t s  

are discussed. In Chapter 3, the theoret ica l  aspects of radiat ion 

damage a r e  discussed, and the experimental d a t a ,  on which the concept 
of damage equivalent 1-MeV electron f l  uence i s  based, a re  presented. 

In Chapter 4, the methods of developing r e l a t i ve  damage coeff ic ients  

from the experimental data a r e  de ta i l ed .  In t h i s  regard, i t  was found 

necessary to  i n s t i  t u t e  two separate equival ent  f l  uences to  properly 

describe the  changes o f  so l a r  ce l l  parameters under space proton i r r a -  

diat ion.  

Chapter 5 concerns the nature o f  the space radiat ion environment 

a n d  contains predicted so l a r  f l a r e  proton f l  uences f o r  the twenty-first  

solar  cycle based on a proposed model . In Chapter 6 ,  the method o f  

calculat ing equivalent fluence from electron and proton energy spectrums 

and re1 a t i ve  damage coeff ic ients  i s  deta i led .  In addit ion,  computer- 
calculated equivalent f l  uence contributions from trapped el ectrons a n d  

protons a r e  tabulated f o r  an extensive s e r i e s  of c i r cu l a r  earth o rb i t s .  

The estimated annual equivalent f l  uence contributions due t o  so l a r  f l a r e  

protons a r e  tabulated f o r  the  remainder of the current  so l a r  cycle.  

The estimation o f  degraded so l a r  c e l l  output charac te r i s t i c s  from equi- 

valent fluence values is discussed. In Chapter 7 ,  f l i g h t  data from 
s a t e l l i t e s  i s  compared w i t h  estimated degradation. 

J o  R o  CARTER, JR. 
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ABSTRACT 

This handbook i s  intended t o  furnish the  reader w i t h  t h e  necessary tools  

t o  permit him t o  predict the degradation o f  so la r  c e l l  e l e c t r i c a l  performance 

i n  any given space radiat ion environment. I t  begins with an introduction 

t o  solar  cel l  theory, describing how c e l l s  a re  manufactured and how they 

a re  modeled mathematically. The in teract ion of enerqet ic  charqed pa r t i c l e  

radiation w i t h  so lar  c e l l s  i s  discussed i n  de ta i l  and t h e  concept of 1 MeV 

equivalent electron fluence i s  introduced. The space radiat ion environment 

i s  described and methods of ca lcula t ing equivalent fluences f o r  the space 

environment a r e  developed. A computer program was writ ten t o  perform the 
equivalent f luence calculat ions and  a Fortran l i s t i n g  o f  t h e  program i s  

included. Final ly ,  an extensive body o f  data de ta i l ing  the degradation 

o f  solar  c e l l  e lec t r i ca l  parameters as a function of 1 MeV electron fluence 

i s  presented. 

xvii i 



CHAPTER 1 

1.0 THEORY OF THE SILICON SOLAR CELL 

In th is  chapter some elementary concepts of semiconductor theory, 

which are useful in understanding solar cell  operation, are described. 

The operation of the sil icon solar cell i s  discussed in terms o f  an 

equivalent c i r cu i t ,  and the  e lectr ical  characteristics of the equivalent 

c i rcu i t  elements are explained in terms o f  physical quantit ies.  In 

addition, the physical structure of a si l icon solar cell i s  detailed. 

Semi conductor Theory 

1 .1.1 Thermal Equilibrium Relationships and Excess Densities. Semicon- 

ductors are a class of materials which have electr ical  properties and 

physical characteristics intermediate between metals and dielectr ics .  

An important characteristic of semiconductor materials i s  bipol,r  con- 
duction, where charge transport may occur by conduction band electrons 

o r  through empty energy s ta tes  i n  the valence band which behave e l ec t r i -  

cally l ike positively-charged electrons a n d  are referred t o  as holes. 
The equilibrium concentrations of conduction electrons and holes in 

s i1  i con are determined from thermal considerations by the fol 1 owing 

expression : 

where 

- 6 
= 2.2 x lOZ0 cm , for  T = 300 K 

no = the equil ibriun concentration o f  conduction electr~n:(crn-~) 

Po = the equi 1 i brium concentration of holes ( ~ r n - ~ )  

T = temperature ( K )  

k = Boltzmann constant (0.8618 x eV/K) 

For a highly purified semiconductor, the principal source of charge 

carriers i s  thermal excitation of electrons from the valence band t o  the 
conduction band, and the concentration o f  conduction el ectrons w i  l l  equal 

the concentration o f  holes. This s t a t e ,  in which the electr ical  properties 



o f  a semiconductor are  not modified by impurities, may be referred 
to  as i n t r i n s i c .  The electron and hole concentrations in i n -  

t r i n s i c  s i l i c o n ,  for example, are equal t o  1 .5  x 101° ~ r n ' ~  a t  room 

temperature. 

When elements from Column 111 and V of t h e  periodic table occur in 

subst i tu t ional  solid solution in s i l i con ,  they can be thermally ionized. 

In the case of Column V elements, such as phosphorus o r  arsenic ,  the 

ionization resu l t s  in an electron i n  the conduction band and a posit ivety- 

charged donor impurity atom in the s i l i con  l a t t i c e .  Impurities from 

Column 111, such as  boron, undergo ionization in s i l i con  by accepting a 

thermal ly-ionized electron from the valence band. This process creates  

a hole in the valence band and a negatively-charged acceptor impurity 

ion. The activation energies f o r  these donor and acceptor atoms in 

s i l icon a r e  approximately 0.05 eV. For this reason, these, equi l ibrium 

processes go t o  cornpleti on a t  temperatures near 300 K (kT Q 0.026 eV) , 
and the commonly-used Column 111 and V impurities i n  s i l i con  can be 

considered t o  be completely ionized a t  room temperature. 

If s ign i f i can t  quan t i t i e s  of  conduction electrons o r  holes are pro- 

duced by the addition of impurit ies,  as described above, the semicon- 

ductor may be classed as ex t r ins ic .  Extrinsic semiconductors are 
referred t o  as n-type ( i .e ,  , ncgative type) i f  the equil i bri urn concentra- 

tion of conduction electrons exceeds the i n t r i n s i c  c a r r i e r  concentration. 
When the equilibrium concentration of holes exceeds the  i n t r i n s i c  car- 

r i e r  concentration of a semiconductor, i t  i s  referred to  as a p-type 

( i e .  , posi t i v e  type).  The product of the  equil ibrium conduction electron 
and hole concentrations i n  ex t r ins ic  semiconductors remains constant a s  
described by equation ( 1  . I .  1 ) . T h u s ,  boron-doped, p-type, ex t r ins ic  

s i l icon with a r e s i s t i v i t y  of  10 ohm-cm and a hole concentration of 

1 .4  x l C 1 s  must a1 so have a conduction electron concentration 

of  1.6 x 105 ~ r n - ~ .  In  t h i s  case, the holes are referred t o  a s  

majority c a r r i e r s  and the  conduction electrons as minority c a r r i e r s .  

The concept of Fe~rni level may a l so  be used t o  describe several 

aspects of semiconductor theory. The Fermi level of a material i s  defined 



as  t h a t  electron energy s t a t e  a t  which the probabil i ty of occupancy i s  
equal t o  1/2. The Fermi level i s  a t  the center  of the  forbfdden band 
when s i l i con  i s  in t r ins ic .  In an n-type semiconductor, the Fermi level 
i s  above the center  of the  forbidden band. I n  a p-type semiconductor 
the  Fermi level ' i s  below the center o f  the forbidden band. 

Concentrations of conduction electrons and holes in excess of 
thermal equil i brium values can be introduced in a semiconductor by 

e lec t r i ca l  processes, by the absorption o f  electrornaqnetic radia t ion,  
o r  i n  the process o f  stopping h i g h  energy par t icula te  radia t ion.  The 
t o t a l  instantaneous concentration of c a r r i e r s  during an exci ta t ion 
process can be expressed as follows: 

~ ( t )  = Po + ~ ' ( t )  

n ( t )  = no + n' ( t )  

where p ' ( t )  and n l ( t )  a re  the instantaneous excess hole and electron 
concentrations, which i n  the general case wi l l  be functions o f  time. 
The absorption i n  a sample o f  s i l i con  of electromagnetic rad ia t ioz ,  
referred t o  as the optical in ject ion of c a r r i e r s ,  i s  fundamental t o  the 
operation o f  the solar  ce l l  . In the absorption process, an electron- 
hole pair  i s  created for each photon of 1 i g h t  absorbed. The dens i t i e s  
of excess electrons and  holes created i n  t h i s  manner obey the following 
equat ions : 

where geXt represents the exci ta t ion r a t e  per u n i t  volume due t o  an 
external cause, gth is the thermal generation r a t e ,  and r i s  t he  t o t a l  
recombination r a t e .  I f  a net ra te  of recombination, u ,  i s  defined, 

then fo r  t h e  case of holes, f o r  example, 



I t  has been found fo r  semiconductors, for  the case of small excess 

carr ier  dens i t i e s  (o r  a t  "low inject ion l eve l " ) ,  t h a t  i s ,  p ( t )  c c  p,, 

that a good approximation fo r  u i s ,  

where p ' ( t )  i s  defined by equation 7.1.2 and T i s  the 1 ifet ime of  a hole. 
P 

The implication o f  t h i s  can be seen i f  the above expression fo r  t h e  time 

derivative of p ( t )  i s  integrated,  f o r  the case of gext = 0, with the 

i n i t i a l  condition pn(0) = pno .  The r e s u l t  i s ,  

and the l i f e t ime  i s  now seen t o  be the decay time constant governing the 

return of excess holes i n  n-material i f  the external source i s  removed 

a t  t = O .  

An expl i c i  t expression fo r  the 1 i fet ime,  r has been developed by 
P ' 

Hall and Shockley and Read; i t  i s  given by t h e  expression, f o r  holes,  

where oD i s  the cross-section for capture of a hole by what Shackley and 
Rcad have termed a recombination center ,  Vth i s  t h e  thermal velocity o f  

an excess c a r r i e r  and i s  about 10'cm/sec, and Nt i s  the density of the 

recombination centers.  These cen te r s ,  i t  has been determined, are res-  

ponsi bl e for the recombination of excess c a r r i e r s ,  whether injected 

e l ec t r i c a l l y  or  by el ectramagnetic, or  pa r t i c le  radia t ion.  The c r ea t i , , ~  

o f  additional centers of t h i s  type resul t ing from the high energylradia-  

tion in producing l a t t i c e  displacements and vacancies severely shorten 

the c a r r i e r  l i fe t ime as wil l  be discussed in more de ta i l  below. 

1 . 7 . 2  Carr ier  Transport. Current flow or charge transport  can occur by 

e i ther  of two mechanisms in semiconductors. The d r i f t  of charged 
ca r r i e r s  in an e l e c t r i c  f i e l d  i s  observed i n  semiconductors as we11 ss 
metals. The d r i f t  current  for  the case of holes in a p-type 



semiconductor can be described a s  f o l l  ows : 

where J = hole current  density (amperes/cm2) 
P 

q = hole charge (coulomb) 

p = hole concentration 

= hole mobi 1 i t y  (cm2/vsl t sec) 

E = e l e c t r i c  f i e ld  (volts/cm) 

The coeff ic ients  of t he  e l e c t r i c  f i e l d  ( E )  in the above expression are 
related t o  the r c s i s t i v i t y  of the material in the following manner: 

Similar expressions can be writ ten t o  describe conduction electron f l o w  

and combined expressions can be used i f  second ca r r i e r  conddction i s  

s ign i f i can t .  

The second mechanism f o r  charge transport  in semi conductors is 

ca r r i e r  diffusion.  This process results from the random thermal move- 

y e n t  of pa r t i c les  which e x i s t  i n  a concentration gradient. Such d i f -  

fusion i s  analogous t o  flow of heat due t o  thermal gradients and the 

diffusion of atoms and molecules, When a gradient  i n  the concentration 

of holes ex i s t s  i n  a semiconductor, a  hole f lux wil l  flow o p p o s i t e  

t o  the gradient .  The hole current ,  f o r  a one-dimensional geometry, i s  

shown i n  the  following expression: 

where J = hole current  density (A/cm2) 
P 

D = hole d i f fus ion  constant (cm2/sec) 
P * = gradient of hole concentration . d x 



When bo th  mechanisms c o n t r i b u t e  t o  t he  ho le  flow, the f o l l o w i n g  equa t ion  

descr ibes t h e  c u r r e n t :  

A s i m i l a r  express ion can be w r i t t e n  f o r  the conduct ion e l e c t r o n  c u r r e n t  

as f o l l o w s :  

In some s i t u a t f o n s ,  an express ion summing t h e  hole and conduct ion e l ec -  

tron c u r r e n t  components may be necessary LU descr ibe  t h e  c u r r e n t .  

The bas ic  equa t ion  govern ing the  behav io r  of charge c a r r i e r s  i n  

t ime and space i s  the  time-dependent c o n t i n u i t y  equat ion.  Th is  equa t ion  

sums t h e  e f f e c t s  o f  the divergence o f  cu r  .:nt, c a r r i e r  recombinat ion,  

and c a r r i e r  generat ion.  For t he  non-equi l  i b r i u m  steady s t a t e  case, t he  
dn t o t a l  c a r r i e r  concen t ra t ions  ( n  and p )  remain constant ,  and and * equal zero.  I n  t h i s  case t h e  one-dimension61 c o n t i n u i t y  equat ions d t 

f o r  e l e c t r o n s  and ho les  a re  as f o l l o w s :  

n  - no - -- I d  J =,-, 
gex t  ' T n q dx n 

where gext, i n t r oduced  e a r l i e r ,  i s  t he  r a t e  o f  genera t ion  of c a r r i e r s  per  

un i t  volume. If c u r r e n t  f l o w  occurs o n l y  by d i f f u s i o n ,  equa t ion  (1.1.13) 

can be s u b s t i t u t e d  i n t o  equa t ion  (1.1.17), and a s im i  1 ar s u b s t i t u t i o n  

can be made i n  equat ion  ( 1  .I .16), l ead ing  t o  t h e  fo l  l ow ing  equat ions:  

P - P  
Dp 9 - T o = -  

P 
g e x t  



1 . 2  The P-N Junction 

The current-voltage charac te r i s t i c  of a p-n junction i s  one of the 

factors which determine so l a r  ce l l  response. In t h i s  sec t ion ,  the 
general fac tors  which determine diode characteris  t i c s  will be d i  s- 

cussed. The ca r r i e r  concentrations found in a so la r  ce l l  diode are 
shown graphically in Figure 1 . I .  The base o r  p-type region of t h e  device 
has a majority ca r r i e r  density (,i ) of approximately 10' c i 3 .  

P O  
Because the product of the two ca r r i e r  concentrations i s  roughly 1 0 ~ ~ c r n - ~ ,  

the minority c a r r i e r  concentration i s  lo5  ~ r n - ~ .  The surface or diffused 
-3 layer has a majority c a r r i e r  concentration apprsaching l o z 0  cm . 

Equilibrium considerations therefore require the minority c a r r i e r  con- 

centration o f  t h i s  regim t o  be approximately unity. The concentrat idns 
of holes and conduction electrons d i f f e r  great ly  on d i f f e r en t  s ides  of 
the junction. This resu l t s  in two e f f ec t s .  The minority c a r r i e r s  on 
e i the r  s i de  of the junction tend to  d i f fuse  across the junction ( i . e . ,  

create a diffusion current) .  In addit ion,  the very large  concentrations 
of conduction electrons ex i s t ing  in the n-type layer form an e lect ro-  

s t a t i c  potential  barriep t o  oppose electron flow from this p-type region. 
As a r e su l t ,  a1 1 of the mobile charge ca r r i e r s  (holes and conduction 
electrons) a re  swept out of the in terface  region. The ionized impurity 

atoms form a dipole layer i n  the interface region. This layer  i s  also 
referred t o  as a space charge layer.  In a typical s o l a r  ce l l  , the  w id th  

of the n-type diffused layer  i s  roughly 0,4 pm, and the w i d t h  of the 
space charge region i s  very roughly 0.5 urn. 

Equaf ion (1.1.17) can be used t o  determine the behavior o f  excess 

carr iers  i n  the  vegion o f  a junction. In the  case o f  s teady-state 
i l  lumination, 

The solution o f  this equation fo r  a semi-infini te sel-niconductur with the 

boundary condition, t ha t  a t  x = 0, n = n p po' is  
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Figure 1.1 Carrier Concentrations in an Illuminated S o l a r  Cell, Shor t  Circui t e d  



The quanti ty fi has t h e  dimensions o f  length and i s  o f t e n  referred t o  
as  the di f fus ion length ( L ) .  The above r e s u l t  indicated t ha t  the steady 
s t a t e  concentration of conduction electrons in the p-type region will 

approach zero a t  the junction and wil l  increase exponentially with 

distance from the space charge region. This behavior i s  shown in Figure 
1 .1 .  A t  a distance of one diffusion length from the junction, the minority 

ca r r i e r  concentration i s  l /e  t h a t  o f  the equilibrium bulk value. Actual 

diffusion lengths found i n  s o l a r  ce'llc can be as large as 200 pm. This 
parameter i s  of primary importance i n  the determination of the eff iciency 

of a so7 a r  c e l l .  

The equation fo r  the dark current  as a function of bias i s  as To1 lows 
fo r  a p-n junction: 

I n  t h e  case o f  a large forward b i a s  ( V B O ) ,  e "jkT is  much la rger  than 

1 and therefore ,  

J = J,, e qV/kT 

When Vc 0, J = - J o l .  For this reason, Jol  is  a l so  known as the sa tura t ion 

current. If  the saturat ion current  i s  assumed t o  be due t o  the diffusion 

of minority ca r r i e r s  in to  the junction, then: 

Based on di f fus ion limited current ,  the calculated sa tura t ion current 
fo r  an  n-p  10 ohm-cn so la r  c e l l  would be roughly lo-'' A/ca2 a t  room 

temperature. The mea.sured values o f  sa tura t ion currents found i n  such 

solar  c e l l s  a r e  considerably higher than the above value. The 

diffusion theory thus does not adequately explain the current  voltage 

charac te r i s t i c s  o f  a s i l i con  junction diode. 
1 .I 



A second theory of the diode current voltage relationship involves 

carr ier  generation and recombination through defect centers located in 

t he  space charge region. The diode o r  r ec t i f i e r  equation pred ic ted  by 

this theory i s  as follows: 1.1 

The only difference between equations (1 - 2 . 3 )  and (1 .2.6) is  the factor 
of 1 / 2  which appears in the exponent and the form of Joz .  The expression 

for  J C L  i s :  

where W = width o f  space charge region 

r = carr ier  lifetime in space charge region 
0 

i = intr insic  car r ie r  concentration (% 1.5 x 101° crnU3) 

Experimental studies have shown that t h e  generation-recombination model 

and the diffusion model are necessary to  descriae the diode current flow 

a t  a11 voltages. An expression summing the currents of both models can 
be used t o  describe the current flow a t  a1 1 vof tages. 1.1 

As d rcsu7 t o f  manufacturing variations, a solar cell  junction i s  

occasionally shunted by an ohmic resistance, When the value o f  t h i s  
shunt resistance i s  less than l o4  ohms, t h e  shunt current will dominate 

the diode current a t  forwal d biases of s l ight ly  less  than 0 . 2 ~ .  The 

symbol for shunt res is tance i s  R S h  As a result  o f  res i s t ive  volume 
elements in current paths t o  the diode junction, the solar cell  
also has a f i n i t e  resistance which appears in series w i t h  the diode. 

This series resistance ( R ~ )  i s  usually less  than one ohm and will domi- 

nate the current flow through the diode a t  large forward biases. A 
model summing b o t h  of the above elements i s  necessary to  describe t h e  

forward voltage-current characteristic of a si l icon solar  cell  i n  the  
most general case. Such a model i s  shown i n  Figure 1.2. In Figure 1.3, 

a general ized current-vo1 tage characteristic i s  shown f o r  a solar cell  



Figure 1.2 Solar Cell Equivalent Circu i t  Model 



Figure 1.3 Typical Dark  Solar Cell Current-Vol t age  
Characteris t i c ,  Forward Biased 



diode us ing  t h e  above model. Actual so la r  cell's will have considerable 

variat ion i n  the shunt and s e r i e s  res is tances .  

The junction space charge region o f  a so la r  ce l l  has an associated 
capacitance. The capacitance o f  a conventional solar  c e l l  is  related t o  

the width of the space charge regioti in the following manner: 

where C i s  the capacitance,  A i s  area ,  E i s  the d i e l ec t r i c  constant 
and W is  the w i d t h  of the  space charge region. The acceptor density in 
t h e  p-type region adjacent t o  the  space charge region can be re la ted  to  

the capacitance per uni t  area by: 

where V a  i s  t h e  applied voltage, and V b  i s  the  barr ier  voltage (0.6 t o  

0.8~ depending on r e s i s t i v i t y  of  ce l l  base). The above expression assumes 

an abrupt ol- s tep  junction which i s  typical of conventional so l a r  c ~ l l s .  

1 .3  Silicon Solar Cell Theory 

When a s i l i con  p-n junction diode i s  exposed t o  ionizing radiat ion 

o r  l i gh t  with a photon energy equal t o  o r  greater  than the  band gap of 

sf l icon,  electron-hole pai rs  a re  produced i n  the s i l i con .  Because o f  

the gradient of conduction electrons (see f igure 1 . I )  which ex i s t s  in 

t h e  p-type region near t h e  space charge region, the conduction e lect rons  

generated by the radiation d i f f u s e  t o  the junction. When these electrons 

reach the space charge region, they dr i f t  i n  the space charge region 

f i e l d  t o  the  opposite s ide  o f  the junction. A s imilar  behavior occurs 

for holes generated i n  the  n-type regions of a so la r  c e l l .  The d i f -  

fusion f lux of these generated ca r r i e r s  t o  t h e  junction is the  so l a r  

c e l l  generated current. Several invest igators  have developed general 



expressions f o r  generati an current .  '2-1 w 8  These expressions are 
solutions o f  the continuity equations (1.1.1 8)  and (1.1 . 1 3 ) '  f a r  the case 
of optical carrier generation. The expression fo r  electrons i s  a s  

f0l lows: 

where -1 1.9 a = absorption coeff ic ient  fo r  1 i g h t  of wavelength A ,  (cm 1 

N o  = photon f l u x  density 

R = ref lec t ion loss  
x = distance from the junction 

d = distance from front  surface 

This equation can be solved t o  f i n d  the minority c a r r i e r  concentration 

gradient a t  t h e  edge of the space charge region. The current of car-  

r i e r s  in to  the  space charge region can be calculated by evaluating 

current a t  the edgs o f  the space charge region by use of equation (1 .I . I s ) .  

Separate evaluations must be made fo r  the diffused or surface layer and  
electron currents  in the b u l k  response t o  monochromatic l i g h t  as 
fo l l  ows : 1 . 8  

Sur face  Layer: 



B u l k  Response: (assuming S = a t  d = b )  

where a = junction depth (cm) 

b = cell thickness (cm) 

S = surface recombination velocity ( ~ m / ~ ~ c )  . 

T o t a l  Response: 

The above equations are written for the case o f  an n-p solar c e l l .  

I t  i s  also assumed that no significant d r i f t  fields are present. The 

cel l  response in A/cm2 may be normalized t o  the photon flux density (No). 

In this way, the above equations describe the response of the cell  in 

terms o f  amperes per photon/sec o f  incident l i q h t  o f  a given wave length. 

Solar cell spectral response curves are routinely measured. In these 

experimental measurements, the response i s  csual ly normalized t o  the inci-  

dent optical power density (watts cm-2) rather than photon density ra te .  
The calculated response of a typical solar cell  in such terms i s  shown 

i n  Figure 1 .4 .  

The previous equations i l lustrated t h e  role of t he  minority car r ie r  

diffusion length i n  development of the light-generated current o f  a solar 

ce l l .  These response equations can be folded with the  solar  spectral 

irradiance and integrated t o  yield the light-generated solar-cell  current 

under solar i 11 urnination (see Figure 1 . 4 ) .  
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Figure  1.4 Calculated S i l  icon So1 a r  Cell Spectral Response 



The 1 i g h t  generated current  can be combined with previously dis-  

cussed diode r e c t i f i e r  equations t o  determine the current-vol tage 

cha r ac t e r i s t i c  o f  an illuminated sol a r  ce l l  . The model for  an i l  lumi - 
nated solar  c e l l  i s  the same as t h a t  shown i n  Figure 1 . 2  for a dark 

diode,  with the addition of a current  source. l g 1 0  The current  source 

(shown dotted in  Figure 1 . 2 )  represents the  1 ight  generated current .  
On the  basis of  t h e  above model, an equation can be writ ten t o  describe 

t h e  cel l  current  in to  an external load: 

where I = ce l l  current in external load 

IL = l i g h t  generated current  

 ID^ = current  i n  so la r  ce l l  diode Dl 

ID2 = current  in so la r  ce l l  diode 92 

I5 h = current  in internal  so l a r  ce l l  shunt ( R S h )  

Several observations can be made regarding the form o f  the above equation* 

The 1 ight  generated current i s  independent of applied voltage and pr:opor- 
t iona l  to the in tensi ty  of the incident i l l  umi  nation. The development 

of the l igh t  generated current  produces a forward b i a s  Gn the so la r  ce l l  
diodes (Dl and D2).  The l i g h t  generated current  ( I ~ )  w i  11 divide between 

t h e  parallel branches containing Dl, 02, R s h  and Rs  + RL. The behavior 

of the illuminated solar  ce l l  current  ( I )  and vol tage ( V )  as  RL varies 

from zero t o  i n f i n i t y  is referred to  as the  I-V cha rac t e r i s t i c .  This 

charac te r i s t i c  i s  the primary engineering tool used in evaluating so l a r  

cells .  A general expression f o r  the ce l l  current  t o  an external load 

can be obtained by substi tut ion o f  equations (1.2.4) and ( I  .2.6) into 
equat ion (1 + 3.6) .  In the case o f  a good c e l l  under 135 rn~/cm~ so l a r  

i l  luminatfon, the  current in  R s h  can be neglected. I t  has been the prac- 

t i c e  t o  simplify the two diode currents t.ri t h  t he  following expression: 



where l o  i s  an apparent sa tura t ion current ,  and n i s  a  constant ,  between 

1 and 2 i n  value. The resu l t ing  expression i s  often used t o  describe 
solar  c e l l  I-V charac te r i s t i c s :  

The development o f  a  so l a r  cel l  I - V  charac te r i s t i c  from the 1 ight  
generated current  and dark diode charac te r i s t i c  i s  shown graphically in 

Figure 1 .5 .  A n  I L  value of 35 mP,/crnz i s  typical of so la r  ce l l  s  under 

solar  illumination of 135 mld/cm2. This I L  value i s  shown i n  Figure 1.5.  

In addit ion,  the d a r k  diode o r  r e c t i f i e r  charac te r i s t i c s  shown in Figure 

1.3 a re  replotted in Figure 1.5.  The diode character is t ics  a r e  shown 
with and without the s e r i e s  res is tance .  The illuminated so la r  c ~ l  i 1-V 

charac te r i s t i c  for  a hypothetical ce l l  with Rs = 0 i s  obtained by sub- 

t rac t ing the  forward cur ren t  flowing i n  Dl, 02, and R,,, from the l i g h t  

generated current IL. When Rs i s  some s ign i f i can t  quanti ty,  the dark 

diode characteraistic i s  displaced an amount A V  before subtraction from 

IL* The quanti ty AV i s  the voltage drop across Rs when the s o l a r  c e l l  
diode conducts a  forward current  equal t o  +IL 

I t  should be understood t h a t  t h i s  analysis i s  fo r  a  so la r  ce l l  a t  

27°C under so la r  illuminat<on of 135 mW/cm2. The quantity IL i s  propor- 

tional to  the 1 i g h t  in tens i ty ,  a furlction of temperature, and a l so  a 
function of  the spectral content  of the illumination. The dark diode 

currents ID1 and ID2 a r e  strong functions of temperature. Under the  

assumed conditions of temperature and i l l  uminati on, ID, and Rs dominate 
the I-V charac te r i s t i c  o f  the so la r  c e l l .  Under other conditions o f  

temperature and i l l  urni nati  on, the sol a r  ce , l  I-V charac te r i s t i c  may be 

influenced by other fac to rs  such as R,,, and ID*. 

A di f fe ren t  se t  of parameters i s  used t o  describe the  so l a r  c e l l  
charac te r i s t i c  for  engineering purposes. These a r e  ( a )  shor t  c i r c u i t  cur- 

rent IgC.  ( b )  open c i r c u i t  voltage V o c ,  and ( c )  maximum power P,,,. 
The sho r t  c i r c u i t  current  i s  t h a t  current  produced by the ce l l  when the 

load res is tance  ( R L )  approaches zero. In good so la r  c e l l s ,  t h i s  
quantity i s  equal to  the  1 i g h t  generated current  I L  o r  JL* A.  I n  cel l s  



Figure 1.5 Develapment o f  a Current-Vol tage Characteristic 
f o r  an Illuminated S i l i c o n  Solar  Cell 
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with high or excessive internal ser ies  resistance, or in good ce l l s  a t  
higher illumination i l~ tens i  t i e s ,  IS, will be less  than the 1  ight 

generated current. The open c i rcu i t  voltage i s  the voltage produced 
by the cel l  when RL i s  in f in i te .  In this  load condition, a l l  o f  the 
l igh t  generated current is  consumed in forward conduction o f  diodes 
D l  and 02. 

A maximum in the power delivered to the load resistance occurs a t  some 
point of the  solar cell I-V characteristic.  The power developed under 
such a toad i s  called the maximum power (P,,~) A method of determining 

an analyti ca1 expression for  the I-V characteristic from parmeters such 
as ISc .  V ,  Pmax, and Vm,, has been described i n  the l i te ra ture .  1  . I 1  

1 .4  - Solar Cell Coatings and Contacts 

A s i  I icon solar cell  i s  a composite o f  several layers of material. 
The layers of n and p-type sil icon form the basic cell structure in which 
the current i s  generated. Addi tional practi cal problems are involved i n  
maximizing t h e  l ight entering the silicon and providing a l o w  

resistance p a t h  for collection o f  the generated current from the solar 

cell .  When the l ight  passes from one medium t o  another medium which has 

a different index of refraction, some l igh t  i s  reflected. The amount of 

1 i g l ~ l  ref l  ected can be determined from the foll  owing re1 a t 1  onshi p when 
the second medium i s  absorbing. 1.31 

where R = ref lect ivi ty  (fraction o f  normal incidence l ight  intensity 
r e f l  ected) 

n l  = index of refraction, medium 1 
n 2  = index of refraction, medium 2 

k? = extinction coefficient,  medium 2 

The extinction coefficient,  k, i s  the  imaginary part of t h e  index of 
refraction, where k = " h a d  a i s  the absorption coefficient and 1 i s  the 

wavelength. The above r e l a t i o n s h i p  h o l d s  only f o r  normal incidence 1 i g h t .  



The mow general case of l i g h t  incident a t  an a rb i t r a ry  anqle e from the 

normal i s  determined by Fresnel ' s  equation. 1"2 Si l icon has a h i g h  index 
of refraction (between 3.5 t o  6.9 i n  the  optical  regi~n)! ' '3 '1*14 (See Appen- 

dix 8.) Reflection losses of incident l i g h t  a t  an a i r - s i l i con  in terface  

a r e  qui te  s ign i f i can t  (about 30% i n  the long wavelength region, 71% a t  
0.275 urn, and 62% a t  0.3 urn!. The use of an an t i re f l ec t ion  ( A R )  coating,  
a surface l ayer  w i t h  an intermediate index of re f rac t ion ,  will reduce trle 

ref lec t ion loss. 

The r e f l e c t i v i t y  i n  the presence o f  intermediate layers  has an 
optimum e f f e c t  a t  film thicknesses of one quarter  wavelength, ( h , / 4 ) ,  

where the thickness of a nonabsorbing coating dl  s a t i s f i e s  n l d l  = 
( 2  + ) ( / )  and j i s  an integer. "15' The r e f l e c t i v i t y  is  minimum 

when the index o f  ref ract ion fo r  the intermediate layer  i s  

where n o  = ambient index of ref ract ion 

Since n o  is equal to 1 f o r  a i r ,  the optimum index o f  refraction f o r  an 
anti  ref lec t ion coating a t  an a i r - s i l  icon in terface  i s  approximately 1,9. 

Silicon monoxide (SiO), with an  index o f  refraction in t h e  range of 7.8 

t o  1 .9  w s  therefore most often used In the pas t  as at? AR coating on solar 
c e l l s  to  minimize reflectance.  The S i O  has some absorption loss  i n  t he  
vis ible  region. 

Lower average r e f l e c t i v i t y  can be obtained by u s i n g  two AR coatings 
instead of one. ' '15, 1*17-18 1n a practical  space environment appli-  

cation, the  so l a r  ce l l  i s  always covered by glass t o  shie ld  against  radi- 
ation and t o  r a i s e  the e f fec t ive  emissivity f o r  be t t e r  thermal control .  
This cons t i tu tes  the double-layer system, i t  turns o u t  t ha t  the ref lec t ion 
f o r  a two-layer system has e i  ;her a m i n i m u m  or a local  maximum fo r  a quarter  

wavelength optical  coating; i .e., nld l  = n2dp = ~ , / 4 . ~ " ~  The reflectance 
approaches zero i f  (9/n,)2 = n / n  

3 0, 
where ng i s  the  index o f  ref ract ion of 

the  th i rd  opt ica l  layer ,  and the average reflectance i s  lower over a broader 

wavelength range than f o r  a single-layer coating. Thus, the cover glass 
and the adhesive can be used in this context as a pa r t  of an AR coatlng 
system. Since the adhesives have n values of approximately 1 . 4 ,  the 
previous equation reveals t h a t  an AR coating with n = 2.2 - 2.4 would be 

optimum f o r  a so la r  ce l l  t o  be used w i t h  a cover glass. 1.17,1.19-1.21 



T i t a n i u m  oxide (TiO,, n  = 2.20) has bo th  a  h i ghe r  r e f r a c t i o n  i n -  

dex and l e s s  absorp t ion  than s i l i c o n  monoxide (n = 1 .90) ,  and i s  a  

b e t t e r  cho ice  f o r  t h i s  double- layer  system. ''22-''26 Both o f  these 

ma te r i a l s ,  however, e x h i b i t  s t ronger  absorp t ion  i n  t he  s h o r t e r  wavelength 

r ea ion  (0.4 pm), and a re  thus  n o t  s u i t a b l e  t o  a c e l l  w i t h  h i gh  spect ra1 
d 

response i n  t h i s  wavelength reg ion.  Tan ta l  urn '30 ( T ~ ~ O , - )  has 

a h i gh  r e f r a c t i v e  index ( n  = 2.15 - 2 .26)  w i t h  les3 absorp t ion  i n  t h e  

sho r t e r  wavelength r eg jon  than t h e  above two, and i s  s u i t a b l e  f o r  a  v i301et 
" "' Tantalum ox ide  c o a t i n g  was c e l l  appl  i c a t i o n  w i t h  q u a r t z  cover glasses. 

e x c l u s i v e l y  used f o r  a  r e c e n t l y  developed CNR (Cornsat d o n - ~ e f l e c t i v e )  

c e l l  and t h e  re f lec tance  was reduced t o  a  few percen t  i n  a  wide s p e c t r a l  

Many p r o p e r t i e s  o f  AR coa t i ngs  va r y  g r e a t l y  w i t h  t h e  f a b r i c a t i o n  

technique and cond i t i ons .  The t ransparency, r e f r a c t i v e  index, and ab- 

so rp t i on  a r e  a l l  r e l a t e d  t o  the concen t ra t ion  o f  m a t e r i a l s ,  and f i l m  

th ickness,  as w e l l  as defects formed du r i ng  t h e  processes, Chemical vapor 

depos i t i on  o f  Ta205 AR f i l m  on the  v i o l e t  c e l l ,  adopted a t  Comsat Labora- 

t o r y ,  f o r  example, shows f a r  b e t t e r  o p t i c a l  p r o p e r t i e s  than spu t t e red  Taz05 

f i l m s .  1 . 2 7  

The con tac t s  o f  c u r r e n t  commercial s o l a r  c e l l s  a re  formed by evapo- 

r a t i n g  t i t a n i u m  and s i l v e r  metal on t h e  e n t i r e  back su r f ace  and i n  a con- 

t a c t  p a t t e r n  on t h e  f r o n t  surface. The t o t a l  t h i c kness  of t h i s  evaporated 

m e t a l l i z a t i o n  i s  approx imate ly  5 urn. A f t e r  t he  m e t a l l i z a t i o n ,  the  c e l l s  

are u s u a l l y  so l de r  d ipped if n o t  pass iva ted  w i t h  pa l lad ium.  The s o l d e r  

th i ckness  may vary betdeen 10 and 80 urn (0.4 - 3 m i l s ) .  One o f  

t he  p r ims ry  cons idera t ions  i n  t he  s e l e c t i o n  o f  t h e  c o n t a c t  i s  the  e l e c -  

t r i c a l  behav io r  o f  t he  metal  -semi conductor i n t e r f a c e ,  I n  general  , such 

i n t e r f a c e s  should  be ohmic w i t h  l i t t i e  or  no c o n t a c t  r e s i s t a n c e  or Schot tky  

b a r r i e r s .  A Schot tky  b a r r i e r  has a  c u r r e l i t  vo l tage  c h a r a c t e r i s t i c  o f  t h e  

same form as t h a t  f o r  a p-n j unc t ion .  The s a t u r a t i o n  c u r r e n t  f o r  a 
-1.32 Schot tky  b a r r i e r  i s  as f o l l o w s ,  

I 0  
= A T2 exp - (mg/kT) (1.4.3) 



where A = effective Richardson constant ( A ~ c K * ~  K - ~ )  

mB = effective barrier height (eV) 

The quantity A i s  approximately 100 ~Ocrn-'~ K-' and m g  i s  approximately 

0.50 (eV) for  most metals in contact with p-type s i l icon.  The satura- 

t i o n  current (I,) a t  room temperature ( T  = 300 K )  will be between lom2 
and 10-I ~acrn-2. The effect  that the Schottky barrier has on the solar 
cell  will be related t o  the forward resistance o f  the barrier.  Since 

t h e  form o f  the barrier current-vol t a g e  characteristic i s :  

The dynamic frnpedance of t h e  junction i s  as follows: 

I t  can be seen that the impedance of th is  barrier i s  i r rersely proportional t o  

the saturation current. Since the saturation current a t  room temperature 

i s  very high, the impedance o f  a Schottky barrier i s  very low. If  the bar-  
r i e r  potential ( m g )  for a particular metal on sil icon i s  low enough, the 

barrier I-V characteristic will approach low resistance ohmic behavior. 

This i s  the case for a titanium layer on p-type sil icon a t  room tempera- 
ture.  A t  low temperatures the saturation current of such a Schottky bar- 

r i e r  i s  reduced and the diode characteristics hecotre more significant.  In 
th i s  case, the Schottky barrier adds a nonlinear voltage drop t o  the solar 
ce l l  model in ser ies  with R . T h i s  problem has recefved considerable 

attention i n  the 1 i terature. '33-1 '38 The problem associated with non- 

7hmic contacts can be reduced by producing a heavily doped (p+) layer on 
the silicon interface. In such cases, the space charge region associated 

w i t h  the  Schottky barrier i s  general 1 y reduced. Quantum mechanical 
tunneling o f  the space charge region dominates the behavior of such thin 

barr iers ,  and provides a highly conductive metal semiconductor interface. 

Since t he  solar  cell  front ccntact i s  applied to  a s i l icon inter'lce which 
i s  very heavily doped due to  phosphorous diffusion, the tunneling mechanism 
assures a low resistance ohmic contact. 



1.5 Improvement of Solar Cell Efficiency 

For the improvement o f  solar cell  efficiency, certain variables 
affecting the outpu t  must be considered: ( a )  physical properties inherently 

associated with materials such as band gap and absorption coefficient,  

(b) geometry, or configuration such as junction depth and vertical 
junction, and (c)  physical parameters or properties such as impurity con- 

centration that  can be manipulated a f t e r  the f i r s t  two items are decided. 

The choice o f  material i s  important i n  that the physical properties, 

such as absorption coefficient or energy g a p ,  are suitable for  the ef- 

f ic ient  photovoltaic action. Junction depth (thickness o f  diffused layer) 
and cell  thickness also affect  the solar  ce l l  output as expressed in the 

equation (1.3.3) and (1.3.4). A recently developed cel l w i  t h  tetrahedral 

surface structure,  call ed "textured surface", "black" cel 1, or nonrefl ect-  

ing cell  belongs t o  the second category. Bulk (base) res i s t iv i ty  and 

base material type ( n  or p type) can be manipulated by the amount and 

type of dopant. Fabrication technique and configuration a t  the front 

and back contacts change not only the ser ies  resistance b u t  also surface 

recombination vel oci ty. Recently mass-produced was a new technol ogy cell  , * 
the "back surface f ie ld" (BSF) or p t  c e l l ,  which was produced by intro- 

ducing an  impurfty gradient near the  back contact. These variables, 

together with AR coatings are examples of improvements that can be made 

w i t h  new materials, and belong to the t h i r d  category. 

These aspects are briefly discussed i n  the following sections with 

particular emphasis on three types of new techno1 ogy cel l  s  , namely the 
violet  c e l l ,  the BSF c e l l ,  and the textured surface (o r  black) c e l l .  

1.5.1 Considerations for Photovol t a i c  Materials 1.3,1.39 

For a photovoltaic effect ,  the material has to  absorb a photon or 
ionizing radiation energy to  create excess car r ie rs .  Suitable rnateri a l s  

for  achievjng a photovoltaic effect are t b e f o r e  inherently limited t o  
those w i t h  an energy gap s l ight ly less  t h a n  the energy o f  the photon 

* 
The pi- i s  a symbol to  identify a much higher than normal conce T&ratlOn o f  p-type impurity in the base region, approximately 1018 - 10 cm 3 
as compared to the normal concentration o i  1015 - 1016 cm3. 



radiatton under consideration. The material thickness required for com- 
pl e t e  photon  absorption i s  governed by the rnagni tude of the absorption 

coefficient and i t s  change as a function of increasing photon energy. 

Those materials with a large a ( ~ )  and a steep increase in absorption 

coefficient with respect to  photon energy do not require a thick base 

material for complete absorption o f  sunlight, and hence are suitable 

for  use in a thin-film ce l l ;  while those ~ i t h  a gradual absorption 

coeff*icient increase or low a ( h )  require a greater thickness. Materials 

l i k e  silicon and Gap belong t o  the l a t t e r  type while many group III-V 

and II-VI compounds belong to the former. 

For t he  charge separation mechanism, an electrostat ic  potential i s  

created by a metal-semiconductor junction (Schottky barrier) o r  by a p-n 

junction. The l a t t e r  f a l l s  into two types: one i s  the homojunction, 

made from a single semiconductor such as those in group IV compounds 

(Ge, Si,  C )  and group III-V compounds ( ~ a A s ,  InP, A l i b ,  e t c . ) ;  and another 

the heterojunction consisting o f  two different and dis t inct  semiconductors 

separated by the junction, such a s  CUS-CdS o r  group II-VI compounds (CdS, 

ZnS, CdSe, e tc .  ) . Theoretical maximum efficiency under the solar spectrum 

is plotted against the energy gaps for a few photovoltaic materials, 

i n  Figure 1.6' 39. Interestingly, the output o f  every material mono- 

tonically decreases with an increasing temperature, b u t  t he  rates are 
different  (Figure 1 . 6 ) .  The mzximum power of si l icon i s  much less  than 
tha t  of GaAs a t  higher temperature. This i s  the reason why GaAs will 

probably prove t o  be a better solar  cell  material t h a n  Si in h i g h  tempera- 

ture  appl ications such as for solar  concentrators. 1.40 
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FIGURE 1.6 Temperature Dependent Maximum Efficiency as 
a Function o f  Energy Gap for a Few Photovoltaic  
~aterialsl-39 



Violet Cells 

Since the solar irradiance i s  abundant in the blue and ul t raviolet  
regions, an increased spectral response in these regions i s  essential 
for a higher efficiency. A blue-rich solar spectrum creates a heavier 
carr ier  concentration near the front surface o f  the cell than in the  bulk. 
Therefore, i f  a junction i s  placed near or i n  the middle of th i s  heavy 

carr ier  concentration (a stiallow junction), more carr iers  will be col- 

lected before recombination than i n  the cel l  with a deep junction. Since 

a shallow junction introduces a greater sheet resistance in the di ffused 
layer, therby increasing the potential drop there, an improved carr ier  
coll ection mechanism i s  needed t o  increase overall efficiency. 

The sheet resistance can be decreased by increasing the number o f  

grid 1 ines (decreased distance between grids) .  However, increasing the 
number of grid lines increases the shadowing effect  on the ce l l .  The 
grid lines can be made thinner t o  reduce shadowing, b u t  t h i s ,  in turn, 

increases the vo l tage  drop  in t h e  g r i d .  Hence, a careful optimizatfon 
o f  a1 1 the  parameters i s  required to  ensure t he  best blue response. 

A Comsat group 1 ' 2 6 9  *28 developed an improved diffusion technology 

which eliminates the so called "dead layern from the t o p  surface layer. In 
contrast, the ordinary diffusion process normally reduces the minority 

carr ier  lifetime in this  surface region down t o  nanoseconds due to  the 
s t r a in ,  dislocations, and unwanted impuri l i e s  introduced d u r i n g  the processes. 

W i t h  the use of bimetallic diffusion masks, thin grids became a real i ty .  The 
number of grids i s  increased, and the distance between g r i d s  i s  decreased, 

thus lowering t h e  series resistance and the voltage loss. Violet cell  s con- 

t a in  10 to  30 grids/cm with a contact area equal t o  6 t o  7% of the total  
a rea ,  as compared with approximately 3 grids/cm (about 70% o f  contact 

area) f o r  old cel ls .  The ser ies  resistance i s  about 0.05 ohm for  a 2 x 2 cm 
1.41 c e l l ,  considerably less than the 0.2 t o  0.25 ohm o f  the  conventional ce l l .  

Tantal urn o x i d e  (Ta205) i s  a1 so used as an AR coating because of a h i g h  refrac- 

t ion index w i t h  less  absorption in the short wavelength region (see 
1.27 section 1.4). 

Wi th  the above improvements, t he  spectral response in the blue and 

ultraviolet  regions i s  greatly enhanced, hence the name "violet" cel 1 . 



2 The short c i rcu i t  current fo r  AM0 sunlight i s  about 40 mA/cm as compared 
2 with 8bout 35 mA/cm of conventional cel ls .  AM0 efficiencies o f  14 to  14.5% 

ar-e reported for 2 ohm-cm ce l l s .  1.26 

1 .5.3 Back Surface Fie1 d (BSF) Cell s 1.42 - 1.46 

An acceptor impurity gradient can be formed a t  the rear surface by 

diffusing an impurit ,~ (such as boron) or by selectively "alloying" an 

irnpuri t y  (such as a1 uminum). Mandel korn and Larnneck *42 appl ied the 

"alloy!'ngl' process a t  the back contact and produced ce l l s  w i t h  higher V o c ,  

increased IsC and f i l l  factor.  They have attributed these improvements 
to  the presence o f  an e lec t r ic  f ie ld  a t  t h e  back surface due to the 

aluminum doping gradient, hence the name of "back surface f ie ld  (BSF)" c e l l .  

God1 ewski -- e t  a1 . I '44 have proposed a theory to  explain the abnormally 

high open c i rcu i t  voltage phenomenon; the increase i n  Vo, o f  a BSF cell  

i s  attributable t o  a decrease in the reverse saturation current Io ,  thus 

logarithmically increasing Voc i n  the equation 1 9 )  Three possible causes 
were cited to  account for the decrease in 1,: ( a )  the reduction of surface 

recombination velocity a t  the rear contact i n  a conventional cell  model, 
( b )  the presence of a d r i f t  f i e ld ,  and (c )  an a b r u p t  change i n  t h e  

impuri t y  concentration. In thi s i nves t i  agati o n ,  i t  was 

concluded tha t  there i s  no clear choice as t o  which model i s  more 

appropriate for the explanation of the high voltage of the BSF cell  

because experimental resul ts  were 1 acking . Brandhorst, e t  a1 . , have 
constructed BSF ce l l s  by epitaxial deposition of 10 ohm-cm sil icon layers 

onto substrates with various r e s i s t iv i t i e s .  The study showed t h a t  t h e  

low-high junction nude1 i n  reference 1.44 explains such observations as 
(a )  variations of  Voc as a function of substrate r e s i s t iv i ty ,  and ( b )  the 

change i n  V,, and IS, with respect t o  the radiation fluence. 

Further investigation o f  BSF c e l l s  by Mandel korn and Lamneck, 1.46 

in which these investigators used the p p+ ce l l*  a f t e r  removing the n+ 
surface layer f r o m  n+pp+ BSF cel I ,  lead t o  the conclusion tha t  a photo- 
voltage is generated a t  the pp+ back junction o f  the ce l l .  This basic 

phenomenon i s  n o t  new. '48 When a sharp difference in doping (or 
impurity) concentrations ex i s t  between one region and another - called 

*The p+ designates a heavily dope p-region where the p-type impurity con- 
centration reaches as high as  lof8 t o  1019 ~ r n - ~ .  



"low-high junction by Gunn '48 - the difference in the minority 
carr ier  concentration across the interface (or minority car r ie r  concent- 

ration barr ier)  results in a  large potential difference. 

The BSF tends t o  confine the minority carr iers  i n  the p-region (for a 
4- f n pp structure) and away frorn the back contact, which can lower the dark 

current throug, the device and improve the V,, and f i l l  factor 1.41,1.44,1.46 

V,, increases as the cell thickness i s  reduced. The reduction of bulk recom- 

bination due  t o  the thinner cell  tends t o  lower the dark current and raise  

"oc A similar explanation was offered by von Roos '4g f o r  the increased 

Vo, of a BSF ce l l  ; the voltage across the cell  will dis t r ibute  i t s e l f  

among the two interfaces of p-n junction and "low-high" junction in such 

a manner t h a t  the dark current i s  diminishing while the short  c i rcu i t  

current vi r tual  ly stays the same, As the resul t the V increases accord- 
OC 

ing to  equation (1.3.9). Open circui t  voltages of up t o  0.6 V have been 

reported f o r  10  ohm-cm BSF ce l l s .  

7.5.4 Textured Surface (or Black) Cells 1.29,1.30,1.50 

The textured surface cell  i s  based on rearranging the surface geo- 

metry t o  reduce ref lect ivi ty .  While this  concept i s  not new, i t  has only 

recently succeeded in practice. ' *2991 m30 '50 Preferenti a1 chemi cal 

etches by sodium or potassium hydroxide, or  hydranine hydrate applied on 
(700) orientation of t he  sil icon surface can selectively expose <I 1 1 ~  

planes, which intersect the  (100) surface with four-fold symmetry a t  an 
angle o f  54,7". .50 Since incident 1 ight undergoes two reflections b e f o r r  

complete escape (see Figure 1.71, optical reflection losses from these 

surfaces were greatly reduced. In fac t ,  the color of the cell  i s  velvet 

black when viewed from the t o p  because there i s  no reflection i n  th i s  

direction, hence, the second name o f  black c e l l ,  or velvet ce l l .  The 

reduced reflection occurs a t  a1 1 wavelengths in conparison with t h a t  of 
f l a t  surface cel ls .  The Cornsat group then named th is  cel l  "Cornsat lon- 

Reflecting" c e l l ,  or CNR cell  for short. 1.29,1.30 - 
The textured surface consists of random7 y spaced, four-sided, pointed 

tetrahedra o f  varying heights, ranging from approximately one micron to  as 

high as f 5 microns, and with a spacing of 3 10 microns. The textured 

surface not only results in reduced reflections,  b u t  also greatly enhances 



( a )  Refraction a t  Surface (b) Approximati on for G!i; k Response 

Figure 1. 7 Optics o f  Idealized (Tetrahedra of Uni form H e i g h t )  Textured Surface Cell 



the respunse a t  each end of the spectrum as compared to  f l a t  surface 

c e l l s .  The ~cechanism o f  enhanced s p ~ c t r a l  response i s  not a t t r ibu tab le  

to  mere reductioc of surface ref lec t ion.  1.51 

For a given cel l  thickness, the optical  path length i s  increased as 

shown in Figure 1 .7  as conpared with t ha t  o f  f l a t  surface c e l l .  This i s  

equiualent t o  a f l a t  cell with an increased ce l l  thickness and the output 
increases accordingly. Because of refraction a t  the surface,  more ca r r i e r s  

are generated near the surface of the textured ce l l  than f l a t  surfa te  c e l l .  

The ca r r i e r  generation term i n  the steady s t a t e  diffusion equation takes 

a form of  a' ( ~ ~ ) ~ N ' ( ~ , ) . e x p  ( - ~ I ( A ~ ) * x )  ,where 3 '  ) = ~ ( A ~ ) / c o s  ei 

N' (.I1) = cos 0 N ) ,  and t h e  unprimed quant i t ies  reoresent the case fo r  an 

unrefracted beam. This means t ha t  the absorption coeffj  c i  en t  i~ virtual  ly 

increased from a ( ~ ~ )  to  o(hl)/cos e l .  The spect ra l  response i s  thus 
sh i f t ed  by 

and t h e  generated ca r r i e r  concentration changes from N ( A ~ )  t o  

cos ei4N(~,). The spectral  response in long wavelength region i s  en- * 
hanced by four-fold contributions of both primary and secondary beams. 

The increase i n  spectral response a t  shor te r  wavelengths i s  a t t r ibu-  

t ab l e  t o  the inherent spectral  s h i f t  as discussed above and t o  the ca r r i e r s  

generated within and near the pyramid s t ruc tu re .  Within a tetrahedral  

s t r uc tu r e ,  l i g h t  in tensi ty  i s  highly concentrated; f o r  exam~le ,  four-fold 

symmetries of both primary and secondary beams along the symmetry axis 

(but  lower concentrations away from the a x i s ) ,  For t he  primary beam along 

the  symmetry ax i s ,  an absorption coeff ic ient  in t h e  exponent of a carr'icr 
tan 6 sec 

:.-:-eration term changes from ~ ( h )  t o  a '  ( A )  = 
+ tan e l  * a ( h ) .  

- * 
I f  the  edge e f fec t s  are ignored, the ca r r i e r  generation a t  a large distance 
from the surface (as compared w i t h  the oyramid heipht) is  contributed by 
four-fol d primary and secondary beams, This approximati on i s  appropriate 
for the bulk response because of randomness i n  pyramid heiqhts, and the 
problem can be simplified to  the one dimensional case. 1.51 



A t  the wavelength of 0.7 urn, a' = 0.591 a( ) , )  , which will be reduced to 

a' = .583 a ( h )  a t  x = 0.4 urn. Thus, the carr ier  generation from blue 

light i s  very h i g h  i n  the pyramid structure,  and together with the merit 

o f  a shallow junction, the blue response is greatly enhanced from that  of 
comparable f l  at-surface ce l l s .  In Figure 1.8,  the spectral response 

of the C N R  cell (textured ce l l  produced by Comsat Crop. ) i s  compared with 

a f l  at-surf ace cell .  
.-I 

' 5 2  The short c i rcu i t  current observed i s  as la rge  

as 45 r n ~ / c m ~ ,  about 15% improvement over a comparable f l a t  surface 

cell .  1,29,1,30,1,52 

The i ncreased carr ier  generation and col 1 ect i  on e f f i  c i  enc.y, and t b  e 
resultant spectral response of the textured surface cell lead t o  the 

higher radiation toler :we.  As discussed in a l a t e r  chapter, radiation 

damage in the solar cell i s  mainly due t o  the decrease of minority carr ier  

lifetime in the base region. Thus, t h e  enhanced blue response from a 

higher car r ie r  generation and collection efficiency within the tetrahedral 

structure, and an increased response because of a longer optical length 

i n  the base region make the textured surface cell less dependent on the 

base diffusion length. That i s  to  say,  the o u t p u t  i s  less dependent on 

the radiation susceptible parameter, and hence the textured cell  i s  more 

radi a t  ion to1 erant than a comparabl e f l  a t  surf ace ce l l .  



WAVELENGTHS, prn 

Figure  1.8 Spectral Responses of Textured Surface Cell and a Comparabie F l a t  Surface Cell 1.52 
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2.0 INSTRUMENTATION TECHNIQUES FOR MEASUREMENT OF SO1.4R CELL PARAMETERS 

In t h i s  section,  the various commonly used experimental methods fo r  
the analysis  of radiation e f fec t s  a re  discussed. The most commonly used 

measurement i n  the analysis of radiation e,ffects  i n  s i l i con  so la r  c e l l s  

i s  the current-vol tage charac te r i s t i c  under illumination. Since so l a r  

cel l  response i s  a  strong function of optical  wavelength, the  l i g h t  

source i s  a  major variable in the evaluation of so l a r  ce l l  parameter 

changes. 

2.1 Light Sources and Solar Simulators 

The spectral  i rradiance o f  the  sun a t  1 .5x1011 m (one A U)  i s  
of primary importame in so la r  ce l l  analysis  f o r  earth o rb i t s .  The 

values of so la r  spectral i rradiance proposed by ~ o h n s o n ~ ' ~  in 1954 have 
been widely accepted and used f o r  analytical  purposes. Johnson ' s 
resul ts  indicated that the so la r  constant was 139.5 mW/c~*, and a l so  
t ha t  the s o l a r  spectrum closely approximates t ha t  of a 6000 K 

blackbody. Several high-a1 t i  tude measurements made i n  recent years 

have been reviewed . ' * *  The findings indicate  a so la r  constant o f  

135.3 s 2.1 mW/cm2. The proposed so la r  spectral  i rradiance i s  tabu- 
lated in Table 2.1. Sil icon so la r  ce l l  response i s  generally limited 
t o  the region between 0.3 and 1.2 !Am. In t h i s  range, t h e  so l a r  power 
density i s  104.4 rnW/crnz. 

Among several so la r  simulation techniques, the most comnon method 

i s  the use o f  a xenon a rc  lamp with f i l t e r s  t o  remove undesired l i n e  
spectra i n  the near infrared.  Unfiltered xenon lamps a r e  a lso  used in 

t h e  pulsed mode, yhich does not generate the undesired l i n e  spectra.  

Snf i l tered carbon arcs a r e  a lso  used t o  simulate so la r  illumination w i t h  

a reasonable spectral match. A close spectral  match t o  the solar  spectrum 
is  obtained by the use of a xenon-filtered tungsten combination o r  f f  l t e red  

xenon source. These sources match the  so la r  spectrum we71 enough t h a t  

ce l l  measurements made under these sources can be considered representat ive 



TABLE 2.1 
SOLAR SPECTRAL IRRAOIANCE - PROPOSED STANDARD CURVE 2 ' 2  

A - Wavelength i n  micrometers 

E ( n )  - Solar s p e c t r a l  irradlanee averaged over small bandwtdth centered a t  A ,  i n  urn-' 
EfO-A) - Area under the solar  spectral trradlance curve i n  t h e  wavelength range 0 to 1 i n  Wm- 2 

D I O - A )  - Percentage o f  the solar  constant assotlated w i t h  wavelengths s h o r t e r  than A 

Solar constant = 1353 ~ r n * ~  
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o f  that in t h e  space environment. Many other types of l i gh t  sources have 

been used in radiation effects  studies. Unfiltered and f i l te red  incan- 

descent tungsten sources have peak response in the red and near infrared. 

Since this  i s  the wavelength region of the solar cell response which i s  

most changed by irradiation, use of these sources will show m x h  more 

severe ceIl radiation degradations as compared t o  evaluations w i t h  a 
s u i t a b l e  so lar  simulator. This characteristic severely 1 imi t s  the use 

of tungsten source simulation i n  the evaluation of radiation effects .  

Filtered xenon arc so lar  simulators are manufactured by Spectrol ab 

and Aerospace Control s .  The spectral irradiance for the Spectrol ab X-25 

simulator i s  'shown in Figure 2 .1 .  2 0 3  Similar data i s  shown in Figure 

2 .2  for a combination xenon-tungsten source simulator ur?d by Centralab 

Semiconductor Products. 2.4 In Figure 2 . 3 ,  t h e  spectral irradiance i s  

shown for a Genarco Model #ME4CWM carbon arc simulator. 2.5 

An important recent development i n  the f i e l d  of solar  simulators 

i s  the use o f  pulsed xenon arc  lamps for solar  cell  and solar cell array 
2 ' 7  These developments have been prompted by the need for  

a suitable a1 ternative to  tes t ing large arrays in natural sun1 ight on 

the ear th 's  surface. I n  these s!rst,erns, an approximately 2 msec pulse 

of l i g h t  i s  produced. Solar cell  output data can be accumulated during 

about 1 msec of the  pulse length. Sophisticated electronic data handling 
systems are necessary t o  record cell  or array outputs and commutate 
external load  resistances during the l ight  pulse. Variations in t e s t  

cell current due to l ight intensity variations are corrected t o  a normal- 
ized value a t  the desired illumination. The h i a h  intensity peaks in the 
0.8-0.9 urn region of the xenon arc spectrum are not generated by pulsed 

operation w i t h  h igh  current densities. By this  means, i t  i s  possible 
t o  achieve a reasonably c lose match t o  the solar spectrum. 2.7,  2.8 

Array areas up  t o  eight f ee t  by eight f e e t  can be illuminated w i t h  

excel lent temperature control , by such simulators. 
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The extent tq which a 7ack of solar spectral match affects  , a  solar 
cell measurement can be estimated i f  the spectral intensity o f  the l ight  

source and the spectral response of the solar c e l l  are  known. The l ight  

generated current of the i l l u m i n a t e d  cell  can be calculated as follows: 

where R ( X )  = solar cell  spectral response, A/W 

E(h) = spectral i rradi ance, W/crn2-vm 

dx  = an  increment of wavelength, urn 

The above equation can be used t o  determine the light-generated currents 

under solar and simulator i l l  uminations. The generated current under so1a1- 

illumination can be calculated from the generated current under simulator 
illumination i f  the spectral response o f  the cell  and the  spectral 
irradiance o f  the simulator are known. The relation i s  as follows: 

IL ( s  pace) = I L(simulator) (2.1.2) 
R ( A ~  E ( A ) ~ ~ , , ,  d x 

Solar simulator intensi t ies  are determin~d by the short  c i rcu i t  
I 

current o u t p u t s  o f  cal ibrated primary or secondary standard cell  s . The 
primary standard ce l fs ,  commonly in use, were generated by a NASA/JPL 

program of telemetered balloon f1 ights. 2 ' 9 y  2010 Similar programs have 

been conducted by a i r c ra f t  and high a l t i tude  te r res t ia l  measure- 

men t s  . 2m11-2 ' 1 4 ' 2 +  33'2'34 \!hen the e f f e c t s  of atmospheric absorption 

are properly corrected, the results are  i n  good agreement with the 

balloon f l i g h t  d a t a .  2.15 



Primary standard cell  avai labi l i ty  i s  limited and they are considered 

t o o  valuable for general: usage in sett ing simulator intensi t ies .  For ,his 
reason, secondary standzrd cell  s are cali  brated f o r  use as  working standards. 

Palmer has recently reviewed the  methods o f  generating secondary standard 
cell s and concluded that previously proposed methods o f  cal i bration ma,y 

yield poor resul t s  . Palmer has proposed t h e  use O F  a l ternate  methods 
which i nsu re  that secondary standard ce l l  cal i bratlon accuracy will approach 

that o f  primary standard c e l l s .  A solar simulator intensity which pro-  

duces a standard cell response equal t o  t h a i  for free space a t  !me 4U 

i s  referred t o  as one sun, a i r  mass ZPTO o r  135.3 rnGl/cinZ ( f o rmer l y  

139.5 mW/cm2). Sol ar sirnul ator spzctral s ~ a i  i ty  shou ld  be moni tcred 
by use of narrow bandpass or cutoff filf;c.:rs with calibr,;ted spectral 
response detectors. 

2 .2  Current-Vol t age  Characteristics 

The measurement of solar  cell current-vol tage  characteris t i c s  i s  

the primary means of evaluating the device. The evaluation i s  made '3y 

measuring the  cell vol tage devel ~ p e d  and the cell current into 1 oad 

resistances varying between zero and inf ini ty .  The measurement i s  

simple in principle b u t  at tention to several practical detai ls  i s  

necessary to insure accurate results.  Solar cell  response i s  8 strong 

function o f  temperature. For  t h i s  reason, t h e  cell tiiast be in thermal 

equil ibrium a t  a known temperature during the measure~ent. With ade- 

quate heat sinking and cooling, cel ls  measured under one sun irradiance 

a t  rooK temperature can be s t a b i l i z e d  a t  2B°C. To insure  t h a t  the 

vol tages measured are representative o f  those developed on the eel I 
contacts, separate probes are employed to  measurp cel l  voltage 

and current. In this  way, any voltage drops which occur a t  the current 
probe-cell interfaces due t o  contact resistance do not cause errors i n  



t h e  measured ce l l  voltage. The load res is tance  may be varied m a n u a l l y  

o r  e lec t ronical ly .  The current  ,402 tage data i s  usually plotted 14 t h  an 
X - Y  recorder. The solar  ce l l  parameters such as IS, and Yo, can be read 

d i r ec t l y  eli t h  d ig i t a l  meters. Mu7 t ip1 i e r  c i r c u i t s  are available which 
produce a voltage proportional t o  the product of c e l l  voltage and cur ren t .  
This o u t p u t  i s  plotted as a function of c e l l  voltage t o  d i rec t ly  

indicate  the maximum power and vol tage a t  maximum power. The cel l  
s e r i e s  resistance i s  aiso determined from current-vol tag? charac- 

t e r i s t i c s  a t  two o r  more d i f fe ren t  illumination levels.  2.17, 2.18 

2.3 Spectral Resoonse Measurements - -. 

Spectral response measurements a r e  very uscful f o r  evaluating 

changes in s o l a r  c e l l s  due t o  radia t ion e f f ec t s .  The spectral  response 

( A / \ )  i s  a measure o f  the shor t -c i rcu i t  current  density generated by 

t h e  cel l  under various monochromatic illuminations of a known power 

density.  The spectral  response is  often reported i n  terms o f  r e l a t i ve  

uni t s  when absol u te  values of 1 i g h t  i n t en s i t i e s  a re  not determined. 

Various schemes have been used t o  measure the  spectral  response of 

s o l a r  c e l l s .  High resolutiog monochromators are  used when extreme 

accuracy is  desired.  When l ess accuracy is  needed, narrow bandpass 

f i  1 ters can be used as sources of manochromatic l i g h t .  When a rnono- 
chromator i s  used, there a re  two methods to  normalize t he  so la r  ce l l  

output  t o  the l i g h t  in tensi ty .  Tungsten l i g h t  sources a re  usually used 

i n  monochromators, and the entrance s l i t  width can be varied t o  control 

t h e  optical power density i l luminating the ce l l  under t e s t .  In some 

systems,the entrance s l i t  w i d t h  can be automatically controlled to  

maintain a constant  optical power density on the so l a r  c e l l .  An a1 ter- 
n a t e  approach i s  t o  maintain a constant s l i t  w i d t h  and allow the optical  

power density on the cel l  t o  vary w i t h  wavelength, and a t tenuate  the 
c e l l  response a t  each wavelength measured by use o f  cal ibra ted voltage 

di v i  ders . 
One disadvantage of these methods o f  measurement i s  t h a t  the s o l a r  

c e l l  response i s  determined a t  very low minority c a r r i e r  in ject ion l eve l s ,  

So la r  c e l l s  i r rad ia ted  w i t h  neutrons and protons have response 



character is t ics  which Lre dependent upon the concentration of injected 

minority ca r r i e r s .  In  such cases the cel l  must be illuminated with a 
l igh t  source similar  in in tens i ty  and spectral  content t o  the intended 

space environment during the  spectral  response evaluation. A scheme 

for  measuring spectral response under approximate so la r  illumination 
has been suggested by S tofe l .  2.79 

2 - 4  I r radia t ion Methods 

The evaluation of  so l a r  ce l l  radiat ion e f f ec t s  requires a wide 
range o f  special ized equi pment and instrumentation. Charged par t i c le  
accelerators a re  the primary sources f o r  space radiat ion simulat 3n.  

The range o f  electron energies of i n t e r e s t  i s  0.3 t o  10 MeV. Electron 

energies of 0.3 to 3 MeV a r e  usually obtained with Van de Graaff elec-  

t r o s t a t i  c o r  Dynamatron accelera tors .  Higher electron energies can be 

reached with 1 inear electron accelerators.  Proton energies from 0.1 t o  
3 MeV a r e  obtained with Van de Graaff accelera tors .  Proton energies 
greater  than 10 MeV can be obtained from cyclotrons. For lower energy 
protons, i t  i s  necessary t o  transport  the proton beam and perform t he  

i r r ad ia t ion  in vacuum t o  a v o i d  excessive energy losses.  A survey of  

accelerator f a c i l i t i e s  has been pub1 ished b u t  i s  currently out  of date.  2.20 

The Space Radiation Effects Laboratory a t  Newport News, Virginia i s  oper- 

ated f o r  NASA spec i f i ca l ly  f o r  space radiation simulation. 2'21 The f ac i l  i -  

t i e s  include acce.7erators f o r  a l l  electron energies of i n t e r e s t  and a 
600 MeV synchrocycl otron ., Accel era tors  invariably produce i r rad ia t ion  

rates which are  many orders of magnitude greater  t h a n  t%se  o f  space 
environments. Real time i r rad ia t ions  o f  so la r  c e l l s  have been done 
using beta  em? t t i n g  sources. 2 - 2 2 j  2*23 These sources generate a spec- 

trum of electron energies and f l  ux.es s imi la r  t o  t ha t  of some space 

environments. 

A successful experiment must i  nc1 ude accurate krlowl edge of t he  

par t i c le  energy, measurement of cross sectional beam in tens i ty  a t  the  

i r rad ia t ion  area, as  well as the in tens i ty  during the i r rad ia t ion .  

Although there are several methods of accomplishing the above measure- 

ments, a l l  can be done w i t h  a Faraday cup. A design of a Faraday cup 



sui table  f o r  accelerators i n  the 1 MeV range i s  shown i n  the 1 i t e ra tu re .  2.24 

The desirable charac te r i s t i c s  o f  3 Faraday cup are as  follows: 

a .  Shielding thickness muss exceed pa r t i c l e  energy range. 

b. A high cup length-to-diameter r a t i o  i s  desirable.  

c.  Use low Z (atomic number) materials t o  reduce secondary 
e lect ron emission and bremsstrahl ung production. 

d. Cup must be in vacuum o r  potted. 

e .  Cup should be a reentrant  cavity.  

f, Cup should be screened t o  suppress secondary electron 
emission i f  necessary. 

g. Cup should have remote X - Y  t rans la t ion t o  f a c i l i t a t e  b e a ~  
mapping . 

A Faraday'cup requires a current  measuring instrument w i i i h  operates 

in the range of 10-lo t o  lou6 amperes and in tegrates  charge. Instruments 
of t h i s  nature are  produced by Keithley Instruments, Cleveland, nhio 

and El cor Products, Si 1 ver Spring , Mary1 and. 

The p a r t i c l e  energy can be determined by means of a range-energy 
measurement. In t h i s  measurement, increasing thickness o f  absorbers 

a re  introduced in to  a constant f lux beam, while t h o  f lux of pa r t i c les  

exit ing the absorber i s  monitored w i t h  a Faraday cup or a radiat ion- 

degraded s o l a r  c e l l .  I f  the beam i s  monoenergetic, a p l o t  o f  cup current  

(o r  cel l  photocurrent) versus absorber thickness is  extrapolated t o  zero 
current a t  an absorber thickness which i s  equal t o  the projected range 
of the mean pa r t i c l e  energy of the beam. This technique i s  sa t i s fac to ry  
f o r  electrons and high energy protons. Since the beam current  must 

remain constant as absorber thickness i s  increased, a second independent 

means o f  monitoring beam current  must be available.  Van de Graaff 

generators are equipped wi t h  a generating vol tmeter which produces a 

dc voltage proportional t o  the  potential difference on the accelera tor  

tube.  A check cal ibra t ion a t  one operating energy i s  su f f i c i en t  t o  

insure accurate ca l ibra t ion.  Corrections must be made f . energy loss 

i n  the accelera tor  e x i t  window and i n  the  atmosphere between the e x i t  

port and the t a rge t .  



2.5 Diffusion Length Measurement 

The importance o f  minority c a r r i e r  diffusion l e n g t h  ( o r  l i f e t i m e )  i n  
the study of solar  cells was discussed i n  Section 1.0.  A decrease i n  

minority c a r r i e r  l i fet ime i s  the primary reason fo r  s o l a r  ce l l  degradation 
in radiation environments . An experimental technique f o r  measuring minor- 

i t y  c a r r i e r  diffusion length using gama ray or e lect ron i r radia t ion was 

suggested by Gremmel mai e r .  2 '25 This technique requires the uniform gener- 

ation o f  electron-hole pai rs  throughout the act ive volume of the  p-n 

junction device. Under these conditions the  generated current densi t .  

(JL) i s  expressed as fo l lows:  

where q = electronic charge 

30 = generation r a t e  of electron-hole pairs  i n  u n i t  volume 

Lp = hole diffusion length in an n-type layer  

W = width of space charge layer 

L n  = electron diffusion length i n  a D-type layer  

Since L and W a re  usually very small compared t o  L n ,  t 1 . 2 ~  may be 
P 

neglected, and the measured shor t  c i r c u i t  current  becomes proportional 
t o  the diffusion length i n  the p-type base region (L , ) .  The generation 
rate, determined for t h i s  uniform radiat ion,  thus a1 l ows  accurate deter-  

mination of diffusion length from the measured short c i r c u i t  current .  

There are several expe r i~en t a l  methods of uniformly in ject ing electron- 
hole pai rs .  In addition t o  the use o f  g a n a  radia t ion,  h igh  energy elec- 
t rons ,  h i g h  energy protons 2.25 and infrared 1 ightZ."' 2 * 2 8  have been used 

to  achieve uniform inject ion.  To achieve uniform inject ion i n  a so la r  
ce l l  i r radia ted w i t h  1 Mev elect rons ,  i t  is necessary t o  introduce a 
0.030 cm (0.012 in . )  aluminum shield immediately i n  f ront  o f  the ce l l  d u r i n g  

a normal incidence f ron t  i:-radiation. The de t a i l s  of this  procedure and  

the experfmental evaluation of the  generation r a t e  have been covered by 

Rosenzwei g. 2.26 



The experimental measurement of diffusion length by the above 

methods has several inherent 1 imitations. Since the diffusion 1 ength 
i s  that distance from which l / e  of injected minority car r ie rs  will 

diffuse to the junction during their  1 ifetirne, the diffusion length 

concept involves both minority carr ier  lifetime and diffusion. hlinor- 

i t y  carr ier  l ifetime, in the most general case, could v a r y  throughout 

the active region of a solar c e l l .  In p r a c t i c e  this situation arises 
when solar c e l l s  are irradiated with low energy protons which do not 

penetrate the ent i re  active volume of the c e l l .  Diffusion lengths of 
so lar  cel ls  w i t h  a nonuniform minority carr ier  lifetime in the active 

base region cannot be measured by the above methods. Surface recsmbina- 
t ion a t  the solar  cell back contact can also cause errors in measured 

diffusion lengths. These errors are negligible for ce l l s  in which t h e  

t h i  cknes-j exceeds two or three times the diffusion 1 ength. Corrections 

fo r  varying back surface recombination velbcities and f o r  cases where 

the cell thickness i s  n o t  greater than L have been covered in a re vie^ 
paper by Eleul enberg. 2.35 

The measurement of diffusion length by the above methods also assumes 

t h e  external cell -current generated i s  col ;ected enti rely by diffusion o f  

excess minority carriers to the junction. Some recent designs o f  solar  

cel l  structure u t i l ize  "d r i f t  f ie lds ."  In such cases,excess minority 

car r ie r  collection i s  aided by the presence of an e l ec t r i c  f ie ld  in the 
base reginn; and the short c i rcu i t  current under conditions of uniform 

pair  production cannot be related to  diffusion length by the above equa- 

t ion .  

An additional 1 imitation arises i f  1 MeV electron o r  other high 

energy radiations are used in the diffusion length measurement. The 

radiation flux must be kept low to minimize damage t o  the cell  d u r i n g  

the  measurement. The 1 MeV electron beam current during such a measure- 

ment i s  approximately lo-' A/cm2. The generation ra te  o f  excess minority 

car r ie rs  produced by this  electron flux i s  considerably lower than tha t  
produced by s ~ ' l a r  illumination a t  135 mW/cm2. In most cases the diffu- 

sion length o r  1 ifetime is  n o t  dependent upon the concentration of excess 

minority car r ie rs .  In such cases, the diffusSon length measured w i t h  low 
1 evels of injected minority carriers i s  the same as tha t  for  a cel l  under 



one sun i  11 uminali on.  S i  1 icon sol a r  cel l  s i  rradi ated w i  t h  protons and 

neutrons exhi b i t  i ~ j e c t i o n  1 eve1 dependence of the diffusion 1 ength, 

and must be illuminated w i t h  simulated solar  illumination t o  allow accu- 

rate measurement of  the diffusion length. The schemes used by Denney 2.29 

for proton irradiated ce l l s  and Stofel,  e t  a l .  2'19 fo r  neutron i  rradiated 

c e l l s  have shqwn that the  diffusion lengths of such ce l l s  measured under 

approximate so; a r  i  11 umination a re  roughly two times greater than that  

measured under low injection 1 eve1 conditions. 

2.6 - Stat-istical and Error Analysis 

The analysis o f  radiation effects  in solar ce l l s  involves the col- 

lection and evaluation of large amounts of experimental da t a .  Such data 

dre often presented in graphical or tabular form without the use of 

s t a t i s t i ca l  analysis. The basic s t a t i s t i c a l  tools,  which have application 

in the analysis o f  radiation effects data, along with the nature and 
causss o f  errors in the data, will be discussed. 

A common situation in  the analysi; of irradiated solar ce ,101 ves 

measurements af  engineering or physical parameters on a group o t  ,olar 

cel ls  exposed to  a particular environment or radiation fluence. The 

characteristics of such a data set  are a central tendency and a d i s t r i -  

bution about this central value, The most suitable measure of the cen- 

t ra l  tendency i s  the arithmetic mean (a. The i thmetic mean i s  defined 

as follows: n 
C x i  - 1=7 

x = (2.6.1) n 

where xi = measured value on cell  i 

n = number of ce l l s  measured 

The degree t o  which measured values are dispersed or scattered can 

be described in several ways. One such measure i s  the range or differ- 

ence between the largest  and smallest measured values i n  a group. A 
second measu:e of the dispersion in a group of measurements i s  the 

standard devi ation. The standard deviation (a)  4 s defined as fol 1 ows : 

2-14 



An additional measure o f  dispersion i s  the variance, which i s  defined as 
the square of  the standard deviation ( 02 ) .  

Solar cell evaluations usually involve sd~ilgle sizes of 1 ess than 30 

and more often from 3 to  10. When such small sample s i zes  are used, t h e  

mean of experimental results may n o t  be representative of a similar experi- 
ment involvl'ng a large nurnber of samples. The maximum difference which 
may occur between the mean value o f  a small sample and the mean value o f  

a large sample having a normal or  Gaussian distribution can be calculated 

for any desired probability. This difference i s  referred to  as the con- 
fidence 1 i rn i  t s  of a mean value. The confidence 1 irni t s  expressed relat ive 
to  t hz  mean value are as fol lows: 

where tc i s  the cr i t ical  percentile value for  Students ' t distribution. 

Values a f  I-,, may be obtained f ror  s t a t ~ s t i c a l  manuals or handbooks. For  
example, i f  95% confidence levels are desired for a sample s i z e  o f  5,  t, 
i s  equal to  2.78. 

When solar cet 1 experimental data are coll ected for increasing radia- 
tion flucnces, i t  i s  desirable to  display the data graphically in a manner 

which reveals f~ndamer~tal empirical relationships. As an example, i t  
has been empirically observed that  many parameters of irradiated, 5 . lar  
ce l l s  such as IsC, "oc, and 'max can be describdd by equations similar to  

the fol lowing relation: 
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where P,,,(m) = maximum power t o  load a t  f luence m 

Pmaxo = maximum power to  load before irradiation 

= radfatton fluence 

@, = a constant dependent on radiation energy and 
cell  type 

C = a constant dependent on radiation type 

Computer programs can be employed t o  f i t  equations t o  experimental 

data, In most cases, however, curves can be f i t t e d  t o  experimental da t a  

by manual means as  we1 1. 

The coefficient of correlation i s  a measure of t he  degree to  which 

an analytical expression can describe variations i n  experimental da t a  + 

The coefficient of correlation i s  defined as follows: 

where x = value o f  x from f i t t e d  analytical expression 
eqn - 

x = mean value of experimental data 

'i = experimentally observed value 

If t h e  f i t t e d  analytical expression or curve has a correlation coefficient 
o f  I ,  i t  explains a11 of the  experimentally observed variation, If an 
unexplained variation e x i s t s ,  the correlation coefficient n i l  1 be between 
-1 and + I .  I t  i s  usually possible to  describe experimental solar ce l l  
data by expressions which have correlation coefficients very close to  one. 
A few examples of the application of s t a t i s t i ca l  methods t o  solar cel l  

data have appeared i n  the l i te ra ture .  2.30, 2.31, 2.32 



In addition t o  the random errors that affect  data, there are syste- 
matic errors which are inherent t o  the operation of instruments. These 
errors involve 1 imitations of t he  accuracy with which electron f l  uence, 
electron energy, solar simulator intensity,  e t c ,  , can be determined w i t h  

particular instruments. When an experiment i s  designed, i t  i s  desirable 

t o  insure t h a t  the random and systematic instrumentation errors are  neg- 

l igible  or minor with respect t o  the accidental errors.  In such cases, 
the results can be analyzed assuming t h a t  the dispersion o r  distribution 
i n  a group of measurenents is  due only t o  t h e  accidental error and 
characteristic deviation i n  the sample group due t o  manufacturing di f -  

ferences. 
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CHAPTER 3 

3 . 0  RADIATION EFFECTS 

The behavior of solar ce l l s  in a radiation environment can be 

described in terms of the changes in the engineering output parameters 
a f  the devices. This approach limits the understanding o f  the physical 
changes which occur in the device. Since other environmental factors 
may need consideration, an understal?ding of a physical model provi des 

a basis for estimates o f  the behavior in a complex environment. In 
addition, solar  arrays of the future will become more complex and may 
u t i  l i r e  materials which are affected by different aspects o f  radiation 

damage. For these reasons, t h 2  engineer snould be aware of the process 
by which radiation interacts with matter, and understand the physi ca1 

models whlch describe the processes. 

3.1 The Theory of Radiation Damage 

The radiation usually of interest  in the study o f  degradation of 

rnaterli a1 s and devices consists of energetic o r  f a s t  massive particles 

( i . e . ,  electrons, protons, neutrons, or ions). The origin o f  these par. 

t i c les  may be particle accelerators, the natural space radiation 

environment, nuclear reactions, or  secondary mechanisms such as Corr~pton 

electrons produced by gamma rays. Because they have mass, energy and 

possibly charge, these part ic les  or other particles generated by them 

can interact in several ways with rnateri a1 s .  The dominant interactions 

are: 

a ,  Ine la s t i c  Collisions w i t h  Atorni c Elect rons.  Inelast ic  
collisiofis with bound atomic electrons are usually the 
predominant mechanism by which an energetic charged par- 
t i c l e  loses kinetic energy i n  an absorber. In such 
col l is ions,  electrons experience a transit ion to an 
excited s ta te  (excitation) or t o  an unbound s ta te  
(ionization) . 

b ,  El a s t i  c Collisions with Atomic Nuclei. Energetic charged 
part ic les  may have coulombi c interactions w i t h  the posi t i  ve 
charge o f  t h e  atomic nucleus t h r o u g h  Rutherford scattering. 
In some cases the amaunt of energy transferred to  the atom 
will displace i t  fmm i t s  position in a crystalline l a t t i ce .  



This energetic displaced atom may in turn u n d ~ r g o  similar 
collisions with other atoms of the materi a1 -1:ergetic 
particles may also interact  directly by a hard sphere co l l i -  
sion with the nucleus. The probability O F  this ,kype of 
event is  usually less than that for Rutl~erfard scattering, 
except a t  higher energies. Sf suf f i r ien t  energy i s  trans- 
ferred t o  d i s p l a c ~  an atom from i t s  l a t t i ce  s i t e ,  that  atom 
will probably be energetic enough tc~ displace many other 
a toms. 

c. Inelastic Collisions with Atomic Nuclei. This general 
category of interactiorl includes s e v e r 3  processes which 
are important in radi a t i  on damage studies. Highly ener- 
ge t ic  protons undergo inelast ic  ~ o l l i s i o n s  with t he  atomic 
nucleus. I n  t h i s  process the  energetic proton interacts 
with the rwleus and leaves the nucieus in  an excited or 
activated s ta te .  The excited nucleus emits energetic 
nucleons and the recoiling nucleus i s  di splared f r o m  i t s  
l a t t i c e  s i t e .  T h i s  recoiling nucleus i n  turr. causes more 
displacements. This process i s  also referred t o  as spal- 
1 ation. Col l i  sions between neutrons of thermal energy 
and nuclei can also be included in this  group. However, 
these interactions are of 1 i t t l e  importance in solar  array 
degradation. 

The major types o f  radiation damage phenomna in solids which are 

o f  interest  t o  the solar array designer are ionization and atomic dis- 

placement. I t  i s  important to  classify an effect  into one of these two 
categories , i f  possi ble, because the gf neral behavior of each phenomenon 

has been characterized t o  a large extent. 

Ioni zati  on 

Ionization occurs when o r b i t a l  electrans are  removed from an atom 

Dr molecule in gases, liquids or solids. The measure o f  the intensity 

of an ionizing radiation i s  the Roentgen. This u n i t  i s  defined by a 

charge generation of 2.58 x caulomb/kilogram of a i r .  The measure 

of the absorbed dose i n  any material of interest  i s  usually defined i n  
terms o f  the absorbed energy per u n i t  mass. The accepted u n i t  u f  ab- 

sorbed dose i s  the rad (100 ergs/gm or 0.01 joules/kg). 



Through the use of the concept of absorbed dose, various radiation 

exposures can be reduced to  absorbed dose units which will re f lec t  the 
degree of ionization damage in  the material of in t e re s t ,  This concept 
can be applied t o  electron, gamma and X-ray radiations of a1 1 energies. 
For  electrons, the particle fluence i s  mu1 t ipl ied by t h e  electronic stop- 

ping power of t h e  electron energy o f  in te res t  to  determine the absorbed 
dose. I n  this manner, the effects  of an exposure to  fluxes of trapped 
electrons of various energies i n  space can be reduced t o  an absorbed dose, 

In general, t h i s  practice i s  a l so  applicable t o  proton irradiations; how- 

ever, so.ne caution must be exercised. I n  some types of materials, the 
effects 3f the ionization caused by heavy particles i s  confined to  the 

vicinity of the particle track. I f  homogeneous i onizati on i s  produced 

by protons i n  the absorber material of in te res t ,  one can convert proton 
fluences t o  absorbed doses and sum them with doses from other radiations. 

The variations of stopping power and range fo r  electrons and pro- 

tons o f  various energies can be seen in Figures 3.1 and 3.2. The 

data presented are for si l icon and have been normalized for density. 

The stopping power and range of a f a s t  par t ic le  are not strong functions 
o f  the atomic number of the absorber material. For th i s  reason, the 
data i n  Figures 3.1 and 3.2 can be used for  materials with a similar 
atomic number w i t h  a negligible error, 

Radiation may affect solar  cell  array materials by several ionitation- 

related effects .  The reduction o f  transmittance in solar  cell  cover s l ides  

i s  an important effect  o t  ionizing radiation. The darkening i s  caused 

by the formation of color centers in glass or oride materials. The color 

centers form when ionizing radiation excites an orb1 ta l  electron t o  t h e  

conduction band. These electrons become tra-i:ed by impurity atoms in the 

oxide t o  form charged defect complexes whict: -an be relat-rvely s table  a t  
room temperature. 

Radiation produces many ionization-related effects  in organic materials. 
These changes a l l  result from the production o f  ions, f ree  electrons, and 
f ree  radicals. As a result  of these actions, transparent polymers are  
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ELECTRON ENERGY, MeV 

Figure 3.1 Stopping Power and Range Curves for Electrons I n  Silicon. 
Reference, Berger and Seltzer, NASA SP-3036, 7966. 
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PROTON ENERGY, MeV 

F i g u r e  3 . 2  Stopping Power and Range Curves f a r  r'r otons i n  Silicon. 
Reference, Janni , AFWL-TR-65-150, 1966. 
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darkened and cross1 i nki ng between mai n-chai n members may drastically 
a1 ter  t h e  mer.;*anical properties. The contemplated use of polymeric 

materials i n  solar arrays will require the array designer t o  
have knowledge o f  the iotlization-related radiation ef tects  i n  

those materials. 

The use o f  sil icon dioxide as a su r f ace  passivation coating and 

dielectr ic  material i n  sil icon devices results i n  a wide range 

of ionization-related radiation effects.  The development of trapped 

charges in the sil icon dioxides can cause increased leakage currents, 

decreased gain, a n d  surface channel development in bipolar transistors 

and increased threshold voltages i n  M9S f i e ld  e f f e c t  transistors. 

Ionizing radiation in sil icon excites the electrons of the valence band 

t o  the conduction band,  creating electron-hole pairs i n  much the same 

way that  carr ier  pairs are generated by visible l ight. A1 though an 

optical p h ~ t o n  of energy equal or greater than 1.1 eV wi 11 create an 

electron-hole pai r ,  roughly three times this amount o f  energy must be 

absorbed from a high energy particle t o  produce the same carr iers .  In 
si 7 icon devices, the el ectron-hol e pairs which are generated by 

i o n i z i n g  radiation cause photocurrents in the same manner as solar i l -  

lumination. 

Atomic Displaceiflent 

The loss o f  energy by f a s t  electrons and protons caused by collision 

processes with the electrons o f  an absorber or target material account 

for a large fraction of the d i s s i p a t e d  energy. For electrons and protons 

i n  the range of  0.1 t o  70 MeV, these electron colli,ions determine the 

particle range in an absorber. Despite th i s  f a c t ,  a different type o f  
collision process i s  the basis for the damage which permanently degrades 

silicon solar  cel ls  in the space environment. The basis for  this  damage 

i s  the displacement o f  si l icon atoms from their  l a t t i c e  s i t e s  by f a s t  

particles i n  the crystal l ine absorber + These displaced atoms undergo 
other reactions and f ina l ly  form stable defects which  produce significant 
changes i n the equi  1 i brium carrier concentrations and the mi nori ty 

carrier l i f e t i m e .  



The displacement of an atom from a l a t t i ce  s i t e  requires a certain 
m i m i  num energy similar t o  that o f  other atomic movements. The energy 

of sublimation for a si l icon atom i s  4.9 eV. The energy for the form-  
t i o n  of a vacancy i n  the  si l icon l a t t i c e  i s  2.3 eV. The displacement 
o f  an atom involves t h e  formation o f  a vacancy, :he formation o f  a n  
i n t e r s t i t i a l  atom and other electronic afid phonon losses. I t  i s  reasor, 

able t o  expect  that the energy o f  disglacement i s  several times larger 
than  the energy of formation for a vacancy. S e i t z  has estimated t h a t  

the displacement energy i s  roughly four times the sublimation energy. 3 . 1  

Elect~.on threshold energies of 145 keV a n d  125 keV have teen reported by 

various investigators . 3 ' 2 '  3 m 3 y  3 '4  The following equation relates the - .. 
electron threshold energy t o  the displacement energy. 3 .  I 

where Ed = displacement energy (MeV) 

Et threshold energy (MeV) 

rn e = electron mass (1/1836) 

M = atomic weight, Si (28) 

m cz = e l ~ c t r o n i c  mass-energy equivalence, 0,571 MeV e 

T h e  reported threshold energies i nd i ca te  displacement energies o f  12.9 eV 

or 11 ,0 eV, respectively . 
A1 though pro ton  threshold eneryies have not been determined , they 

can be calculated from the classical form o f  the  above equation: 

where MI, = proton mass, 1 . The above values o f  displacement energies 

indicate proton or neutron thresholds of 97.5 or 82.5 eV i n  s i l icon.  
Since par t ic les  below t he  threshold energies cannot produce displacement 

damage, t h e  space environment energy spectrums are effectively c c t  o f f  

below these va lues .  
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For particles above the threshold energy, the probability of an 
atamic displacement can be described in terms of a displacement cross 

section. Using this concept, the number of displacements can be es t i -  

mated f rom: 

where Nd = number of displacements per u n i t  volume 

na = number a f  atoms per u n i t  volume o f  absorber (5 x l oz2  
s i  7 icon atoms/cmz) 

a -: displacement cross section (cm2) 

a - average displacements per prima,-v displacement 

@ = radiation f l  uence (particles/cm2) 

The displacement cross sections for  f a s t  electrons of various ener- 
gies can be calculated f r c : :~  the r e l a t iv i s t i c  gerreralization or' the Ruther- 

ford scattecing cross section For s i l icon ,  the calculated 
displacement cross section f o r  1 MeV electrons i s  about 68 x 10 -24 ,,-2 

and inc 3ses only 10% for  electron energies of  5 MeV and greater. The 

electro displaced s i l icon atom may receive enough energy to  " turn 
displace other si l icon atonis. The mechanism for  these secc~dary displace- 

ments i s  2utherford interactions for  s i l icon atoms of energies greater 
t h a n  103 sV and hard sphere collisions fo r  lower energy atoms. A1 though 

di fferen t tneories c f  t h e  productiorl of secondary di splacernents have been 

presented, the i r  results are very similar.  Using the model of Kinchin 
and Pease, '" the average number of displacements in sil icon i s  1.53 for 

a 1 MeV electron. The electron energy v siation of the various parameter: 

i s  shown i n  rable 3.1. 



TABLE 3.1 

SILICON DISPLACEMENT PARAMETERS, VARIOUS ELECTRON ENERGIES 

The d i r e c t  r esu l t  of the radiation i s  the production bf vacant l a t t i c e  

si tes (vacancies) and s i l i con  a toms which come t o  r e s t  i n  the  interstices 
of the crys ta l  l a t t i c e  ( i n t e r s t i t i a l s ) .  The dis t r ibu t ion  of vacancies wi l l  

not be uniform, because the vacancies from secondary displacements wil l  l i e  
re la t ively  c lose  t o  the associated primary vacancy. 

Electron 
Energy 
(Mev) 

1 
2 

5 

10 

20 
40 

I 

The experimental s tudies  must be reviewed t o  gain a more 

complete model of displzcement damage in s i  1 icon. Vacancies and 
i n t e r s t i t i a l  s are par t icular ly  mobile and unstable a t  room temp- 
erature. In n-type s i l i con ,  i t  has been shown t h a t  vacancies react  

w i t h  oxygen impurities t o  form close coupled vacancy-oxygen pai rs  
(~-~13.6-3.9 (see Figure 3.3), and w i t h  impt!ri ty donor atoms, such as 

phosphorus and arsenic, t o  form close coupled vacancy-donor pa+ rs 
(V-P, V-AS)  3'6y 3.'0 (see Figure 3.3). Both defects  a re  e l e c t r i c a l  iy 

a c t i v e  and can become negatively charged by accepting an electron from 

the conduction band. The acceptor energy levels  of the V-0 and  V-P pairs  

.Ira 0.17 eV and 0.4 eV below the bottom of the conduction band. 3,11, 3.12 

These defects a r e  recombination centers and t h e i r  formati on during elec- 
t ron i r rad ia t ion  c f  n-type si  1 icon reduces the  minority c a r r i e r  l i fe t ime.  3.73 

Since these defec t s  are formed fron s ing le  vacancies, considerations of 

PK~IAQ 
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(cmml ) 

5.2 

7.3 
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1.53 
2.00 

10.6 

13.0 

15.7 

18.2 

DV 

cm2) 

7 04 
7 46 

21 2 
261 

314 

363 

7 7 1 2,76 

77 

77 

7 7 

3,39 

4.09 

4.74 



A model of  the oxygen-vocancy complex or A model of the phorphorur-voconcy complex 

the Si-A center. or the 5 i -E  cvnter, 

Model oF the divocancy. 
RCA tentative model for the K-center. 

Figure  3.3 Atomistic Models o f  Radiation D e f e c t s  in Silicon 
Reference, M. M. Sokoloski, "Structure and Kinetics 
o f  Defects in Silicon" NASA TN D-4154, 1967 



mass ac t i on  i nd i ca te  t h a t  the format ion o f  these defects might  have the 

same v a r i a t i o n  w i t h  i n c i d e n t  e lec t ron  energy as t h a t  f o r  the format ion 

of s ing le  vacancies (0;). Th is  r e l a t i o n s h i p  ha? been v e r i f i e d  e x p r r i  - 
mental 1 y , 3 ' 1 4  The Y-P p a i r  anneals r a p i d l y  near 150°C 3115 and the  V-0 
p a i r  anneals r a p i d l y  near 350°C. 3.9 The i n t r o d u c t i o n  ra tes  (change i n  

defect  concentrat ion per u n i t  f l  uence) f o r  these defects a re  i n  t he  

range of 0.1 t o  0.3 c." f o r  1 MeV e lec t rons .  Since the ca l cu la ted  
d i  splacernent r a t e  i s  5.2 cm-' , i t  appears t h a t  many of the  vacancies 

are involved i n  other  reac t ions  a t  room temperature, such as recombination 

w i t h  i n t e r s t i t i a l  atoms. 
The e l e c t r o n  i r r a d i  at! on of p-type s i  1  i con  a t  room temperature 

resul ts  i n  a defec t  s t r u c t u r e  w i t h  ne t  donor c h a r a c t e r i s t i c s .  3.11, 3.12 

This de fec t  can donate an e lec t ron  t o  ( i  .e., accept a hole from) the  

valence band. The energy l e v e l  o f  t h i s  donor de fec t  i s  located 0.27 

t o  0.30 eV above the top o f  t he  valence band. The room temperature 

i n t roduc t i on  r a t e  o f  t h i s  de fec t  i n  s i l i c o n  by 1  MeV e lec t rons  i s  
roughly 0.03 cm" . This value i s  considerably lower than those o f  

defects found i n  n-type s i l i c o n .  I n  add i t i on ,  the  i n t r o d u c t i o n  r a t e  
o f  t h i s  d e f e c t  by 10 MeV electrons i s  about 16.5 t imes greater than  

t h a t  f o r  1 MeV elect rons.  3 '14 Since the s i n g l e  displacement r a t e  

increases by on ly  a f a c t o r  o f  2.5 w i t h  t h a t  e l e c t r o n  energy increase, 

t h i s  defect  appears t o  i n v o l v e  a  more complex s t r u c t u r e .  I t  has been 

shown t h a t  defects i n v o l v i n g  the  coup1 i n g  o f  more than one vacancy w i  11 

r e s u l t  i n  defects w i t h  i n t r o d u c t i o n  ra tes  which increase more r a p i d l y  

w i t h  e lec t ron  energy than does the  d i s p l a c e m e ~ t  r a t e .  3.16, 3.17 

defec t  s t ruc tu res  ( d i  vacancy 3'18a 3'19 and "K"   enter^*^'), which have 

been studied by e lec t ron  s p i n  resonance techniques, may exp la in  t h i s  

behavior. These defects, shown in Figure 3.3, i nvo l ve  the coup l ing  o f  

two vacancies i n  each defec t .  Several attempts t o  determine the  dprni- 

nant recornbi: t j o n  center i n  electron i r r a d i a t e d  p-type st l i c o n  have 

y ie lded conf  1 i c t i  ng resu l  t s  , 3 . 1 7 ,  3 . 1 2 ,  3.21 , 3.22 Recent experiments 

have i nd i ca ted  t h a t  a  de fec t  w i t h  an energy l e v e l  i n  the range o f  0.27 

+ 0.02 eV above the top o f  t h e  valence band con t ro l s  recombinat ion i n  

e lec t ron  i r v d i a t e d  p-type s i  1  This  conclusion is cons i s ten t  

w i t h  t h e  known energy dependence o f  p-type s i l i c o n  i n  t h a t  the d i f f u s i o n  



length damage coefficient has been shown t o  vary with electron energy 3 .23  

Tn the same manner as the introduction rate  o f  the E v  + 0.3 eV level 

defect. 3.12 

The production o f  displacement damage in s i l  icon by energetic protons 
i s  considerably different because the displacement cross sections a re  

several orders of magnitude larger than those for f a s t  electroi-is and vary 

rapidly with proton energy. The calculated s i l  icon displacement cross 

section fo r  1 MeV protons i s  3.5 x crn2.341 The average number o f  

atoniz displacements (0) resulting from such a primary displacenent 

i s  4.8. 3'5 Using equation 3.1 - 3 ,  the displacement rate i s  found t o  be 

8500 cm-I for  1 MeV protons in sil icon. The range of a 1 MeV proton in 

sil icon i s  only 17.5 pm; therefore i t s  energy and displacement rate  will 

change rapidly a f te r  i t  enters a si l icon crystal .  The variation of the 
displacement rate w i t h  proton energy has been calculated by several 

authors. These resul ts  are  shown in Figure 3.4.  A1 though there are  
some differences in resul t s  , the displ acen~ent rate  i s  proportional to  

(In€)/E fo r  protons of energies between 'I MeV and 10 MeV. Above 10 MeV, 

the vai-<ous models d i f fe r  s s  t o  t h e  relative influence of Ruther- 
ford scattering, nuclear scattering, and inelast ic  processes of  spa1 1 a- 
tion. Experimental ly  measured de fec t  introduction rates for proton 
irradiation of silicon a r e  less than one tenth of the calculated dis-  

placement rates. The defect energy levels in proton irradiated s i l  icon 

are those previously discussed for electron irradiated s i l  icon. 3.29-3.31 

The proton damage, however, w i  11 be highly i nhomoge~eous because the 
secondary displacements occur near t he  s i t e  o f  t h e  primary displacement. 

Neutron displacement damage in s i l  icon i s  characterized by two 
important differences. The s i l  icon displacement cross sec t i on  for  a 
1 MeV neutron i s  2.4 x l G  .24 cm2. This value i s  well below those for 

1 MeV protons and 1 MeV electrons . For this  reason, the number o f  pri - 
mary displaced s i l icon atoms will be relatively smal?. The second 
difference involves t he  amount of energy transferred t o  t h e  displ aced 

s i l icon atom by the neutrott. Since the 1 MeV neutron-silicon interaction 
is a hard sphere rather than coulombic col l is ion,  an average of  about 

70 keV i s  transferred to  the recoiling s i i i c m  atoms. The subsequent 

secondary collisions between sif icon atoms will displace about 1500 
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Figure 3.4 Energy Dependent Di spl acement in Proton -1rradi a ted Si 1 icon. 
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s i l i con  atoms. This displacemen : damage wi 11 be clustered near the 54 t e  

o f  the primary displacement. The defects identi  f i a d  in neutron i r r ad i -  

ated s i  1 icon include those previous: y discussed f o r  electron damage. 

Theoretical models of the neutron ds~nage indicate t h a t  the high concentra- 
t ion o f  e l e c t r i c a l l y  act ive defects  in the cluster causes the center  of 

the c luster  to  behave as i n t r i n s i c  s i l i con .  3 .32  This i n t r i n s i c  s i l i con  

core i s  separated from the bulk s i l i con  by a layer  of space charge. 

Extensions of t h i s  model have been used to  explain the majority c a r r i e r  

removal and mi ncr i ty  c a r r i e r  recombination behavior of neutron i  rradi ated 

s i l i con .  3.33-3.35 

The main importance n f  the displacement defects  produced by t he  

i r radia t ion of s i l i con  so la r  c e l i s  i s  in t h e i r  e f f ec t  on the minority 

c a r r i e r  l i f e t ime  of the s i l i con .  In pa r t i cu la r ,  t h e  l i f c t im5 in the 

b u l k  p-type s i l i con  of an n-p so la r  ce l l  i s  t h e  major radiat ion sens i t ive  

parameter. Since minority c a r r i e r  1 i  fetimes a r e  inversely proportional 

t o  the recombination rates, the reciprocal l i f e t ime  contributions caused 

by various se ts  of recombinatiou centers can be added t o  determine the 

inverse of the l ifet ime as f o l l a ~ s :  

where T = minority c a r r i e r  1 i  f e t i m e  

= minority c a r r i e r  1 i iet ime before i r rad ia t ion  

T = minority c a r r i e r  l i f e t ime  due t o  electron i r rad ia t ion  e 

T = minority c a r r i e r  l i f e t ime  due  t o  proton i r rad ia t ion  
P 

One o f  the  most commonly used analytical  tools  f o r  c h ~  determination 

of the p a r t i c l e  type and energy dependence of dzgradation i n  s i l i con  

solar c e l l s  has been developed from the basic re la t ionship  fo r  1 i fet ime 

degradation: 



where r = f i n a l  minor i t y  ca r r i e r  lifetime 

T = i n i t i a l  minority carr ier  l ifetime 
0 

@ = irradiation f l  uence 

K = damage coefficient (l ifetime) 
t 

Minority carr ier  diffusion length is  a more applicable and more eas i ly  

determined parameter for solar  cell analysis than mincrri ty carr ier  

lifetime. Using L2 = DT, the above expression becomes: 

where L = f i n a l  minority ca r r i e r  diffusion length 

Lo = i n i t i a l  minority car r ie r  diffusion length 

0 = part icle  f l  uence 

KL = damage coefficient ( d i f f u s i o n  length) 

= K /D 
T 

When the fluence i s  sufficiently h i g h  so t h a t  L c Lo we have: 

If the L decays w i t h  an increasing c ,  e x h i b i t i n g  -1/2 slope the damage 

coefficient,  KL, can be used t o  uniquely define the par t ic le  type and 

energy dependence of si l icon solar cell  degradation. 

The minority carr ier  l ifetime or diffusion length in an irradiated 

solar  ce'l may be a function of the concentration of excess or nonequili- 

b r ium minority carriers present i n  the semiconductor. In solar  ce l l s  , 
th i s  behavior i s  referred t o  as injection level dependence. This behavior 

i s  u s u a l l y  associated with solar  ce l l s  damaged with h i g h  energy protons 

o r  neutrons. Gregory 3 . 3 3  has shown that the injection level dependence 

o f  l i f e t i m e  i n  neutron irrsdiated solar ce l l s  does n o t  follow classical 

predictions and has proposed a model based on the behavior of  clustered 



damage. Ihe methods of  measuring minority carrierb l i f e t ime  or diffusion 
length often involve the in ject ion of excess minority c a r r i e r  concentra- 

t ions  which a r e  many orders of magnitude smaller t h a n  those found in 

s o l a r  c e l l s  operating in space. Such methods a re  inadequate f o r  t h e  

generation of data for the prediction of proton a n d  neutrbin i r radia ted 

s o l a r  cel l  performance i n  space. 

3 .2  Theory of Silicon Solar Cell Damage 

The basic so la r  ce l l  equations can be used t o  describe t h e  changes 

which occur duri ng i r rad ia t ion .  This method would require da t a  regarding 
the  changes i n  t h e  l i gh t  generated current  ( i  .e., I S C ) ,  and data reqard- 

i n g  changes i n  the se r ies  res is tance ,  s h u n t  res is tance ,  and the basic 
diode parameters of saturat ion current  and diode qua1 i t y  fac tor .  
Although such a method would be a logical  analys is ,  most investiaat ions 

have not reported enough data t o  determine t h e  variat ions in the above 

parameters. The usual pract ice  in t h e  study of so l a r  ce l l  damage has been 

t o  reduce the experimental data i n  terms of changes i n  the ce l l  sho r t  

c i r c u i t  current ,  open c i r c u i t  vol tage,  and maximum power. 

I t  i s  a lso  possible t o  character ize  so l a r  ce l l  damage in terns of 

t h e  changes i n  the minority d i f fus ion length.  Since the  diffusion length 

can be measured experimentally and i s  a measure of the  amount o f  displace- 

ment damage in the base of the so la r  ce l l  , t h i s  method hes been suggested. 

There are several practical and fundamental 1 imitat ions to  t h i s  scheme. 

The most serious l imi ta t ions  involve the evaluation o f  low energy proton 

damage in terms of diffusion length. Very low energy protons do consider- 

able  displacement damage within t h e  junctior~ space charge region of a 

so l a r  cel l  . This nonunifnrm damage increases the diode sa tura t ion current  

( I o )  and  qual i ty  factor (n) by mechanisms which are  not re1 ated tc  minor- 

i t y  ca r r i e r  diffusion.  This damage can cause serious reduction i n  so la r  

c e l l  Voc w i t h o ~ t  chai~ging the ce l l  diffusion length. In addit ion,  the  

re la t ion  between diffusion length and the so l a r  c e l l  output parameters 

i s  not well defined, d i f fus ion length i s  more d i f f i c u l t  to o~lzasure than 

ce l l  o u t p u t  pdrameters ( pa r t i cu l a r l y  i n  the case o f  proton ! r r a d ~ ~ l t e d  

c e l l s ) ,  and accurate measurement of diffusion lenqth i n  t h i n  oi- d r i f t  



f i e l d  cel ls  i s  extremely d i f f i c u l t .  Because of  these problems, methods 
have been evolved t o  evaluate solar cell  radiation effects in terms of 
common engineering o u t p u t  parameters. Experience has shown tna t  the 
variation of common solar cell output parameters during irradiation can 
be described as shown for I B C  i n  the following case: 

The 4, represents the radiation fluence a t  which t h e  Is, s t a r t  t o  
change from a constant value t o  a direct  function of the logarithm of 
the fluence. The constant C represents the decrease in Is, per decade 

i n  radiatiofl fluence i n  t h e  logarithmic region. A1 t h o u g h  the abr,-.n 

relationship i s  empirical, there i s  some theoretical just i f icat ion f o r  

the expression. Several observers have reported that  the relation be- 

tween the solar ce l l  short c i r cu i t  current and the diffusion length 

i s  a s  follows: 3.36. 3.37 

The constants A and B are dependent upon t h e  spectral content and inten- 
s i  t y  of t h e  1 ight  source used t o  measure ISc.  Tada has shown t h a t  the 

above expression i s  theoretically valid over a wide range of diffusion 

lengths f o r  tungsten illuminations and to  a 1 esser range under solar  
i l l ~ r n i n a t i o n . ~ ' ~ ~  A previwsly discussed relat ion,  equation (3.1.6) czn 

be transformed as follows: 

and substituted in equation (3.2.2).  The resulting expression 

has the same form as  equation (3.2.1) .  

The variation of solar ce l l  Vo, during irradiation also may be 

empirically characterized by an expression similar t o  equation (3.2.1 ) . 
- - 
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In general the open c i r c u i t  voltage of a s i 1  icon so l a r  ce l l  can be repre- 
sented by the  following equation which was discussed i n  Chapter 1:  

In using t h i s  expression, i t  i s  assumed t ha t  the sa tura t ion current  ( I , )  

i s  dominated by t h e  diffusion component. In such cases the sa tura t ion 
current density i s  given by equation (1.2.5) .  I f  t h i s  expression i s  
combined w i t h  equation ( 3 . 2 . 3 ) ,  the fo l l  owing expression fo r  the sa tura t ion 
current as  a function o f  radiat ion fluence i s  obtained: 

where S i s  the cel l  area.  Equations ( 3 .2 .4 )  and ( 3 . 2 . 7 )  can be subs t i -  
tuted in to  equation (3.2.6) t o  obtain the fol lowing ex?ression: 

The radiat ion fiuence term ( 0 )  appears tw i ce  i n  the above expression. 
The fluence term in the numerator wi l l  have a much l e s s e r  e f f e c t  on Voc 

than t ha t  i n  t h e  denominator because i t  appears as the natulqal  logarithm 

of the f l  uencc i-?!*her than as the square root of the f l  uence. I t  appears 

therefore t h a t  the V,, var ia t ion w i t h  radiat ion f l  uence i s  dominated 

by the denominator of equation (3.2.8) and can be approximated by 

equation (3.2.5). 

The maximum power (PRax)  of a so l a r  ce l l  can be represented as the 
product of ISc ,  Vo, , and a constant as follows: 

where F i s  t he  form (or  f i l l  ) factor.  The f i l l  f ac to r ,  F, i s  r e l a t i ve ly  

insensit ive t o  electron rad ia t ioa  which penetrates uniformly through a solar  
ce l l .  Tn t h i s  c a se , t heva r i a t i on  of Pmax w i t h  i r r ad ia t ion  i s  t h e  same as 



tha t  for the product of IS, and Y o .  Equations (3.2.1) and (3.2.5) can 
be subs t i  luted into (3.2.9) and the resulting expression ~pproaches the 
,Form of: 

Expressions o f  t h i s  form are found to closely describe the variation of 

'ma, during irradiation. 

3 . 3  The Concept of Damage Equivalence 

The wide range of electron and proton energies present in the space 
environment necessitates some method o f  describing the effects of various 
types of radiation in terms of a radiation environment which can be pro- 
duced under 1 aboratory conditions . Since the changes in most solar cell  
parameters due t o  irradiation are in sc  dy related t o  the minority 
carr ier  diffusion length, i t  i s  possible t o  determine an equivalent 

damage based upon this parameter. I n  Figure 3 .5 ,  the djffusion length 
changes are shown f o r  100-cm, n-p sl l icon solar ce l l s  which have been 

subjected t o  several differer,t types o f  irradiation. The resul ts are 
described by equation ( 3 . 2 . 3 )  where the constant KL i s  dependent upon 
the radiation type. 

The concept of damage equivalence can alternatively be based on 
common solar ce l l  parameters. The variation of short c i r cu i t  current 

density for  10 ohm-em n-p solar  cel Is irradiated i n  various environments 
i s  shown in Figure 3 . 6 .  The IS= variation in each environment i s  

described by equation ( 3 . 2  . I  ) . In th is  case two constants, C and a,, 
are required to  describe the changes in I sc ' Experience has shown that 

the constant C ,  under s o l a r  simulator illumination, does not vary 

g rea t ly  for  different  radiation e~ivironments . For electron i rradi a-  

tions in the 1 MeV and greater range, C i s  approximately 4.5 mA/cmZ- 
decade. For proton and neutron irradiations , C approaches 6 mA/cm2- 

decade. For solar  cel ls  w i t h  the same star t ing ISc, the constant a x  
i s a measure o f  t h e  damage effectiveness o f  different  radiation envi ron- 

ments. The  constant m x  for a particular radiation can be determined 

graphically a t  the  intersection of the s tar t ing ISC and the extrapolation 
o f  the linear degradation region. 
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Since the value of a, i s  dependent upon the starting J,, value, 

i~ i s  not  a good practical measure for  relat ive damage effectiveness, 

I t  has been the practice to  define an arkitrary constant referred t o  
as the c r i t i ca l  fluence (Q,). One method of defining this  value i s  that  
fluence which degrades a solar cell  parameter 252 below i t s  uni rradiated 

s ta te .  Such a parameter i s  valid only when comparing ce l l s  with 

s i ~ i l  ?r uni rradiated parameters. To eliminate this  problem, cr i t ical  

f'iLG,lce may be defined alternatively as that  fluence w!iich will 

degrade a cel l  parameter to  a certain value. 

By use of  the cr i t ical  fluence ( Q ~ )  or the diffusion length damage 

coefficient (Ki), i t  i s  possible t o  construct a model in which the  various 
components of a combined radiation enviro~ment can be described in terms 

of a dar13ge equivalent f l  uence of a selected monoenergetic particle.  
One MeV electrons are a common and significant component of space radia- 
tion and can be produced conveniently in a t e s t  environment, For t h i s  

reason, one MeV electron fluence has been used as a basis of the damage 

equivalent fluences which describe s-i licon solar  cell  degradation. 

The use of the damage equivalent fluence scheme involves two sepa- 

rate  problems. The f i r s t  problem i s  t o  adequately describe the degrada- 

tion of an unshietted s i l icon solar cell under one MeV electron irradiation 

under 1abczrat.ot-y condi t i  ons (i ,el , normal i nci dence) . The second problem 

i s  to reduce the effect of the space radiation environment (i , e l  , conti nu- 

ous energy spectrums of electrons and protons, isotropic i ncidence) on 

a shielded s i l icon salar cell  t o  a damage equivalent fluence of one MeV 

electrons under 1 aboralory condi t i  ons , 

One MeV Electron Irradiatjon of Silicon Solar Cells 

The e f i ~ c t s  of one MeV electron 'laboratory irradiation o f  solar 
ce l l s  are r e v - i ~ w e d  and discussed i n  this section. Data will be present- 
ed in Sect',, J.12 which will form the basis for estimating solar cell  
performance, a f t e r  the space radiation environment i s  reduced t o  a 
damage equivalent one MeV fluence. A very large volume of work has been 
r e p ~ r t e d  concerning the effects  of 1 MeV electron irradiation on s i l icon 



solar eel 1s. However, this  section considers on7y solar simulator data 

and i s  also limited to  the types o f  solar ce l l s  currently in common use 

on spacecraft. 

Currently n-p solar ce l l s  are jn use as a primary power source on 
nearly a l l  ear th  orbiting sate11 i tes .  Variations in base res i s t iv i ty  
and cell thickness cause s ignif icant  differences in the response t o  1 MeV 

electron srrs-liati on.3*239 3 * 3 9 3  3 * 4 6 9  3.47 Other variables such as the 
<rradiation temperature i n  the range of 200 t o  370 ~ , 3 + 4 0  and p-type base 

dopant (boron vs. aluminum) have been shown t o  have 1 i t t l e  or no  effect  on 
the solar cell  response t o  radiation. 3*41-3-44 

The variation of n-p solar  cell  response w i t h  base r e s i s t iv i ty  has 

been studied and reported fo r  t h e  range o f  1 t o  20 ohm-cm. 3 . 2 3 ,  3.45 

Current n-p solar cell usage i s  confined t o  the ranges of 1 t o  3 ohm-cm 
and 7-13 ohm-cm. Cells in the base res i s t iv i ty  range of 1-3 ohm-cm 

have greater i n i t i a l  maximum power output t h a n  ce l l s  i n  the 7 t o  
13 ohm-cm range. The radiation hardness of n-p ce l l s  in the 7 t o  13 ohm-cm 
range i s  greater than that of the 1 t o  3 ohm-cm range, when the hardness 

i s  determined by parameters such as the c r i t i ca l  fluence (m,) or diffusion 

length damage coefficient ( K ~ ) .  As a resu l t ,  10 ohm-cm ce l l s  have greater 

maximum power output a f te r  a certain electron fluence i s  reached; however, 

the 2 ohm-cm c e l l s  produce greater maximum power a t  lower fluences. This 
crossover fluence depends upon cel l  thickness b u t  i s  approximately 1 x I ' l l b  
one MeV electrons per cm2. 

Solar  ce l l  thickness has been shown t o  have a strong effect  on the 

output parameters of irradiated cel l  s . 3439 Cell thickness does not a f f e c t  

measures of inherent hardness such as  the c r i t i c a l  fluence (if  properly 

determined) or the d i f fu s ion  length damage coefficient.  The thickness 

does, however, significantly af fec t  the  cel l  output parameters during 

the in i t ia l  o r  low fluence stage o f  an i r radiat ion,  JPL data showing 

o u t p u t  parameters (I,,, , V and I ) as a f unc t l on  of electron Voc9 P,ax mp mP 
fluence (1 MeV) are shown i n  the  back o f  this chapter, These data, fo r  

a few types of ce l l s ,  wfll subsequently be published by JPL. The t h i n  

c e l l s  (approximately 2 mi 1s) have somewhat lower output than other 



cel ls  currently available. The ce l l s ,  8 mils and thicker discussed 

here, are  available on a production basis from solar  cell  manu- 

facturers. The thin ce l l s  are  custom made, b u t  the d a t a  are included 

since they are expected t o  be representative of production l ine  
cells i n  the near future. Temperature o f  the cel ls  during measure- 

ment was 30°C. 

3.5 Effect of Electron Energy on Solar Cell Degradat:on 

The concept o f  damage equivalent 1 MeV electron fluence requires same 

method of evaluating the damage effectiveness of electrons o f  various energies. 
This effectiveness can be measured by the diffusion length damage constant (KL) 

or solar ce l l  cci t ical  fluence (a,) for  various electron e n e r g i ~ s .  Experl- 
mental data have been reported for  the electron energy range o f  1 t o  3 MeV 3.48 

and f rom 0.6 t o  40 MeV. 3'23 The resul ts  of these studies are in essential 
agreewent and the results of reference 3 . 2 3  are shown in Figure 3,7 (K ) and 

L 
Figure 3.8 ( I n  this  case Q~ i s  defined as that  fluence which degrades 

2 2 
I,, t o  '19 mA/cm under 100 mW/cm uf tungsten l ight .  In both figures, data are 
shown for  ce l l s  of various r e s i s t iv i t i e s .  The short c i rcu i t  current i s  dlrect ly  

r e?a ted  t o  the rninorlty car r ie r  dlffuslon length in the base region. When the 
I,, i s  measured under tungsten l ight ,  i t  varles almost l inearly w i t h  t h e  loga- 

rithm of diffusion length as shown i n  Figure3.9 !'23 Some important observa- 
tions can be made from these d a t a .  The relat ive variations of the KL and ec - t  

w i t h  electron energy are identical.  The relat ive variations o f  both parameters 
with cell base res i s t iv i ty  are also identical.  On the basis o f  the experimental 
d a t a ,  one can therefore def ine a relat ive damage effectiveness for  each electron 
energy which w i  11 be a measure of the ra t lo  of t h a t  electron fluence a t  a given 
energy to  t h e  1 MeV 2lectron fluence necessary t o  degrade an n-p solar cell  t o  

the same output parameter value. For instance, i f  a given 70 MeV electron Plu- 
ence degrades a solar cell  t o  a certain s t a t e  of damage, then a 1 MeV electron 
fluence 16.5 times that of the 10 MeV electron f luence would be required t o  de- 

grade the  same cell t o  t h e  same output conditions. Th is  relationship will hold 
regardless o f  whether 2 o r  10 ohm-cm res i s t iv i ty  ce l l s  are under consideration. 

Wysocki reported da ta  a t  0.8 and 5.8 MeV which indicated that  the 
re1 ative electron damage constant increased more rapidly w i t h  energy. 3.49 
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Gorodetskii , e t  a1 . , 3'50 reported data i n rough agreement with references 

3.23 and 3.48 below 2 MeV, b u t  indicate a much .slower r i s e  above that  

energy. More recent studies by Bernard, e t  a; ,  ,3*37 and Lesbre 3.43 

indicate good agreement with the resul ts  i n  references 3.23 and 3.48 

up to 3 MeV and 4.5 MeV,respectively. 

3.6 Effect of Proton Energy on Solar Cell Degradation 

The concept of damage equivalent 1 VeV electron fluence can be 

extended t o  the effects  o f  proton i r radiat ion,  The prohl em i s  more 
complex, in the proton case, hecause the ranqe of protons below 5 YeV 

Is  less than the thickness of a solar cell  , For th i s  reason, lob: 

energy p r o t ~ n s  produce nonuniform damaqe, This si tuation i s  further 
compl icated by the fac t  that  the damage produced per unit p a t h  length 
increases a s  the proton energy decreases. As a r e su l t ,  when a low 
energy proton i s  stopped in a solar cell  , a 1 arge amount of damage i s 

concentrated a t  the end of the proton t r ack .  

When radiation damage i s  uniform throughout a solar c e l l ,  the 

relative effectiveness of various energy particles i s  the same when 
measured by the diffusion length damage coefficients,  or c r i t i ca l  f l u -  

ences determined by ce l l  parameters such as ISC, VOC or P,,, This 

fact  was graphically demonstrated by comparison of Figures 3 . 7  and 
3.8 .  In the case of protons with energies greater than 5 MeV, the 

damage t o  solar ce l l s  i s  relatively unifarm. In th i s  high energy range, 

the general concept of equivalency i s  direct ly  applicable. A t  lower 

proton energies, the general concept of equivalency i s  noi applicable; 

however, i t  can be used i n  a restricted manner as discussed below. 

Early experimental studies o f  the variation of damage in 11-p 
silicon solar cells wi th  higher proton energies indicated conflicting 
results.  The results reported by workers a t  BTL '51 and TRW 3*52 are 

shown i n  Figure 3.10 i n  normalized form. The major difference involves 
the behavior of the damage constant a t  proton energies greater than 10 Mev. 
Recent experimental jnvest i  agatt  ons have conft rwd that  the -/at-? a- 
t i  an of damag~ in thi  s proton energy range i s  very small. 3.53, 3.54 

The resu l t s  o f  these recent investigations are a1 so shown i n  Figure 3.10. 

The  degradation of n-p solar c e l l s  irradiated w i t h  protons of ener- 

3-28 
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gies  below 3 MeV i s  more complex because of  the nonuniform nature of t h e  
damage. Several experimental s tudies  af low energy proton e f f e c t s  an 

3 .41 ,3 .55 -3 .61  
unshielded so la r  c e l l s  have been reported in the l i t e r a t u r e .  

Although there are  some dif ferences  i n  the reported r e s u l t s ,  a few general 
observations can be made, Protons i n  the energy range from 1.5 t o  3 MeV 

produce a maximum i n  r e l a t i ve  radiat ion damage i n  s i l 'con so l a r  c e l l s .  

The r e la t ive  damage t o  s i l  icon solar  cel: Yo, and Pmax d u e  t o  low energy 

protons i s  more severe than t ha t  exhibited by the I,,. Proton damage 

i n  s i l icon solar c e l l s  can be normalized t o  the  damage produced by protons 
o f  one energy. The proton energy employed f o r  normalization o f  re la t ive  

damage should be close t o  t h a t  producing maximum damage i n  space environ- 

ments, produce re1 at ively uni form damage, and be avai lab1 e f o r  laboratory 
evaluations. The use o f  10 MeV proton damage i s  based on a compromise 

of the above requirements. The resu l t s  ~f several s tudies  o f  proton 

damage have been summarized i n  terms of r e l a t i ve  s i l i con  so la r  cell 

damage as a function o f  proton energy, 3.41, 3.53, 3.54, 3.55 These 

r e l a t i ve  damaqe resu l t s ,  normalized t o  10 MeV proton damaqe, are  shown 

i n  F igure  3.11. The r e su l t s  i n  F iqure  3.71 have been shown t o  hold 
f o r  b o t h  10 ohm-crn and 2 ohm-cm solar  c e l l s  a t  proton enerq ies qreater  

3.53 than 10 MeV, 

I t  i s  emphasized t h a t  the results i n  Figure 3.11 a r e  obtained by nor- 
mal ircidence laboratory i r rad ia t ion  o f  solar  ceFls from the  f ron t  s ide .  
I f  s imi lar  data were prepared f o r  normal incidence rear  i r r ad i a t i ons ,  the 

resu l t  would be s imilar  f o r  proton energies above 10 MeV. 3'53 The e f f ec t s  
due t o  rear  incidence protons w i t h  energies below 10 MeV would be much 
lower t h z n  shown i n  Figure 3.11 3.62 The  lower effectiveness occurs because 
rea r  incident  low energy protons have insuf f ic ien t  range i n  s i l i con  t o  

cause atomic displacements i n  the space charge region of the solar c e l l .  

The var ia t ion of so la r  cef 1 output parameters with 10 MeV proton 

fluence i s  described by equations (5,2.1), (3.2.5) and (3.2.10) i n  much 

the  same way as i s  done for 1 MeV electrons.  The vaf ues of  the ccnstants 
C, C', and C" t end  t o  be somewhat greater than those found f o r  1 MeV 

electron i r radi  a t i  on. Th i  s val ue determines the decrease i n  so1 a r  cel l 
output parameter per decade of radiat ion ffuence. The f a c t  t h a t  these 





constants a re  somewhat d l  f f e r en t  f o r  electron ,and proton i rradi a t i  on 
indicates t h a t  the concept o f  equivalency between the d i f fe ren t  

types of radiat ion has 7 imitations and i s  basically an approximation. 

This equivalence i s  fu r the r  discussed i n  Chapter 6. 

3 . 7  Additional Ef fec ts  o f  Low Energy Protons 

In addition t o  the low energy proton e f fec t s  on unshielded ce l l s  

discussed i n  t h e  previous section,  there are  two aspects of 

low energy proton damage t o  be considered. These involve the e f fec t s  

of low energy protons on small unshielded gap areas on the f ront  of 

solar c e l l s  and on unshielded backs o f  so la r  c e l l s .  

When t h e  ATS-1 and In te l sa t  II-F4 s a t e l l i t e s  suddenly exhibited 

degradations i n  power output 0.f the order of 20% in weeks t o  a month 

a f t e r  launch, the importance of low energy proton damage was dramati- 

ca l l  y demonstrated. Subsequent e f fo r t s  re1 ated th i  s anomalous degra- 

dation t o  the  bombardment of narrow exposed surface areas of the solar  

ce l l  s by t he  intense I ow-energy proton f l  uence exi s t ing a t  synchronous 

a l t i t ude .  The exposed areas resulted from s l i gh t l y  undersized or 

improperly applied cover s l ides  which bared up t o  a 0.038 ern (15 m i l s )  

s t r i p  of sol a r  cell surface.  The high-intensi ty  law-energy proton 
fluence, though incapable of penetrating the solar  c e l l  t o  a depth o f  

more t h a n  a few microns, was able t o  produce junction damage which 
would shunt the power producing capabi l i ty  of the  whole device. Exposed 

s t r i p s  as narrow as 0.005 cm ( 2  mils)  were suf f i c ien t  t o  d r a s t i c a l l y  

a l t e r  the dev ice4s  power producing capab i l i ty .  The absence of t h i s  

e f fec t  i n  e a r l i e r  so la r  array systems was a t t r ibu ted  t o  shingling 

and over1 apping adhesive. 

The r e su l t s  discqssed i n  the previous section c l ea r l y  indica ted  

t h a t  low energy proton i r rad ia t ion  has an inordinately greater  e f f ec t  

upon so l a r  c e l l  Voc and P,,, as compared t o  similar  i r rad ia t ions  w i t h  

electrons or higher energy protons. The anomalous degradation of the 

ATS-1 and In t e l s a t  II-F4 prompted many investigations i n to  the e f f ec t s  



o f  low energy p ro ton  i r r a d i a t i o n  on p a r t i a l l y  s h i e l d e d  s o l a r  c e l l s .  i. 63-3.67 

Cur ious ly ,  Brucker  and coworkers observed and repo r t ed  t h i s  degrada t io r  

e f f e c t  i n  l a b o r a t o r y  s t ud ies  severa l  months be fo re  the launch o f  

ATS-1. 3'63 The r e s u l t s  o f  these s tud ies  i n d i c a t e d  t h a t  unsh ie lded  areas 

amounting t o  l e s s  than 1% o f  t he  t o t a l  c e l l  area can cause s i g n i f i c a n t  

e f f e c t s  on c e l l  power ou tpu t .  As a r e s u l t  o f  these s tud ies ,  a r r a y  

manufacturers have taken measures t o  ct.1~5:. a1 1  areas o f  t h e  s i l i c o n  c e l l  
f r o n t  su r face  w i t h  a  cover sl i de and f i  11 any gaps between the  metal 1  i t e d  

base and cover  s l i d e  w i t h  adhesive. 

The changes caused by t h e  i r r a d i a t i o n  o f  smal l  unsh ie lded areas 

o f  so l a r  c e l l  s w i t h  low energy protons can be exp la i ned  i n  terms o f  

s o l a r  cel l  t heo ry .  It was p r e v i o u s l y  ment ioned t h a t  t he  range of low 

energy p ro tons  i n  s i l i c o n  i s  l i m i t e d  t o  l e s s  than  t he  c e l l  th i ckness .  

P a r t i c 7 e s  which do no t  pene t ra te  r h e  re11 produce d e f e c t s  o n l y  t o  t h e i r  

depth 01' pene t ra t i on .  Th i s  l i m i t e d  p e n e t r a t i o n  r e s u l t s  i n  unusual 

e f f e c t s  i n  t h e  case of p ro tons  because lower  energy p ro tons  produce 

more displacements p e r  u n i t  pa th  l eng th .  The r e s u l t s  o f  t h i s  behav ior  

a r e  shown g r a p h i c a l l y  i n  F i g u r e  3.72. I n  t h i s  f i g u r e ,  t h e  c a l c u l a t e d  

number o f  d i sp l aced  s i l i c o n  atoms per  u n i t  p ro ton  pa th  i s  p l o t t e d  as 

a  f u n c t i o n  o f  depth i n  s i l i c o n  f o r  a 3 MeV p r o t o n  (range 92.7 pm), I t  

can be seen t h a t  the damage r i s e s  r a p i d l y  t o  a  maximum near  t h e  end of 

t h e  p ro ton  t r a c k ,  Every p r o t o n  which i s  stopped i n  t h e  s i l i c o n  p ro -  

duces such a damage peak a t  t h e  end of i t s  t r a c k ,  Protons which e n t e r  

t h e  s i l i c o n  w i t h  energies of 0.5 MeV o r  l e s s  produce damage which i c  

concent ra ted w i t h i n  a  few microns o f  t h e  c e l l  surface. The space charge 

reg ion  o f  a  modern c e l l  ex tends f rom O.&, t o  1 mic ron  below t h e  c e l l  

surface. F o r  t h i s  reasoy, low energy p r o t o n  d isp lacement  damage i s  

concent ra ted i n  t h e  j u n c t i o n  reg ion .  

The e n t i r e  s o l a r  c e l l  j u n c t i o n  can he cons idered t o  be an a r r a y  o f  

smal l  pa ra l  1  el diodes, each hav ing a c l ; a r a c t e r i s t i c  desc r ibed  by t h e  pa ra l  1  e l  

combinat ion o f  equat ions (1 ,2.3) and ( 1  .2.6) . Damage t o  only a  smal l  

p o r t i o n  o f  t h i s  p a r a l l e l  d iode  a r r a y  r e s u l t s  i n  an inc reased  e f f e c t i v e  

leakage o r  s a t u r a t i o n  c u r r e n t  f o r  t h e  e n t i r e  a r ray ,  3 '619  3'63 1n s e c t i o n  

1.2, t h e  n a t u r e  o f  t h e  generat ion- recombinat ion c u r r e n t  was discussed. 


































































































































































































































































































































































































































































































































































































