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Recent  Research  on  Photovoltaic  Solar 
Energy  Converters* 

JOSEPH J. LOFERSRIt 

Summary-This paper contains a review of recent work on pho- 
tovoltaic cells  fabricated from semiconductors other than silicon; 
the effects of radiation on silicon n/p and p / n  cells, and gallium 
arsenide p/n cells; and thin 6lm photovoltaic cells. 

D 
INTRODL-CTION 

IRECT  CONVERSION of solar  energy  into 
electrical  energy  via  the  photovoltaic effect in 
semiconductors is the  subject of considerable 

attention in various  research  and  development  labora- 
tories. The  most  important large  scale application of this 
method of conversion  has been the use of silicon p-n 
junction cells as  the basis of long-duration power 
supplies  on  space  vehicles.  Consequently,  the  develop- 
ment  laboratories of those  industrial  concerns which 
manufacture silicon  cells have  concentrated  on  modify- 
ing the  manufacturing process so as  to increase the yield 
of high efficiency cells and on increasing the  maximum 
conversion efficiency vmax of cells available in commercial 
quantities. On the  other  hand,  research  activities  have 
been directed  principally a t  three  more basic  problems, 
namely,  the  fabrication  and  investigation of photo- 
voltaic cells made  from single crystals of semiconductor 
materials  other  than  silicon; a  search for fabrication 
techniques  which would so simplify the  manufacturing 
process and, therefore,  lower the price that  the  resulting 
photovoltaic cells  would  find  wide  scale terrestial  ap- 
plication;  and  an  investigation of radiation  damage in 
silicon cells. I t  is the purpose of this  paper  to  describe 
the  status of research  on the  photovoltaic effect  in these 
areas. 

PHENOMENOLOGICAL DESCRIPTION OF THE 
PHOTOVOLTAIC EFFECT 

The  theory of the  photovoltaic effect has been  devel- 
oped in a number of publications [1]-[4]. A brief re- 
statement of the  results is required for this discussion. A 
typical  load  current-voltage ( i ~ -  V L )  characteristic 
curve is of an  illuminated cell shown in Fig. 1. If the 
resistive  load  is  chosen so that  maximum power  is trans- 
ferred  from  the cell to  this  load,  the  maximum efficiency 
qmax is given by 

X v m p   v m p   I m p  

(1 X V m p )  Ea, A'ph 
?mar  = -- (1) 

where X=p/AkT;  q is the electronic  charge; k is  Boltz- 
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Fig. 1-Load current-voltage  characteristic of an  illuminated photo- 

voltaic cell. The  shaded  area is proportional to the power de- 
livered to  the load. 

mann's  constant; T is the  absolute  temperature; A is a 
constant  characteristic of the cell, whose value  ranges 
between 1 and 2 ;  V,, is the  voltage at maximum  power; 
I,, is the  current a t  maximum power per unit  area  of 
cell; E,, is the  average  energy of an  incident  photon  and 
N f i  is the  photon flux (number of photons per unit  area 
per second). The open  circuit  voltages VmaX and l i m p  are 
related by  the  equation 

eXVmax = eXvmp( 1 + XVmp) . (2) 

In  practical  photovoltaic cells XV,,>>lO SO that  
Vmsz-Vmp. The  short  circuit  current I ,  is related  to 
Imp by  the  equation 

where Io is the reverse  current flowing across unit  area 
of the  junction.  Finally V,, is related to I ,  and IO 
through  the  equation 
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Fig.  2-Photon flux above  the  atmosphere as a function of photon 
energy.  (Reprinted from  Wysocki [SI, with permission.) 

The  short circuit  current I ,  can  be  computed  from  the 
relation 

I ,  = Qqnph ( 5 )  

where Q is the collection efficiency, ;.e., the  ratio of the 
number of carriers flowing across the  junction  to  the 
number of photons nph which have  enough  energy  to 
generate hole-electron  pairs in the  semiconductor  and 
q is the  electronic  charge. The  parameter Q is a function 
of the  optical  absorption  constant a, the reflection  co- 
efficient R, the diffusion lengths for minority  electrons 
L, and  minority holes L, and  the cell geometry, ;.e., of 
the position and  shape of the  p-n  junction  and of the 
thickness of the cell. 

The  parameter Io is a strong  function of the energy 
gap of the cell, oiz., 

I o  = C e - E G / S k T  (6)  

where Cis a  function of the resistivities,  effective  masses, 
effective densities of states  and  minority  carrier diffu- 
sion lengths of the p -  and  n-type  semiconductors which 
comprise the  photovoltaic cell, and B is a constant whose 
value  is  characteristic of the cell and is usually in the 
range  1 5 B 5 2. 

Suppose now that  these  equations  are used to com- 
pute qmax for a spectrum like that  of solar  radiation  out- 
side the  atmosphere  shown in Fig. 2. Here,  the  number 
of photons per cm2 per  second  per ev [Nph(E)] is plotted 
as a function of E. The  curve is  based on the  computation 
of Wysocki  from  Johnson's  solar  spectral  irradiance 
curve [SI. A  semiconductor is a  low-pass filter;  it can 
absorb only those  photons whose  energies  exceed the 
energy gap EG. I t  is  therefore useful to  compute nph the 
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Fig. %Photon flux above a given cut-off energy&  for the solar spec- 
trum outside the atmosphere. (Adapted  from Wysocki [SI, with 
permission.) 

number of photons in the  solar  spectrum  between  the 
cutoff E G  and  the  maximum  energy in the  spectrum. 
The  result of such a calculation for the  spectrum of Fig. 
2 is presented in Fig.  3,  which  shows how nph decreases 
as E G  increases.  According to (5), I ,  will therefore  de- 
crease  with  increasing E G ,  and according to  (3), so will 
Imp. Eq. (6)  shows that  IO also  decreases  with  increasing 
EQ. Straightforward  computation  demonstrates, how- 
ever,  that  the  ratio I,/Io increases  with  increasing EG 
and,  consequently,  as  indicated  by (2) and (4), V,,, 
and Vmp will follow suit.  Therefore, qmsx (1) passes 
through a maximum  as a function of E G  because V m p  

increases  while Imp decreases as E G  increases. 

PHOTOVOLTAIC CELLS FROM MATERIALS OTHER 
THAN SI 

Fig. 4 shows qmsx vs E 0 for A = B = 1 and  the  value of 
C corresponding to a typical silicon photovoltaic cell. 
The  curves passes through a broad  maximum.  The  curve 
predicts  that values of qmsx higher than  that of silicon 
could  be  expected for semiconductors  with EG between 
1.1 and 2.3 ev.  Materials  with  energy  gaps  in  this  range 
include InP  (1.27 ev),  GaAs (1.38 ev), AlSb (1.49 ev), 
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Fig. 4-Maximum solar energy conversion  efficiency vs semiconduc- 
tor energy gap. Solar spectrum outside the atmosphere, ideal 
junction  behavior. 

CdTe (1.5 ev),  ZnTe  (2.1  ev), AlAs (2.16 ev)  and  GaP 
(2.24 ev).  The  range  also  includes mixed semiconductors 
formed  by  combining  these 111-V and 11-VI semicon- 
ductors in varied  proportions.  For  example,  in  GaAs, 
Pl-,, Zn, Cd(l-,) Te,  etc.,  the  energy  gaps  vary  between 
the  limits  set  by  their  separate  constituents (x=O and 
x = 1). This  energy  gap  range would  also encompass 
junctions  between  two  semiconductors, i.e., so-called 
heterojunctions,  like  that  between Se and  CdSe,  CdS 
and  CuS,  CdTe  and  CuTe,  etc. 

Now silicon cells have  not, for various  reasons, 
reached the efficiencies calculated  for  them on the basis 
of the  theory  outlined  above.  The  actually  observed 
values of say  14 per cent  can  be  traced  to  various loss 
mechanisms in the cells [4]. One  reason for the con- 
tinued  attempts  to  make cells from  other  semiconductors 
is the hope that  their efficiencies may  approach  their 
theoretical  upper  limits  more closely than  has been the 
case  with silicon. 

Some of the  factors which must  be  considered  in  the 
utilization of these  materials in solar cells are  the follow- 
ing : 

1) Moss [ 6 ]  recently called attention  to  the  important 
role  played  by  the  shape of the  absorption  edge in 
determining  the  attainable  value of qmax. Fig. 5 is a  plot 
of the  absorption  constant  vs  photon  energy for Ge,  Si, 
InP ,  GaAs,  CdTe  and  Gap.  The  absorption  constants 
of all  these  semiconductors rise more  rapidly  than  that 
of silicon.  This  means that a  larger  fraction of the 
carriers  generated  by  absorption of solar  photons  are 
produced  within a shorter  distance  from  the  surface of 
incidence.  [The  intensity of light a t  a  distance x below 
the  surface of which a flux Io is incident is given  by 
I ( x )  =Ioe-m.] Consequently,  the  “active  region,” i.e., 
the  sum of diffusion lengths (L,+Lp) on the  two  sides 
of the  junction,  must  be  larger in silicon than  in  any of 
the  other  materials  included in Fig. 5. This  means  that 
the  minority  carrier  lifetime r must  be  larger  in silicon 
because L2= Dr. Moss estimates  that qmax would ap- 
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Fig. S-Optical absorption constant a as a function 
of photon energy hdev). 

proach  its  theoretical  limit in GaAs if r were of the  order 
of 2 X lo-* sec. In actuality, efficiencies up  to  13 per cent 
(for sunlight at  the  earth’s  surface)  have been reported 
for  GaAs [7]  which value is somewhat  in excess of one- 
half the  theoretical  limit.  The  measured  values of I ,  in 
11 per  cent  GaAs cells were about 1 7  ma/cm2,  whereas 
the  calculated  value is about 30 ma/cmz so that  an 
appreciable  fraction of the  generated  carriers  are  not be- 
ing  collected, i.e., r is  probably less than lo-* sec. Evi- 
dence  to  support  the  assumption  that T has  such  a low 
value  has been acquired  from  studies of the  photo- 
voltaic  spectral  response of GaAs cells [8]. 

2) These low values of r may  be  attributable  to  cer- 
tain  intrinsic  properties of GaAs,  as  shown  by  Hall [9], 
who  has  studied  the  values of r associated  with  direct- 
radiative, Auger and  multiphonon  recombination in 
semiconductors. If the  band  structure is such that direct 
recombination  dominates,  then  the low level minority 
carrier  lifetime r is given  by  the  eqation 

1 1 _ -  - (7) 
7 B(no + P o  + s p )  

where and Po are  the  thermal  equilibrium  carrier  con- 
centrations; 6p is the excess carrier  concentration, which 
will be much less than no+po for solar  illumination,  and 
B is a  constant  which  depends on effective  mass,  energy 
gap  and  other  semiconductor  parameters.  For a large 
range of semiconductors whose energy  band  structures 
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favor  direct  radiative  transitions,  Hall  finds that  
B-30 X 10-l2 cms/sec. 

Mayburg [lo] pointed out  the  important role of direct 
radiative  recombination  in  GaAs  and  that  the  upper 
limit on lifetime set  by  this process  was about sec 
if no-1017 cc. Such  carrier  concentrations  are  encoun- 
tered in the  GaAs used in  solar cells. Recent  studies  of 
stimulated emission  from GaAs [ll] confirm that  direct- 
radiative  recombination  can  account for most of the re- 
combination  occuring  in  some  crystals of this  material. 
Thus it  would appear  that  the  maximum  values of T 

predicted for GaAs  may  be  just  barely sufficient to in- 
sure  the  possibility that  it  will attain  its  theoretical 
limit  [6].  According to  Hall, most of the 111-V and 
11-VI semiconductors  like  those  cited  above will have 
upper  limits on T set  by  direct-radiative  recombination. 
Consequently,  values of T in the  range of to sec 
seem to  be  the best  one  can  expect.  Such  values  are  not 
inconsistent  with  the  attainment of theoretically  pre- 
dicted  values of qma since  in  such  materials CY rises 
rapidly at  the  absorption edge so that  most of the 
carriers  generated  by  solar  photons would  be  produced 
within  the ‘active  regions”  associated  with  this  value 

Table I lists the highest  reported  values of qmax for 
those  semiconductors in which the  photovoltaic effect 
has  been  studied  most  intensively. I t  should  be  pointed 
out  that  measurements of qmax are difficult to  compare 
because they  depend  strongly on the  spectrum of the 
exciting  light.  Even  measurements in “sunlight”  may 
not  be  directly  comparable since the  spectral  distribu- 
tion is a  function of latitude,  time of year,  time of day, 
etc. [2]. Even  with  these  reservations,  it is interesting 
to  note  that  there  have been  no  reports of TI,,,,, in excess 
of the highest  value  reported for silicon. 

of Trnmax. 

TABLE I 

SINGLE-CRYSTAL CELLS 
~ O T O V O L T A I C  SOLAR ENERGY CONVERSION EFFICIENCIES OF 

Material EG (ev) Highest reprted Reference 
qmax (7%) 

Si 1 . 1  15 .o [ 41 
GaAs 1.38 13 .O [ 71 
CdTe 
CdS 

1 .so 6.0  [121 
2 . 2 0  6 .0  ~ 7 1  

RADIATION EFFECTS ON SOLAR  CELLS 
By  far  the  greatest  research effort  expended on solar 

cells during  the  past few years  has  been  concentrated on 
the effects of high-energy  electrons  and  protons on the 
electrical  characteristics of solar cells. This topic  became 
extremely  important  after  the  first  satellites led to  the 
discovery of intense  radiation belts surrounding  the  earth 
[IS]. A preliminary study of the effects of nuclear  radia- 
tion on solar cells had been made  prior to  the  launching 
of the first U. S. (Vanguard)  satellite [14]. In the course 

of this  study,  it was  found that  an  appreciable (-25 per 
cent)  decrease in silicon solar  energy  conversion 
efficiency would result if the cells  were  exposed to  about 
1014- 1.7 Mev  electrons/cm2  and  about 1O’O - 17.6 Mev 
protons/cm2.  According to  the  best  information  extant, 
the  Van Allen radiation  can  be  described in terms of an 
inner  doughnut-shaped  belt whose  axis  coincides with 
the axis of the  earth  and which attains a maximum in- 
tensity at  an  altitude of about lo4 kilometers,  and a 
second,  outer  belt which attains high intensity a t   a n  
altitude of 2.7 to 3.7 X104  kilometers, but which may 
extend  even  farther  into  space.  The  radiation  in  the 
outer region is characterized  by a  considerable  temporal 
variation,  but  one  measurement  indicated  an  omnidirec- 
tional flux of lo4 protons/cm2  sec,  the  proton  energy 
being in excess of 30 MeV. The composition of the  radia- 
tion in the  inner  belt  has been  measured  more 
thoroughly.  The  best  current  estimates  [IS] of radiation 
in this  belt  indicate  an  electron flux of about lo7 par- 
ticles/cm2  sec;  their  energy  spectrum  extends  past 1 Mev 
although  most of them  have  energies below this  value. 
As for protons,  it is found that,  in  the energy  range of 
0.5 kev  to 1 MeV, there  are  about  3X108  protons/cm2 
sec; in the  range of 1 Mev  to 100 Mev  the  proton flux 
can  be  approximated  by  the expression N,(E) = 6.8 X 106 

protons/cm2 sec-steradian-MeV. (E ,  is the pro- 
ton  energy in Mev.) From  these  data,  it  appears  that 
there  are  about lo5 protons  with energies in the  range 
1 <E,<80 MeV. 

On the basis of this  information,  one  concludes that  
an unshielded  solar cell might  experience  an  appreciable 
decrease in its power output  after  about lo7 sec (about 3 
months)  exposure to  the electrons flux and 105 sec (30 
hours)  exposure to  the  proton flux of the inner  radiation 
belt. The  damage experienced by solar cells in  this 
radiation field can  be  reduced  considerably by covering 
the cells with  say 0.010-inch quartz  or glass  shields, but 
effective use of such  shielding  depends on reliable  in- 
formation  concerning  the effects of radiation on the cells 

Fig.  6  shows  how the i- V characteristics of a  solar cell 
changes  when i t  is  exposed to  a  successively  higher  in- 
tegrated flux of energetic  particles,  be  they  protons, 
electrons, y rays,  etc.  Note  that  the  short  circuit  current 
I ,  changes  by a  considerably  larger  factor than does the 
open  circuit  voltage V,,,. The change in cell character- 
istics has been  successfully  correlated with  changes in 
the  minority  carrier diffusion length in the silicon wafer 

In  order  to explain  these  results, we must begin with 
the  observation-  that,  although  nuclear  radiation  can 
cause  changes in various  parameters of a semiconductor, 
changes  in  minority  carrier lifetime  occur after  much 
lower integrated fluxes than those  required to change the 
conductivity u or  other  parameters.  Under  certain con- 
ditions (low injection level, low concentration of 
bombardment-induced  recombination  centers),  carriers 

[161. 

~ 7 1 .  
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Fig. &A typical  set of load current-voltage  characteristics of an 

grated  8-Mev proton fluxes. The integrated flux is given as mul- 
illuminated silicon cell subjected to successively higher inte- 

tiples of &, which is the flux needed to cause the change from the 
curve labeled 0 to  that labeled 1. (Adapted from Baicker and 
Faughman [17] with permission.) 

injected  by  light will decay  exponentially  with  a  time 
constant T given  by  the  expression 

1 1  _ -  - - + N , B ~ ~ B ~ B J '  (8) 
7 70 

where 70 is the  pre-irradiation  lifetime, N r ~  is the  density 
of centers  introduced  by  the  radiation, U,B is  their  cap- 
ture cross  section for minority  carriers, f~ is  the  prob- 
ability  that  the  center is occupied  by  a  majority  carrier 
and e, is the  thermal  velocity of the  carriers.  For low 
values of integrated flux tp, N r ~  is proportional to  tp so 
that  we can  write for simplicity 

1 1  
- = -  + A 9  (9) 
7 70 

where the definition of A is obvious. 
A  change in T affects qmnX because  both I ,  and Io are 

functions of diffusion length L which in turn  depends on 
T. Analysis of the  spectral  response of photovoltaic cells 
[S] leads  to  the conclusion that for penetrating  radia- 
tion, i . e . ,  optical  absorption  constant (Y small  compared 
to  the reciprocal of the  thickness of the  active  region, 
the  collection efficiency Q in (5) is related  to  the  diffu- 
sion lengths  by  the  relation 

Q - QI(LB + Ls) (10) 

where the  subscripts B and S refer  to  the  base  and  dif- 
fused  skin of the cell. (A  typical  solar cell has  its  junc- 
tion  located a t  a  depth less than 1 I-( below its illuminated 
surface.) I t  is a  fact that  in silicon cells LB>>Ls. (By 
contrast, in GaAs cells LBNLS.) Therefore, in silicon 
cells, radiation will cause a reduction in LB long  before 
any  change is detectable in Ls. For  penetrating  radia- 
tion, i t  can  be  shown that [I71 

where I,, is  the  pre-irradiation  value of I ,  and Id is its 
value  after  exposure  to tp particles. 

However, (11) does  not  adequately  describe  the 
behavior of I& when the  short-circuit  current  is pro- 
duced  by a polychromatic  source  like a tungsten  lamp 
or  sunlight  [14].  The  reason  for  this  becomes  evident 
when  one considers  the  case of strongly  absorbed  light, 
i.e., a large. In this  case  it is found that [I71 

For  sunlight,  one  can  expect  that  the  dependence of 
I& on tp will  lie somewhere  between  those  given  by  (1 1) 
and (12).  This is indeed the case  [14], [17]. 

One could  use the  parameter A to  predict  the  behavior 
of a  given  solar cell exposed to  radiation.  Note,  however, 
that  the  initial  value of T plays  an  equally  important 
role in determining  the  rate of decay. Now TO can  vary 
over  a  considerable  range in commercial  solar cells and, 
furthermore,  it is somewhat difficult to  measure. 

Consequently, for purposes of convenience, it  has be- 
come  conventional  to  describe  the  behavior of solar cells 
in terms of a critical flux t p c  which is defined as  the flux 
of a  given  kind of particle that  is required to  degrade 
the  conversion efficiency T~~~ by 25 per cent when the 
illumination is the solar  spectrum on the  surface of the 
earth  [14], [17]. Certain  precautions  must  be  observed 
with  respect  to tpc .  First of all  one  must  be  careful  about 
how one  simulates  the  solar  spectrum  because t p c  is a 
strong  function of the  spectral  distribution of the  source 
and  the  spectral  response of the cell. Secondly, & is of 
course a function of the  initial efficiency of the cell. 
Clearly,  a high efficiency cell will require  a  smaller flux 
to  reduce  its efficiency by 25 per cent  than a less efficient 
cell would  need. 

With  these  reservations in mind, i t  was  hoped,  how- 
ever,  that it would prove possible to  construct  an qmax 
vs tp curve for a  given  kind of cell (say p on n base cells 
made  from silicon with specified properties  and  by  a 
specified fabrication  technique),  from which curve 4, 
could  be  determined  for  any  initial  value of qmax. This 
modest goal has  not, however,  been  realized.  Even in 
the  most  carefully  controlled  experiments on presum- 
ably  identical  cells, t p c  could exhibit  variations of an 
order of magnitude [17]. Presumably,  such  uncon- 
trolled  variations  must be attributed  to some as  yet 
unidentified  property of the cells which  affect  their  abil- 
ity  to  tolerate  radiation.  Consequently silicon solar 
cell power supplies  must  be  designed on the  assumption 
that  the  most pessimistic  value of t p c  will in fact  be ex- 
perienced.  Continued  research on the effects of radia- 
tion may  perhaps  result in identification of the  property 
which has  such  a  strong effect on radiation  damage  and 
to  the design of more ' radiation  resistant"  solar cells. 

At  the  present  time,  therefore,  the  best  one  can  do is 
to  state  that for protons in the  energy  range  8  Mev  to 19 
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Fig. 7-Critical flux & vs electron energy for p/n 
and n / p  silicon solar cells 1171 (with  permission). 

MeV, tPc lies between 1 0 1 O  and 101l protons/cm2 sec [17]. 
An important  discovery  made  during  proton  irradiation 
studies  has been the  unanticipated high rate of defect 
introduction for very high energy  protons,  say,  for 
Ep>200 MeV. If Coulomb  scattering is used to  predict 
the  energy  dependence of the  concentration of defects 
introduced  by  each  proton/cm2, N r ~  should  be  inversely 
proportional  to  proton  energy  or  more  exactly 

where K is a constant  and Ed is  the  threshold  energy for 
displacement of a silicon atom.  However, an  irradiation 
with 740 Mev  protons  yielded  the  result  that N I B  was 
larger for this  proton  energy  than a t  17 Mev [18]. This 
effect  has  aroused  considerable  interest  from  the view- 
point of the mechanism for radiation  damage a t  these 
high  energies, and  it  has increased the urgency of mak- 
ing  measurements a t  energies  between 17  and 740 MeV. 
However,  the effect does  not  seriously  affect  a  calcula- 
tion of the  proton  produced  damage in space  because the 
flux of protons in this  energy  range  is  very  small [19]. 

As for electron  irradiation,  Fig. 7 gives a reasonable 
estimate of $c as a  function of electron  energy for both 
p on n  base  (p/n)  and  n on p base  (n/p) silicon solar 
cells. The difference in  damage  rates for these  two  kinds 
of silicon cells proved to be one of the  most  important 
results of research in this  area,  and we shall,  therefore, 
enter  into  a brief discussion of this  topic. 

DIFFERENCES IN RADIATION EFFECTS ON n/p AND 

p / n  CELLS 
The earliest  report of the  fabrication of silicon solar 

cells [20] described cells made  by  diffusing  boron  into 
n-type  wafers  as well as cells made  by  diffusing  phos- 
phorus  into  p-type  wafers.  For  reasons of convenience, 
commercial  development  in  the  United  States  concen- 
trated on the boron  diffused p/n cells and,  therefore,  all 
United  States  satellites  prior  to  Telstar  were powered by 
p/n cells. In  the USSR, however,  again  presumably for 
reasons of convenience,  commercial  development  was 
concentrated  on  n/p cells [21]. In 1960, J. Mandelkorn 
et al. [22] fabricated  n/p cells whose qmax was comparable 
to  that  of the  commercial p/n cells available a t   tha t  
time.  The  effects of electron  and  proton  radiation on 
these cells was  measured a t  RCA Laboratories [23]. I t  
was found that in a  given flux n/p cells decayed  by a 
significantly  smaller amount  than  did  p/n cells of 
comparable efficiency. Subsequent  work  has  established 
[16], [I71 that  for protons  in  the  energy  range 
8 <Ep <20 MeV, $c for  the  n/p cells is about a  factor of 
3 to 10 times  larger than in p/n cells, while for electrons 
(Fig. 7) 4c is about 30 to  100 times  greater for n/p  than 
for p/n cells. 

As already  pointed  out,  the  damage  occurs  principally 
in the base of either  kind of cell. This  result is consistent 
with  the  fact  that 7 decreases  more slowly in p type 
than  in  n  type silicon as had been reported  by  Wertheim 
[24]. Variation  in  radiation  damage  rates  as  a  function 
of resistivity  and  resistivity  type  had been reported  for 
germanium [25]. Such  differences  are  caused in part  by 
variations in f~ and in part  by differences in U ~ B  [see 
(S)] as a  function of resistivity.  The  different  ratio of 
damage  introduction  rates  for  the  two  kinds of cells 
exposed to  protons  and  electrons is probably  the  result 
of differences in the  nature of the  recombination  centers, 
;.e., protons  and  electrons  produce  different  kinds of 
damage on an  atomic  plane.  While  further  research will 
elucidate  these  problem  areas,  one  can a t  least  state 
with confidence that  n/p cells are  able  to  tolerate more 
radiation  than  p/n cells. 

RADIATION EFFECTS I N  GaAs SOLAR CELLS 

Gallium  arsenide is the  only  semiconductor  from 
which  solar cells with efficiencies approaching  those of 
silicon have been fabricated.  Analysis of the  spectral 
response of GaAs  solar cells had led to  the conclusion 
that  they  attain  their high efficiency in spite of ex- 
tremely low values of diffusion  length. Thus  it  found 
that L s ~ L B  was of the  order of a few microns in GaAs 
[8], and  their high efficiency is attained  by  virtue of the 
rapid  rise of absorption  constant  in  GaAs [6]. This be- 
ing the case, i t  had been conjectured that qmax of GaAs 
would not  change  until $ exceeded that of silicon cells 
of comparable  preirradiation qmar, because i t  would take 
a much  larger  integrated flux to  cause  any  detectable 
change in the  initially low value of Ls and LB. This 
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