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1. SUMMARY 

ATS-6 so lar  ce l l  radiation damage experiment (SCRDE) data through 
856 days (2-113 y e a r s )  of synchronous orbit operation a r e  presented. Com- 
parisons a r e  made of the performances of the 13 different types of so lar  cell-  
cover configurations. Included in  these comparisons a r e  so lar  cell1 and 
cover thickness variations, base  resistivity variations, new cover processes  
and materials ,  and the COMSAT violet cell. These performances a r e  a lso  
compared to  1)  the performances of the LES-6 so lar  cel l  experiment, the 
ATS-6 main so lar  a r rays ,  and the Hughes Aircraf t  Company solar  a r rays ;  
and 2 )  laboratory spectrum electron irradiations.  

The short circuit  cur rent  degradation af te r  2-113 yea r s  in  orbit is 
grea ter  than expected f r o m  other experiences in  synchronous orbit. There  
is strong evidence that there  i s  an anomalous additional degradation of 5 to  
9 percent affecting current  capability a t  the so lar  cells on the SCRDE. 

The ATS-6 SCRDE includes a smal l  so lar  panel holding 16 different 
so lar  cell  configurations and two identical signal processing units. The 
panel i s  mounted to the external surface of the environmental measurements  
experiment (EME), which i s  a package of eight scientific experiments, 
including the SCRDE. The ATS-6 spacecraft  was successfully launched into 
synchronous orbit  on 30 May 1974. On 2 June 1974, the f i r s t  meaningful 
data were  received f rom the solar cel l  experiment. Due to the signal proces- 
sing unit's malfunctioning after 856 days in orbit ,  rendering the data unreliable, 
no m o r e  data will be extracted f r o m  the ATS-6 SCRDE. 





2. INTRODUCTION 

Since launch (day 150, 1974) of the ATS-6 spacecraft ,  valuable data 
have been analyzed and reported on the ATS-6 so lar  cel l  radiation damage 
experiment (SCRDE) (References 1 through 5) .  The experiment t ransmi ts  
data on 40 so lar  cel ls  of 16  different configurations. These selected 
configurations have incorporated some of the s tate  of the a r t  (1974) so lar  
cell  technology providing in-flight tes t  resul ts  of paramount usefulness. The 
experiment was designed to  study the effects of a synchronous orbit  on a 
number of pa ramete r s  including cell  and cover thickness, base  resistivity,  
new cover processes  and mater ia l s ,  and backside irradiation. 

The SCRDE consists of a smal l  so lar  panel and two identical signal 
processing units (SPU). The panel (F igure  1 )  contains 65 so lar  cel ls  on the , 

rigid substrate  and 16 so lar  cel ls  (one cell  being inactive) on the flexible 
substrate.  The panel i s  mounted to the external  surface of the environmental 
measurements  experiment (EME), which i s  a package of eight scientific 
experiments including the SCRDE. The EME package i s  located on a s t ruc -  
t u r e  atop the base  of the 9, 1 m e t e r  parabolic reflector of the ATS-6 space- 
craf t  (F igure  2) .  The SCRDE package incorporates  80 individual 2 x 2 c m  
solar  cells,  with r ea l  t ime telemetry providing 12 current-voltage ( I - V )  data 
points for each individual so lar  cell  and five tempera ture  data points fo r  
sampling so lar  cell  temperature.  With the fai lure  of SPU 2 (Reference l ) ,  
data f rom only 40 so lar  cells were  received. Also, because of combined 
fai lures  of SPU 2 and the thermis tors ,  so lar  cell  open circuit  voltages were  
used t o  determine in-flight operating tempera tures  (Reference 1 ). 

The SCRDE requires  24 seconds for  complete data sampling and 
t ransmission and i s  operated at  programmed intervals  throughout the ATS-6 
mission life. Data a r e  retrieved f r o m  the SCRDE for  approximately 3 min- 
utes,  resulting in  each cel l ' s  being sampled six to eight t imes  each t ime the 
experiment i s  turned on. 

The three-axis  stabilized ATS-6 spacecraft  was successfully launched 
into synchronous orbit  on 30 May 1974. Injection occurred at  l9:30:49 GMT 
into a nearly perfect orbit. On 2 June 1974 at  0:10:14 GMT, the f i r s t  
meaningful data were  received f r o m  the so lar  cell  experiment. Since then, 
data were  received f r o m  the experiment once a day fo r  the f i r s t  3 months 
and once a week thereaf ter .  The so la r  cell  experiment i s  activated when 
the sun i s  normal  to  the axis ver t ical  t o  the west face of the spacecraft .  



The EME package i s  rotated 13' about the spacecraf t  Z-axis in  o r d e r  t o  
align the package with the no rma l  direction of the magnetic field lines a t  
final eas t  longitude, Therefore ,  when the so la r  panel i s  activated, sun 
angles f r o m  t38O to -12O a r e  encountered, 

FIGURE 1. ATS-6 SCRDE SOLAR PAIIIEL (PHOTO 4R32030) 
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3. FLIGHT HARDWARE DESCRIPTION 

A m a j o r  objective established f o r  the ATS-6 SCRDE was to  fly those 
ce l l  types that would provide the most  meaningful data to  spacecraft  designers .  
The so lar  cel l  sample selection for  the flight panel i s  summarized in  Table l .  
All cells chosen for  the flight experiment a r e  2 x 2 cm;  a l l  of the flight cel ls  
were  manufactured by Heliotek (Spectrolab), except for  a five-cell  sample of 
violet cel ls  made by COMSAT Laboratories.  A single lot of Dow Sylgard 182 
adhesive was used to bond the so lar  cel l  covers ,  except a s  indicated in  
Table 1. Similarly, a l l  cover  glasses  were  formed f r o m  Corning 7940 fused 
sil ica and had 0.41 pm ultraviolet (UV)  cutoff f i l ters ,  except a s  shown. 
Solar cells for configurations 6 and 7 were supplied to ION Physic Corpora- 
tion to have integral covers applied. Solar cel ls  for  configurations 10 and 
13 were supplied to NASA Lewis Research  Center for fluorinated ethylene 
propylene, type A (FEP)  application. 

Each of the 16 configurations listed in Table 1 contains five identical 
cel l  assembl ies ;  due to  the fai lure  of SPU 2, the sample s ize  was reduced 
to  ei ther  two o r  three.  Configurations 1 through 13 a r e  installed on the rigid 
portion of the panel; configurations 14 through 16 a r e  installed on the flexible 
portion. In the majori ty  of cases ,  the selected cells a r e  boron-doped n / ~ ,  
10 ohm-cm resistivity, 0. 030 c m  thick, and have solder-coated s i lver -  
titanium (AgTi) contacts. The fused s i l ica  covers  a r e  bonded to the cel ls  
to  ve ry  tight tolerances.  This bond eliminates the presence  of any gaps 
between the contact b a r s  and cover g lass  edges, thus precluding lo~w energy 
proton damage because of an exposed cell  active a rea .  Ohmic contacts a r e  
coated with RADAC, a radiation coating, to prevent low energy proton 
damage through a r e a s  of thin solder  coverage. 

The SCRDE so la r  panel dimensions were  25 x 43 c m  and the panel 
was mounted on the wes t  face of the EME package s o  that the backside of 
the rigid portion of the so la r  panel faces  the EME package and the flexible 
portion extends beyond the EME package. The protruding flexible panel 
allows radiation to  impinge on the r e a r  of the cel ls  mounted on the flexible 
panel. 

The SPU is  located inside the EME package and i s  the interface 
between the so lar  panels and the ATS encoder.  Each S P U  measures  the I - V  
charac ter i s t ics  of 40 solar  cells using 12 precisely known loads and provides 
tempera ture  information. In operation, one of the 40 solar  cells is connected 
to  one of the 12 load r e s i s to r s  by re lays .  Thus, only two relays a r e  energized 



TABLE 1. ATS-6 SOLAR CELL RADIATION DAMAGE EXPERIMENT CONFIGURATIONS 

Cell 
Number 

Nolninal 
Resistivity, 

ohm-cm 

Cell 
Thickness, 

cm 

Cover 
Glass 

Thickness, 
cm Remarks 

Plain 7940 fused 
silica cover; no filter 
or coatings on cover 

7940 integral cover 

7070 integral cover 

Cover without UV 
filter; cover adhesive 
of 0.005 cm FEP 

CQMSAT violet cell; 
cerium doped micro- 
sheet cover without 
UV filter 

FEP cover without 
added adhesive 

Panel 
Location 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Rigid 

Flexible 

Flexible 

Flexible 

within each SPU a t  any one time. In o rde r  to  measure  cel l  character is t ics ,  
one cell  select relay i s  energized while the unit i s  sequenced through the 
load select relays. Each load i s  connected fo r  30  m s .  During that time, 
the S P U  output i s  sampled and telemetered once. The encoder then outputs 
a pulse that i s  used to  increment the  load relays. The process  i s  repeated 
for  each of the 40 solar  cells. Separate lead wires  a r e  provided for  voltage 
and current  sensing. The ground re turn  f rom each cell  i s  connected to a 
common ground. A m o r e  complete description of the experiment operation 
may be found in the final report  of contracts NAS 5-22873 and NAS 5-11677 
(References 1 and 2 ) .  



4. IN-ORBIT OPERATION 

When data a r e  acquired f rom the experiment, the temperature of the 
rigid so lar  panel ranges between 56O and 91°C (Figure 3). The so lar  panel 
sun angle i s  obtained f r o m  data furnished by the so lar  aspect sensor  of the 
EME package and var ies  between t 3  8' and - 12'. The sun angle uncer-  
tainty i s  lo, a value that results in  a negligible e r r o r  at sun-normal condi- 
tions and 1.3 percent e r r o r  at  the high sun angles. Some of the sca t te r  
observed in the data can be attributed to  the uncertainty in the sun angle. 

F o r  this report,  only data f r o m  the cells of the rigid panel will be 
reported. This i s  because the exact temperature of the cells on the flexible 
panel cannot be determined due t o  malfunction of the thermis tors  on the 
flexible panel ( see  Reference 1 for details).  Results of the experiment 
through 765 days in orbit (day 185, 1976) have been reported in the final 
report of the NASAIGSFC contract NAS-5-22873 (Reference 1). Since day 
185, 1976, 63 magnetic tapes were  received f rom NASAIGSFC containing 
in-orbit data through day 148, 1978 frorn the ATS-6 SCRDE. All 63 tapes 
were  processed by the magnetic tape data reduction computer program. 
Results f rom the data reduction program showed that the voltage parameter  
of some cells was failing due to  some malfunction of SPU 1. Cells number 7 
and 39 had previously failed before day 185, 1976 (Reference 1).  Table 2 
displays the lost data for  each of the  tapes received through day 280, 1977 
af ter  which t ime data were  lost on a l l  cells. 

ID 
0 
0 
N 

E 

JUN JUL AUG SEP OCT NOV DEC JAN FEE MAR APW MAY 

FIGURE 3. RIGID SOLAR PANELTEMPERATURE FOR ATS-6 
SOLAR CELL EXPERIMENT 



TABLE 2. IN-ORBIT CELL DATA LOST DUE TO SPU 1 MALFUNCTION 

New data since last report 

New data since last report 

New data since last report 

New data since last report 

New data since last report 

0, 6, 7, 12, 15, 19, 20, 39 Data unreliable 

Data unreliable 

Data unreliable 

Data unreliable 

All cell data lost 

Submitting the reduced data f rom the magnetic tapes to  the data 
analysis computer program revealed that the data were  valid only to  day 276, 
1976 (856 days in  orbit). Tables A-P through A-9 in appendix A display the 
reduced data fo r  each day since day 185, 1976, a s  reduced by the data analy- 
s i s  computer program. Data of day 325, 1976 la ter  appear to become quite 
unreliable and will not be  employed in this report. Although data f r o m  the 
ATS-6 SCRDE were  received through 4 yea r s  in  orbit, data only through 
856 days in  orbit will be reported. 



5. IN-ORBIT RESULTS 

The additional data (days 206, 213, 227, 255, and 276, 1976) were  
run through the data analysis program, which i s  an  upgrade of the Hughes 
so lar  a r r a y  prediction program (Reference 6).  Results of al l  photovoltaic 
character is t ics  presented herein have been reduced to  standard conditions 
of normal  incidence, 25OC and A M 0  intensity. Displayed in Table 3 a r e  the 
absolute and normalized values (856 days in orbit)  for  short  circuit  current  
(Isc), open circuit  voltage (Voc), maximum power (Pmax), and curve factor.  
Curve factor i s  defined a s  the maximum power divided by the product of 
short  circuit  cur rent  t imes  open circuit  voltage, which i s  a direct  indication 
of the curve shape of the ce l l s '  e lectr ical  character is t ics ,  Both the absolute 
and normalized (to the average of the f i r s t  5 days) data for 2-113 years a r e  
also presented. 

The beginning of life comparisons with the prelaunch so lar  s imulator  
cell  values a r e  presented in  Reference 1. Table 4 presents  the short circuit  
current  degradation (UV effects) a f te r  50 days i n  orbit. Table 4, which i s  
presented f o r  completeness, i s  explained in detail in  Reference 1. 

Figure 4 displays the normalized cel l  degradations through 2 - l  13 years  
in  orbit for  each cell. Profi les  for  configurations 1 through 1 3  a r e  shown. 
Each point in  Figure 4 i s  an  average of 5 days of data, except for  the last  two 
data points, where the next to the last  point is the average of days 206 and 213,  
and the las t  point i s  the average of days 227, 255 and 2 76. The performances 
of Is,, Voc, and Pmax a r e  plotted through 2-1 13 yea r s  of operation. 

Table 5 shows the average percentage loss  for  Isc9 Vo,, Pm,, 
Table 5, for  2- 113 yea r s  in  orbit, differs slightly f rom Table 5 of Reference 1, 
a t  2 yea r s  in orbit, but i s  well within the accuracy of the experiment. 

COVER GLASS THICKNESS VARIATION 

Configurations 1 to 4 and 6, in which cover glass thickness was varied, 
display degradation profiles through 2- 113 years  of operation, as  shown in 
Figure 4. The solar cell  common to each configuration was a 10 ohm- cm,  
0.076 cm (12 mil) thick cell  and the cover glasses  varied from 0.003 8 to 
0.076 cm (1-112 to 30 mil) thick. Table 6 shows the percentage degradation 
to Isc, Voc, and Pmax after 2- 113 years  in orbit  for these five configurations: 
1 to' 4 and 6.  As indicated in Table 6, there appears to be a maximum in the 



TABLE 3. IN-ORBIT PHOTOVOLTAIC COMPARISONS AT 250C AND AM0  INTENSITY 



TABLE 4. PERCENTAGE Isc DEGRADATION AFTER 50 DAYS IN ORBIT, 
ULTRAVIOLET EFFECTS 

Average Percentage 
Identification 

Standard UV filter (configurations 1, 2, 3, 4, 8, 9, 

Integral covers (configurations 6 and 7) 

FEP adhesive and covers (configurations 10 and 13) 

Violet cell (configuration 12) 

"2-113 years in orbit. 

average  percentage degradation (mainly maximum power) a t  0 .015 c m  cover  
th ickness .  Configuration 6 has  an in tegra l  cover  and does not exper ience 
any additional loss  to  c u r r e n t  due to  UV effects to the cover  adhesive,  f i l t e r ,  
e tc .  ( s ee  Table  4 ) .  However,  configurations 1 through 4 ,  with bonded cover  
g l a s se s ,  have demons t ra ted  that  about 2 percen t  of the  c u r r e n t  degradation 
i s  due to  U V  effects ( s ee  Table  4) .  F igu re  5 displays the maximum power 
degradation a s  a function of cover  g l a s s  th ickness  with 2 percen t  degradation 
removed  f r o m  configurations 1 through 4, thus displaying the  degradation 
due to  the par t icula te  environment  only. The apparent  maximum damaged to 
the ce l l  pe r formance  i s  now obscured  but i nc r ea sed  damage a s  a function of 
decreas ing  cover  g lass  th ickness  i s  m o r e  pronounced. T h e r e  is  s t i l l  l e s s  
var ia t ion than expected a t  t he  th icker  cover  g lass  th ickness .  Also  plotted in 
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TABLE 6. COVER GLASS THICKNESS VARIATION RESULTS* 

"2-113 years in orbit. 
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FIGURE 5. MAXIMUM POWER DEGRADATION VERSUS COVER 
GLASS THICKNESS 

Figu re  5 i s  the calculated maximum power degradation a s  a function of cover  
g lass  th ickness  var ia t ion us ing  the  NASA's radiat ion env i ronment  model  A E 4  
(Reference 7)  fo r  synchronous al t i tude.  As shown in F igure  5 ,  the  degrada-  
tion r a t e  for  a l l  of the  cover  g l a s se s  i s  g r e a t e r  than the  calculated degrada-  
tion, and the  divergence i s  g r e a t e r  for  the  th icker  covers .  Since the voltage 
degradation (Table 6) appears  to be reasonably well behaved, the additional 
degradation over  prediction would appear  to be due to  an additional anomalous 
degradation to  cu r r en t .  An example  of an additional degradation would be an 
ex te rna l  contamination of s o m e  s o r t  t a  the  ce l l  covers .  



INTEGRAL AND THIN COVERS 

F igu re  4 (configurations 1,  5,  6 ,  and 7) d isplays  the normal ized  ce l l  
p a r a m e t e r s  fo r  ce l l s  p ro tec ted  with thin covers  (0.0038 and 0.0076 c m  thick) .  
Again, the  s a m e  s o l a r  ce l l ,  10 ohm-cm,  0.030 c m  thick,  i s  u sed  a s  the com-  
mon cel l .  Table  7 d isplays  the percen tage  degradat ion t o  Isc ,  Voc, and 
P aftjer 2-113 y e a r s  in o rb i t  fo r  t he se  four  configurations.  m ax  

Configurations 1 and 5 a r e  c e l l s  protected with 0.0076 c m  (3 mi l )  
th ick 7940 bonded cove r s .  The cover  g l a s s  of configuration 1 has both the 
UV f i l t e r  and ant i ref lec t ive  coating.  Compar i son  of the  degradation prof i les  
of configurations 1 and 5 (F igu re  4) shows that  the  degradat ion of the  c u r r e n t  
for  configuration 5 (no f i l t e r  o r  coating) i s  s l ightly s t e epe r  than tha t  of con- 
f iguration 4 (with f i l ter  and coat ing) .  At 2- 1 /3  y e a r s  in orbi t ,  the  d i f ference 
in the  ave r age  degradation to  Is,, r e f l ec ted  in P,,,, i s  approximately  3 pe r -  
cent .  The  addit ional  degradation i s  m o s t  likely due t o  the  addit ional  degrada-  
tion to  the  unprotected adhesive .  

Configurations 6 and 7 a r e  c e l l s  covered  with in tegra l  cove r s ,  
0.0038 c m  7940 and 0.0076 c m  7070, respect ively .  T h e  ave rage  Is, deg rada -  
t ion a f t e r  2-1 / 3  y e a r s  i n  o rb i t  (Tab le  7)  f o r  configurations 6 and 7 i s  12 .  9 * 2. 1 
and 12.4 * 3.2 percen t ,  respect ively .  T h e r e  i s  cons iderab le  d i spe r s i on  i n  t he  
da t a  a s  i s  d isplayed by the  l a rge  s tandard  deviation. Th is  d i spe r s i on  is not 
understood.  Included l a t e r  i n  th i s  sec t ion  ( s e e  SCRDE) is a d i scuss ion  of th i s  
d ispers ion,  which i s  a l s o  s e e n  i n  o ther  configurations.  

No low energy  proton type damage  w a s  observed  on e i t he r  type of 
in tegra l  cover .  Low energy  protons produce nonuniform damage,  general ly  
around the  junction a r e a ,  r esu l t ing  in a softening of the  knee of the curve ,  
degrading significantly the  curve  fac to r  of the ce l l ,  As shown in Table  7, the 
curve  fac to r  f o r  configurations 6 and 7 has  changed negligibly, well within 
exper imenta l  a ccu racy .  These  observat ions  indicated that  a s  l i t t le  a s  
0.0038 c m  (1- 1 12 mi l )  of 7940 cover ing wil l  p ro tec t  the  c e l l  f r o m  the synchro-  
nous o rb i t  low energy  proton environment .  Th is  r e s u l t  i s  consis tent  with the 
r e su l t s  o f  the LES-6 exper iment  (Reference 8).  

TABLE 7. INTEGRAL AND TI4 IN COVER RESULTS* 

filter and coatings 

''2-113 years in orbit. 
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CELL THICKNESS AND BASE RESISTIVITY VARIATION 

Configurations 2 and 11 a r e  the 10 ohm-crn cel ls  with cel l  thicknesses 
of 0.030 and 0. 020 c m  (12 and 8 mil) ,  respectively. Configurations 8 and 9 
a r e  the 2 ohm-cm cells with the same  cel l  thickness variation. All four con- 
figurations have the same cover  glass,  bonded 0. 015 c m  (6  mi l )  7940 with the 
UV f i l te r  and antireflective coatings. Table 8 displays the cell  thickness and 
base  resistivity variation resu l t s  af ter  2-113 yea r s  i n  orbit. Displayed a r e  
the averaged absolute values and percent loss  for  each configuration. The 
COMSAT violet cell  i s  included i n  this section because i t  i s  an advanced thin 
2 ohm-cm so la r  cell. 

In theory, the 2 ohm-cm cel l  should perform better than the 10 ohm- 
cm cel l  a t  the beginning of life but degrade fas te r  under the same particulate 
environment. The initial average cell  maximum power fo r  the 2 ohm-cm, 
0. 030 and 0. 020 c m  thick cel ls  was 61. 0 and 58. 3 mW, respectively, and, 
f o r  the 10 ohm-cm, 0. 030 and 0. 020 c m  thick cells,  59. 6 and 56.2 m W ,  
respectively (Reference 1). After 2 -1 /3  yea r s  in  synchronous orbit, the 
average cel l  maximum power fo r  the 2 ohm-cm, 0. 030 and 0. 020 c m  thick 
cel ls  was 50. 7 and 48. 6 mW, respectively, and fo r  the 10 ohm-cm, 0. 030 
and 0. 020 c m  thick cells,  49.4 and 48. 3 mW, respectively. The 2 ohm-cm 
cells s t i l l  have a slight advantage in power a f te r  2-113 yea r s  i n  synchronous 
orbit. The average r a t e  of degradation of the 2 ohm-cm cells compared to  
the 10 ohm-cm cel l  i s  slightly hi.gher. 

Configuration 8 (2 ohm-cm, 0. 030 c m  thick) i s  ve ry  close to  the cell  
type of the ATS-6 main so lar  a r r ays .  F igure  4 (configuration 8) shows the 
power degradation to  the two main so la r  a r r a y s  of ATS-6 af te r  2 yea r s  in  
orbit  (Reference 9) .  The ATS-6 main  a r r a y  consists of 2 x 4 cm, 0. 034 can. 
(14 mil)  thick, 2 ohm-cm solar  cel ls  with 0.015 cm (6 mil) ,  0211 microsheet  
covers .  The south so lar  a r r a y  degraded about 20 percent and the north so lar  
a r r a y  degraded about 22  percent.  Two differences in these cell /cover param- 
e te rs  would account for some additional degradation: 1) the cells were slightly 
thicker;  2 )  the  covers  were  0211 microsheet.  ~ 0 t h - c o n d i t i o n s  would cause 
slightly g rea te r  degradation to  the ATS-6 main  a r r a y  than to  the experiment 

TABLE 8. CELL THICKNESS AND BASE RESISTIVITY VARIATION RESULTS* 

*2-113 years in orbit. 



cells. Cell thickness could account for  1 to  2 percent additional degradation 
and microsheet  covers could account for about 2 percent additional degradation. 
Taking these differences into account, it can be seen that the amounts of 
degradation to the ATS-6 main so lar  a r r a y s  and to the ATS-6 so lar  cel l  
experiment, a s  shown in configuration 8, appear to  be ve ry  close. These 
degradation resul ts ,  however, a r e  not consistent with degradation observed 
fo r  the Hughes Aircract  Company solar  a r r a y s  in  synchronous orbit (Refer- 
ence 10). The inconsistency i s  explained under SCRDE Comparison to Other 
Data, 

Figure 4 displays the COMSAT violet cell  degradation (configura- 
tion l 2). The violet cel l  not only had the highest beginning of life perform- 
ance of al l  cel l  types, 82.5 * l . l  mW (Reference I ) ,  but a lso the highest 
rate  of degradation to  a l l  cel l  parameters ,  excluding the F E P  covered cells 
(configuration 131. The average percentage degradation to  Is,, Voc, and 
P,, af te r  2 - l / 3  yea r s  in  orbit was 20.2 * 2.0, 4. 0 * 0.4, and 23. 9 * 2. 5 
percent, respectively. F r o m  the published l i terature (Reference 11 ), the 
maximum power degradation to the violet cell  i s  predicted to  be 5 percent, 
much less  degradation than observed. Nevertheless, the violet cells, a f te r  
2- 1 /3 years in orbit, a r e  s t i l l  significantly outperforming all  other cells,  
with a maximum power capability of 62.7 *l. 0 mW, 

Configuration 11 i s  the 0. 020 c m  (8  mi l )  thick 10 ohm-cm solar  cell; 
configuration 2 i s  i t s  counterpart. The maximum power capability (Refer- 
ence 1 )  at  beginning of life fo r  the 10 ohm-cm, 0. 020 c m  cell  i s  less  than the 
0.030 cmi thick cell, 56.2 and 59. 6 mW, respectively. The ra te  of degrada- 
tion (Table 8) f o r  the 0. 020 cm cel l  i s  slightly l e s s  than that of the  0. 030 crfi 
cell, 14. 2 * 4. 0 and 17. 0 * 2. 9 percent, respectively. Again, the cel ls  of 
these configurations display a large dispersion in the resul ts  a s  i s  indicated 
by the la:rge standard deviation. 

F E P  AS ADHESIVE AND COVER 

Table 9 displays the resul ts  of the u s e  of F E P  a s  a cover adhesive 
and as a cover alone, configurations 10 and 13, respectively. Results of con- 
figuration 2 a r e  also shown in Table 9 for comparison. Configuration 2 incor- 
porates the "standard" 0.015 cm (6  mil) cover glass with both UV fi l ter  and AR 
coating bonded using Dow Sylgard 182 adhesive. 

One of the most  interesting resul ts  of the ATS-6 experiment i s  shown 
in the profile fo r  configuration 10, the so lar  cell  cover  glass  configuration 
with F E P  as  an adhesive. The 7940 cover glass  had an antireflecting coating 
but no UV fil ter.  The degradation ra tes  of this configuration a r e  almost 
identical to  those of configuration 2, i t s  counterpart, There  appears  no m o r e  
than the observed early 2 percent loss  in  Is, due t o  UV effects, even though 
the F E P  is unprotected f r o m  the UV environment. This combination of using 
FEP a s  a cover adhesive and a cover without an UV rejection f i l ter  could prove 
to be a ,very promising cost savings feature for  so lar  a r r a y  designs. 



TABLE 9. FEP AS AN ADHESIVE AND COVER RESULTS* 

UV filter adhesive of 
0.005 cm FEP 

added adhesive 

"2-113 years in orbit 

Configuration 13 uses F E P  as  a cover mater ial .  These F E P  covered 
cells behaved very s imilar ly to their  counterpart, configuration 2,  up to  the 
f i r s t  eclipse season. The eclipse seasons a r e  indicated in Figure 4 for the 
configuration 13 profile. Shown in this figure a r e  the changes in ra te  of degrada- 
tion of Voc and Pma, during the f i r s t  eclipse season, indicating that the addi- 
tional degradations to these cells a r e  related to thermal  s t r e s s e s  due to 
eclipses.  Figure 6 displays the individual cel l  uncorrected I-V characte- 
r is t ics  f o r  cells 18 and 34 of configuration 13. Considerable softening of 
the I-V curve i s  indicated af te r  1 and 2 years .  The curve factor degrada- 
tion of 14.5 percent (Table 5)  a f te r  2-1 13 years  in  orbit indicates the amount 
that the knee of the curve has changed. It appears that shunting i s  occurring, 
which could indicate low energy proton damage. Also, it appears  that the 
se r i e s  resis tance has  increased a s  indicated by the large degradations to the 
voltage parameter .  

Possible  causes of the additional degradation a r e  

1 )  Degradation of the F E P  cover,  e .  g . ,  f rom cracks,  pinholes, 
flaking, o r  delaminations at  the edges of the cell; this condition 
could resul t  in low energy proton damage. 

2 )  A thermal  mismatch between the silicon, ohmic contact, i n t e r -  
connect, and FEP mater ia ls ;  this condition might result  in the 
interconnect pulling away f r o m  the silicon, causing junction 
damage o r  an increase  in se r i e s  resistance. 

It should be noted that these FEP covered cells represent  1972 
technology. 



VOLTAGE, VOLTS 

FIGURE 6. UNCORRECTED CURRENT-VOLTAGE CHARACTERISTICS 
FOR CELLS OF CONFIGURATION 13 



SCRDE COMPARISON TO OTHER DATA 

The resul ts  of the ATS-6 SCRDE a r e  compared with the folllowing 
ground based and in-orbit data: laboratory spec t rum electron i r radiat ion 
on the ATS-6 ground tes t  cel ls  (References 2 and 12),  the LES-6 solar  cel l  
flight experiment (Reference 8), the performance of the ATS-6 ma~iz? so lar  
a r r a y s  (Reference 9 )  presented in Section 4, and the flight performance of 
so lar  a r r a y s  built by Hughes Aircraf t  Company (Reference 10). 

The resul ts  of the 10 ohm-cm, 0. 030 c m  thick cells with 0.015 and 
0.030 c m  thick cover glasses  i r radiated with laboratory spec t rum electrons 
(References 2 and 12) a r e  presented in Figure 4 (configurations 2 and 3) .  The 
electron spectrum was an attempt to  produce a fluence-energy spectrurn 
closely approximating the model spec t rum f o r  synchronous altitud~e (Refer-  
ence 7). The ce l l s  were  mounted on a cylindrical aluminum d r u m  which was 
rotated during the irradiation, effectively producing a fluence field of cylin- 
dr ical  symmetry. To compare with the degradation in space,  2 percent ad- 
ditional degradation was added to the laboratory resu l t s  to account for  UV 
effects. The Vo, degradations i n  space of the cel ls  with 0. 015 and 0.030 crn 
thick covers  ag ree  within 1 percent of the laboratory irradiations.  However, 
the Is, and Pmax degradations did not agree  well a t  a l l  with the laboratory 
results.  Degradations were  m o r e  seve re  a t  2-1/3 yea r s  in space. The 
spectrum irradiat ion profiles for  I sc  and Pmax followed the space degrada- 
tion f o r  approximately 150 and 3 00 days in  orbit  fo r  0.01 5 and 0.030 crn thick 
covers,  respectively. 

The cells of configuration 2 a r e  quite s imi lar  to cel ls  A3 and A4 of 
the LES-6 SCFE (Reference 8). The 2 y e a r  degradations of cel ls  A3 and A4 
a r e  indicated in  the profile fo r  configuration 2. The Is, degradations a r e  
l e s s  than those of the ATS-6 ce l l s  but ve ry  close to  the spectrum irradiation 
results.  The PmaX degradations a r e  both m o r e  seve re  than the spec t rum 
irradiat ion resul ts  and v e r y  close to  the degradation of the ATS-6 cells. 
Cell A 4  of the LES-6 has  no MgF antireflecti.on coating on the cover;  how- 
ever,  the Isc cur rent  of this cell  and cel l  A3 t r a c k  within 1 percent,  s o  
the MgF coating cannot make the difference. It i s  interesting to note that 
the two cel ls  of LES-6 a lso  display the s a m e  differences in  degradation pro-  
fi le fo r  Pmax a s  seen with ATS-6. 

Also displayed in Figure 4 for  configuration 3 is the maximum power 
degradation profile a s  determined f rom the performance of Hughes Aircraf t  
Company solar  a r r a y s  in synchronous orbit .  The flight performance of the 
TACSAT, Intelsat IV, Intelsat IVA, Anik, and WESTAR solar  a r r a y s  was 
determined for orbi ta l  durations over 5 years  (Reference 10).  Again, the 
cel ls  of the ATS-6 experiment display more  degradation at  2-113 years  in 
orbit than has been observed on Hughes solar  a r r a y s .  It appears  that degra-  
dations of ATS-6 experiment cells agree  only through approximately 300 days 
in orbi t .  



C onside rable synchronous orbit  pe rformance on the 10 ohm- cm, 
0. 030 crn (12 mi l )  thick so lar  cell  covered with a standard 0. 030 crn thick. 
7940 cover glass has  been gained by the author. Combined with data f r o m  
part ic le  detectors aboard ATS-6 and the degradation of the Hughes so la r  
a r r a y s  (Reference lo) ,  the integral  dose to  a cell  with a 0. 030 c m  thick 
cover f r o m  the synchronous orbit  trapped radiation environment appears  t o  
be approximately one-half of the AE4 radiation model. This i s  i n  considerable 
disagreement with the resul ts  of Is, and Pmax degradations of the cells of 
the ATS-6 SCRDE. Table 10 compares  the degradation to the ce l l  pa ramete r s  
of configuration 3 with the calculated degradation to the same  cel l /cover  
configuration for  2-1 /3  yea r s  in  orbit using Hughes Aircraf t  Company experi-  
ence and the AE4 radiation environment model, The Voc degradation of 
configuration 3 appears  to best  ag ree  with the degradation observed by so la r  
a r r a y s  built by Hughes Aircraf t  Company, 1. 5 * 0. 5 versus  2. 0 percent.  
The AE4 environment predicts  slightly g rea te r  degradation to  Voc at  3. 0 p e r -  
cent. The degradation to  Is, for  configuration 3 reflects considerably g rea te r  
degradation than ei ther  case  for  synchronous orbit. The difference between 
the degradation resul ts  f o r  configuration 3 (1 1. 6 * 2. 2 )  and the calculated Isc 
degradation based on Hughes' experience (4. 6 percent)  might indicate an 
additional loss  to  cur rent  over and above the normal  effects due to  UV and 
synchronoius electron environment. The mi  s sion duration of the ATS- 6 
SCRDE has  been through the so la r  cycle minimum and no so la r  proton f la res  
have occurred. Therefore,  the anomalously high degradation to  Is, and 
Pm, i s  most  likely due to an additional loss  in the t ransmit tance charac-  
te r i s t ics  of the optical stack. If the solar  a r r a y  degradation experience of 
Hughes is  used as  a baseline, the additional loss t o  I sc  would be 7 *2 percent.  

In reviewing the normalized cell  pa ramete r  resul ts  in Table 3, it 
appears  that f o r  mos t  configurations one cell  degrades m o r e  than others in  
the group. Figure 7 i s  the front view of the SCRDE and shows the individual 
so lar  cell  locations. Only cel ls  of S P U  1 a r e  of concern; S P U  2 had failed 

TABLE 10. COMPARISON OF SOLAR CELL DEGRADATION TO 
CONFIGURATION 3 WITH OTHER RESULTS" 

Hughes Aircraft Company Experience 4.6 
(Reference 10) 

AE 4 Radiation Environment 6.0 
(Reference 7)  

ATS-6 SCRDE Configuration 3 

"2-1 I2 years 



a t  beginning of life (Reference 1).  The cells that showed grea ter  degradation 
to  Is, than others in  the i r  group have been shaded in. A ve ry  interesting 
effect i s  demonstrated. Most of the cells that demonstrated the g rea te r  Isc  
losses  a r e  located in the lower left corner.  The cel l  numbers a r e  6, 9, 10, 
11, 19, 20, 22, 30, 31, 32, 33, 34, 35, and 38. This resul t  could indicate 
that possibly some external source  has  contaminated the SCRDE,  especially 
these cells, adding to  the degradation of the cel ls '  current  capability. 

I 
RIGID SUBSTRATE FLEXIBLE SUBSTRATE 1 '  

SPU - 
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FIGURE 7. ATS-6 SCRDE SOLAR PANEL FRONT VIEW 





6. CONCLUSIONS 

1. Thicker cover  glasses  increased the protection to so lar  cel ls  
f r o m  the synchronous environment, but with much less  effect than predicted. 
This was demonstrated by the variation of cover thickness on the experiment. 

2. Solar cells with integral  covers  a s  l i t t le a s  0. 0038 c m  (1 -1 / 2  mil) 
thick were well protected from the synchronous environment. These covers 
were m o r e  than thick enough to shield against the low energy proton comple- 
ment of this environment. 

3. Degradation of cel ls  with integral  covers  was among the lowest 
of a l l  configurations. Hence, the need fo r  thicker covers  for  radiation pro-  
tection in  synchronous orbi t  i s  questionable, a t  least  during so lar  nninimum. 

4. F o r  the conventional cel ls  a f te r  2 - l / 3  yea r s  in  orbit, the 2 ohm- 
c m  , 0.030 c m  thick cel l  performed 2.6 percent (3.0 percent a t  beginning of 
life) better than the 10 ohm-cm cell  of the same  thickness, 4.3 percent 
(4.6 percent at  beginning of life) better than the 2 ohm-cm, 0 .020 cm thick 
cell, and 5 .0  percent (8.3 percent a t  beginning of life) better than the 
10 ohm-cm, 0. 020 thick cell. 

5 ) The maximum power capability of the COMSAT violet ce l l  was 
35 percent grea ter  than that of the conventional 2 ohm-cm cel l  at  beginning of 
life and 25 percent higher af ter  2- 1 /3  years  in orbit ,  even though degradation 
was more  rapid.  

6)  After 2-113 years  in orbit, the COMSAT violet cell  has the high- 
e s t  performance (63 mW) of a l l  configurations tested. This configuration also 
experienced the grea tes t  r a t e  of degradation (configuration 13, FEP' covered 
cell ,  excluded). The 2 ohm-cm conventional cel ls  s t i l l  exhibit a slight maxi- 
mum power advantage over the 10 ohm-cm cells.  

7 )  The F E Y  covered cel ls  (configuration 13) performed a s  well a s  
the i r  counterparts until the f i r s t  ecl ipse season, when the ra te  of degrada- 
tion increased. Forty-two percent power degradation has  been experienced 
in  2 -1 13 yea r s  of synchronous operation. 

8 )  F E Y  type A, a s  a cover  adhesive with no UV protection,perforrns 
a s  well a s  i t s  counterpart  through 2 -1 /3  yea r s  in  synchronous orbit,. 



9 )  Dow Sylgard 182 adhesive without the protection of the UV filter 
on the cover glass degrades an additional 3 percent over the protected 
adhesive . 

10) The short circuit current degradations after 2-113 years in orbit 
a r e  greater than expected compared with laboratory electron spectrum 
irradiation and Hughes experience with solar arrays  in orbit. There i s  
strong evidence that on some cells more than others on the SCRDE there i s  
an anomalous additional 5 to 9 percent degradation affecting the current 
capability. 

11) The remaining SPU of the ATS-6 SCRDE has malfunctioned after  
856 days (2- 113 years) in orbit. Data from SCRDE is no longer reliable; 
thus, this :report represents the final data from the experiment. 



7. NEW TECHNOLOGY 

This report does not contain i tems of new technology developed by 
Hughes Aircraft  Company under this contract. 
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APPENDIX 

Detailed in-orbit  resul ts  for each cell  a r e  displayed fo r  Isc, V,,, 
and Pmaxt for  days 206, 213, 227, 255, 276, and 325 of 1976 and days 58, 
65, and 93 of 1977. 



TABLE A-I.  ATS-6 DATA FOR DAY 206 OF 1976 



TABLE A-2. ATS-6 DATA FOR DAY 213 OF 1976 

09D1 

5 2 , !  
49.5 

5 0 1 3  

.2 

49; 1 

5 l a's  

48 ;t 
09 e 6 

5 1  ; O  

48.4 

4 7 ; ~  

45;3 

~ 8 . ~ 7  

45;s 

47 ,-a 

08;s 

a@ ;c, 
51.1 

51.2 



TABLE A-3. ATS-6 DATA FOR DAY 227 OF 1976 



TABLE A-4. ATS-6 DATA FOR DAY 255 OF 1976 

CELL 

128 ;5 
129. U 

124.1 

139;s 
1 2 3 ; ~  

1 2 6 ; ~  
1 2 ~ ; ~  

i 2 7 m a ~  

12s:a 

130;s 

1 2 0 i 0  

t2O.l 

$ 2 0  .'I 
~ r o . ' z  
11761 

t a r  ;6 

r;?3;a 

8 1 7 r S  

l r e ; ~  

n17,6 



TABLE A-5. ATS-6 DATA FOR DAY 276 OF 1976 



TABLE A-6. ATS-6 DATA FOR DAY 325 OF 1976 



TABLE A-7. ATS-6 DATA FOR DAY 58 OF 1977 



TABLE A-8. ATS-6 DATA FOR DAY 65 OF 1977 



TABLE A-9. ATS-6 DATA FOR DAY 93 OF 1977 




