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SUMMARY 

Transparent conduct ive t h i n  f i  l m s  o f  i ndi  um ox ide  and i n d i  um-ti n  ox ide  
are eval uated f o r  t h e i r  p rope r t i es  t o  c o n t r o l  charge bu i ldup on sate1 1  i t e  
ma te r ia l s .  Both ox ide  coat ings  are  evaluated f o r  t h e i r  u n i f o r m i t y ,  s t a b i l i t y ,  
r e p r o d u c i b i l i t y  and c h a r a c t e r i s t i c s  on var ious subs t ra te  m a t e r i a l s  such as 
FEP Tef lon,  Kapton, and g lass.  

Tes t ing  o f  t he  coated and uncoated sate1 1  i t e  m a t e r i a l s  have been tes ted  
i n  30cm square s izes.  The m a t e r i a l s  performance have been charac ter ized i n  
m u l t i p l e  energy e l e c t r o n  plasma environment and a t  low temperatures. 

Grounding techniques f o r  a p p l i c a t i o n  t o  the  coated m u l t i - l a y e r  i n s u l a t i o n  
(MLI) b lanket  designs and OSR a r rays  have been f a b r i c a t e d  i n  the  l a r g e r  areas 
and tes ted  under e l  ec t ron  i r r a d i a t i o n  t o  eval uate t h e i r  performance. 

I NT RODUCT I ON 

The appl i c a t i o n  of t ransparent  conductive t h i n  f i l m s  t o  ex terna l  space- 
c r a f t  d i e l e c t r i c  ma te r i a l s  has been demonstrated on a  small sca le  and shown 
t o  perform s a t i s f a c t o r i l y  i n  simulated geosynchronous plasma charging envi ron-  
ments. (Ref. 1  ) Several metal oxides have been evaluated us ing  a  number of 
depos i t i on  techniques i n c l u d i n g  convent ional vapor depos i t ion ,  and RF and DC 
spu t te r i ng .  Th in  f i l m s  o f  indium t i n  ox ide (ITO) deposi ted us ing  magnetron 
s p u t t e r i n g  techniques has been found t o  p rov ide  the  most s t a b l e  conduct ive 
t ransparent  coat ings on spacecraf t  mater ia ls .  Developmental work on coat ings 
o f  ind ium oxide (10) have a l s o  shown promise bu t  have n o t  been c a r r i e d  as f a r  
as the  ITO. The work descr ibed i n  t h i s  paper represents some o f  t h e  process 
development toward the  op t im iza t i on  and cha rac te r i  z a t i  on o f  these t h i n  semi - 
conductor ox ide  coat ings and the  eva lua t ion  on l a r g e r  s izes  performed f o r  
qua1 i f i c a t i o n  f o r  use on thermal con t ro l  sate1 1  i t e  ma te r ia l  s  

PROCESS DEVELOPMENT 

The development e f f o r t s  on the  process cha rac te r i za t i on  concentrated on 
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determining the allowable variation in the process and coating parameters and 
s t i l l  achieve highly transparent and conductive coatings on large sample s izes  
up to  30cm square. These process development characterizations considered 
deposition rate,  reactive oxygen partial  pressure and in s i  t u  biasing, coating 
thickness, uniformity, and a comparison between I0 and ITO. This development 
has been evaluated i n  terms of the coating's solar absorptivity,  surface 
resistance, s t ab i l i t y  of i t s  shelf l i f e ,  s t a b i l i t y  to  tape and rub t e s t s ,  and 
charge control performance under simulated substorm envi ronements. 

T h i n  conductive films of indium t i n  oxide (ITO) and i n d i u m  oxide (10) were 
eval uated on three types of substrates typical .of external sate1 1 i t e  d ie lec t r ic  
material s .  The material s considered were s i  1 vered and uncoated 125 pm ( 5  mi 1 ) 
FEP Teflon, aluminized and uncoated 75pm ( 3  mil ) Kapton and silvered and 
uncoated glass t i l e s .  These materials represent f lexible  second surface mirror 
material s ,  external mu1 ti1 ayer blanket insulation material , optical solar 
ref1 ectors (OSR) and solar cell  coverglasses. 

The depositions of the semiconductor oxides onto the substrate materials 
were made by reactive magnetron sputtering i n  a Varian 3120H sputtering system 
using planetary f ixture.  The reactive deposit i s  accomplished by sputtering 
from the ind ium or indium-tin metal target  i n  a partial  pressure oxygen 
atmosphere. Magnetron sputtering has been found to  be a cooler process as 
compared to  conventional vapor deposition techniques, This i s  an important 
factor for  depositions onto thermal ly  sensi t i  ve materi a1 s such as Teflon. 

Deposi tion Rate, Thickness 

Best results were obtained by slowing the deposition ra te  down to about 
1AIsec and using an oxygenlargon gas flow ra t io  of about 113 to 114. The 
combination of the slower deposition and reduced oxygen part ia l  pressure gave 
highly transparent f i 1 ms which were u n i  form1 y conductive across the 30cm 
square sheets of FEP Teflon and Kapton. The low deposition ra te  i n  combination 
with an in s i tu  RF power applied to the sample holder resulted i n  an improved ' 
coating oxidation. Because of the relat ively low me1 ting temperature of the 
indium-tin target only about one percent of the available magnetron power was 
used during the deposition. Operation a t  higher power levels had the tendency 
to ra i se  the temperature of the target  and increase the probability of me1 ting 
the metal target and electr ical  l y  shorting the magnetron. 

The oxygen/argon ra t ios  were evaluated using a constant value for  the 
oxygen flow rate of about 8ccImin into the chamber which corresponds to  a 
partial  pressure of about 53m~/m2 (0.4m Torr . ) .  Reactively sputtering a t  
1A/sec, thickness of 200A, 300A, 500A, 800A, 1 OOOA and 5000A were deposited 
during different runs w i t h  the deposition time being the only variable. All 
of the coatings were done with an in s i t u  RF f i e ld  of about 250 watts applied 
to  the planetary f ixture.  30cm square sheets of FEP Teflon, and Kapton and 
12 one inch square t i l e s  of micr.osheet were mounted onto the planetary during 
a typical run. Table 1 shows the re la t ive  surface resistance and optical 
properties of the IT0 coatings as a function of coating thickness and oxygen1 
argon relat ive abundance. There does not appear to  be a strong dependence 
between surface resistance and coating thickness. However, as the par t ia l  



pressure o f  oxygen f l ow ing  i n  t he  system i s  reduced, a  d e f i n i t e  increase i n  
coat ing  c o n d u c t i v i t y  i s  observed, imply ing l ess  ox ida t i on  and c r e a t i o n  o f  a  
h igher  concent ra t ion  o f  conduction e lec t rons  i n  the  f i l m .  Furthermore, w h i l e  
the  coa t i ng  th ickness had l i t t l e  effect on coat ing  conduc t i v i t y ,  the  e f f e c t  on 
the  o p t i c a l  p rope r t i es  was more pronounced. F igure  1  shows the e f fec t  of the 
coat ing  th ickness on the  spec t ra l  response of t he  t ransmit tance through the 
coated microsheet.  These values are f o r  t he  h igher  res is tance coat ings  i n  
Table 1. 

I n  a d d i t i o n  t o  the  SSM app l ica t ions  o f  t h e  ITO, two coat ings were app l ied  
t o  s o l a r  c e l l  coverglass t o  evaluate t h e i r  e f f e c t  on c e l l  performance. F igure  
2a shows the  I - V  performance curve o f  the  2cm by 4cm s o l a r  c e l l  be fore  and 
a f t e r  depos i t i on  o f  a 300A coat ing  of ind ium t i n  oxide. The curves i n d i c a t e  
about a  20% decrease i n  power a t  t he  peak power p o i n t .  ( . I 09  w a t t  t o  0.87 
wa t t )  as a  r e s u l t  o f  t he  coat ing.  The sheet res is tance o f  the conduct ive 
coat ing  was measured t o  be about 1 K q / a  . The coverglass was bonded t o  the  
c e l l  w i t h  Sylgard 182 and tes ted  i n  a  l a r g e  area Pulsed So lar  S imula t ion  
(LAPSS) f a c i  1  i ty. 

F igure  2b shows the  I V  performance curves o f  a  t y p i c a l  2cm by 4cm s o l a r  
c e l l  be fore  and a f t e r  t he  depos i t i on  o f  a l O O A  t h i c k  IT0  coat ing.  The curves 
f o r  the  l O O A  IT0  coated coverglass i nd i ca tes  about a  2% decrease i n  power a t  
the peak p o i n t  (0.005 w a t t  t o  0.11 3  wat ts) .  The transmi t tance o f  t h e  1  OOA 
IT0 coated coverglass was R = 0.120 and T = 0.868 f o r  an absorptance of 0.01, 
an increase o f  l e s s  than 1% over t he  uncoated coverglass. This  represents 
a  s i g n i f i c a n t  reduc t i on  w i t h  coat ing  thickness. The e f f e c t  o f  t h e  coat ing  
observed i n  bo th  c e l l s  was p r i m a r i l y  a  decrease i n  the closed c i r c u i t  cu r ren t  
w i t h  l i t t l e  t o  no e f f e c t  on the open c i r c u i t  vo l tage.  

Substrate 

A d e f i n i t e  dependence of the  surface res i s tance  on subs t ra te  m a t e r i a l  i s  
shown i n  Table 2 w i t h  the  harder substrates such as Corning 0211 microsheet 
g lass  having the  h ighes t  conduct ive coatings, w h i l e  the  coat ings on the  FEP 
Te f l on  c o n s i s t e n t l y  had a  h igh  surface res i s tance  f o r  a l l  o f  t h e  thicknesses 
deposited. The amount o f  v a r i a t i o n  observed i n  t he  sur face res i s tance  of the 
indium t i n  ox ide  coat ings on g lass was found t o  be h i g h l y  dependent upon the 
coa t i ng  th ickness and independent o f  the oxygen-argon se t t i ngs .  The t y p i c a l  
standard dev ia t i ons  decreased from about 50% o f  t he  average value of the l O O A  
coat ings  t o  about 10% f o r  the  500A coat ings. I n  cont ras t ,  the  standard 
d e v i a t i o n  i n  the  sur face res is tance of t he  IT0 coat ings on the  75 m (3  m i l )  r Kapton was t y p i c a l l y  g rea te r  than 50% o f  t h e  average value. U n l i  e  the  g lass 
substrate,  t he re  was no cons is ten t  decrease i n  the var iance w i t h  the  t h i c k e r  
coat ings on the  Kapton. The FEP Tef lon  substrates showed a  l a r g e  var iance 
i n  sur face res i s tance  i n  r e l a t i o n  t o  the mean value repo r ted  i n  the  Table. I n  
a l l  cases, the  standard dev ia t i on  o f  measurements across the  30cm samples was 
as l a r g e  as and i n  some cases up t o  two times the average o f  the measured 
va l  ues . 



I n i t i a l  indium ox ide  (10) coat ings  were deposited by r e a c t i v e  vapor 
depos i t i on  and showed s i g n i f i c a n t l y  h igher  surface res is tances compared t o  the  
IT0 coat ings  deposited by magnetron spu t te r .  They a l s o  requ i red  pos t  
depos i t ion  head t reatment  t o  improve the  transparency o f  the deposited f i l m s .  
The increased o x i d a t i o n  dur ing t h i s  pos t  depos i t i on  t reatment  r e s u l t e d  i n  the  
increased transparency as w e l l  as, an increased sur face res is tance.  It a l s o  
produces t h e  add i t i ona l  undesireable s ide  e f f e c t  o f  c u r l i n g  the  edges o f  t he  
polymer substrates, p a r t i c u l a r l y  on the  FEP Tef lon.  Since r e a c t i v e  depos i t i on  
of IT0 f rom an i nd ium- t i n  t a r g e t  was n o t  attempted us ing r e s i s t i v e  heat ing  
techniques, i t  was n o t  c l e a r  whether t h e  magnetron s p u t t e r i n g  technique i s  a  
per fe r red  technique o r  t h a t  IT0 i s  a  super io r  performance coat ing .  Therefore, 
a  s imi  1  a r  process development was undertaken t o  eval uate i ndi  um oxide coat ings  . 
The i n i t i a l  coat ings were app l i ed  i n  a  th ickness o f  500A us ing  an RF b ias  on 
the  sample holder  f o r  improved coa t i ng  o x i d a t i o n  and s t a b i l i t y .  Transparent 
conduct ive coat ings were obta ined us ing  o n l y  s l i g h t l y  d i f f e r e n t  depos i t i on  
parameters ( p a r t i c u l a r l y  the  02/Ar r a t i o )  than the IT0 and requ i red  no pos t  
depos i t i on  heat treatment.  

Because o f  the  r e l a t i v e  ease o f  us ing DC b ias ing  techniques as compared 
t o  RF b ias ing ,  a  DC Power source was used i n  p lace o f  the  RF source. The 
r e s u l t  was tha t  t h i n  conduct ive t ransparent  indium oxide coat ings were depos- 
i t e d  on microsheet, Kapton and FEP Te f l on  substrates w i t h  r e s u l t i n g  e l e c t r i c a l  
and o p t i c a l  p rope r t i es  as good as was obta ined us ing the  RF 'bias. 

Substrates o f  g lass and FEP Te f l on  were coated w i t h  t h i n  coat ings  o f  I 0  
and IT0 i n  order t o  compare the two coat ings  i n  t h e i r  o p t i c a l  and e l e c t r i c a l  
p r o p e r t i e s  i n  a d d i t i o n  t o  t h e i r  r e l a t i v e  s t a b i l i t i e s .  The depos i t i on  o f  bo th  
oxides were made i n  thicknesses between l O O A  and 300A according t o  t h e  qua r t z  
c r y s t a l  monitor (QCM) which was s e t  t o  t h e i r  respect ive  d e n s i t i e s .  S l i g h t l y  
d i f f e r e n t  argon and oxygen f l ow  ra tes  and p a r t i a l  pressures were used t o  
depos i t  the  I 0  and IT0 coat ings.  Both coat ings were deposited us ing  a  DC b ias  
on the  sample p lanetary.  It was found t h a t  i n  general , a s l i g h t l y  h igher  
oxygen f l o w  r a t e  and p a r t i a l  pressure was necessary t o  depos i t  coat ings o f  I 0  
compared t o  the values requ i red  t o  depos i t  IT0 coat ings w i t h  s i m i l a r  o p t i c a l  
and e l e c t r i c a l  p rope r t i es .  Table 3  summarizes the  coat ings  which were made 
and t h e i r  respect ive  surface res is tances  which were measured immediately a f t e r  
the  depos i t ion .  

The surface res is tance o f  I 0  and IT0 coat ings  from s e l e c t i v e  runs de f ined 
i n  Table 3  were remeasured a f t e r  about f o u r  weeks. Comparison o f  measurements 
on coated samples from run  numbers 1, 3, 5 ,  7, 10, 11, and 13 i nd i ca ted  
s i m i l a r  changes i n  sur face res is tances  f o r  both I 0  and IT0 coat ings.  I n  the 
case of t he  higher res i s tance  IT0 coat ings ( r e l a t i v e  t o  the  o the r  va lues)  
deposited dur ing runs number 1  and 3  res is tance decreased by fac to rs  of 10 
and 2  respect ive ly ,  wh i l e  f o r  the o the r  I 0  and IT0 coat ings  the  second surface 
res i s tance  measurements were i n  general, 2  t o  3  t imes h igher .  Therefore, 
both coat ings  seem t o  have comparable s h o r t  term s h e l f  1  i f e  s t a b i l i t y  w i t h  
comparable surface res is tances  f o r  t h e  same coa t i ng  th ickness.  



QUALIFICATION TESTING 

The m a t e r i a l s  t e s t i n g  discussed i n  t h i s  sec t i on  cover a wide range o f  
end-user concerns f o r  a p p l i c a t i o n  o f  t h e  I 0  and IT0 coated polymers and g lass  
substrates.  These i nc lude  shel f 1 i f e ,  humidity,  thermal, vacuum, hand1 ing,  
grounding, i oni  z ing  r a d i a t i o n  i n  addi ti on t o  t h e  performance under e l e c t r o n  
i r r a d i a t i o n  s imu la t i ng  the  geosynchronous plasma environment. 

S t a b i l i t y  

Surface res i s tance  and r e f l e c t i v i t y  measurements were taken on a group o f  
I 0  and IT0 coated samples which had been meta l i zed on the  back surface. For 
both the  i n d i  um oxide and i n d i  um-tin ox ide coat ings,  the  surface res is tances  
were i n  the  range o f  1 t o  1 0k--lo w i t h  the  300A coat ings having the  lower 
samples du r ing  the  month o f  c lose  evaluat ion.  

Several l a r g e  30cm square samples o f  ind ium t i n  ox ide and indium ox ide  
coated Kapton and FEP Te f l on  which had been prepared e a r l y  i n  the program were 
inspected and remeasured t o  determine t h e i r  shel f 1 i f e  sur face r e s i  stance. 
The coated samples came from two sets o f  depos i t ions  conducted i n  October, 
1978 (ITO) and A r i l  , 1979 ( 10). Surface res i s tance  measurements were made I across the 930cm area o f  f o u r  sheets o f  the  I 0  and IT0 coated samples and the  
range o f  readings repor ted  i n  Table 4. The values shows very l i t t l e  change 
i n  the  sur face res is tance o f  both the I 0  and IT0 coat ings.  A l l  t h e  m a t e r i a l s  
had been kept  between t i s s u e  paper to  keep them c lean and stored i n  l a r g e  
envelopes i n  open l abo ra to ry  cabinets. 

Humidi ty  and Temperature 

Another group o f  samples conta in ing  a l l  s i x  types o f  substrates and 
coat ings  were suspended over  a l a r g e  conta iner  which was p a r t i a l l y  f i l l e d  
w i t h  water.  The conta iner  was then covered and placed i n  an oven which was 
mainta ined a t  a temperature o f  about 40°C. The r e f l e c t i v i t y  o f  t h e  samples 
were measured a f t e r  3 days and are  shown i n  Table 5. Add i t iona l  measurements 
were n o t  poss ib le  because o f  peel i n g  o f  s i l v e r e d  backing on the  g lass and FEP 
samples. Surface res is tance measurements on two se ts  o f  samples used i n  t h e  
humidi ty / temperature t e s t  are shown i n  F igure 4. The behavior of t h e  c o a t i n g  
sur face res i s tance  as a r e s u l t  o f  the h igher  temperature and humid i ty  was 
found t o  be very  dependent upon coat ing  th ickness  and independent o f  t h e  
substrate.  The curves i n d i c a t e  a l a rge  increase i n  the lOOA coa t i ng  compared 
t o  a h igh  s t a b i l i t y  i n  t he  200A and 300A thicknesses. The IT0 e x h i b i t e d  
l a r g e r  v a r i a t i o n s  than the  I 0  coatings a t  the  lower thickness. However, t h e  
v a r i a t i o n  i n  sur face res i s tance  dur ing t h e  two t o  th ree  week exposure o f  a l l  
t he  coat ings  remained we1 1 w i t h i n  the a1 1 owabl e range f o r  charge c o n t r o l  
sur face  proper t ies .  

A se r ies  o f  hand l ing  t e s t s  were performed on a 200A t h i c k  I 0  coated 
a luminized Kapton f i l m .  The t e s t s  were done t o  s imulate several o f  t he  
operat ions which the b lanket  mater ia l  m ight  experience du r ing  a t y p i c a l  



f a b r i c a t i o n  operat ion. A 30cm x  30cm sample was c u t  up i n t o  2.5cm x  lOcm 
s t r i p s  f o r  t h e  purpose of t h i s  t e s t .  The magnetron sput te red  coa t i ng  had a  
sur face res is tance of about 2 K . n l a  . The r e s u l t s  a re  shown i n  Table 6. The 
f o l l o w i n g  d iscussion describes each t e s t .  
Crease Test  - The s t r i p  was bent  +180° w i t h  the  I 0  coated s ide  out .  The 
crease was completed by pressing the  bend together  between the f i n g e r t i p s .  
The sur face res is tance was measured before  and a f t e r  t he  bend. A second s t r i p  
was then creased i n  a  -180" bend. 
Tape Test  - A 1.25cm wide Scotch Brand u t i l i t y  tape from 3M was pressed across 
the  2.5cm wide coated sample s t r i p  and removed. The sur face res i s tance  across 
the  area was measured before  and a f t e r  t he  t e s t .  The tape was app l i ed  a  
second t ime and remeasured. 
Rub Test  - A 2.5cm wide s t r i p  o f  coated Kapton f i l m  was f i r s t  rubbed w i t h  a  
d ry  Q - t i p  f o r  about 10 seconds. A second t e s t  was performed w i t h  a  wet Q - t i p  
soaked i n  i sopropy l  a lcoho l .  
R o l l  Tes t  - A 2.5cm wide s t r i p  o f  coated Kapton was s t re t ched  w i t h  the  coated 
s i d e  f a c i n g  ou t  over a  0.8cm diameter dowel w i t h  180gm mass at tached t o  the  
o the r  s ide  f o r  tension. The s t r i p  was then s l i d  over t he  dowel several t imes 
and the surface res i s tance  measured p e r i o d i c a l  ly .  
Thermal Cycle - A 2.5cm wide s t r i p  was a l t e r n a t e l y  p laced i n  a  dewar o f  l i q u i d  
n i t r o g e n  and removed and brought back t o  room temperature. The room temper- 
a t u r e  res is tance o f  t h e  coat ing  was recorded a f t e r  each LN2 cyc le .  

I o n i z i n g  Rad ia t ion  

The e f f e c t  o f  i o n i z i n g  r a d i a t i o n  on the  I 0  and IT0 coat ings  were evaluated 
by p l a c i n g  5cm wide s t r i p s  of coated Kapton and FEP T e f l o n  i n  a  Gamma C e l l  
model 220. The Cobal t  60 r a d i a t i o n  source prov ided 1.7 and 1.33MeV photons a t  
a  f l u x  of about 4.5Kradslmin. Because o f  the  i o n i z i n g  e f f e c t  o f  t he  r a d i a t i o n  
on a i r ,  t he  t e s t  was performed w i t h  the  samples i.n a  n i t r o g e n  gas purged c e l l .  
The r a d i a t i o n  exposure was performed i n  100 hour increments w i t h  v i s u a l  
i n s p e c t i  on and surface r e s i  stance measurements between each increment . The 
samples were suspended between ends o f  an 8  i n c h  diameter by 10 i n c h  long 
c y l i n d r i c a l  t e s t  c e l l  and removed f o r  each res i s tance  measurement. Since FEP 
Te f l on  becomes b r i t t l e  under t h i s  exposure, t he  sur face res i s tance  was 
measured i n  s i t u  across t h e  two ends through a  p iece o f  1.25cm wide 3M con- 
d u c t i v e  copper tape bonded t o  each end. Table 7  summarizes the  coat ing  
performance a f t e r  700 hours o f  exposure. As seen from the  data, t he  I 0  and 
IT0 a r e  s t a b l e  under t h e  i o n i z i n g  r a d i a t i o n  exposure. 

E lec t ron  I r r a d i a t i o n  

The c h a r a c t e r i s t i c s  o f  t he  1  arger  uncoated and coated thermal c o n t r o l  
m a t e r i a l s  were tested i n  GE1s l a r g e  ESD t e s t  f a c i l i t y .  The pr imary feature 
of t h i s  1.3m diameter by 2.lm long vacuum t e s t  f a c i l i t y  shown i n  F igure  5, i s  
i t s  dual  beam e lec t ron  f l o o d  gun c a p a b i l i t y .  Each gun i s  capable of 
s imyl  taneous i r r a d i a t i o n  of t e s t  specimens mounted a t  the  opposi te end of t he  
chamber w i t h  e lec t ron  energies from 0.5KeV up t o  40KeV and a t  c u r r e n t  
d e n s i t i e s  i n  excess o f  10n~/cm2 o r  as low as desi red.  The vacuum t e s t  f a c i  1  i t y  
uses a  combination o f  cryogenics and turbomolecular pumping t o  achieve a  
nominal operat ing vacuum i n  the  low 10-4~/m2 (h igh  10-7 ~ o r r )  range. 



The i n t e r i o r  o f  t h e  system i s  shrouded w i t h  a  h i g h  p e r m e a b i l i t y  f o i l  f o r  
reduced i n t e r f e r e n c e  f rom ex te rna l  magnetic f i e 1  ds. The vacuum i s  mon i to red  
w i t h  an i o n  gauge which i s  tu rned  o f f  du r i ng  measurements t o  p reven t  photo 
emiss ion e f f e c t s  f rom t h e  gauge f i l ament .  A v i ew ing  p o r t  on t h e  s i d e  o f  
chamber which i s  no rma l l y  covered i s  used f o r  sample v iew ing  and photographic  
r e c o r d i n g  o f  any ESD phenomenon. 

A l l  t e s t  samples and d iagnos t i cs  a r e  mounted on the  "swing away" door o f  
t h e  vacuum chamber. The p l a t f o r m  f o r  t h e  samples and a l l  d i a g n o s t i c s  i s  a  
91cm by  91cm grounded aluminum panel mounted on t h e  i n s i d e  o f  t h e  chamber door.  
T h i s  a l l o w s  f o r  easy access t o  samples r e q u i r i n g  compl i ca ted  hand l i ng  
techniques.  The 91 cm square p l a t f o r m  a1 1  ows f o r  s imul taneous measurement o f  
t h e  performance o f  up t o  f o u r  30cm square samples. 

The d i a g n o s t i c s  system was assembled t o  measure t h e  charge c o n t r o l  
c h a r a c t e r i s t i c s  o f  f l a t  30cm square samples o f  conduc t i  v e l y  coated polymer 
f i l m s .  The 30cm (1  f o o t )  square samples a re  mounted t o  aluminum p l a t e s  
which a r e  e l e c t r i c a l l y  i s o l a t e d  f rom t h e  mount ing t a b l e  w i t h  T e f l o n  spacers. 
A square aluminum r i n g  i s  p laced around t h e  pe r ime te r  o f  t h e  sample exposing 
a  29cm square. Th i s  e l e c t r o d e  ho lds  t h e  sample i n  p l ace  and i s  used t o  meas- 
u r e  any sur face  cu r ren t s .  A schematic o f  t h e  sample c o n f i g u r a t i o n  i s  shown 
i n  F igu re  6. K e i t h l e y  410 picoammeters a r e  connected between t h e  back p l a t e  
and su r f ace  r i n g  and ground t o  measure displacement and sur face  c u r r e n t s .  The 
schematic a1 so shows t he  r o t a r y  arm whose a x i s  i s  a t  t h e  cen te r  o f  91 cm t a b l e .  
A Faraday cup mounted t o  a  moveable c a r r i a g e  on t h e  arm i s  used f o r  measuring 
t h e  c u r r e n t  d e n s i t y  across t h e  sample. A Trek e l e c t r o s t a t i c  su r face  v o l t -  
meter probe i s  a l s o  mounted on t h e  r o t a r y  arm c a r r i a g e  f o r  measuring su r f ace  
p o t e n t i a l s  up t o  20KV anywhere on the sur face .  

To p rov ide  a  da ta  base 1  i n e  f o r  comparison w i t h  coated m a t e r i a l s  two 
30cm (12 " )  square uncoated sheets o f  5 m i l  FEP T e f l o n  and 3 m i l  Kapton were 
t e s t e d  simul taneousl  y under e l e c t r o n  i r r a d i a t i o n .  The two samples were 
t e s t e d  i n  an e l e c t r o n  beam up t o  16KeV a t  an average c u r r e n t  d e n s i t y  o f  about 
2 n ~ / c m ~ .  Table 8  shows t h e  su r f ace  and b u l k  c u r r e n t s  and sur face  p o t e n t i a l s  
as a  f u n c t i o n  o f  i n c i d e n t  e l e c t r o n  energy. Sur face d ischarges became so 
f r equen t  a t  t h i s  c u r r e n t  d e n s i t y  above 16KeV t h a t  no a d d i t i o n a l  measurements 
were made. 

The su r f ace  p o t e n t i a l  o f  bo th  ma te r i a l s  r i s e s  n e a r l y  l i n e a r l y  w i t h  
i n c i d e n t  e l e c t r o n  energy. The b u l k  cu r ren t s  o f  bo th  m a t e r i a l s  increased 
s i g n i f i c a n t l y  w i t h  r espec t  t o  t he  sur face c u r r e n t  a t  t he  i n c i d e n t  energ ies  
above 8KeV w i t h  t h e  l a r g e s t  increases i n  t he  t h i n n e r  Kapton. The d ischarge  
r a t e s  were n o t  recorded  f o r  these measurements. 

Another  s e r i e s  of exposures o f  these two uncoated samples were made u s i n g  
bo th  e l e c t r o n  guns t o  show t h e  charging c o n t r o l  i n f l u e n c e  o f  t h e  lower  energy 
e l e c t r o n s .  Each sur face was i r r a d i a t e d  f o r  severa l  minutes be fo re  steady 
s t a t e  c u r r e n t  read ings  and surface po ten t i  a1 p r o f i  1  es were recorded. Tab le  9 
summari zes these steady s t a t e  measurements. 

The v a r i a t i o n  o f  su r f ace  p o t e n t i a l  w i t h  i n c i d e n t  e l e c t r o n  energy o r  combin- 
a t i o n  o f  energ ies  shows t h e  c o n t r o l l i n g  i n f l u e n c e  o f  t h e  lower  energy 



e lec t rons  when they a re  a l lowed t o  predominate. Not shown here i s  the  l ong  
t ime constant  and r e l a t i v e  i n t e n s i t i e s  requ i red  o f  t he  lower energy e lec t rons  
t o  e f f e c t i v e l y  discharge a  precharged surface, p a r t i c u l a r l y  a t  t he  h igher  
vo l  tages. 

I n  cons t ras t  t o  these cu r ren ts  and surface vol tages 200A t h i c k  IT0 
coat ings  on 30cm squares of 7 5 ~  Kapton and 1 2 5 ~  FEP Te f l on  were tes ted  under 
s i m i l a r  cond i t ions  of energy and dens i ty .  The sur face res i s tance  o f  both 
samples were measured before mounting and were i n  good a  reement w i t h  the  B I 
values repor ted i n  Table 2. Table 10 summarizes the sur ace and conduct ion 
cu r ren ts  through the  IT0 coated ma te r ia l s .  A change o f  d i r e c t i o n  i n  the b u l k  
c u r r e n t  was observed i n  t he  t h i n  Kapton between 1  and 2KV due t o  the  m a t e r i a l s  
secondary emission v a r i a t i o n  over t h i s  vo l tage range. I t should be noted t h a t  
t h i s  reve rsa l  was not  observed i n  the  uncoated ma te r ia l s .  

S i m i l a r  measurements were recorded on l O O A  and 200A I 0  coat ings w i t h  
s i m i l a r  r e s u l t s .  Fol lowing s t a b i l i z a t i o n  o f  the cu r ren ts  the Trek probe was 
swept across the samples w h i l e  the  beam was on. Before and a f t e r  each sweep 
the  probe c a l i b r a t i o n  was checked over a  grounded p l a t e .  No s i g n i f i c a n t  sur-  
face p o t e n t i a l s  were recorded i n  any o f  t he  measurements on any o f  t he  
coated mater ia ls .  T y p i c a l l y  sur face p o t e n t i a l s  o f  t h e  coated polymers were 
below - l O V  during r a d i a t i o n  and re turned t o  zero when the beam was turned of f .  

GROUNDING 

A 30cm X 30cc sheet o f  I 0  coated aluminized 5v5i ti i ic l :  Kanton was used i n  
the  assembly o f  a  convent ional mu1 t i  l a y e r  i n s u l a t i o n  (MLI) b lanket  t o  eval uate 
the  u t i l i t y  o f  convent ional b lanket  grounding techniques. The indium ox ide  
coated Kapton had a  sur face res i s tance  o f  about 2 K a / o  across the  t ransparent  
coat ing.  The MLI covered w i t h  the  t ransparent  conduct ive ly  coated aluminumized 
Kapton consisted of about 20 l aye rs  o f  a l t e r n a t i n g  doubly a luminized 6fm (0.25 
m i l  ) t h i c h  mylar and dacron mesh. 

The whole assembly was grounded w i t h  a  Z shaped aluminum f o i l ,  which was 
l a i d  i n  contact  w i t h  each aluminized sur face on one edge o f  the b lanket  as 
shown i n  Figure 7a. The top  f l a p  o f  t he  Z f o i l  aluminum s t r i p  was placed i n  
contac t  w i t h  the indium ox ide  coat ing .  A t  the bottom f l a p  o f  t h e  Z f o i l  a  
s t r i p  of conduct ive metal v e l c r o  was attached. The whole assembly was then 
sewn together  w i th  a  dacron thread. The grounding Z f o i l  was about 5cm ( 2 " )  
i n  w id th .  A s im i l a r  Z f o i l  was sewn on t h e  same s i d e  b u t  oppos i te  corner  o f  
t he  b lanket  i n  order t o  f a c i l i t a t e  hanging t h e  b lanket  f o r  subsequent ESD 
t e s t i n g .  Th i s  second Z f o i l  used a  standard c l o t h  type v e l c r o  r a t h e r  than the 
conduct ive hook used f o r  ground. The s t r i p  of  conduct ive metal ve l c ro  was 
at tached t o  the top  o f  the  t e s t  sample ho lder  shown i n  F igure  7b. The v e l c r o  
was attached t o  t h e  aluminum p l a t e  us ing Eccobond 57C and the b lanket  was 
suspended from the ve l c ro  s t r i p .  The sur face r i n g  w i t h  t e f l o n  tape on the 
back s ide  t o  i s o l a t e  i t  from t h e  I 0  coa t i ng  was p laced over  t he  b lanke t  t o  
prevent  i r r a d i a t i o n  o f  the exposed b lanket  edges. The back p l a t e  sample 
holder  and masking r i n g  was then connected t o  ground through Kei t h l e y  410A 
picoammeters. I n  t h i s  c o n f i g u r a t i o n  the res i s tance  of the  I 0  coa t i ng  t o  
ground was measured t o  be w i t h i n  5 0 K a  t o  7 5 K n  from anywhere on the  top  of 
the  b lanket .  



The b lanket  assembly was then tes ted  i n  an e l e c t r o n  plasma w i t h  an 
average c u r r e n t  dens i t y  o f  about 0 . 5 n ~ / c m ~ .  The e l e c t r o n  energy was v a r i e d  
between 1 KeV and 20KeV and the bleed o f f  c u r r e n t  from the  I 0  coa t i ng  t o  
ground was recorded f o r  several minutes a t  each energy l e v e l .  The t o t a l  
bleed o f f  c u r r e n t  through the  ground connect ion was approximate ly  0.5 
The Trek e l e c t r o s t a t i c  vo l tmeter  probe was swept across the  center  o&&h 
sample a f t e r  about 5 minutes o f  i r r a d i a t i o n  a t  each energy l e v e l  w h i l e  the 
e l e c t r o n  plasma was s t i l l  on. No surface potentdal  above 10 vo1 t s  was 
observed. 

Two OSR a r rays  of  uncoated and I 0  coated SSM t i l e s  were tes ted  i n  a 
30cm X 30cm a r r a y  t o  evaluate the  scaled up grounding technique f o r  the  
coated t i  16s. 

These coated t i l e s  were bonded t o  a 30cm square Imm t h i c k  alodyned 
aluminum panel us ing RTV 566 and 567 loaded w i t h  12% g raph i te  f i b e r  t o  
p rov ide  a ground f o r  the I 0  coat ing  as shown i n  F igure 8a. A d i  1  uted SS 
4155 pr imer was app l i ed  t o  both the aluminum and s i l v e r e d  microsheet OSR 
sur face as i s  the  usual procedure t o  improve the bonding s t rength .  The 
average res i s tance  between the top o f  t he  coated OSR and the aluminum 
panel was measured f o r  a l l  144 t i l e s  t o  the  44K w i t h  a maximum and 
minimum values o f  4 1 0 K ~ a n d  1 4 0 n .  The t i l e s  were bonded t o  the  
aluminum panel using standard vacuum bagging techniques f o r  a uni form 
pressure app l i ca t i on .  The 12 by 12 a r r a y  o f  I 0  coated and s i l v e r e d  0211 
g lass  t i l e s  were mounted i n  the  ESD f a c i l i t y  along w i t h  a 12 by 12 a r r a y  
of uncoated s i l v e r e d  021 1 ga l  ss. The uncoated a r ray  was a1 so bonded t o  
an a1 uminum panel w i t h  j r a p h i  t e  f i b e r  loaded RTV 566 adhesive. F igure  8b 
shows the  placement o f  t he  two OSR panels i n  the chamber. An aluminum 
r i n g  i nsu la ted  on the back was placed over the  samples f o r  ho ld ing  them 
i n  contac t  w i t h  the back p l a t e  used t o  measure the ground cu r ren t .  The 
sur face r i n g  was a l s o  at tached t o  ground. One row o f  g lass t i l e s  .along 
an edge o f  t h e  uncoated a r r a y  was uns i l ve red  i n  order  t o  evaluate the  
poss ib le  e f f e c t  o f  any discharges o r  c u r r e n t  through the  g lass on the bond 
w i t h  the conduct ive adhesive. 

The samples were i r r a d i  ated simul taneousl by e lec t rons  between 1 KeV !! and 16KeV a t  c u r r e n t  dens i t i es  o f  about InA/cm . Higher energies were n o t  
used due t o  inc idence o f  v i o l e n t  discharge on t h e  uncoated sample. Table 
11 summarizes the  measured cur ren ts  and maximum sur face p o t e n t i a l  from the  
two samples. The measured surface p o t e n t i a l  on the uncoated a r r a y  dur ing  
t h e  16KeV i r r a d i a t i o n  i s  lower than t h a t  measureed du r ing  t h e  12KeV 
i r r a d i a t i o n ,  due t o  the l a r g e  f l u c t u a t i o n s  i n  the sur face p o t e n t i a l s  
occu r r i ng  du r ing  the  l a r g e r  discharges. The n o t a t i o n  on the  uncoated 
ground cu r ren ts  i 11 u s t r a t e  the  increas ing  discharges both  i n  magnitude and 
frequency w i t h  increas ing  e lec t ron  energy. The sur face p o t e n t i a l  on the  
a r r a y  o f  I 0  coated OSR's never exceeded 10 v o l t s  negat ive.  

CONCLUSIONS 

H igh l y  s tab le ,  low res is tance,  low absorptance t h i n  coat ings  o f  i nd ium- t i n  
ox ide  and i n d i  urn oxide have been success fu l l y  and repeated ly  deposited on 
f l e x i b l e  and g lass thermal c o n t r o l  spacecraf t  ma te r i a l  s. React ive magnetron 
s p u t t e r i n g  from a metal a l l o y  ta rge t  has been shown t o  prov ide  very  
repeatable deposi t ions.  The r e s u l t s  show t h a t  o ~ t i m u m  t ransmiss ion  and 



s o l a r  r e f 1  ectance and performance i n  a  r a d i a t i o n  environment can be 
obta ined o n l y  by min imiz ing the  coat ing  th ickness.  The opt imal  t h i c k -  
ness f o r  a  p a r t i c u l a r  a p p l i c a t i o n  must be determined by balancing the 
depos i t i on  c a p a b i l i t y  and hand1 i n g  c h a r a c t e r i s t i c s  w i t h  a  r e s i s t i v i t y  
and s o l a r  a b o s r p t i v i t y  s t a b i l i t y  s u f f i c i e n t  t o  achieve charge c o n t r o l .  

Storage, handl ing and environmental t e s t i n g  i n d i c a t e  t h a t  200A 
coat ings can be rep roduc ib l y  deposited and prov ide  h i g h l y  s t a b l e  semi- 

. conduct ing p rope r t i es  w i t h  s o l a r  absorptances o f  l e s s  than two percent  
The coat ings  app l ied  t o  glass, 'FEP T e f l o n  and Kapton substrates can be 
t a i l o r e d  t o  the low kilohm/square range. Because o f  t he  na ture  of t he  
s p u t t e r i n g  process, p a r t i c u l a r l y  f o r  non-dedicated systems, exact  va l  ues 
o f  t he  process va r iab les  cannot be spec i f i ed .  However, t he  general 
dependence between the process va r iab les  and coa t i ng  p rope r t i es  have 
been es tab l  i shed. 

A l l  r a d i a t i o n  measurements o f  t he  coat ings  under s imulated sub- 
storm cond i t ions  have e x h i b i t e d  the  c h a r a c t e r i s t i c s  o f  s tab le  charge 
c o n t r o l .  Measurements o f  sur face p o t e n t i a l s  dur ing  and a f t e r  i r r a d i a t i o n  
by e lec t rons  up t o  30KeV and i o n i z i n g  gamna r a d i a t i o n  show an e f f e c t i v e  
s tab le  grounding surface. 
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TABLE 1. COMPARISON OF COATING THICKNESS AND 02 RELATED PRESSURE 

DEPOSITION OXYGEN/ ARGON FLOW RATE 
THICKNESS 

8 / 2 4  8/28  

Table 2 Average Surface Resistance of IT0 Coated Ekbstrates 



TABLE 3. I 0  AND IT0 COMPARISON 

. 
RUN I/ 

1 

2 
3 

4 
5 

6 
7 

8 

9 
10 

11 

12 
13 

14 

SUBSTRATE 

Glass 
FEP Teflon 
FEP Teflon 
Glass 
FEP Teflon 
FEP Teflon 
Glass 
FEP Teflon 
FEP Teflon 
Glass 
FEP Teflon 
Glass 
FEP Teflon 
FEP Teflon 
Glass 
FEP Teflon 
PEP Teflon 
Glass 
FEP Teflon 
FEP Teflon 
Glass 
FEP Teflon 
FEP Teflon 

SUBSTRAT 

KAPT4N 

KAPTON 

FSP TEFLON 

FLP TEFLON 

SIZE 
(cm x cm) 

THICLVESS 
(A) 

1ooA 
1ooA 
iooh 
200A 
200A 
200 A 
U)OA 
MOA 
3ooA 
1ooA 
1ooA 
loox 
1oox 
1ooA 
2ooA 
200A 
2ooA 
300A 
300A 
300h 
sooh 
500A 
5ooA 

COATING 

IT0 
IT0 
IT0 
IT0 
IT0 
IT0 
IT0 
IT0 
IT0 
I0 
I0 
I0  
I0  
I 0  
I0 
I0  
I0  
I 0  
I 0  
I0  
I0  
I0 
I0  

TABLE 4 .  LONG TERM I T 0  AND I 0  COATING STABIL ITY  

COAT I NG THICKNESS 
( A )  

SURFACE 
RESISTANCE (L) 

140 E 
9 Heg 

500 K - 5 Meg 
20 K - 100 K 
30 K - 40 K 
20 K - 80 K 

3 - 3.5 K 
5 K 
3 -  1 0 K  

12 - 18 K 
65 - 140 K 
14 K 
80 K 
35 K - 85 K 

4 - 6 K  
6 - 1 0 K  
8 - 1 6 K  
1.2 K 
1.5 K 

.9 - 1.5 K 

.5 - - 7  K 

.4 - .5 K 

.4 - . 7  K 

I N I T I A L  Rs 
( K 4  

SHELF L I F E  
(Months) 

SURFACE RESISTANCE 
( K 4  



TABLE 5. COATING STABILITY UNDER HUMIDITY TEST 

Coatinq 

I TO 

10 

S u b s t r a t e  

GlassiAg 

FEP/ Ag 

Kapton/ Al 

Glass/Ag 

FEP/Ag 

KaptonIAl 

Coati  rag 
Thickness (A1 

0 
100 
200 
300 

0 
103 
200 
300 

0 
100 
200 
300 

0 
1 00 
200 
300 

0 
100 
200 
300 

0 
100 
200 
330 

TABLE 6. I 0  COATING HANDLING TESTS 

POST TEST RESISTANCE 
( K 4  

1.5 x lo6 

330 
4 

6 
9 

22 
7 0  
3.0 

3.2 
3.8 

3 
3 

3 I 

TEST 

CREASE +180° 

CREASE -180' 
TAPE 1 s t  
TAPE 2nd 
RUB-DRY 

RUB I s t  WET 

RUB 2nd WET 
ROLL 3 

10 
20 

THERHAL CYCLE 1 

PRE TEST RESISTANCE 
( K 4  

3 

5 
2 
4 
2 
3 

2.5 
-- 
-- 
3 

I 
- - 

I -- 



EXPOSURE 

( 1  O'RAD) 

I T O /  KAPTON 

( KP-) 

TABLE 8 UNCOATED FLEXIBLE SUBSTRATE PERFORMANCE UNDER 
MOURrJERGETIC IRRADIATIO 

1 TEFLON (5  MIL) 

SURFACE 
CURRENT 

(nA) 

KAPTON (3 MIL) 

PLATE 
CURRENT 

(nA) 

23 

30 

20 

22 

24 

26 

22 

38 

80 

140 

167 

200 

VOLTAGE 
MAX 

(V) 



TABLE 9 UNCOATED FLEXIBLE SUBSTRATE PERFORMANCE UNDER MULTIPLE 
ENE 

"A(.,: 
(rv) 

1 

I KV 

2 k V  

2 K V  

2 K V  

1 KV 

3 K V  

1 KV 

3 K V  

3 K V  

1 KV 

3KV 

3 K V  

ZKV 

1 

1 

2 

2 

1 

4 

1 

5 

1 

4 

5 



TABLE 10 SUMMARY OF CURRENT MEASUREMENT ON I T 0  COATED KAPTON AND FEP 
TEFLON 

Beam 
Voltage 

(kV) 

1 

2 

3 

4 

5 

7.5 

10 

15 

20 

30 

'I., IMS 

ITO/Kapton (75 pm) IToIFEP Teflon ( 12.5  pm) 

Surf ace 
Current 

(nA) 

7 20 

2 30 

2 70 

800 

1200 

1500 

1600 

1650 

1700 

1800 

Bulk 
Current 

(nA) 

- - - - - . . . . - .. 

Surf ace  
Cur rent 
(nA) 

T Bulk 
Current 
(nA) 
P 

3 2 

2 5 

18 

13.5 

10 

7 .6  

7 . 3  

7 . 8  

8 . 8  

10.5 
- 

TABLE 11 FTRFOWANCE CBARACTERIS'TICS OF 12" X 12" OSR ARRAY 

ACCELERATING 
POTEIlTl AL 

( K V )  

INCIDENT 
FLUX 

( ~AICII I~)  

UNCOATED I 
GROUND CURRENT 

(nA)  

2 7  

5 2  

3 5 5  

3 0 5  

3 6 0  

3 9 5  

3 3 5 +  

370" 

560"' 

iURFACE POTENTIAL 

I 

I 
'10 DISCtIARGESISO SEC (4: lO-40nA;  6: 40-50nA)  

t* 9 OISCllARGESl90 SEC (5:lO-5011A; 4 :  50-100nA)  

COATEO (200A 1 0 )  

GROUND CURRENT SURFACE POTENTIAL + 

tit 27 OISCIIARGES/oO SEC (21 : 10-50nA; 5: 50- loOnA,  1 : 100-200n~) 

282 



. . 
#.+ ' .s 1.0 1.3 2.9 1.3 

WAVELENGTH (MICRONS) 

Figure L - Transmittance d ITO-coated microsheet 

Figure 2. - IV curve of 2 s m  x 4-cm h a r  ell with ITO-coated coverglass. 
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Figure 3. - Surface resistance stability of reference samples. 

Figure 4 - Typical surface resistance variation during humidity test (Kapton). 
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Figure 5. - Sample configuration in test chamber. 

- FAAAOAY CUP . 
1 

I- BACK PLATE 

t- SAMPLE 

Figure 6. - Sample test configuration. 
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A1 TEST FIXTURE 

Figure 7a. - MLI blanket grounding. 

Figure 7b. - Schematic of sample configuration. 

I O / l T 0  ON OSR 
SURFACE AND CON- 

CONDUCTIVE FILLET TINUOUS AROUND EDGE. 

ELECTRICALLY CONDUCTIVE OSR ALUMINUM.BACKPLATE ELECTRODE 
R N  6661 2% GRAPHITE 

Figure &. - Coated OSR array grounding. 

Figure 8b. -Actual OSR test configuration. 
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