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Space Di~isioh 

Results of exploratory development on th? design, fabrication and test- 
ing of transpareat conductive coatines, cmduc~ive bulk materials and ground- 
ing techniques for application to high resistivity spacecraft dielectric mat- 
erials to obtain control of static charge buildup are presented. 

Deposition techniques for appltcation af indium oxide, indiumltin oxide 
and other metal oxide thin films on Kapton, F&P Teflon, OSR and $olar cell 
coverglasses are discussed. The techniques include RF and Magnetron sputter- 
ing and vapor ' Foeition. Development, fabrication and testing of conductive 
glass tiles for OSR and solar cell coverglass applications is discussed. 

Several grounding techniques for rapid charge dissipation from the con- 
ductively coated polymer and glass dielectrics which have been developed and 
tested in thermal cycled and electrou plasma environments are described. 

Results 05 the optical aad electrical characterization and aging effects 
of these coating$, bulk materials and grounding techniqutes are discussed as 
they apply to the performance of their desigh functions in a geosynchronous 
orbit environment. 

Passive temperature control of spacecraft equilibrium temperature is 
accomplished by a controlled mix of solar reflective and infrared emissive 
properties of the materials on the spacecraft's external surfacee. High 
dielectric insulating aterlals are commonly used for this passive control 
because of their high solar reflectance in second surface mirror config- 
urations and inherent high emittance. This class of materials inciudes 
back surface aluminized Kapton films, silvered FEP Teflon films and high 
purity silica glass with d back surface silvet coat%ng for use as Optical 
Solar Reflectors (OSR's), all of which are used as thermal control materials. 

In geosynchronous orbit these dielectric materials ate directly exposed 
to high energy electron plasmas which are particularly severe during geo- 
magnetic substotn~ activity, As high dielectric insulating materials these 
materials will collect and support electric charge buildup until the di- 
electric strength is exceeded and electrical discharge or arcing occurs to 
areas or componenta with lower potential energy. These discharges result 
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in degradation of the them-optical and mechanical propertie:; and interfer- 
ence with low level logic comnranda to add from the eyacecraft due to the radio 
frequency noise generated by the arc. Furthemore, the degradation o f  the 
therrnal control eurfaces by vaporization of the @Aterial iteelf or their 
second surface n.etalized coatings may interfere with other ceneor systems by 
condensat ion .of. these volatiles an detector or radiator surf aces. 

The purpose of this paper is to describe the develepment of materials 
and techniques to prevent and/or control. the electrostatic charge buildup 
on several materials most commonly found on the external surfaces of geo- 
synchronous orbiting satellites. It represents the progress made during 
the last eighteen months of a materials development and test program on de- 
veloping transparent conductive coatings and materialb for application t s  
dielectric materials including 

Uncoated and silvered FEP Teflon thin films (2-5 mil) 
used for solar reflecting second surface mirrors with 
high emittance for thermal control coatings 

Uncoated and aluminized (back surface) Kapton type H 
Film (2-3 mil) cornmanly used as. a top layer for multi- 
layer insulation blankets 

Optical Solar Reflecting (OSR) tiles (typically 9 mil) 
of fused silica with a back surface coating of silver 
and Inconel for second surface mirror applications 
requiring high thermal emittance surfaces (similar to 
the performance of the silvered FEP Teflon coating) 

Glass slides of fused silica and borosilicate (or 
microsheet) which are used for cover slides on silicon 
solar calls 

Transparent Conductive Coatings 

Conductive trarisparent coatings from semiconductor - metal oxides rep- 
resenr one yoesible means of controlling electrostatic charge buildup while 
hving a minimal effect. on thenaild.6ptoperties of the spacecraft materials. 
The most cotrimonly used thin oxide films for transparent and cenductive coat- 
ings have been combinations of indium oxide and tin oxide. The conductivity 
of these oxide coatings, first developed as resistance beaters on glass sur- 
faces, Cs critically dependent on the creatioa of a proper oxygen-metal 
balance during the deposition to provide sufficient conduction electrons in 
the coating. The properties of these and other metal oxide cootinga have 
been found to be strortgly dependent on the conditions of the substrate and 
the deposition process. 

Thin films of 90% indfum oxide and 10% tin oxide have been deposited 



aata 3 mil E'2iptor1, 5 mil FFP ~eflon ehaet~ and OSR and coverglass tile6 of 
fwed ell.ica and borosflicate uslng Magnetran, PI: sfid RF nputtarFrrg and 
reai~ k l v  e hee ting vapor deposit f on  technique^ , Roposltion haa been 
demonstrated both maerively by Maghetron acd RC eputterlng and by teeletive 
heeeidg Ptom In/Sn metal eergets in an oxyBen add atgoa atmoepharo mid non- 
reactively By RP eputtectng from a dielaettic iwumltin oxgde target, 

Visible absorptanc.e and hfrarad emittatiea meaeurencnte sf indiuwtin 
oxide (ITO) reactively sputtered ontu FEP Teflon films as conductive coet- 
i n g ~  in thickne~ses up to 900 1 show a definite dependelco upon thicktrese. 
Emittance, solar absarptance and ttansaittance id the vdsible region are 
shown in Figure 1 aJ a functio~i af the coating thicknese. As Bhown, the 
effect of the coacing thickness is more pronounced in the visible spectrm 
than in the iafrared. 

Indium oxide and aluminum oxide coatings Rave been deposited in thick- 
nesses down to 100 dl by resistive heating vapor deposition onto FEP T:f lon 
and Kapton fibs ahd microsheet tiles. The film that were fcrmed after 
the deposition were slightly dark due to oxygen deficiencies ih the coat- 
ings. Hobever, after heating in sir at about 220'~ for a period of 15 min- 
utes the coatings were highly transparent with sheet resistances in the lo8 
ohmfsquare range. The resulrs of these coatings are shown in Table I. 
Optical measurements between 0.27 and 2.7 pm show that heat treating at 
2000C had no affect ?n the t~.-mmissim of the Teflon film. 

Reproduction of conductive transparent coatings was found to be strongly 
dependent upon the depaeition technique and preparation parameters sueh as 
substrate temperathte, vacuum, background of carrier gas and ratio of carrier 
to reactive gas, power levels and geometry of sample to source. Heat treat- 
ment of the coatings following the deposition as described above in some in- 
stances was found necessarv to Improve the transmittance of the thid film 
coatings. Table 2 shows soae of the control variables which have been con- 
sidered in depositing IT0 by Magnetron sprrttering. 

The effect of post deposition heat treatment in air is most evident as 
a marked improvement in the optical transmission of the films deposited 
in both reactive and non-reactive daposition techniques. It has been found 
that the addition of an RF field to the planetary fixture durjag the mag- 
netron sputtering teiieves the re~.uiremextts for this post-deposition heat 
treatment. The additional RF act.ivation was found to have its most pro- 
nounced effect on the optical and electricai properties of the film when 
used during the deposition, while use following the deposAtion seemed to 
have little to n~ effect. 

Other oxides of antimony, bismuth, lead, zinc, cadmium, titanium and 
silicon were atso evaluated usine resistivc heating vapor deposition. All 
of the oxides showed reasonably high transmission on mjcrosheet after post- 
deposition heat treatment but in general, showed high resistance insulator 
qualities or had surface resistances which varied considerably from batch 
to batch. 

In general, most conductive and reproducible transparent coatings 



ware produced reacttvely by magnetron sputtering o f  indium-tin oxide Erum 
a 90% indiun/lQ% t?+n target: In a closely controlled oxy~an/argon atmociphcre 
wlth an in altu RF fhld applied 6a the planetary. The resulting IT0 coat- 
ings had aurface radlatnncea predominantly in cha low kilohma/nquasa rango in 
addition to a very Isw change In the nbaorptance o f  the nubstrnta. Flfiure 
2 8hsw8 n Pvpfcal apactsal zwaponm curve for 380 8 coating on n 5 mil PEP 
T@Elsn filri, and LO nAl Bsroa2&lcntc ~ubatratc. 

Conductfve Glase Development 

A lithium boroeilfcate glacm develeped by GE aevoral years ago under 
AFML contrace F 33615-71-C-1656 with the designation GE-1TL wee coneidored 
as a substitute glass material to prevent static zharge buildub because of 
its good transmission and resistance to high energy electron (beta) rad- 
iation. A solid 11.4. cm diameter sample of the modified lithium borosil- 
icate glass.was cast in,a shallow graphite mold, annealed and finally pol- 
ished to a 0.14 cm (55 milj thickness. A comparison of the transmittance 
of this glass with fused sili.:a and borosilicate is shown in Figure 3A. 
A 1" x 1" x 1.8" block of the lithium borosilicate glass shown in Figure 
3b was poured, annealed, cut and polished into. 1" square wafers about 
0.25 mm (10 mil) thick. These slides were then coated on one side with a 
0.2 pm coating of silver to simulate an actual OSR configuration. Figure 
3c is a plot of the solar reflectance and thermal emittance at 100°F of the 
GE 1TL glass tiles. The spectral weighted average of these curves give a 
value of R = 0.88 ando(= 0.12 with a = 0.86. Bulk resistance measurements 
of the 0.14 cm (55 mil) thick glass according to ASTM-D257 sho d the mod- 
ified lithium borosilicate resistance to be of the order of loyf ohms. 

Conductive Adhesive 

Optical Solar Reflectors (OSRts) of fused silica and borosilicate 
(Corning 0211 microsheet) tiles have been coated with indium oxide, indium 
tin oxide and other metal oxides for evaluation during this program. 
Typicall-y, three inch square matrices of one inch ~ n d  three quarter inch 
square tiles have keen mounted to aluminum plates as shown in Figure 4a 
for testing. A conductive, low outgassing, graphite loaded adheeive has 
been developed to bond the OSRts ani provide a conductive path fo: charge 
dissipation to the spacecraft structure. The adhesive compositiort con- 
sisted of R'AV 566 or 560 filled with 13% by weight of Hercules 'I; mm chopped 
graphite fibers. The RTV 566lHMS fiber formulation produced a resistivity 
of ahout 7.5 x 104 ohm-cm. The conductive adhesive in combination with the 
IT0 or 10 coated OSR'e as shown in Figure 4b has been shown to provide a 
space stable adhesive system which provides a reliable conductive path be- 
tween the coating and the metal support surface. 

Chamfering 

A major concern in using conductive coatings on OSRts and solar cell 
coverglasses is achieving a durable and continuous coating around the front 



surface to the sldes of the glass for P conductive path to fhe metal support 
structure. Chamfering of the glass edges in order to deposit a relinble hard 
and continuous conductive coating on the front and sides of the glass coupon 
was demonstrated as an alternate to the currently used method of welding 
conductive leads to contact points on each tile. The capillary action sf 
the conductive adhesive between the tilcs when they are pressed into position 
then provided the necessary conductive link between the coating and the metal 
frame, as illustrated in Figure 4c. Glass tiles of fused silica and micro- 
sheet have been successfuZly chamfered at a 45O angle using 600 grit emory 
polishing paper, as shown in Figure 5a under 3X magnification where each 
division is 0.127 mm (5 mils). A final OSR configuration with ITC coated 
chamfered 2 cm square microsheet tiles is shown in Figure 5b. 

Solar Cell Coverglasses 

Active solar cells in typically 2 cm by 4 cm size were used in fab- 
ricating, testing and evalu.~ting the conductive transparent coatings an2 
grounding techniques. Coverglasses of fused silica, microsheet and Cerium 
doped microsheet were bonded to the oolar cells using Sylgard 182 or RTV 
142. Typically, arrays were fabricated for testing in two series sets of 
4 parallel cells as shown in Figure 6. The solar cells were then bonded to 
3 mil Kapton substrates with Sylgard 182 and then mounted to an aluminum 
plate. Resistance measurements between the transparent conductively coated 
coverglasses and the solar cell circuit after mounting showed a high res- 
istance of the order of 10~1 ohms on a majority of the coated coverglasses. 
This high resistan.e is a result of the lack of a reliable conductive path 
between the coverglass coating and the solar cell bus electrode. Coati 
the coverglass after it had been mounted to the solsr cell did not signifi- 
cantly improve the probability of creating a conductive path between the 
top of the coverglass the solar cell electrode. To improve the conductiv- 
ity of this charge leakage path a silver loaded epoxy 1109s from Electro- 
science Labs was applied to the junction of the coverglass and solar cell 
bus electrode as shown in Figure 7a. After applying this conductive epoxy 
diLuted with 3:l mixture of Xylene along the edge of the glass and curing 
in air at 100° C for 90 minutes, the resistance between the solar cell 
electrode and the 10 coated coverglasses, as shown in Figure 7b, was re- 
duced to the order of lo5 ohms for all the coverglasses. 

Ground Bond Development 

Several grounding techniques were evaluated to provide connections 
between conductive coatings on the Kapton and FEP Teflon films and the 
spacecraft structure. The objective was to provide integral metal to 
polymer film laminates with high peel and shear strengths which could 
withstand the thermal and electrical cycling environment of geosynchron- 
ous orbit. F m r  design configurations evaluated were 

1. Adhesive bonded metal to polymer and ovsrcoated with con- 
ductive oxide 



2. Heat senled metal to polymer b~nds 

3. Adhesivc bonded metal to conductfvely soated.polymer 

4 .  Mechanical. clamp to the eonductively coated polymer 

One mil thick thermo setting DuPofit Pyralux adhesive was used to bond 
1 mil thick copper foil to coated and uncoated substrates of 3 mil Kapton. 
The composite shown j.n figure 8a was formed between two heated plates (175~~) 
under about 1.34 x 106 Pascals (200 psi) for 2 minutes.. A 500 1 coating of 
indium oxide over the entire Kapton sample including the ground tab provid- 
ed a solderable joint with a resistance of 107 ohms to anywhere on the film 
surface. No success was obtained in trying to bond copper foil directly 
to the FEP Teflon using the Pyralux adhesive without any surface treatme1.t. 
A direct heat sealing of the copper foil to the FEP Teflon was also attrmpt- 
ed. However, the heat required to oond the FEP to the copper foil resulted 
in severe surface distortion and the Teflon to foil sealing edge was very 
susceptible to cracking. Application of an etching solution of Tefrs Etch 
to the FEP Teflon improved the surface adhesion so that application of 
Pyralux sheet adhesive and copper foil as described above provided a strong 
solderable bond. 

Adhesive bonding of the grounding electrode to the conductive oxide 
coated polymer films was also evaluated. Conductive tapes m d  epoxies 
were considered for application to the IT0 coated polymers for attaching 
a solderable metal foil to the conductive coating. Table 3 summarizes the 
various ground bond configurations tested. For this ap~lication W'5 con- 
ductive copper tape X118l showed much greater adhesion to the IT0 coated 
Teflon and Kapton films than EccoLond's silver loaded epoxy. I t  was found 
that application of the Pyralux to the coated FEP surface required etching 
the coating from the FEP before a strong adhesive bond could be obtained. 
Thermal cycling tests were performed in air between -65' and +100W on 
these bonds to evaluate their stability. Resistance neaeurements between 
the ground tabs and thc IT0 coatings during the thermal cycling are summar- 
ized in Table 4. The variation in a typical run is illustrated in 
Figure 9. These test results indicate that all the configurations were 
electrically stable during the three cycle test. 

STATIC CHARGE TESTING 

Test Facility 

The clertrostatic charging and control facility is shown schematically 
in'Figrrte 10. The facility is designed to irradiate f l a t  samples up to 4.5 
inches in diameter at electron energies up to 30 KeV in n vacuum syst-m 
which is initially in the mid 10'7 Torr range. The design of the gun in- 
cludes a three element electrostatic lens to obtain uniform beam density 
across the sample area and allow adjustment in flux density. Current mcas- 
urPng electrodes are connected to tne rear of the aluminum buck plate sample 
holder for bulk leakage currents and to the annular sample ret,iining rfng 
for surface 'Leakage current monitoring, 



A si*condal y c* l  c>c-trtln co l l c ~ t o r  r s l i n d c r  is a l s o  part: of t h e  system which 
can bc swung i n  p l w i ~  i~round 1111. s;tn~pll* dur ing  i r r ; l d i s t t o n  t o  monitor charged 
p i l r t i c l c s  Icnving t h e  surf;ic-c of  t hc  snmplc . A Monroe madrl 144-1009s non- 
ccmtilc-tiny, c l e c t r t ) s t ; ~ t  ic voltmctcr  proha is mauntcd on ii r o t a b l e  arm which 
can be swept a c r o s s  the  s;amplc s u r f a c e  when t h e  s ~ c o n d a r y  c y l i n d c r  is no t  
i n  place.  During i r r a d i a t i o n  t he  prcrbc may be  swung cczmpletslp ou t  of 1:hc 
way of t he  beam o r  nuy bc used t o  measure au r f ace  p o t e n t i a l s  du r ing  i r r a d -  
i,lt ion. 

Coating Charge Cont ro l  

Indium oxide (10) and indium t i n  oxide conduct ivcly coated FEP Teflon 
and Kapton f i l m s  were t e s t e d  i n  tllc charging c o n t r o l  f a c i l i t y .  Bulk (Lg) 
and surface (IR) conduction c u r r e n t s  were recorded f o r  beam p o t e n t i a i s  
between 2KV and 20KV For t 'w  f i r s t  s e v e r a l  minutes of i r r a d i a t i o n  and a l s o  
fol lowing shut  o f f  of t h e  c l e c t r a n  beam. i n i t i a l  maxima and s t eady  s t a t e  
va lues  f o r  t h e  111 and I T 0  ,oa t td  3 m i l  Kapton and 5 m i l  FEP Teflon a r e  shown 
i n  Tarel es 5 ; I I I ~ I  h .  Surf;wc p ) t c .n t i a l  nreasuremcnts us ing  t h e  :Ionroe e l e c t r o -  
s t a t i c  vultmc?ttbr fol lowing i r r a d i a t i o n  ;it bcam p o t e n t i a l s  of lOKV,  15KV and 
20KV showed surface! pott .nt i i l ls  of less tlriln 5 v o l t s  f o r  a l l  four m a t e r i a l s  
t e s t e d .  

'Thc typ i ca l  1i.w shape of t he  conductitm c u r r e n t s  ID and I R  as t h e  
c l w t r o n  bcam was turned on and o f f  f o r  t h e  Kapton and Tef lon  m a t e r i a l s  is 
si~ocm i n  F i g u r ~ ~  11. Intejiraricm of che cu r r en t  over t h e  t r a n s i e n t  po r t i on  
of tile cu r r cn t  c.rlrvcas s l~c lw t h a t  most of t h e  clmrge depos i ted  i n  t h e  f i l m  
hclow tile coa t  in!: was q u i c k l y  di: isipated when ehc bcam was turned o f f  a s  
si~own in  'l'.iblt\ 7 .  

Ground Bond Tests 



mcasured on sarnpl~s shown in  Flr:ures I2b , ~ n d  c when I r r s d i i r t e d  at 20KV. l 'hcse 
s u r f ~ e ? :  po tent ia l s  wcrr scwtcrcr.d around rhts saldcr Julnts on t h e  ground tabs 
and exominat iun a f t e r  chc  test reveilled t h a t  E M C C S  of solder f lux  On the 
leads was reeponaihlc  f o r  t h e  o n d l  c,harg? accumulat ion.  

OSR Matrix T e s t i n g  

' h b l c  8 shows (1 summary ol' the dSK conf i g u r a t i o n s  tes ted  under  e l e c t r o n  
I r r . ~ d i a t i o n .  The c f f r c t i v c  c o n d u c t i v i r v  o r  r.li.tvge c o n r r o l  of t h e  g r a p h i t e  
loaded RTV 566 was measured under clkht-t run i t - r . d i a t i o n  t c ,  p r ( w i d ~ *  ;i base- 
l i n e  f o r  f u t u r e  OSR m.ltrix c ~ . s t s  t r s i~q :  t t w  rwnduct lvc  ndlresivc.  Tnblc 9 
suaimtrizes t h c  mc,isurr.d currtbnts  through Lhi~ ni.ttc*ri.~l (10) m d  t l w  secondary 
alectron c o l l e c t o r .  The surl ,lccB potent i a l s  mcilsurrd f c y l  lowlng i r r a d i a t  ion 
sirow t h a t  t h e  m a t e r i a l  charjicd nominal lv  t c ~  between -YO and -160 vt?i t s .  

Uncoated OSR Matrix 

An uncoated t l ~ r c e  inch squarc m a t r i x  o f  16 c.11amfcrrxl 10 mil t h i c k  
m i c r a s l ~ e e t  t i les  u s i n g  t h e  cond*.:ct i v r  KTV was a 1  so t c s t c d  nndcr  e l e c t r ~ ~ n  
bonb;irdmt?nt. A1 though s l m i l i ~ r  cu r rcwt  ;111d su r l ' ; lw  p o t e i ~ t i o l s  were measured 
a s  b e f o r e  for t h e  othcar uncoated t i l e s  nntl diw11;ir~:in~: was obse rved  d u r i n g  
the 15KeV beam i r r o d i : i t i o n ,  tht. t i i s c . l ~ ; i r ~ : ~ *  riltes wcrc not (1s rcgu!ar u s  
b e f o r e .  F i g u r e  13 shows thc v: t r ia t ion o f  sut  f;~ctx pi ) t twt  i n  I w i t h  c l w t  ron 
bcam cncrgy  f cr  t h i s  uncoiitcd OSK up t o  6R& L r r a d i a t i o n .  

Conduc t ive ly  Coated OSR Matrices 

An OSR mosaic of  16 ZTCJ c o a t e d  2 cn, mic.rosheet t i l e s  m o m t t ~ d  w i t h  
conductive a d h e s l v c  to on alumit~um p lntrc was t r r d  i , r ted  in 311 cl c c t r o n  
beam w i t h  cnrrgics up t o  20 KclV. 'l'hc% peak imd s t e a d y  stntc  h u l k  le,lkoge 
and secondary c o l l e c t o r  c u r r ~ m t s  a r c  listrtl iai Table 11. Note t h a t  i n  
c o n t r a s t  t o  t h e  uncoated sample c u r r e n t s ,  t h e  i n i t l ; ~ l  pcnk is much 
smaller, indicating o much s a a l l c r  subsur f  ace c l i i~ rgc~  dc'iwsi t Chan i n  t h e  
uncoc~ted m a t e r i o l e .  S u r f a c e  po ten t  i;11 mwsurcmrwts w i t h  thc* ~.; lpac i t i v c i v  
coupled vrobe qave n~oximum surf ~ 1 ~ 1 3  vo LLages of 37'1, 4 6 V .  and 4 5 V  i l t  tpr 



i r r n d i a t l o n  by LOKeV, 15KeV and 20KeV e l e c t r o n s ,  r e s p e c t i v t ~ l y .  

A 16 t i l e  mat r ix  of IT0 coated chamfered 2 cm s q u a t s  microsheet t i l e s  
wi th  conduct ive adhesive bending was a l s o  t e s t e d .  The test r e s u l t s ,  shown 
2R Table 12, i n d i c a t e  t h e  succes s fu l  charg@ c o n t r o l  demonstrated by t h e  
coated tiles. Measurement of t h e  n e g l i g i b l e  su r f ace  p o t e n t i a l  and t h e  lack  
of a subsur face  charg ing  peak on t h e  buxk leakage c u r r e n t  i n d i c a t e  a ncg- 
l i g i b l e  charge bui ldup on t h i s  sample. 

Conductive Glass OSW 

Elec t ron  ~ r r a d i a t i o n  tests on a 3 inch  square mat r ix  of 0.38 mm (15 
mil )  t h i c k  one inch  square  tiles of  uod i f i ed  l i t h i u m  b o r o s i l i c a t e  (GE-iTL) 
g l a s s  wi th  a s i l v e r e d  back su r f ace  between beam ene rg i e s  of 2 t o  20 K e V  
showed no s i g n i f l c a n c  charge bu i ldup  on t h e  g l a s s  su r f ace .  Bulk leakage 
and secondary c o l l c s t o r  g u r r e n t s  a r e  given i n  Table 13  f o r  a n  average bean 
d e n s i t y  of about 10nA/cm . No s u r f a c e  e l e c t r o d e  was used on t h e s e  samples 
because t h e  r e l a t i v e  conductance of  t h e  g l a s s  prevented any s u r f a c e  charge 
buildup. 

S o l a r  C e l l  Arrays 

Ebur s o l a r  c e l l  a r r a y s  were t e s t e d  under i t r a d i d t i o n  by e l e c t r o n  
plasmas wi th  e n e r g i e s  up t o  20 KeV.  They were f a b r i c a t e d  w i th  vary ing  
degrees  of charge c o n t r o l  s o l u t i o n s .  A l l  of t h e  a r r a y s  t e s t e d  were fak- 
r i c a t e d  i n  an a c t i v e  2 c e l l  by 4 c e l l  arrangement w i th  two series sets 
of 4 p a r a l l e l  c e l l s .  The two cm by four  cm c e l l  a r r a v  t h u s  formed a 
7.6 cm ( 3  inch)  sqvare  a r r ay .  The a r r a y  was t e s t e d  i n  on a c t i v e  mode 
wi th  a 10 ohm load r e s i s t o r  a c r o s s  t he  a r r a y  l rnds .  A beam a p e r t u r e  
adaptor  wi th  a three- inch diameter s i m i l a r  t o  t l w  one used for  t c s t i n e  
t he  OSR mat r i ce s  was a t t ached  t o  t h e  secondary c c ~ l l e c t o r  approsimtltc.ly 
one-inch i n  f r o n t  of t h e  test f i x t u r e  i n  o r d e r  t o  r e s t r i c t  t h e  c l c c t r o n  
beom t o  t h e  s o l a r  c c l l  a r e a  of tire sample test f i x t u r e .  

The i n i t l a l  con i igu ra t i on  t e s t e d  was an uncoated a r r a y .  Unusually 
low p o t e n t i a l s  were recorded a t  a l l  beam e n e r g i e s  and no seve re  d i s -  
charging was observed. Surface p o t e n t i a l s  of 360V, 830V, 1KV and 1.2KV 
were recorded a f t e r  exposure t o  heam e n e r g i e s  of 5, 10, 15  and 20KeV 
respec t ive ly .  The low s u r f a c e  p o t e n t i a l s  f o r  t h i s  uncoated sample was 
a t t r i b u t e d  t o  t h e  smal l  cu r r en t  ou tput  of t h e  e l e c t r c n  gun o f  about 
0 .2n~/cm2 durirtg t h i s  set of nvxmmements. 

An a r r a y  w a s  nex t  t e s t e d  wf~ose cove rg l a s se s  had been coated wi th  
indium oxide. The f i rer t  set of  measurements were made on the  coated 
s o l a r  a r r a y  without  any conduct ive epoxy app l i ed  t u  t h e  coverg lass /  
s o l a r  c c l l  bus a r ea .  Measurements were t e m i n a t e d  a f t e r  observing 
seve re  d i schorg in  whi le  being irradiated i n  a 5KeV beam wi th  a c u r r e n t  5 d e n s i t y  of 5nA/cm . The a r c i n g  and d i scha rg ing  disappeared a f t e r  t h e  
s o l a r  cell  bus /coverg lass  j unc t ion  wd:: o v e r l a i d  wi th  a coa t ing  of 
Elcc t rosc ience  1109s conduct ive epoxy and r e t e s t e d  i n  an e l er  t rot1 



beam at  e n e r g i e s  up t o  ~ O K C V  wi th  heom d c n s i t i e n  up t o  5n~/cm*. 

The next  c e l l  a t r e y  t e s t e d  used I0 coated chanfered coverglnsses  wi th  
eanduet ive epoxy e y l i e d  a l adg  t h e  chamfered edge and t h e  cell electcodo.  
Low s u r f a c e  p o t e n t i a l s  ~f 170, 275, 335, 365 and 390V a t  4, 6, la, 15  and 
ZOKeY beom p o t e n t i d l s  i n d i c a t e  t h a t  no k i a d i f i c a n t  chhrge bu i ld  up was 
occurr ing  oh t h e  s o l a r  ce l l  coverglasses .  The I V  performance of t h i s  
a r r a y ,  be fo re  and a f t e r  t h e  i r r a d i a t i o n  is  s h o w  i n  Figure 14 and i n d i c a t e s  
a s l i g h t  decrease  fa the power output  of  t h e  ccll. However t h e  same mag- 
n i t u d e  decrease  i n  power output  was also observed on t h e  uncoated amdy  
a'ter e l e c t r o n  f t raci ia t ion. .  

A four  by two s o l a r  c e l l  a r r a y  with Cerium doped microsheet cover- 
g l a s s e s  from P e l k l n ~ t o n  P.E. @PE) was a l s o  t e s t e d  i n  t h e  ESD f a c i l i t y  
wi th  e n e r g i e s  up t o  10KeV. The w r f a c e  p o t e n t i a l s  measuted wi th  t h e  
Monor~e  probe were rtesrly up t o  -2000V. a f t e r  i r r a d i a t i o h  i n  a 6KeV beam 
i n  c o n t r a s t  t o  t h e  low p o t e n t i a l s  measured on t h e  10 coated coverglasses .  
Due t o  high su r f ace  charge accumulation on t h e  cerium doped coverg lassas  
i t  is evident  t h a t  t h e  doplng is i n s u f f i c i e n t  t o  c o n t r o l  t h e  e l e c t r o -  
s t a t i c  charge buildup and f u r t h e r  tests were terminated i n  o r d e t  no t  
t o  des t roy  t h e  c e l l s .  The same type  of decrease  i n  power output  was 
observed i n  t hese  c e l l s ,  shown i n  Figure 15, a s  was observed i n  t h e  
cozted c e l l  as a r e s u l t  s f  t h e  i r r a d i a t i o n  tests. 

Electron/UV Exposure i 
S i x  TeFEon sanplc conf igu ra t ions  were exposed t o  1000 hours  of 

combinad electrons and tile equiva len t  of one U W  sun. The 5 m i l  t h i c k  
snmplcs which were tested were 1) Virgin FE;P Teflon;  2) FEP Teflon 
which had bccn heat treated a t  20006 f o r  30 minutes; 3) FEP Teflon wi th  
o 2\10 ME conductlvc coa t ing  of indium oxide which had been heat  t r e a t e d  
a s  i n  IJV. 2 and, 4-6) t h r e e  samples with conductive coa t ings  of indium 
oxide of d i f f e r e n t  th icknesses  and a t h i n  f l a s h  ove tcoa t ing  of chrome 
oxidc. The LO and chrome oxide coa t ings  were depos i ted  wi th  t h e  resis- 
tance hea t ing  a t  l x l ~ - ~  Torr 02 p a r t i a l  p ressure .  The indium was 
depos i ted  in th icknesses  of 350, 500, and 750 A. Table 14 summarizes 
the average t ransmi t tance  weighted over  t h e  s o l a r  spectrum from measure- 
ments i n  a l r  hcfore and a f t e r  t h e  exposure. Addition of t h e  f l a s h  coat-  
i ng  of t h e  chromium oxide seems t o  retard t h c  degradat ion of t he  coat ing.  

CONCLUSION I 
Thin f i l m s  of indium oxide and indium t i n  oxide have been success-  

fu l tv  and rcpruductbly deposited as conduct ive t r anspa ren t  coa t ings  onto 
g f a m ,  Krfpt~n and FEP Teflon s h e e t s  a9 l a r g e  as one f o o t  square.  Dep- 
o s i t i o n  by Magnetron s p u t t e r i n g  has produced the a o s t  c o n s i s t e n t  and 
twiform coatlngs with  no need f o r  post  dellofiition hea t  treatment: r e e u l t -  
ir.y, I n  coa t ings  t y p i r n l ! ~  with a Aa ul 0.C2 from the  uncoated s u b s t r a t e s .  

1 
1 



A modifled lithiuth boxouil ieate g l a s s  developed by Gl% under ahother 
proarum has been fnbricatvd i n  0.38 mm (15 mil) OSR t i l e s .  Testa under 
a simulated s u b s t o w  envitonment have showh its a b i i i t y  td  d i s s i p a t e  t h e  
lns idedt  charge f l u x  and prevent any charge accuidulatibn. The e f f e c t i v e  
coridbctivity of' the  OSR bonding adhesive has bean InCreased by t h e  addi- 
t i s a  of graphi te  f i b e r  t o  provide a conductive path betveen t h e  t radsparent  
conductive coated QSR o r  codductive g!.asa arid the  spacecraf t  grounding 
s t ruc tu re .  The chamfering of the  OSR c i l e s  has been demonstrated along 
with thc conductive coat ings  t o  ptovide a highly r e l i a b l e  conductive path 
from the f ron t  surface  t o  the  conductive bdhesive. 

Several grounding techniques have bsen evaluated f o r  t h e i r  a b i l i t y  
t o  d ra in  t h e  charge bulldup from the conductivzly coated su r faces  of 
Teflon a * ~ d  Kapton films. The bonds have been thermally cycled and t e s t e d  
under e l ec t ron  i r r a d i a t i o n  i n  a simulated enVirontVent ahd have been ehom 
co pruvidc a s t a b l e  conductive path between the  corductive coat ing  and 
spacecraf t  ground. 

These conductive coatings,  mater ia ls ,  and grounding techniques a r e  
now being fu r the r  evaluated t o  determine the  bes t  coat ing thickness and 
processing techniques t o  provide the  minimum o p t i c a l  ih te r fe rence  t o  the  
s u b s t r a t e  and s t i l l  have a charge con t ro l  mater ia l .  Further  development 
w i l l  evaluate the  s c a l e  up of these  processes f o r  l a rge  salrples and t h e i r  
behavior i n  l a r g e r  and combined environments. 



Table 1. Summary sE Vacuum Yrrpor Dopelted TrarlbparCSlit Cbriductlve Ortlda Film5 

H U T  AT 

15 MIN. 

YES 

YES 

YES 

TRANSPARENCY 

INCRMSE I N  
TRANSMISSION 
BEFORE AN0 
AFT& TESTING 

SURFACE 
R I S I W W ~  I . I 

nro SUBSTRATE 

5 x lo7 10 5 x 106 KAPTON 

5 x lo7 TO s x ib FEP 

5 X 1 0  TO 5 X 1 I MKROSHEET 1 

Tahle 2. Magnetron Coated FEP and Kapton 

Ma&rltl 

Kopm 

F'EP I 26 1 5.5~10-4 1 121 I 2* I 100 

k p b n  
FEP 

Kaptod 

02 Partial 
Pressure 

Torr 

3.81110'4 

Knpton 

FEP 

Kspton 

FEP 

t'EP 

b p t o n  

Slow reto 01 evaporation enables more complete oxldntlan of 11'0; lncreaslng reelstance and insulating prqpert~cs ut film. 

* * 
Post bake at 3 ~ 8 ~ ~  for 4 hours reduced surface resistance to 1300 n/D. 

Process Temp 
PC) 

121 

Surface 
Reslstlvlty 

nio 
37K 

7, 9K 

7.9K 

5:s lo8 

00 

13.5K 

6.5~** 

350 

1300 

16000 

78K 

150 

1 50 

121 

ZS 

25 

26 

A Transmissio~ 
'3 

-03 

.05 

.19 

0 

0 

.10 

.16 

.07 

. 10 

.lo 

.02 -- 

4.4~10'~ 

4.4~104 

6.51 10'4 

27 

27 

28 

28 

28 

28 

Evnpora tlon 
Rate 
X/w:.t --.- 
22 

3.5~10'4 

3.5~10-4 

6x10'4 

OX 10-4 

6x104 

4.0~10'4 

- 
Thickness 

A 
loo 



Table 3. Copper Ground Bond Adhesion Strength 

Substrate 1 
FEP Tefm 

, 
I,  

Coating 

X.'A - no measurable adhesion 
a - substrate tore 
* - Hysol a4hesive EM56 

Coating Etch 

None 
I 1  

,, 
11 

10% HC1 ,I 

16H2SO4 I. 

Substrate 
Etch 

None , 

Tetra . Etch 

I 

Noxm ,I 

I 1  

I1 

Tetra ,, Etch 

,, 

None I ,  

I 

,I 

11 

I, 

I, 

, 

I 

, 

Adhesive 

-- 
i)yralu 
EA956* 
CI. tape*. 
*dux 
EA956 

&pa 
Pywlw 
EA 956 
56C 

rape 
PVdu 
EA 956 
Pywu 
EA956 
Pywu 
u 9 ! x  

Py- 
EA 956 
Cu tape 

EA9W 
56C 
cu rape 
Pya- 
EA956 
prrslux 
EA 956 
Pydm 
EA956 
cu tape 

- 
Shear 

Strength 
mi) 

N/A 
5.6 
1 8  

16.4 
18.6 

> 2 1 6  
18.6 
19.2 
18.2 
18. 0 
17.0 
18.6 
19.0 
17.8 
18.2 
19.6 

84.0 
95 
59.0 
91.0 
80.0 
40.0 
56.0 
93.0 
84O 
95'7' 
87a 

>loo 
72a 
57 

Peel 
Strength 

(02/hl) 



Table-4. Extreme Valiree of Surface Resistance During Thermal Cycle Tests 

Conf igum tioa 

Copper Tape ori IT0 Kapton I 0.114 I 0.472 

Copper Tape on IT0 FE P 'i'eflotl 

Mechanical Clamp on IT0 Kapton I 0.032 I 0.075 

Midimum RBsistance 
(105 a )  

0.240 1 1.57 

Mechanical Clamp on IT0 FEP Teflon 1 0.285 I 3.64 

Maximum Res is tahce 
(lo5 Q )  

Copper Tab/EA 956/1T0 Kapton I 0.036 I 0. 040 

Copper Tab/Pyrolux/ITO Kapton I 0.033 I 0.037 

Copper Tab/56C/ITO FEP Teflon 1 0.645 I 1. 52 

Table 5. Summary of Current Measurements of I 0  and IT0 FEP ~ e f l o n ~  

Copper Tab/58C/IT0 Kapton 1 0.133 0.257 

I! Stcadg Slab 

- 
10 IWl' Teflon (Sun~ple No. 44) Teflon (Sample No. 57) 

'rt eurlacc conhctlon curront 

IS ~econdnry collector current 

I c D 

9. S. Mnx. S.S.b 

0.05 0. O'J 11 11 180 0.8 0.05 

0.1 0.02 220 150 90 2.2 0.05 

I U 0.25 0. 0% 360 20C 75 2.6 0.05 

I5 0.4 0.0'2 300 200 65 3.5 0.05 

20 U. 65 0.02 300 200 48 4.5 0.05 

$1 

Max. Y.S. S.S. 

90 26 

270 125 

280 203 

450 310 

470 

--- 
In bdk conducllon currcnl 



Table 6 .  Summary of Current Msaarlrements of 18 and IT0 UPTON" 

Beam 10-Kapton (Sample No. 40) 
Potential 1 R rs 

(k blnx S.S. Max S. S. S. SF 

12.6 0.02 500 360 6 0 

a All currents in units of nanoamperes. 

ID = bulk conduction current 
IR = surface conduction current 
Is = secondary collector current 

17'0-ffiyton (Sample 30. 36) 
ID IR Is 

Max S. S. Max S. S. S. S. 

- 

c Steady state. 

d Not measured. 

Table 7 .  Stored and Drained Chargs From I 0  Coated FEP Teflon 

li 

Charge Stored Charge LRetbd 



Table 8. Conductive OBR Development Tost Matrix 

1" Square one 

i.5" d i m  o l i d  diec  

111 " 

E 
1" Square one 

lone 

LII II None 

2 an " None 

2 an " None 

2 a n  " None 

2 cm " None 

2 a n  " Chamfered 

2 an " Chamfered 

2 cm " Chamfered 

1" 'I None 

4.5" d i m  Sol id d i sc  

-- - - 

'EST SAMPLE 
SIZE 

I" x 3" 

b.5" d i m  

I" x 311 

,, 5" d i m .  

)IC X 3" 

)I0 X 3" 

31, X 3'l 

3" x 3" 

3" X 3" 

511 311 

3" x 3" 

3" x 3" 

3" x 3" 

4.5" diem 

4.5" d i m  

bn4.RW 

..I 

Cond. RTV 

Cond . RTV 

Cond . RTV 

Sylgard 182 

Ccnd . R'PV 

Cond . RTV 

Cond . RTV 

Cond. RTV 

Cond. RTV 

Cond . RTV 

Cond. RTV 

0- 

Cand. lhTV 

Table 9. Summary of Currents in RTV With 
I 1 1 

Be?m 
Potential 
(kv) -- 

2 

4 

6 

8 

10 

1 5  

20 

ID 
Steady State 

1 s 
Steady State 

DATING 
LONT BACK 

- A8 

D O  - 0  

.- Ag 

Ag 

LTO Ag 

-- Ag 

- Ag 

IT0 Ag 

Surf ace 
Potential 

(kV) 



Table 11. Summary of Currents in Il'0 Coated Microsheet OSR Mosaic 
r 

Table 12, Summary of Currents in IrO Coated Chamfered 16 Tile Microsheet 
(2 cm square) OSR Matrix 

Beam Potential 
(kv) 

'D - 
Initial 



Table IS. Sufnmaryd Current and 8urfaaer Potantla1 on GE- ITL OQ8 'Mosaic 

Table 14. Average Transmittance for Coated and Uncoated FEP 'I'elfoti 
Under Electron/UV Exposure 

ID 
( n N  - 
65 

270 

3 50 

430 

450 

Sample 

FEP Teflon 

FE P-Teflon 
(Heat-treated) 

FEP/IO (200 Mn) 

FEP/IO * cCla(2 IMn ) 

FEP/IO + CO (200 Mn) 

FEP/IO + C0 (2 Mn) 

IS 

5 50 

2 50 

190 

2 10 

220 

Pre Test 
Transmittacce (%) 

Post Test 
'I'ransmi ttance (%) 

87. 0 

'D/   IS+^) 

a 10 

5 2  

a 64 

.67 

.67 

< I, '. . 
-.~. . -: LL_UILL A ----- ---- . .I .  __ . ~ ---- 
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a. Uncoated PEP Teflon (1 - 0.95. P - 0.03) 
b. IT0 (300 &/PEP Tollon (T - 0.06, R - 0.10) 

Figure 2.. Timmmittance and Re8lectancB of IT0 Coated FEP Teflon 

0.3 1 -- -I-- 
0.5 1.0 1.5 

Figure 2b. Trmmittance and Reflectrrnce Coated Microsheet 



% -- -6. 

8lTL Glass 

3 , -  

lLIgure 3a. TPansmithice of Fused Silica, Borosllicate and GE-1TL Glue 

Figure 3c. Solar Absorptance 

-- 
LIL' 1 \ , * ' I #  -. 

and IR Emittance of GE-ITL Glass (10 Mil) 

544 



Figure 4a. O$R Csnfiglrration of RO Coated One-Inch Squirm llllfdraaheet 
I* ON OSF~ 

Figure 4b. Continudus ~ntietatic Gmmded OSR @onf&uimtion 

ALUMINUM BACKPLATE E L E W R C ~ E  
RTV 668 16% GRAPHITE 

Figure 40. ContinuoW Antietatic Grounded Chamfered 0SR ConPLguratien 



Figllre 51. Chamfered Edges of 10 Mil thick Fued  8Uict1 

Figure 5b. IT0 Coated OSR Matrix of Chamfered 2 cm Squab Miomsheet 



Figure 6.  Active &It& Cell Array with Uncoated Micmsheet Coverglmg 
afiotifh 

TnADITlOmAL 

P lTHOO - CONDUCTIVE COATING 

W V E d  GLASS 

\\\\\\\(\\\\ 
Si WAFER 

r CONOUC71VE PAINT 

\ r C?&TINQ APPLIED 

CONDUCTIVE COATINO 

Eigure 1L GroUnded Cbverglws D e s i p  

Figure 7b. Active 10 Coated Solar Cell Array with 
11008 Condwtive Epoxy Gmund Strip 
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Figurn 8. Copper Foil Gtounding Connection on Kaptdn 
Wing Pyralux Adhesive 

Figure 9. Reeletame Cycling of Conductive Copper Tape 
Ground Strap on IT0 and FEP Teflon (10 pA Current) 





~ i - e  ii. Bulk Conduction Currents for I 0  Kapton 

Flake 12.. ESD Teei C'onflguratPon for Copper *&ti lbnded b 
IT0 coated ~ a h n  with Eccdbmd 66C 



pigure lab. 1/2" x 1/Ztt C~nductive Copper Tape Gmund Bond 
IT0 Coated FEP Teflon 

Figure 3 !2c. 1/2" x 1/2" Copper Grotind Tab Bonded to IT0 Coated FE 
with Eccobond 66C Conductive Cement 

P Teflon 



Surface Patentiat (kV) 
Figure 13. Surface Potential of Uncoated OSR Matrix in Electron Beam 

Voltage Uutput (V) 

Figurn U. 2 x 4 I 0  Cockted Solar Cell Army 
Performance After Electron Irradiation 



- - BEFORE IRRADIATION 

- AFTER IRRADIATION 

OUTPUT VOLTAGE (VOLTS) 

Figure 15. 2 x 4 Array Wlth PPE Glaes Wlthout Conductive Coating 
After Electron Irradlation 
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