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Results of exploratory development on th» design, fabrication and test-
ing of transparent conductive coatings, conduciive 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 application of indium oxide, indium/tin oxide
and other metal oxide thin films on Kapton, FEP Teflon, OSR and solar cell
coverglasses are discussed. The techniques include RF and Magnetron sputter-
ing and vapor ~ nosition. Development; fabrication and testing of cecnductive
glass tiles for OSR and solar cell coverglass applications is discussed.

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

Results of the optical and electrical characterization and aging effects
of these coatings, bulk materials and grounding techniques are discussed as
they apply to the performance of their design functions in a geosynchronous
orbit environment.

INT. ODUCTION

Passive temperature control of spacecraft equilibrium temperature is
accomplished by a controlled mix of solar reflective and infrared emissive
properties of the materidls on the spacecraft's external surfaces. High
dielectric insulating materials are commonly used for this passive control
because of their high solar reflectance in second surface mitrror 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 a back surface silver coating for use as Optical
Solar Reflectors (OSR's), all of which are used as thermal control materials.

In geosynchronous orbit these dielectric materilals ate directly exposed
to high energy electron plasmas which are particularly severe during geo-
magnetic substorm 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 components with lower potential energy. These discharges result

* This work was supported by the Air Force Materials Laboratory under
Contracts F33615-76-C-~5075 and ¥33615-76-C-1258.
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in degradation of the thermo-optical and mechanical properties and interfer-
ence with low level logic commands to and from the spacecraft due to the radio
frequency noise generated by the arc. Furthermore, the degradation of the
thermal ~ontrol surfaces by vaporization of the material itself or their
second surface netalizeéd coatings may interfere with other censor systems by
condensation .of these volatiles on déetector cx radiator surfaces.

The purpose of this paper is to describe the development 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 tlie progress made during
the last eighteen months of a materials development and test program on de-
veloping transparent conductive coatings and materials for application to
dielectric materials including

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

(2) Uncoated and aluminized (back surface) Kapton type H
{ilm (2-3 mil) commonly used as a top layer for multi-
layer insulation blankets

(3) Optical Solar Reflecting (OSR) tiles (typically 8 mil)
of fused silica with a back surface coating of silver
and Inconel for second surface mirror applications
requiring high thermal emittancé surfaces (similar to
the performance of the silvered FEP Teflon coating)

(4) Glass slides of fused silica and borosilicate (or
mictrosheet) which are used for cover slides on silicon
solar cells

APPROACH TO THE PROBLEM
Transparent Conductive Coatings

Conductive transparent coatings from semiconductor - metal oxides rep-
resent one possible means of comtrolling electrostatic charge buildup while
bhaving a minimal effect on theeot afid € ptoperties of the spacecraft materials.
The most commonly used thin oxide films for transparent and ccnductive coat-
ings have been combinations of indiuim oxide and tin oxide. The conductivity
of these oxide coatings, first developed as resistance heaters on glass sur-
faces, is critically dependent on the creation of a proper oxygen-metal
balance during the deposition to provide sufficient conduction electrons in
the couting. The properties of these and other metal oxide coatings have
been found to be strorgly dependent on the conditions of the substrate and
the deposition process.

Thin f£ilms of 90% indium oxide and 10%Z tin oxide have been deposited
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onto 3 wil Kapton, 5 mil FFP Teflon sheets and OSR and coverglass tiles of
fused silica and borosilicate using Magnetron, I' and RF gputtering and
resieiive heating vapor daposition techniquer, DBeposition has been
demonstrated both reactively by Magnetron and DC sputtering and by resistive
heating from In/Sn metal cargets in an oxygen and argon atmnsphere and non-~
recactively by RF sputtering from a dielcctric indium/tin oxide target.

Visible absorptance and infrarad emittatice measuremunts of indiuu-tin
oxide (ITO) reactively sputtered onto FEP Teflon films as conductive coat~
ings in thicknesses up to 900 % show a definite dependerice upnan thickness.
Emittance, solar absorptance and ttransmittance in the visible region are
shown in Figure 1 as a functioa of tlie coating thickmness. As shown, the
effect of the coacing thickness is more pronounced in the visible spectrum
than in the infraved.

Indium oxide and aluminum oxide coatings have been deposited in thick-
nesses down to 100 £ by resistive heating vapor depcsition onto FEP T:flon
and Kapton films and mictrosheet tiles. The films that were focrmed after
the deposition were slightly dark due to oxygen deficiencies in the coat-
ings. However, after heating in air at about 220°C for a period of 15 min-
utes the coatings were highly transparent with sheet resistances in the 108
ohm/square range. The results of these coatings are shown in Table I.
Optical measurcments between 0.27 and 2.7 pm show that heat treating at
200°C had no affect »n the ti.~usmission of the Teflon film.

Reproduction of conductive transparent coatings was found to be strongly
dependent upon the deposition technique and preparation parameters such as
substrate temperatute, vacuum, background of carrier gas and ratio of carrier
to reactive gas, power levels arnd geometry of sample to source. Heat treat-
ment of the coatings following the dcposition as described above in some in-
stances was found necessary to improve the transmittance of the thin film
coatings. Table 2 shows some of the control variables which have been con-
sidered in depositing ITO by Magnetron sputtering.

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 deposition techniques. It has been found
that rhe addition of an RF field to the planetary fixture during the mag-
netron sputtering relieves the requiremenis for this post-deposition heat
treatment. The additional RF activation was found to have its most pro-
nounced effect on the optical and electrical properties of the f£ilm when
used during the deposition, while use following the deposition scemed to
have little to n. effect.

Other oxides of antimony, bismuth, lead, zinc, cadmium, titanium and
silicon were also evaluated using resistive heatinp vapor deposition. All
of the oxides showed reasonably high transmission on microsheet after post-
deposition heat treatment but in general, showed high resistance insulator

qualities or had surface resistances which varied considerably from batch
to batch.

Ir general, most cunductive and reproducible transparent coatings
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were produced reactively by magnetron sputtering of indium-tin oxide from

a 90% indium/10% tin target in a clomely controlled oxysen/argon atmosphere
with an in situ RF fleld applied to the planctary. The resulting ITO coat~
ings had surface resistances predominantly in the low kilohwms/aquare range in
addition to a very low change In the absorptance of the substrate., Figure

2 shows a typical spectrel response curve for 300 & coating on a 5 mil FEP
Teflon film ard 10 mil borosilicate aubstrate.

Conductive Glass Development

A lithium borosilicate glass developed by GE several years ago under
AFML contract F 33615-71-(~1656 with the designation GE-1TL was considered
as a substitute glass material to prevent static charge buildu) 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 em (55 mil) thickness. A comparison of the transmittance
of this glass with fused siliza and borosilicate is shown in Figure 3A.
41" 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 1s a plot of the solar reflectance and thermal emittance at LOQCF of the
GE 1TL glass tiles. The spectral weighted average of these curves give a
value of R = 0.88 andex= 0.12 with € = 0.86. Bulk resistance measurements
of the 0.14 cm (55 mil) thick glass according to ASTM-D257 shode t.he mod-
ified lithium borosilicate resistance to be of the order of 10~ ohms.

Conductive Adhesive

Optical Solar Reflectors (OSR's) of iused 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.
Typically, three inch square matrices of one inch »nd three quarter inch
square tiles have been mounted to aluminum plates as shown in Figure 4a
for testing. A conductive, low outgassing, graphite loaded adhesive has
been developed to bond the OSR's and provide a conductive path fo: charge
dissipation to the spacecraft structure. The adhesive compositicir con-
sisted of RiV 566 or 560 filled with 137 by weight of Hercules )% mm chopped
graphite fibers. The RIV 566/HMS fiber formulation produced a resistivity
of about 7.5 x 104 ohm-cm. The conductive adhesive in combination with the
ITO or IO coated OSR's as shown in Tigure 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 OSR's and solar cell
coverglasses is achieving a durable and continuous coating around the front
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surface to the sides of the glass for a conductive path to the metal support
structure. Chamfering of the giass edges In order to deposit a reliable hard
and continuous conductive coating on the front and sides c¢f 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 of

the conductive adhesive between the tiles when they are pressed ianto 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 successfully chamfered at a 45° angle using 600 grit emory
polishing paper, as shown in Figure 5a under 3X magnification where each
division 1s 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 c¢m size were used in fab-
ricating, testing and evaluating the conductive transparent coatings and
grounding techniques. Coverglasses of fused silica, microsheet and Cerium
doped microsheet were bonded to the solar 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 atter mounting showed a high res-
istance of the order of 101l 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.g
the coverglass after it had been mounted to the solar 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 3:1 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 103 ohms for all the coverglasses.

Ground Bond Development

Several grounding techniques were evaluated to provide connectioans
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. Four design configurations evaluated were

1. Adhesive bonded metal to polymer and ovarcoated with con-
ductive oxide
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2. Heat sealed metal to polymer bends
3. Adhesivc bonded metal to conductively coated .polymer
4. Machanical. clamp to the conductively coated polymer

One mil thick thermo setting DuPont Pyralux adhesive was used to bond
1 mil thick copper foil to coated and uncoated substrates of 3 mil Kapton.
The compcsite shown in figure 8a was formed between two heated plates (175°C)
under about 1.34 x 106 Pascals (200 psi) for 2 minutes. A 500 & 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 treatmeirt.
A direct heat sealing of the coppexr foil to the FEP Teflon was also attempt-
ed. However, the heat required to vond 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 Tetra 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 and epoxies
were considered for application to the ITO cuated polymers for artaching
2 solderable metal foil to the conductive coating. Table 3 summarizes the
various ground bond configurations tested. For this application IM's con-
ductive copper tape ¥1181 showed much greater adhesion to the ITO coated
Teflon and Kapton films than Eccolond's silver loaded epoxy. It 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 +100°C on
these bonds to evaluate their stability. Resistance measurements between
the ground tabs and the ITO coatings during the thermal cycling are summar-
ized in Table 4. The variation in a typical run is {llustrated 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 clectrostatic charging and control facility is shown schematically
in 'Figure 10, The facility 1is designed to irradiate flat samples up to 4.5
inches in diameter at electron energies up to 30 KeV in & 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 obtaln uniform beam density
across the sample area and allow adjustment in flux density. Current meas-
uring electrodes are connected to tne rear of the aluminum back plate sample
holder for bulk leakage currents and to the annular sample retaining ring
for surface leakage current monitoring,
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A sceondary clectron collector cylinder {8 also part of the system which
can be swung in place around the sample during irradiation to monitor charged
particles leaving the surface of the sample. A Monroe model 144-1009s non~
contacting electrostatic voltmeter probe is mounted on a rotable arm which
can be swept across the sample surface when the secondary ecylinder is not
in place. During irradiation the probe may be swung completely out of the
way of the beam or may be used to measure surface potentials during irrad-
fation.

Coating Charge Control

Indium oxide (10) and indium tin oxide conductively coated FEP Teflon
and Kapton films were tested in the charging control facility. Bulk (lD)
and surface (IR) conduction currents were recorded for beam potentiais
between 2KV and 20KV for the first several minutes of irradiation and also
following shut off of the clectron beam. Iinitial maxima and steady state
values for the 10 and ITO Loated 3 mil Kapton and 5 mil FEP Teflon are shown
in Tauvles 5 and 6. Surface potencial measurements using the Monroe electro-
static voltmeter following irradiation at beam potentials of 10KV, 15KV and

20KV showed surface potentials of less than 5 volts for all four materials
tested.

The typical liae shape of the conduction currents Ip and IR as the
clectron beam was turned on and off for the Kapten and Teflon materials is
shown in Fipurce 11. Integracion of the current over the transient portion
of the current curves show that most of the charge deposited in the film
below the coating was quickly dissipated when the beam was turned off as
shown in Table 7.

Electron irradiation tests were also conducted oo the 1TO coated Kapton
and Teflon samples for several hours over a period of six months. Between
these tests the samples were stored in a dust free eavironment ac oom tem-
perature, Following this series of tests no visible sample depradation
was obscerved and the surface resistance measurements on the sample were in
the 4-10x10° ohm/square range betore and after the irradiations.

Ground Bond Tests

The copper foil pgrounding connectior ou Kapton us!ing Pyralux adhesive
and overcoated with conductive transparent indium oxide, shown in Figure
8 was tested ander electron frradiation.  The surface current electrode
was lsolated Trom the perimeter of the sample cexcept at the ground tab.
The bulk and surface leakape currents were similar in character to those
reported in Tablce 6.

Ground bonds soldered te conductlive copper tape or copper tab/con-
ductive cpoxy and bonded to 110 codted films of Teflon and Kapton werc
also irradiated by 2ReV to 20KeV clectrons,  Figures 12a and 12b shows
the general test contlguratisn tor the two bonding methods. Figure 12¢
shows the detail of the copper tab/Eccobond 56C/1'T0 ground connector on
the Teflon. Bulk, surface and secondary collector zurrents were similar
te those reported above.  However, surface potentials up to -100V were
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measured on samples shown in Flpures 12b and ¢ when irradiated at 20KV. These
surface potentials were centercd around the solder joints on the ground tabs
and eramination after the test revealed that tracces of solder flux on the
leads was responsible for the small charg? accumulation.

OSR Matrix Testing

Table 8 shews a summary of cthe OS8R confipurations tested under electron
irradiation. The effective conduccivicy or chge control of the graphite
loaded RTV 566 was measured under clectron irvradiation to provide a base-~
line for future OSR matrix tests usiung the conductive adhesive. Table 9
summar{zes the measured currents through the material (1) and the secondary
electron collector. The surtace potentials measured fellowing irradiation
siiow that the material charped nominallv to between =90 and -160 volts.

Uncoated OSR Matrix

A three inch sguare matrix of nine square tiles of fused silica with-
out any conductive coating wvas exposed to monoenerpetic electron beams
between 2KeV and 20KeV at nearly 10nA/cul for several miputes. The glasses
were nounted using the conductive adhesive., Currents measurced through the
backplate, around the perimeter and from the sccondarvy collector are shown
in Table 10. The maximum surface potential exceeded the range ol the Monroe
voltmeter foliowing irradiation in a 4KeV bean but did not show electro-
static discharging until irradiated in a L5KeV beam. Reducing the beam den-
sitvy to bclow 4nA/cm? reduced the discharge rate but unot groportionally, A
similar set of measuremerts and observations were made on a 3 inch square
matzix of uncoated OSR tiles of microsheer. Similar currents and potentials
were also measured on an OSR matrix covering the encire 4.5" diamcter sample
areia. Decay of the surface potential following ivvadiation at 6KV followed
an exponential decay very closely with a 12.5 minute time constant and an
initial potential of about -2100 volts.

An uncoated three inch square matrix of 16 chamfered 10 mil thick
microsheet tiles using the conductive RTV was also tested under clectroen
bombardment. Although similar current and surface potentials were measured
as before for the other uncoated tiles and discharging was observed during
the 15KeV beam irradiation, the discharge rates were not as repular as
before. Figure 13 shows the variation of suiface potential with clectron
beam cnergy for this uncoated O0SR up to 6KeV jrradiation.

Conductively Coated OSR Matrices

An OSR mosatc of 16 ITO coated 2 cm microshect tiles mounted with
conductive adhessve to an aluminum plate was irradiated in an electron
beam with cnergies up to 20 KeV. The peak and steady state bulk leakage
and secondary collector currents are listed in Table 11. Note that in
contrast to the uncoated sample currents, the initial peak is much
smaller, indicating a much smaller subsurface charge deposit than in the
uncoated materials. Survface potential wmensurements with the capaclitlively
coupled probe gave maximum surface voltages of 37V, 46V, and 45V atter
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irradiatlion by LOKeV, 15KeV and 20KeV electrons, respectively,

A 16 tile matrix of ITO coated chamfered 2 em square microsheet tiles
with conductive adhesive bonding was also tested. The test results, shown
in Table 12, indicate the successful charge control demonstrated by the
coated tiles. Measurement of the negliglble surface potential and the lack
of a subsurface charging peak on the bulk leakage current indicate a neg-
ligible charge buildup on this sample.

Conductive Glass OSK

Electron irradiation tests on & 3 inch square matrix of 0,38 mm ‘15
mil) thick one inch square tiles of wnodified 1ithium borosilicate (GE-iTL)
glass with a silvered back surface between beam cnergies of 2 to 20 KeV
showed no signifitant charge buildup on the glass surface. Bulk leakage
and secondary collector currents are given in Table 13 for am average beam
density of about 10nA/cm“. No surface electrode was used on these samples
because the relative conductance of the glass prevented any surface charge
buildup.

Solar Cell Arrays

Four solar cell arrays were tested under irradidtion by electron
plasmas with energies up to 20 KeV. They were fabricated with varying
deprees of charge control! solutions. All of the arrays tested were fab-
ricated in an active 2 cell by 4 cell arrangement with two series sets
of 4 parallel cells. The two cm by four cm cell array thus formed a
7.6 cm (3 inch) square array. The array was tested in an active mode
with a 10 ohm load resistor across the array leads. A beam aperture
adaptor with a three-inch diameter similar to the one used for testing
the OSR matrices was attached to the secondary collector approximately
one-inch in front of the test fixture in order to restrict the electron
beam to the solar cell area of the sample test fixture,

The initial coniiguration tested was an uncoated array. Unusually
low potentials were recorded at all beam energiles and no severe dis-
charging was observed. Surface potentials of 360V, B30V, 1KV and 1.2KV
were recorded after exposure to beam energles of %, 10, 15 and 20KeV
respectively. The low surface potentials for this uncoated sample was
attributed to the small current output of the electren gun of about
0.2nA/cm? during this set of weasurements.

An array was next tested whose coverglasses had been coated with
indium oxide. The firuyt set of measurements were made on the coated
solar array without any conductive epoxy applied to the coverglass/
solar cell bus area. Measurements were terminated after observing
severe discharging while being irradiated in a 5KeV beam with a current
density of 5nA/cm4. The arcing and discharging disappeared after the
solar cell bus/coverglass junction wds overlaid with a coating of
Electroscience 11095 conductive epoxy and retested in an electron
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beam at cnergies up to 20KeV with beam densitien up to SnA/cml.

The next cell array tested used 10 coated chamfereéd coveérglasses with
conductive epoxy arplied alorig the chamfered edge and the cell electrode.
Low surface potentials of 170, 275, 335, 365 and 390V at &4; 6, 10, 15 and
20KeV beam potentidls indicate that no sigrnificant charge build up was
occurring on the solar cell coverglasses. The IV petrformance of this
array, before and after the irradiation is shown in Figure 14 and indicates
a slight decrease in the power output of the cell. However the same mag-
nitude decrease in power output was also observed on the uncoated array
a“ter electron irradiation.

A four by two solur cell arvay with Cerium doped microsheet cover-
glagses from Pelkington P.E. (PPE) was also tested in the ESD facility
with energies up to 10KeV. The surface potenitials measured with the
Monoroe probe were nearly up to -2000V.after irradiation in a 6KeV beam
in contrast to the low potentials measured on the I0 coated coverglasses.
Due to high surface charge accumulation on the cerium doped coverglassus
it is evident that the doping is insufficient to control the electro-
static charge buildup and further tests were terminated in ordetr not
to destroy the cells. The same type of decrease in power output was
observed in these cells, shown in Figure 15, as was observed in the
cooted cell as a result of the irradiation tests.

Electron/UV Exposure

Six Tefion sample counfigurations were exposed to 1000 hours of
combined electrons and the equivalent of one UV sun. The 5 wil thick
samples which were tested were 1) Virgin FEP Teflon; 2) FEP Teflon
which had been heat treated at 200°C for 30 minutes; 3) FEP Teflon with
a 200 M conductive coatlag of indium oxide which had been heat treated
ags in Jdo. 2 and, 4-6) three samples with conductive coatings of indium
oxide of different thicknesses and a thin flash overcoating of chrome
oxlde. The I0 and chrome oxide coatings were deposited with the resis-
tance heating at 1x10~4 Torr 02 partial pressuite. The indium was
deposited in thicknesses of 350, 500, and 759 A. Table 14 summarizes
the average transmittance weighted over the solar spectrum from measure-
men::s in alr before and after the exposure. Addition of the flash coat-
ing of the chromium oxide seems to retard the depradation of the coatiung.

CONCLUSTION

Thin films of indium oxide and indium tin oxide have been success-
fully and reproducibly deposited as conductive transparent coatings onto
plass, Kapton and FEP Teflon sheets as large as one foot square. Dep-
oszition by Magnetron sputtering has produced the most consistent and
uniform coatings with no need for post devosition heat treatment result-
irg, in coatings typically with a 8a of (.02 from the uncoated substrates.
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A modified lithium boronilicate glass developed by GE under another
program has been fabricated in 0.38 mm (15 mil) OSR tiles. Tests under
a simulated substorm environment have shown its ability to dissipate the
Incidenit charge flux and prevent any charge accumulation. The effective
conductivity of the OSR bonding adhesive Has be#n increased by the addi-
tion of graphite fiber to provide a conductive path between the transparent
conductive coated OSR or conductive glass and the spacecraft grounding
structure. The chamfering of the OSR tiles has been demonstrated along
with the conductive coatings to provide a highly reliable conductive path
from the front surface to the conductive udhesive.

Several grounding techniques have been evaluated for their ability
to drain the charge buildup from the conductivaly coated surfaces of
Teflon ad Kapton films. The bonds have been tlkermally cycled and tested
under electron irradiation in a simulated environrent and have been showm
to previde a stable conductive path between the conductive coating and
spacecraft ground.

These conductive coatings, materials, and grounding techniques are
now being further evaluated to determine the best coating thickness and
processing techniques to provide the minimum optical interference to the
substrate and still have a charge control material. Further development
will evaluate the scale up of these processes for large samrples and their
behavior in larger and combined environments.
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Table 1. Summary of Vacuum Vapor Deposited Transparent Corductive Oxide Films

HEAT AT SURFACE
SACKGROUND TAPE@) | 425 RESISTIVITY (3)
MATERIAL | DEPOSITION RATE | OXYGEN PRESSURE I5MIN. | TRANSPARENCY n/0 SUBSTRATE
AL, BAMIN, 5x10°T0RR | P ves | woopemctaBe | sx107tosx16® | kapron
3 INCREASE IN
-4 7 &
0,0, BAMIN, 1x 107 TORR P YES TRANSMISSION | 5x10 1051 KAPTON
) BEFORE AND

0,0, BAMIN, 1x00%0rR | P YES | AFTERTESTING | 5x107tos5x10® | rep

ALD, BOAMIN 5x 10°° TORR P YES sx107105x10° | microskEEr

In,0, 250AIMIN 116 Tore p YES sx10'705x 108 | MICROSHEET

In0, OAMIN, 110810 | @ YES sx107105x108 | microskeET

Tabie 2. Magnetron Coated FEP and Kapton
O2 Partial Evaporation Surface
Pressure Process Temp Rate Thickness Resistivity A Transmission

Material | Run Torr ©cC) /M I 20 %
Kapteri 24 3. 8x10-4 121 22 100 37K .03
Kapton 28§ 4,4x1074 150 16 100 7. 9K . 05
FEP 25 4.4x10-4 150 16 100 7.9K .10
Kapton 26 5. 5x10-4 121 2* 100 5:410% 0
FEP 26 5. 5x10-4 121 2* 100 oo 0
Kapton 27 3.5x10~4 100 20 300 12. 5K .10
FEP 27 3. 5x10-4 100 20 300 6. 5Kk** .16
Kapton 28 6x10-4 100 22 300 350 .07
FEP 28 ox10-4 100 22 300 1300 .10
FEP 28 6x10-4 100 22 300 15000 .10
Kapton 29 4, 9x10-4 190 10 300 75K . 02

* Slow rate of evaporation enables more complete oxidation of 1'TO; increasing resistance and insulating properties of film,

" Pust bake at 368°TF for 4 hours reduced surface resistance to 1300 /0.
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Table 3. Copper Ground Bond Adhesion Strength

Shear Peel
Substrate Coating Coating Etch Substrate Adhesive Streagth Strength
Etch (psi) {0z/in)
FEP Tefcn None None Pyralux N/A N/A
" " " EA956* 5.6 N/A
" " " C:: tape** L8 6.
o " Tetra Eteh Pyralux 18.4 >32.02
" " EA953 18.6 9.6
o " " Cu tape >2L6 36.0
" ITO None None Pyralux 18.6 8.3
" " " " EA956 19.2 7.7
" " ” " 56C 18.2 3.8
" " " " Cu tape 18.0 38.4
" " 10% HC1 Tetra Etch Pyralux 17.0 16.0
" " " " EA956 18.6 10.9
" " 10%H2504, " Pyralux 19.0 2L1
" " - " EA956 17.8 12. 8
" “ 10%NHy' F° HF " Pyralux 18.2 8.3
" ' . " EA956 19,6 1L5
Kapton None None Pyralux 84.0 115.2
" i " EA956 95%° 1.2
* " " Cu tape 59,0 46.4
" ITO None " Pyralux 91.0 120, 0
" " " " EA958 80,0 16.0
" ” " " 56C 40.0 1.2
" " " " Cu tape 56, 0 35.2
" " 10% nC1 A Pyralux 93.0 144.0
v . " " EA956 e 3.2
" " 10%H2S0 4 " Pyralux 958 a
" ! " " EA956 878 6.4
’ 10%:NHg4" F° HF " Pyralux >100 128.0
. " " EA956 728 4.8
None " Cu tape 57 4.4

Aluminum L None

N’A - no measurable adhesion
a = substrate tore

= - Hysol arthesive EA956

**-3M brand conductive tape #1181




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

Midimum Resistance

Maximum Resistance

Configuration 105 9) 105 Q)
Copper Tape on ITO FEP Teflon 0. 240 1.57
Copper Tape ort ITO Kapton 0.114 0. 472
Mechanical Clamp on ITO Kapton 0. 032 0. 078
Mechanical Clamp on ITO FEP Teflon 0. 285 3.64
Copper Tab/EA 956/1TO Kapton 0. 036 0. 040
Copper Tab/Pyrolux/ITO Kapton 0. 033 0. 037
Copper Tab/56C/ITO FEP Teflon 0, 645 1.52
Copper Tab/56C/ITO Kapton 0,133 0. 257

Table 5. Summary of Current Measurements of 10 and ITO FEP Teflon®

10 FEP Teflon (Sample No. 44) I'troQ l-‘EI{ Teflon Sample No, 47)

Beam Ipe ' Iy b I s

Potential &kV) | Max, 5,80 | Max. S, 8. 8.8, Max, S.s.b Max, 8,8, 8.8,
—y

2 0.05 0, 03 1n n 180 0.8 0. 05 99 26 240

6 0.1 0. 02 220 150 20 2.2 0.05 270 150 126

10 0.25 0. 02 360 200 75 2.6 0,05 280 209 90

15 0.4 0. 02 300 200 55 3.5 0. 05 460 310 9

20 0,65 0. 02 300 200 45 4.5 0. 05 470 340 85

% All curreats in units of nanoamperes

b Steady State

bulk conduction current

surface conduction current

l,q secondary collector current
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Table 6. Summary of Current Measurements of IO and ITO KAPTON®
Eeam IO-Kapton (Sample No, 40) ITO-Kapton (Sample Vo, 36)
Potential ipb R S D IR s
V) Max S.8.4 Max S.S. §.8%| Max S.S. Max S.S. S.S.
2 0.2 150 120 28y amq  am nm nm nm
6 1.4 0,03 540 330 100 21 0.1 630 420 160
10 3.4 um 570 340 90 4.3 0,05 630 450 nm
15 8.1 0,02 600 360 70 9.9 0.05 1750 460 hm
20 12,6  ¢,02 500 360 60 6.0- 0.05 690 570 nm
2 All currents in units of nanoamperes. C Steady state.
b Ip = bulk conduction current d Not measured.
IR = surface conduction current
Is = secondary collector current
Table 7. Stored and Drained Charge From IO Coated FEP Teflon
Beam Pot. (kV) Charge Stored Charge Ledked
-9 -9
10 1.21x10 " C 0.53x10 C
-9 -9
15 1.47x 10 C 0.80x10 C
-y -9
20 1.89x16 C C.84x10 C
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Table 8. Conductive OSR Development Teat Matrix

OSR TILE 'TLE TEST SAMPLE | ADHESIVE COATING SAMPLL
MATERIAL SIZE ODIFICATION |  SIZE FRONT | BACK | ID ¢
lused Silica | 1" Square None 3" x 3" Cond, RTV - Ag #52
(Corning 7940)
" " 4.5" diam [Solid disc 4,5" diam -- .- - #46
M{crosheet 1" Square None 3" x 3¢ Cond . RTV - Ag 53
(Corning 0211)
.o ) R one 4,5" diem. Cotd (RTV -w Ag 57
! " P LU one 3" x 3 Cond.RTV ITO |Ag 86
R 2em " one " x 3" Sylgard 182 | -~ Ag %
‘oo 2em " one " x 3" Cond.R™V .- Ag 70
' 2em " one 3" x 3" Cond.RTV ITO | Ag 38
.o 2em " one 3" x 3" Cond.RTV GE~ | Ag 39
1TL
' frit
oo 2em " Chamfered 3" x 3" Cond.RTV -- Ag 71
"o 2 cm " [Chamfered 3 x 3" Cond.RTV 10 Ag 72
S 2 em " [Chamfered 3 x 3" Cond . RTV ITO | Ag 85
GE-1TL 1" " one 3" x 3" Cond . RTV .- Ag 64
D 4,5" diam [Solid disc 4.5" diam - .- .- 42
f‘ .- - 4.5" diam Cond KTV .- - 33

Table 9. Swnmary of Currents in RTV With Graphite Filler

Bem Ip 1g Surface
Potential Steady State Steady State Potential

(kV) (nA) (nA) (kV)

2 200 100 .09

4 250 80 .16

6 300 80 .16

8 350 80 .16

10 370 85 .15

15 480 100 W12

L 20 490 90 .09
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Table 10. Summary of Currents of Uncoated Fused Silica tiguare OSR Mosalc

Beam Ip Iy Ig Max, Surface
Potential Peal 5.8,9 Peak S.S, S.8, Poteritial
l__(kV) (nA) (nA) (nt) 1 (na) (na) (V)
2 .- il .- 83. 295 =400
b 90 38 13 19 290 2240
6 > 1090 50 8 23 275
10 190 55 8 29 260
15 D 200 90 .- 26 220

Table 11. Summary of Currents in ITO Coated Microsheet OSR Mosaic

Beam Ip Is Io/ls
Potential [ Peak [ 3.3. § Peak | S.5.| s.g
(KV) (nA) | (nA) [ (nA) | (nA) "~
10 260 | 200 - 30 6.6
80 80 A 15 5.3

15 140 | 110 - 16 6.8
40 40 7 5 8.0

20 110 80 17 12 6.6

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

ID Is Ir Surface
Beam Potential Inftial S.S Initial S.S S.8 Potential

(kV) (nA) (nA) (nA) (nA) (rA) V)

2 100 100 100 90 70 0

5 140 180 70 45 26 3

16 200 30 25 16 8

15 230 250 45 40 14 -

20 220 240 35 35 14 12
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Table 15, Summary.of Current and Surface Potential on GE£-1TL OSR Mosaic

Bean 1 Surface
Potential D IS Potential
(kv) () | (na) Ip/(Is+Ip) (V)

2 65 550 .10 7
S 270 250 52 8
10 350 190 .64 9
15 430 210 .67 9
20 450 220 .67 9

Table 14, Average Transmnittance for Coated and Uncoated FEP Telfou
Under Electron/UV Exposure

Sample Tran:rxr;eit;:]:nscte %) 'rranls:’;):itit'zlz‘s:; %)

FEP Teflon 90.3 87.0
FEP-Teflon 89.5 87.5
(Heat-treated)

FEP/1O (200 Mga) 84,6 79. 6
FEP/IO + COa(Z KMn) 35. 0 82,0
FEP/IO + CO (200 Mq) 84 4 81.7
FEP/IO + CO (2 Ma) 81,8 8.9

2 O - Chromium Oxide
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Figure 4a, OSR Configuration of ITO Coated One-Inch Square Microsheet
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Figure 4b, Continucus Aitistatic Grounded OSR Configutation
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Figure 6. Active Solar Cell Array with Uncoated Microsiieet Coverglass
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Figure 7a. Grounded Coverglass Design

Figure Tb. Active 10 Coated Solar Cell Array with
1109S Conductive Epoxy Ground Strip
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Figure 8. Copper Foil Grounding Connection on Kapton

Using Pyralux Adhesive
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Figure 9. Resistance Cycling of Conductive Copper Tape
Ground Strap on ITO and FEP Teflon (10 uA Current)
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Figure 12b. 1/2'" x 1/2" Conductive Copper Tape Ground Bond to
ITO Coated FEP Teflon

Figure 12c. 1/2" x 1/2" Copper Ground Tab Bonded to ITO Coated FEP Teflon
with Eccobond 56C Conductive Cement
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