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Abstract

A technique for determinlng the sonduétance per unit area of thermal control
coatings for ' slectrostatically clean” spiceeraft {s deseribed, Inorderto simu-
late orbital conditione more closely, current-density-voltage (j=V) curves Ore
obtained by a contactless method in which the paint On an aluminum substrate is
the anode of a vacuum disde ¢onfiguration with a tungsten filament Cathode. Con-
duttances per unit area which satisfy the International Sun Earth Explérer (ISEE)
requirement of §/V = 109 A/v ¢m? have been nbserved on black ﬁainte contalhing
carbon and in “'white” and green painte filled with 2inc ozlds whi¢h has been "fired"
{n order to {nduce defect conductivity. Because 6f surface effecte and the non-
homogenedue nature of paints, large discrepancies are found between meaeure-
mentb with the eontactless method and measuretnants emiploylng metallic contacte,
partiéularly at 16\ eurrent densities, Therefore, measurements with metallic
contacts are congidered to be of questionabvle value in deciding the suitability of
cdatirigs for electrostatic charge control.

1. INTRODUCTION

In order to minimize interferenee of spaeecraft charging with low energy
plasma and elestric field meagurements on the ISEE missions, potentlal differences
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between dark ¢4d illuminated sections 4f the Spacecraft surface are to be kept o
lees thah 1volt. Under net hdrrent densities (§) 6f &bout10”® A em™2 resulting
from.photoel&étrons ard plasma electrons id ISEE orbits, conductance per unit
areaof /A =§/v= 1078 A c:m'zv'1 are therefare required of thermal ¢oftrol
¢oatings over metal surfaces, Interms Of material parameters. this fequirement
can be éxpresged as

¥=R-a=p-a510°gcm? (1)

where p i8 the specific resistivity in Q e and 4 the thiskriegs of thé coating in ¢m,
For their product the term "'arearesistarce' seems 10 be appropriate, Bince it Is
aleothe product of a registance, R. and the area, A, over which it is measured,

Thermal control paints are typically 5 - 1073 to 10'2 em thick. and resistivi-
ties of C10!! @ em are therefore required. Inorganic paints, particularly thoee
based on zinc oxide and alkali silicates, were congidered as promising candidates
with ""semiconducting' zinc oxide ai pigment. Their preparation, optical proper-
ties. and environmental 8tability are deseribed in a previous paper. 1

By expressing the resistivity requirement id the form of Eq. (1), one tacitly
assumes that—at Constant temperature—p i8 atrue niaterial parameter, indepen-
dant of voltage, that i&, the conductibn mechanism i8 ohmic in nature, In wide gap
semiconductors and insulators, however. ohtriie eonduétion is the exception, rather
than the rule, because it occurs only if the concentration ¢f (thermally generated)
free, or conduction, electrond far exceeds that of injected (space charge) ¢lectrans,
Since the concentration of thermal eléctrons in insulators ig mall afid injected and
trapped charge densities are strongly fleid dependent, éonduction in thin films of
insulators or sewmiconductors is &trongly Voltage dependent with the shmic (linear)
portion of the j-V curve sccurring at low voltages, where it {s ensily obscured by
contact &ffects, that is, by intérface po*entials tit the semiconductor-aontact nter-
fdee, Recognizing that Conductivity is bbth vsltage and electrode! dependent, we
prefer 10 ¢xpreds the "éonductivity apedéification as a condudtanhe-per-Wit-area
requirement in the form

$> 109 Aem™2v"1 for Vv £ 1 Volt (2)

with the added stipulation that such conductande be measured under éonditions
closely #imulating thole of the dctual application, that 18 with e "free''=or eon-
tactless—sui~face in an electrofl plagimd, Such a coritaétless te. hnique has beed
deséribed by Beénilage et &l, 2 and applied to détéermine the chargey in conductande
resulting from durface contamination of conduttive coatings, We hiéve adapted this
method t6 tHe medsurement of thermal control paints and other spaceéraft coatings .
in the énurse of developirng conductive patnts for the ISEE prograr,



2. MEASUREMENT SETUP AND PROCEDURE

The test detup as achematically shown in Figure | {s & vaéuum diéde configura-
tion consisting of etungsten filament ¢athode and 2 symmetric¢ally arranged anodes,
Both anodes are 2.5 cm diameter aluminum die 4, éne of which {8 covered én one
gide with the ¢aating to bé measured and the othe. $érves a8 referende divde, They
are mounted in e eopper block, which can be heated and cosled by means of copper
¢dils through whieh lquid N-e or hot air s passed, Electrical insulation sf the
anodes agalnst the copper block {8 provided by a Teflon mount and an effective
anodc gurface of 1 CM2 area is defined by an aperture Inthe form of a copper ring

preceding the anode. ThiS aperture is directly atiasted to the copper block, which
is at ground (cathode) potential.
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Figure 1 Sehémutie of Teet Setup for the
Cuntactless Medsuremént of Paint Resist-
anced (Lower Part), end its E julvalerit
Fiectrical Circuit (Upper Part,. The
refgrefics anode, arranged syrnmetridally
tb the filament, is not ghswn
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Filariént power {g sup &hed by & currert regulated dc power au ply (a) ehd anode
voltage by elther a bipolar' ™ or positive regulated power aupply. Angde vbltage
and current are measured by means of a high impedance (> 2° 10! a) digital
Vol*meteﬁ(d) and digital pleoamp-teter, e) respecstively, All electrical cénnec-
tions are made by means Of shielded 2ables, permlttlng eurrent measurements
abeve arolse current of asproximately 2 (6" ! amperes.

The equivalent eireuit of the meaeurement Setup cén be represented by a Ke
sistance, R, in series with the internal resiatanze of the diode and an EMF,
equal to the work function difference betweéfi the paint and {t¢ substrate (alum{num),
Accordingly, the codductance per uhit area of the paint is determined from the dif-
ference id slopé of the j-V curves of the reference diode, and of the (painted) me&&-
urement diode of equal area, A, a5 illustrated in Figure @©Fér a given current
density, j, the anode voltage VA, across the measurement diade i8 highér by
Av, = jRp * A + &Y than that za¢ross the reference diode. For j=0, thi; differ-

endée becomes equal to A and the conductance per unit area of the paint »an be
determined as

z) -2 -1
= Aem “V™ ) (3)
(K paint BVa - ¥

The Cbnductarice of the reference dibde at current densities of 10™2 A em ™2
<j< 10™7 s of the order of 5+ 1078 A cm'2 V™1, which determines the upper
limit of eouductance valued that can be reliably tedgured as approximately

107 A em~2v-1, The lower limit 1szsetf)y the noise current and.a maximum anode
voltage of ~ 200 V as~10"13 v

(8)g esco Model Ck8 - 5 MHS

(b)l{eﬁéo Model BOP 72, =10V < Vg <470V
‘)¢ epeo Model HB 4 AM, far 0< v, < 380

(Dyuttimeter H, P, 34' .
(0)g s1thly Model 44b
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Figure 2, Typldal Curreént-density
vé Volte'xge Curves for the Referende
Anodsé (Aluminum)add Anedes
Painted With vu=ious Zin¢ Oxlde-
Silleate Painte (Salld Curves),
Caleulated curves for "o?mte"
coatings haying area registance

of 1o¥ 0 em\y. 3% emg and 10s Y}
cm? and the same work funétion as
the refercnée ansde (Al) are shown
for comparissn, Real paints are
charactérized by a change in wark
funetion (&) and a voltage-dependent
conductance per uhit area
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3. COATINGS

The {rorganie coatings investigated here are modifications of & previouely %e-
veloped stable, white paint. designated as M8-<74, This flight-proveu coating 1
forfilated with calelned zinc oxide plgment of the type SP-500 (NewJerssy Zine)
and potasgiuri $ilicate ag vehicle. By substituting "conductive' zlne oxide for
SP«500, electrically conductive coatings éan be prepared. Corfirfigrélally available
¢onductive oxides as well as "fired" $£-500 have been (nvestigated with potagsium
g{ljsate, godium silicate, and a mixture of lithium and pétassium silieats as binders.
The "firing"procéss consists cf heating the SP-500 to 1150°C for 15 min in air. The
process employed for the commercial oxides HC 616 and HC 238 are proprietary ¢
the manufacturer. The lattice defects {ntroduced by thede processes redult in donor,
abcdptor, and trapping cénters that not only govern the ¢harge transport but alsé
aét as Color centers and therefore affectthe optical propertiés ag well. Consider=
able effort was, therefore, expanded to arrive 4t coatingd which meet bsth the
conductanse requiremant of §/V >10"% A em™2v~! and aolar abserptanss require-
ment of ag <0.3 of the "White" aread of the ISEE dpacesraft, For the main bod§ of
the satellite, fhermel design celled for @ grssn patnt of &g ~ 0.8, which has been
achiévsd by adding ~ 2 pereent of cobalt ogide tb the einc oxide befors firing, For
black surfaces, a othmsrelal, carbon filled weiyurethane paint (Chemiglaze H322)
withag e 6. 88 and € = 0,86 was recommended, Wé fhelute measurérients of this
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paint beecaude it exhibits the mést marked differsnce between contaetlesy cor-
duétance values and ¢onducianice measured with metallic?(Ag-paint) contaets,

4. RESULTS AND ANALYSIS

41 Contactless Medsurements.

Typical condustance vé¢ Voltage curves are sidwn in Figure 3, At low voltages
current density inereages linearly with voltage (Ohm's Law) Which cad be expressed
ag

y=n eu ¥ )

where n, is the equilibrium eurrier density, e the ele¢trsnie Charge, My the niabil-
ity and d the thickness of the eemple. With paint thicknesses of 4pproximately

10 -2 etr, condudtivities, o= n e, range froum ~ 10"12 (S'Zcm)'1 for caleined SP-3001In
K-silicate 16 ~ 10”2 (Q em)=1 for firsd SP-400 {n the Na-silicate; HC-018 yields
conduativities comparable to thoee of fired SP-500, whereas HC 238 {s only margin-
ally nlgher than (utifired) SP-500, The vehicle~or binder-alys affedts the con-
ductance per uhit area: Na-silicate based coatingd are more ¢onductive than K-
silicate coatings and mixed Li-K-sil{aate paints give intérmediate Values.
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Wheni the voltage ia increased, currént density thicrenses quadeatically with
voltago (Child's Law), or the conductance incrensen lincasly with veltage, This
characteristic {g typleal of Space¢ Charge Limited Conductance (SC1.C), that is, of
charge transport governed by the interaction of ihjocted (spaed) charge wi.h trapping
centers of the matérial, whose evergy levels lie between the steady state Fermi
level dnd the conductiofi band, According to the theory of SCLC, summarized in
Figure 4, the relationship between current density,..j, and voltage, V, 1o given by

Oufee
2
jo——2-v (5)
8d
Where 8 is an effective raobility, ¢ the dielectric constant and g the thickness of the
material. The trapping factor, 8, is the ratio of free space charge, P (inthe
conduction band) and the trapped space charge Py under equilibrium conditions and
is given by
Py N Ec - Ep
9—-5t—--Nt—e:tp-—-ET——— (6)

whefe N {¢ the density bf states {n th¢ conduction band and N the density of elec-
tron traps at an enérgy E,, below the conduction band, situated at energy E.,

| /

‘TRAP FREE SQUARE LAW:
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S
5
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4.2 Temperature Dependence

It is apparsht-from EQS. (8) and (6) that the temperature dependence of the
effective mobility, or of the condustivity, will give the position &f the trap levelin
the bard gap. For our stahdard paint MS=14 (SP-500 in.K-silicate), the tempsra-
ture dependence.is plotted IN Figure 8, * from which the energy 6f the trap level is
ovtained us (Ep - Eq) ¥ 0,15 ¢ 03.05 ¢V id good agreement With published values far...— .
high-reslstivity, Li-doped ZnO,% It IS important to note here that conductivity
variatiohs from sample to sample of the game batch ere of the order of a factor
3to 5, and to point out that meaguremnents on a different bateh ghowed the same
temperature dependence and variatioh within the batch, but conductivity was about
16 times higher overall. We attribute thesé¢ variations to the heet treatment in-
herent inthe measurement procedure, in Whichthe samples are heated to ~ 200°¢¢
for varioud lengths 04 time and measurad while cooling, ROOM temperature ¢ca-
ductivities 0f MS-74 which hag never been heated are about 106 timesg higher than..
those shownin Figure 8§, After heating to 300°C for 30 min, a désrease In condue-
tivity by 4 factor of 10 to 20 was noted, Preliminary éxperiments on fired SP-500 in...
Na-ailicate did not reveal any dependence on heat treatment, but further work is
required to establish the mechanism responsible for this effect,

1o'2
MATERIAL MS - 740N ALUMINUM
TEST INHIGH VACUUM
GALLIUM CONTACT

10! -

Fi%ure 8, Temperature Dependence
of the Area Resgistance of MS-74
Paint.(8P-500 IN Pstagglum-Silisate)
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*Thess data in Pigure 8 were obtained at DFYLR, Brauns¢hweig, Germany; with
liquid gallium contaéts,

604



4.3 Tradeoff Between Solar Absotptance dnd-Condisetance

As wag alluded to earlier, the "firing" process which results .n increased
electrical conductivity of zinc ozide, also induces edlor centers, In.the case of
§P-500, the oxide turns yellow and eolar absérptance increases from 0,2 to 0, 4.
The conductive commerelal oxide HC 018 rlso has ah@g of ~ 6.4. In attempts t&
produce whiter paints while staying within the ISEE conductance spe¢ification, we
investigated mixtures of the highly conductive formulation (3,a = HC 016 in N4~
gilicats) and our standard white paint M3-74 (1, ¢ = SP-566 in K-silicate). The
results Ire summasized in Figure € from which it is apparent that paints having
conductance-per-unit-area of2 1079 A em™2 v ! 4nd eolar abgorptances of <0.3
cannof, 'se obtained by thie approach. whether a better trade-off can be achieved
by variationg of the temiperaturs, time. and atmosphere of the zinc oxide firing
proceds remaing to bé investigated,

107
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4.4_..Comjprison of Contact and Contactless Measurements
Ingeneral; conductance odtalned with sllver paifit contacts show the same

atrong voltage dependance, but ate higher by up to Severaldecades than those ob-
tained by the contactless method and they are higher in alr than ih vacurlm. The

differences between the two methods in vacuum {8 most prondunced for paint formu=-— -

lations in @hickthe conductivities of pigment and binder &revrders of magnitude
apart, as illugtrated in Figure 7 for catbon and ¢onductive zine oxide in polyur-

ethane.

The commercial black paint Chemglaze H-322 (5 weight % carbon)

appearl| about 10° times more conductive with metal electrodes than with the
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ele¢tron plasma as surfaée contac¢t, Inthe czse of the more heavily loaded zinc
oxide/polyurethane paint, the difference IS about a factor of 10 which, at least in
part, IS due to the lowsr conductivity of zine oxide ag compared to carbon, The
different results obtained by the two contacsting techniques can perhaps be qualita-
tively understood as being due to the heterogéreous nature OF paiats OR 4 micro-
g¢opie scale. As adispersion of a ""conductive" phase (the pigment) ih a "non-
conduetive' dielectric (the binder), the paint Burface, ¢onsisting of conductive
{slands in a non-conduétivée matrix chargee to & highly nén-uniférm surface poten-
tial, with insulating areas éssetitially at cathode potential ard conductive areae at
ahode potential, respectively. The effective potential, which govetris the anode
current, 18 a coriplex function of absolute and relative island geometry, that is,
of particle size and concentration of the pigment. With a metallic contact, on the
other hand, the surface becomes an equipotential surface. The résistive areas are
"'shorted out" and the measured conductance is the sum of the conductance8 of all
conduétive paths through the Bample, and therefore mainly a characteristic of the
conductive component alone, rather than of the paint as a whole.

5. CONCLUSIONS

Thermal control paints which meet the ISEE conductanées specification of
jlvz 107 A em™2v1at V = 1valt and T~ 300 K have beerl formulsted with semi-
conducting zinc o¢ide pigment and alkali silicate binders, As in semié¢ondustors,
their charge transport properties are strong functions of voitage end temperature
and depend on both pigment and binder, Because of surface effects add the hetero-
geneous nature of paints, srder-of-magnitude diserepancies are found betweer
condustance values measured with metallic ¢sntacts and thbee bbtained with a
eontactless method employing athermal eleétron plasma IN vasyur, In the evalua-
tion of surface coatings for electrostatic charge controloh spasscraft, careful
definition of measurement parametsry and bf apprépriate measurement techniques
are therefore esdential.
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