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Abstract 

A technique for determifit* the Candu&taace er unit &rea of thermal control 
e&atinge for I ele&Foetaticaliy clesls" ephcecrdt  i! descpibed. In order to e ibu-  
late brbital conditione m&ra clbeely, current-deneity-\tOltage (j-W curve$ ore 
obtained by a contactleee method in which the paint on an aluminum substpate i s  
the -de of a vacuum dibde canfifpiratibn d t h  a tungsten filament Cathode. Cpn- 
duetmcee per Unit area whidh t3atiBfy the International Sun Earth Explbrer WEE) 
requirement of j l V  2 10-8 A / V  cm2 have been obeerved on black ainte contaihiqj 
carbon ahd ih "white" and green painte filled with 4inc oxtde whic has been "fired" 
la order  to induce defect conductivity. Bedauee O€ euHace effecte and the n6n- 
homogenedue xiathre of paints, large discrepancies are found between meaeure- 
mentb with the cohtactleaa method &nd lheaeuremente einploylng metallic contacte, 
paliticularlg at ldw curPelit dehetiee. Therefore, meaeutemente with metallic 
coatact6 are cuhbidered to be of queetiomble ealue in deciding the suitability of 
coatiw8 for eleetroritatic chkrge control. 

R 

1. INTROWUCTION 

In order to minimize interferenee of epacecrafi charging with iow enwgy 
giiiema and eleMric field measutemente on the 18bE mSiseion& gotentla1 differbdcee 
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between dark BfiB illuminated seCtidhB bf the sp3decraft 8uPfacSe a f6  tu be kept f6 
lees thah 1 volt. Under net hdrrent densitietl Cjl bf &bout 10'' A emm2 PeBulting 
from-phot6elekrons ar'ld p l k t "  eleetrbns id ISfil2 cirbltd, b6dducWnCe per unit 
area of CIA = JlV '+ lomg A are therefare required of thermal b b l r o l  
CbatlngP over met31 edrfaces. in t e rms  of me.terla1 parameters. this Pepulrement 
c a i  be exxpkeseed 88 

Whel'e p Lg the specific reeidtivity ih S2 cm and d the t h i c h e s s  of the cokting in em. 
For their product the term "area resietBnce" seeme to be appropriate, Bince it is 
aleo the pi-oddct of a resi8tance. R. and the area, A, over which it is mebsured. 

to cm thick. and reeibtivi- 
ties of C lo1 R cnl a r e  therefore required. lnorgilnic paint&, p9rticulariy thoee 
based on zinc okide and alkali BilicateB. were corilidered as promising candidates 
@ith "eemiconduCting" zinc oxide a i  pigment. Their pkeparation, optical proepr- 

Thermal control ptiiht8 are typically 5 

ties. and environmental Ltability are deseribed in a previous paper. I 

By eqreeaing the resistivity requirement iri the form of Eq. (i), or& tQcitlJt 
a8gumes that-at Constant temperature--p is a true niaterial parameter, indeperl- 
deilt of voltage, that iB ,  the conductibn mechani8m IS ohmic in hature. In wide gap 
bemicondudox% and insulator&, however. bhfah CohdWti6n is the bxceptioh, rathel' 
thgn the rule, because it  occure only if the concentratibn 6f (thermally generated) 
free, or cbndtiction. electron6 f a r  exceeds that of injected (space charge) electrime. 
Since the cbnceiltrtition of thermal electroils in inlulators i i  m a l l  afid injected and 
trapped charee densities are stron$fy fiejd depeqdeirt, ebnduction iil thin films of 
insulators or seniicbnductbrh is i l t roa ly  Voltage dependerlt with the Cjhmic (line&) 
portion of the j-V cukve bccurring at low voltiiigea, Where it id eubnly obitcured by 
contact effect& that is, by irltbrface po*catials tit the eeniiconductbf-eontact Miter- 
face. Recognizing that Conductivity ie bbth veltage and electrode! dependent, we 
prefer to express the "kohductivity epeC1fication" a8 a condudtanhe-per-Wit-area 
requirement in the form 

with the added Itipulkttioh thiit such conductande be measured under conditibas 
closely atmulath& thole of the aetual applidatlon, that 18, with e "free"-or eon- 
tactlelis-dil:9ac~ In ad electrofl pladiiilri. such a cohta&lees te. W q u e  hail beed 
described by Bentllrge et at, ' and applied to d6ttgrmhie the chatigeu in candubtantie 
redulting fr'om durface cbntamlnation of conduktive coatlrigs. we hilee adapted this 

in the criutse or idevelisphg cundudti;oe Baintl for the ISEE pmgralil. 
thod to tne nieasurement df thermal ebritrol paint& and f l e r  epaceeMft beating&. 
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The test Cretrlp a s  fichematically Bhdwn in F&re  1 is il vacuum dlbde configura- 
tion consiefhg of etungsten filament aathode and 2 sy~mettr ical ly arranged anode& 
Both anbdes &re 2.5 cm diameter aluminum dip 9, h e  of which Ilo cclvered 6n m e  
elde with the cohting to b6 measured and th6 (rtl~,.. $ewe5 a s  refwetlee diede. They 
are mbunted in e C6pper bloek, which can be heated and boaled by meane C)f ceppbr 
cbile throbgh Which liq'urd N2 or hot air is paseed. Electrical ineulatian df the 
anodes againet the copper bbck is provided b$ a Teflon Mount and !an effective 

preceding the anode. This kpeMure ib, directly attabbed to the copper block, which 
is at iJrbund (cathode) potential. 

anodc eurface of 1 cm 2 area is defined by an apertui-e In the form of a copper ring 
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Figure 1. &hemiltic of Teet Setilp,for the 
Cccntat$leae MeaBhPement of Paint Reelst- 
abcee (Lowe? Part), end it& E 'uivalerlt 
Frectrkal  Circuit (Upper Part,. The 
refdrenee anode, arrariged eymmetribally 
tb the filament, ie ridt BhdiRn 
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Fllament power i l  sup lied by a clrrrsrlt re!gUbbd dc power $U ply(a' ahd &node 
voltage by efther' a bipolar') of pOLitiVe tesrilated power sUppl$i. (" Anade vbltage 
aYld burrent &re measured by meane df a high inipedance (> 2 l0 ld sll digltal 
voltmete&') and digital picoamp-meter, ( 0 )  respect i~ely.  AII eiektricai ctiriiiee- 
t i m b  are made by means of ehieldrd Cabled, permitting butpent measut'emehte 
abrve a doiee current of agpr6ximately 2 .  16'" amperes. 

The equivalent clrcutt of the meaeurement setup sbn be repreaented by a re- 
slet8fice. Rp, in  se r ies  with the internal tesistance of the diode ariU an EMF, *, 
equal to the work function difference bet*elsn the paint and tt$ 8UbBtrate (aknitnum). 
Accordingly, the codductance per uhit area of the paint ie determined from the dif- 
ference id elope of the j - V  crlrvee of the reference diode, and of the (painted) me&&- 
urement didde of equal area, A, a5 illustrated in Figure %. Fbr a $iveh current 
density, j, the anode voltage \fA. acrobs the measurement diade 18 high& by 
& V A  = jRp A + A$ than that acrob8 the reference diode. For j + O ,  thl I differ- 
eiree becorhes equal to  A$ and the conductance per  unit area of the paint 2ari be 
dettepmined a s  

(3 

The Cbnductarice bf the reference dibde at current dengities ot lo-' A em" 
< j < lo'' is bf the order  af 5 16" A  cm" I+' ', Whkh deterfiines the upper 
litnit of c6nUuct8nce valued that can be reliably mehieured as approximately 
iom7 A &m-2V-1, The lower limit i B  s a  by the irdise current and.a maximum anode 

- 2  . -1 voltage of .* 200 v a s  - 10"~ A cm v . 

'"Kepca Model Ck8 - 5 NlHS 

(b)Kepi50 Made1 BOP 72, -70 V C VA < +?O V 

( C 1 K 6 p ~ ~  Model HB 4 AM, far 0 C V A <  300 V 

(dtMulttmeter H. P. 34' 8 

("Keithly Model 44b 
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Fiaure 2, Tyglcal Cubrentbdenelty 
vB Voltage Curvet3 Pat the Reference 
Andde (Aluminum) add An6dee 
PdlnteU With Vb*ious Zlnc Ojctde- 
Siltcate Palnte (galid Curvee), 
Cdculetted cucves for ttesmlo'' 

?fie re fe r 'o~e  amtie (All w e  BhbW 
for coniparisan. Real gainte ape 
characterieed by a change tn wark 
frlnctiafr (A$) and a voltage-depefident 
conductance per uhit area 

The iribrganic &bating8 ihvesti&ated here are inbdificati6hs of fl previouely %e- 
velbped Btkble, white paint. designated a8 MS-74. T h b  fltght-proveri c b a t t q  18 

formulated @ith calcified: hinc b a d e  pigneilt 6f the type SP-lbO (New Jereey i!2ilic) 
and potaeeiuin Bilicate a$ vehicle. By dubetituting "conductive" &c oltide for 
SP- 500, electrically conduktttre coating& ean be prepared. Cortimercially avoilable 
condudive ojrides a s  well as ''fired'' SP- 500 have been lntiestigated with pota58ium 
&ilicirte, eodiun! silicate, and a mixture of lithium and p6tassium eilikate as  binders. 
The "€iring"practies eoneillte cf hekting the SP-606 to 115O0C for 15 min in air. The 
proeeClB emplayed for the commercial oxides HC: 616 and HC 236 are progffetat.ly tt5 
the manufacturer. The lattiee defecte iRtraduced by thetie pmceeeeer reEiU1'1 in donor, 
abcdptor, and trappirig centere &tit ndt only govern the ch&r$e tranePi5rYt but ale6 
a& a8 Color Centers and thefefore affect the bpttdal pr6gertkM a8 well. bna ideP= 
able effort was, therefope, expail%ed tb afr ive rAt coatingti wMbh meet b6th the 
conducrtkuice requirerilelit of j / V  > lo1' A cmo2V" and aolar kbeorptance ret&iire- 
ment of as  5 0.3 td the "White" area6 bf the ISE!E cipaceerak, For the !riain bad9 of 
the sat@llite, fhermel deiligri celled for ti green pat& of CbS - 0.66 ahkh hkid bWri 
achiewd by adding - 2 percbtit of cobalt o#id& tb the einc oxide betoee firirlg, Fbr 
bieck $urfaCel, 6 Wmmlircial, carbon fil?ed pdpirethene paint (~he rng lb ie  H3Z2) 
with u s  e 6,0b and e = 6. @B walrl PeGoninietided. Wii iirciutle: meaeurerrienta of &le 
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paint becable it oJclSibItf3 the m69t marked dift'ereace b~tween contaetl8a8 e6d- 
dudtarlee values and cundbctairce mee8ured wlth metallic? (Ag-palnt) b(int86te. 

4. R€&&lbT8 AND ANALY$l% 

4.1 Cantide& Menwemenu. 

current deheity increaeea lhear'ly with Voltagfe (OhmlEl LaW) Which cad be errpPePsed 
es 

Typical cohduatadce vll Voltage curve& tic0 ~n6tQh ih Figure 3. At  lbw voltages 

@here fi0 is the equilibrium curr ie r  density, e the  eleCtr6nic Charge, 116 the nlabil- 
ity and d the thickness of the eemple. With paint thickneebed of fApproximafely 
10" ctt., cbnductivitiee, 0 = range IL%itl- (Slcm1-I for calcinedSP-500 i n  
It-ailicate tb - 10'' (R cm1-1 f6r fhed SP-sdO hi the Na-sflieate; HC-016 yields 
ctmduetivftfeb, ccimtjarable to thoee of fired SP-500, whel'eas HC 2Se is dnfy malrpln- 
ally higlher t u n  (uirtired) SP-500. The vehicle-or bindec-alab affedts the con- 
du&ance per uhit area: N!a-eiii&&ta b&sed coating6 a r e  tn6rh eonductbe than K- 
silicate cdating8 and milred Li-K-silicate pLhtS give ihtermedhte Values. 
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Where @6 is an effective fiiobility, e the dielectric constant and d the thlckness of the 
material. The trapping faefor, 8 ,  ie the ratio of free spaCe charge, pf, (in the 
conduction band) and the trapped space charge pt, uhde!l' equilibflum conditions and 
is giv&i by 

whefe NC ilr the demit9 bf states in the ebhdurtlod baiid and NT the density of elec- 
tron trap$ Bt an i~i t l igy ET W16W the dondtiction band, $ithated at energy EC. 

'TRAP FA€€ WUARE LAW: 
su * *  1 - 2  * V* 
&I3 

Pigure 4. Space Charge Limited j-V 
Chafacterlstic for  ari haulator  Corltainilrg 
StidloW Trapsl 
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4.2 Tesnperatute bpndence 

R i s  apparehkfrom Eqs. (6) and (6) that the temperatuke deperlaence 6f the 
effective mobility, o r  of the cohduetivity, will  give the position aP the t rap  level  ib 
the badd gap. For  our stahdard paint M&?4 (SP-500 ihk8ilicat.te), the tempeta- 
ture dependent%i& pl6tted in F’iaure 6, * from whieh the energy 6f the t rap level icr 
dbtained (IS (EC - ET) 
high-resistivity, Li-doped ZnO. ’ It is important to note here  that c6ndUctivity 
variatiohs from sample to sample of the lame batch e r e  of the order  df a factor 
3 to 5, m d  to point out that measwementa 6n a different bktch ehoWed the same 
temperature dependence and variatioh withiil the batch, but conductivity wes about 
16 time8 higher overall. We attribute thee6 variation8 to the heet treatment in- 
herent in the measiirement procedure, ih Which the samples a r e  heated to - 200’C 
far variouis length8 04 time add meaeilrhd while cboling. Room temperature cab- 
ductivitiee of MS-74 a i c h  ha@ never been heated a r e  about 106 time8 higher than.. 
those shown in Figure 5. After heating to 300OC for 30 min, a decrelree In cmidlc- 
tivity by a factor of l b  to 20 was noted, Preliminary experiment6 on fired SB-500 k-.- 
Na-ailicate did not reveal any dependence on heat treatment, but further work is 
required to establish the mechanism reeponeible for this effect, 

d. ?S i: 0.05 eV id good agreement with publiehed value8 fU-.---------------. .. 

MATERIAL MS- 74 UN ALUMINUM 
TEST IN HldH VACUUM 
&ALLIUM CONTACT 

66 160 I& loo 
tQc 

Figure 9. Tewperature Dependence 
of the Area Re8iatanCe (rf MS-14 
Paint. ( W - S O O  in Potaseium-Silicate) 

* .  
Th@& dirlta in Pigure 9 were obtained at DFfrL8, BrBUns6hweig, be rmeq% with 
liquid &ailiUm dontaab. 
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4.3 'Redeott b e e m  Abeo~tanw an;l-Co&etance 

As wa$alluJed to earlier, the "fiPihg" ptocess which r'esults ,n increased 
electrical conductivity of zinc bkide, also induces cblot center& In the  case of 
SP-500, the oxide tu- yellow and eolar abs6rptlirCe increaees from 0.2 to 0.4. 
The conductive caminekcial oxide HC O l e  r lso has ab as of - 6.4. In attempts t6 
produce whiter paints while etaying atl%;n the ISg$ conductance epecifiictitibh, we 
inveaigated mixtures of the highly conltidive forintilation (3, a = HC 616 in NSa- 
Lstlicate) and our standard white paint MS-74 (1,c = SP-566 ing-silicate). The 
results  Ire eu"a i* ized  in Fiaure 0 from which it i8 apparent that paint8 haMt 
conductance-per-unit-area of 2 10'' A chim2 V-* ahd eolar abdOrgtancei3 of < 0.3 
cam-d, 'oe obtained by thie approach. whether a better trade-off can be achieved 
by vanation8 of the teinperature. time. and atmosphet'e of the zinc oxide firing 
procelre reiPlain$ to  be inveetigated. 

I I I I 
0.2 0.4 0.8 0.8 

X i  

Figure 6. htar AbsarptInce 
(drs) and CbnductBnce Per 
Unit Area ae a Fuhktieri of 
the MlxiilgJ R a t b  Par Mi)rtur'B& 
of B Cohdujiva Paint 
(9,a EitC 016 TnO in 
Nadilicate), aild a White, 
Non-Conddcti*e Paint 
M-94 ( 1 , ~  E BP-SOO ZinO 
iti K4ilicat.e) 
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ArL--Comphn ot cdntact iimd t k ~ t a c t l e e ~  I#eaeuEemte 

In generali cohductance obtained wsth d l v e r  gaiiit contact8 ah&* the same 
Bttotig voltage dependance, but ate highei. by rlp to Several decade8 thah those ob- 
tained by the colltactlees method and f&y a r e  hither ih a h  than ih vacurlm. The 
differences between the two method8 in vacurlni i$ Most proWwCed for paint foPfrfuz--- _-  
lations ih @hick the eohtldctiVi3ieb of pigment and binder &re orders  of magnitude 
apart, as illultrated in Pigate 7 for catbon and CohdubtLve zinh oxide in polyur- 
ethane. The commercial black paint Chemglszt? H-322 (5 weight % carbon) 
appearl ab6ut lo5 t imes more conductive with metal electrode& than with the 

. 
1 

I 

I ,  

Ap CONTACT IN \IL.CcIO 

/ 
a: CARbbk, 0.115 - 1 b. v)t. IN POLvU&ETdANE 

(Chemgaze H.3221 
b: PIRED SP.600 4 COBALT OXIDE, 3 : 1 b. wt. 

FlAEb bPbW + COBALT OXIDL. 6 : 1 b &. 
I I  POLVUReTHANE 

IN POLYURETHANE 
C: 

.....-. 

Figure 7. Comparison 6f 
Conductance Val$es of 
Carb(>n/Pol urethane arid 
kine-Oxide YPolyur ethane 
Paints Obtained by Meaeure- 
mrnts  with A@-Pairit Contacts 
(Solid Liries) and by Cbn€act- 
less Measurement8 (Broken 
Linea) 
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electr?on plasma a$ 8uflaCe cbhtact, In the e w e  of the mere heavily loaded zinc 
oxide/polytareth&ne ptiiItt, thediffereM!e is aboUt a factor of 10 which, at least in 
part, is due to the lowcsi. cbnddetifrity of zinC aklde QS compated to cai-bah. The 
different reeulte obtaihed by the two cohtactiw techniques Cllh perhkps be qualita- 
tively mder6tbbd as being due to the heterbgerleous nature Of palate OR 4 micro- 
8cqpic scale. As a dispersion of a "conductive" phase (the pigkneht) ih a "noti- 
condudiqe" dielectric (the binder), the paint Burface, consisting of conductive 
islatids in a nm-conductive matrix chargee to i3 highly non-unifarm eutf&e poten- 
tial, with insdating akeB8 eseetitially a€ cathode potential arid coMuctive areae at 
akmde potential, respectively. The effective potential, which govetlis the anode 
cuerent, i8 a complew. fdnction of absolute and relative island geometry, that is, 
of particle size and conckntration of the pigment. With a metallic contact, on the 
other hand, the Ourface becomes an equipotential surface. The reBii3tive a reas  a r e  
"sharted out" and the measured conductance is the sum of the conductance8 of all 
cahdktive paths through the Bample, and therefore mainly a charlrcterMic of the 
conductive component alone, rather than of the paint a8 a whole. 

3 
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Thernlal control paints Whkh meet the ISEg CohiluctahceB epecifkation of 
j / V r  16'' A ~ ~ I I - ~ V - '  at  V = 1 valt &nd T& 300 K have beerl formul&ted with Bemi- 
conducting zinc oAde pigmeht atlcl alkali silicate biriders. As in sehliCondtic9ars, 
their charge transport properties are etrbng functions of \roMage end femperature 
and depend C)n bbth pigmeirt arid.binder. Because of BrirPece effekts add the hetera- 
gene(nrs nature bf paint&, order-of-magnitdde discrepaneie8 a r e  found betweeir 
condui3ance value8 measured with metallic cbrrtactl ani5 thbee bbtained with a 
contactlees method eliiployttig a thermal ebe tMn plasma in vaeuuin. III the eiralua- 
tion of sdrfaae coating& fbr electrbst&tit charge coiittol oh Bpaeeeraft, careful 
definitlbtr of meatSurement parametefa and bf appboprlate measurement techniques 
alie therefore eeserWi1. 
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