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EFFECT OF FLECTRON TRRADIATION IN VACUUM ON FEF-A STLICON SOLAR CELL COVERS

by Stanley J, Marelk and Jacob D, Broder

National Acronautice and Space Administration
Lewls Research Center
Claveland, Ohio

SUMMARY

Fluorinated ethylene-propylene-A (FEP=-A} covers on
gilicon solar cells wore irradiaced with l-HeV clee-
treas, dn vacyum, to an accumulated fluence of
2,5x1016 Gfemt (6,75x10% rads of absorbed dese for
FEI'=A material) equivalent to approximately 28 years in
synchronous orbit, The effact of irradistion on the
light transmittance of FEP-A was chocked by measuring
the short=¢circuit current of the cells after ecach dose
increment, immediately after the {irradintion and ngoin
after a minimum of 16 hours of elapsed time, The cells
rerained in vacuum for all these mensurements, The re-
sulte indicate no apparent overall loss in traonsmission
due to irradiation of FEP-A, However, filrer wheel
measurements revealed a "darkening” of the FEP-A at the
blue end ol che spectrum, as ovildsnced by o small loss
of current at the short wavelenpths, The FEP-A solar
cell cover was alep tested for embrittlement. Although
né delamination from the eell surface was observed
while in vacuum, embritctlement of FEP=-A occurred at
this sccumulated dose. The electron fluence at which
tha FEP-A cover embrittles and cracks when subjected to
flaxing tests was determined to be about 2.5x1013 elee-
trons per square cuntimeter (6,75x107 rads of absorbed
doae), :

INTRODUCTION

Fluorinated ethylene-propylene~A (FEP-A) has been
proposed as a solar cell cover for use in outer spuce
(Ref, (1)}, The radiation damage properties of FEP-A
must be determined before it can be considered for use
ag o solar cell cover materipl iu 2 radiation environ-
ment, One of the most Important properties to be eval-
vated is ita light transmittance after radiation expo-
sure, in genernl, organic materisls tend to darken
upon exposure to heavy doses of ionizing radiation. It
is, therefore, important to determina whether FEP-A
film darkens when it is exposed to radincion. Another
important property to be examined after exposure to
radiation is the brittleness and the strength of the
material. This information is required of the FEP-A
to be used for solar cell arrays vhich have to bhe
folded or rolled up after exposure to jonizing radia-
tion,

For the experiments described in this repott, o
thickness of 0.0127 centimeter was chosen because it is
the closest commercially avallable thickness to the
standard 0.015=-céntimeter (6-mil) cover glass, In pre-
vioue invastigations of this materisl the results were
either obtained from testinpg in alr after irradistion
in vacuum (Refs. (1) and (2)) or not dirdctly related
to 1ight transmittance (Refs. (3) and (4)). MHost of
the inveatigators concur that the absence of oxygen
during the irradiation and the evaluation of the ef=-
fects of irradiation in air are responsible for marked
changes of the physical, electrical, and optical prop-
erties of FEP-A. To preclude any unknown effects that
may occur if the simulated exposure is done in ope ene-
vironment and the measurements are made in another, the
measurements should be performed in the same environ-
ment #8 the exposure, This report presents in-vacuum
measurements of the effects of l-miilion-electron-volt
{1-MeV) electron irradiation on FEP-A light transmit-

tance and observations ¢f the physical inteprity of
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FEP-A after irradiation, The l-MeV electron fluence
ot which the brittlepness of FEP-A begins in o come
pletely enecapsulated package wos also Jotermined and
is included in this report.

The effects on the light transmlttance were moas-
ured by comparing the radiation-induced loss in shorc-
clreult current of the FEP-A covered cells with the
corrasponding loss experienced by an uncovered cell of
the some type., During cach measurement, the FEP-A wasp
che#arved for possible loss in adherence te the cell
surface, Afc¢er the Einal lreradiation the FEP-A wns
also tested for embrittlement and delamination in an
argon atmosphere hefore exposure to alr,

The electron fluenece at which the brittleness be-
gins was determined by flexing of the FEP~A encapsu-
lated package in which FEP-A backed by TEP=20C and by
Kapton wae usaed as a hiinge,

EXPERIMENTAL APPARATUS AND PROCEDURE

The tests for the FEP-A 1ight tranemittance and
for its embrittlement, while in wvacuum and subjected
te ionizing radiation were conducted in a vacuum-~
tight chamber espaclally cquipped with necessary ports
for electron beam irradintion and solar simulator
measurements ond with eleetrical and thermocouple
Jued-throughs (Fig, 1), The chamber can be sealed
while under high vacuum, decoupled from the beam
transport plpe of the clectron asecelerator, and trans-
ported to the solasr simulator facility for measure-
ments of various parameters,

The vacuum leak rate of this apparatus is approx-
imately 2x10-5 torr per minute, This sllowa slmost
1 hour for handling in transport after decoupling frem
the vacuum system before the pressure within the cham-
bor rises sbove the 10~% torr range. It was only noc-
essary to transport the chamber when performing light
transmittance evaluation at the solar simulator fa-
eility, In this experiwent the time in transport was
less than 13 minutes, and the chamber was immediately
connected to another vacuum system, The pressure in-
gide the vessel during the irradiation was 1x10-6 torr,
Thus, during this experiment the samples were not sub=
jected to a pressure higher than 3x10-4 torr until
after the final irradiation and measurements,

The guartz view ports were protected from radia-
tion damage by 0,3-centimeter-thick aluminum shields
fitted on the inside along the contour of the vessel,
These shields, the specimen holder, and all other ac~-
cesgorles involved In these experiments were mounted
on o rotatable platferm., The rotation of the placform
was eentrolled electrically from the outside of the
vacuum chamber.

The 1-MeV electron beam was provided by the
Dynamitron potential-drop accelerator, ‘fiie beam was
focused te a vertical line of good uniform density and
then moved to secad A 4- by l0-centimeter rectangular
area uniformly. This allowed simultaneous irradiation
of up to four 2-cell modules, The dose received by the
cells was measured directly by a Faraday cup behind a
0.3~centimeter—-diometer entrance aperture, The charge
intercepted by the Faraday cup was measured by a cur-



ront indicator and integrator, The rectangular ardéa of
the seanned benm was continuously monitored at its four
cornars by four independent probes,

Solar cell electric cutput messurements were made
by using individually lpsulsted contacts, which also
sarvad to hold the eells in place, No atrempt was made
to control tha tamperature of the specimen holder; how-
aver, this temparature and the temperature of tha cells
were monitored with thermocouples., The specimen holder
arrangemant is shown in Fig. 2,

For nach set of electrical mensuremapts tho light-
beam intensity wamp set for alr-mass-zere copnditions at
the test plane by wonltoring the short-circult cutrent
of two referenco cells poeitioned on the specimen
holder outside the electron-baam target arca and fur=
ther protected by a movable shield during the irradin-
tion, The refarence current valua for these cells waa
established bafora the experimental measurements by
uaing Lewis filter wheel molar simulator currents
(Ref, (5}). The reference cells wore rechecked aftar
the experiment to ensure that alr-mass=zerp conditions
were maintained.

Procedure for the Light Transmittance Test

Prior to the experiment the follewlng 10 ohm-
centimeter , 0,02305—centimeter~ {(12-mil~) thick silicon
solar cells with sllicon monoxide (S10) ancireflection
coating were selected at random: thrae 2~ by
2-centimeter FEP-A covered cells prepared by a silane
(Union Carbide A 1100) treatment method (unpublished
work of J. B. Broder at the Lewis Reseaich Center),
one uncovered Z- by Z-centimetaer cell to be used as a
control cell for investigation of the FEP-A covers,
and two 1= by 2-centimeter quartz gloss-covered cells
te be used as the reference cells, The initial meap-
urements of short-circult current (Ize) for the 2= by
2-centimeter ceat cells were made under the FE) oo
wheel solar nimulator. All these cells were also
checked for their open-circuit voltage (V,.). Upon
installation inside the chamber the cells were again
measured for Tge under a Spectrolab X-25 solar simu~
lator with the intenaity adjusced to match the pravi=-
ously obtained Ig. for one of the l- by 2-centimeter
cells, .

After the initial evacuation of the vessel the
cells remiined in vacuum throughout the test. The
electron irradlation wau Btopicd at accumulated flu-
ences of 5x1014, 1x1013, 5x10l5, 6,5x1015, gx1015,
11016, 1.5x1010, and 2,5x10%6 olectrons per square
centipeter, Each time the célls were visunlly in-
gpected through the windew for physical damage and an
average Ig, wes determined from three readings undér
the Spectrolab X-23 solar simulator, The Ige of the
irradiated cells was measured within 15 minutes after
the irradiatlon was stopped and then apain after a
minimum clapsed time of 16 hours to determine any an-
nenlinﬁ effect. After the acemmulated fluence of
2,5%10 6 elactrons per square centimeter the vessel
was preparcd for opening in such a mamer that the
samples would not be cxposed to air before probing to
teat the physical integrity of the FEP-A, The top
cover of the vessel was scaled in a "dry bag,” which
wog purged and then backfilled with argon gas. The
pressure inside the vessel was slowly increased by
nllowing argon gas to leak in until a slipght posicive
pressure was obtained.,  The FEP-A was then probed for
brittleness and adherence to the cell in the dry bag
filled with argon gas, Only after this test were the
cells exposed to air and were Vg, and I, remeas-

ured.
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Procedure for the Beittloncrs Tust

FEP=-A covered Z-tell modules wvere prepured for
this test, The test package consisted oft 0,0127 cm-
thick FEP-A tovar, two serlcs-connected silicon solar
calls, 0.00508 cm-thick FEP-20C, and 0,0025 em-thick
Kapton backlng, laminated togother. The modules were
mounted on the pame specimen holder as dascribed above
for tha light tranomittance test, and irradiated to
various 1-MaV clectren fluences i the above described
vacuum chamber, Fach module was flexed about the in-
terconnect to an angle of nbout 129, Breaks in the
FEP=A covor on the module wepe sbeerved using n four-
power Micro Optical Pyromater Telescope. Each module
wos first examined nfter two flexes, If no crack wag
observed, sample wag [lexed three more times and re-
exomined, The process was then continued in inevements
0f five flexes until a hairline erack was observed,
The flexing was done by a machanical manfpulator oper~
ated from the outside sf the vecuum chamber, The high-
est 1-MaV electron fluencc at which the FEP-A embrit-
tles and scparates into two ploces after a single flex
was determined by using a 'dummy" Z-cell module. This
module was mada by cnespsulating 2- by 2-em atainless
stoel , 0,038 cm-thick, between 0,0127 and 0,00508 cm-
thick FEP-A material,

RESULTS AND DISCUSSION

Meavurements of Voo of the three FEP-A covered
cells and the uncovered contrel cell, prior to and
after irradidtion for the light tronsmiktance test, are
shown in Table I. The V,, re¢sults before and after
irradiation indicate that the samples were fairly uwni-
form in chavacteristics and had resiscivities very
close to 10 ohm-centimeters.

Measurcments of the Lipht Transmittance and
Obseryations in Vacyum

The Iz measurements of the four cells taken
initially and at various l-MeV electron irradiatfon
levels were averaged and are shown in Table II. Each
value listed i8 on average of three measuvrements, The
tempercture of the back of the cills during the frradi-
ation stabilized at about 28% € for shorter dese incre-
ments and at abour 302 C for longer irradintions.

The accumulated electrop fluence of the FEP cover
ie more meaningful when expressed in terms of absorbed
dose, in rads, where 1 rad = 100x10~7 joule per gram
(100 ergs/g). This dose may be obtained to a reason-
ably accurate degree from the stopping power of s1li-
con ((1.554 MeV){cm®)/g for 1-MeV electrons), deter-
mined by M. J. Berger and $. M, Seltzer (Ref, (6)), and
by _correcting the dese for the densicy of FEP (2.15 g/
em3}. Thus, for normal incidence of l-McY electrons,
the absorbed dose in the FEP cover is 2,7x10*8 rad-
square centimeter, The accumulated flusnee of 2,5x1616
clectrons per square centimeter represents an absorbed
dose of 6,75%10% rads,

M nbsorbed dose can be converted to an equivalent
time in space by using Ref. (7). This reference pre-
sents tabulated information on .quivalent 1-MaV elece
tron fluence and absorbed dose dua to the energy spec=
trum of trapped electrons in a synchronous equatorial
orbit., The effect of protons is negligible in this
orbit, From Table 6.8 of Ref, (7) the average sbsorbed
dose at a depth of 0.0275 gram per square ecéntimeter
(0.0127-cm-thick FEP) is approximately 2,2x107 rads per
year for infinite baekshielding. Since the cells used
in this experiment would be backshielded in space with
a combined thickness of FEP and Kapton of only 0,0183
gram per square centimeter, the front FEP cover would
also teceive a conaiderable dose through the back be-
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caune of the omnidirvectional nature of spice radiation.
This addicional cffect can b reasopably estimited
from Table G.21 of Ref. (27}, which glven the absorbed
dose in sflicon under a shield in a aynchronous, zero-
inelination orbit., With a shield of FEP, Kapton, eil~
vor contact, and silicon baviag a conmbined thickness
of 0,106 gram por aquare centimeter, the abuorbed
dose under this shield is approximately 2*106 rads por
yedr, Then the total dose in the FEP cover in syn=-
chronous otbit {s pbout 2.4x107 rads por yesr, Thus,
the abrorhed dose in this exporiment, corresponding to
an accumslnated 1-MeV electron fluence of 2,5x1016
electrons per square centimeter, would be equivalent
to the dose abeorbed in sbout 2B years In orbit,

For comparison purposes Flg, ] shows data from
this investigation superimposcd on the normalized Ige
data from Ref, (7) for uncovered 7~ to li-chm-
centimeter N/P cells 0,0305 centimeter thick illumie-
nated at 135 milliwates per Bquare centimater. The
spread of the experimental data points miy be atbeib-
uted mainly to messurement reproducibllity crrors,

The wncertsinty of the accumulared fluence, based on
previous experlence, 18 & maximum of 10 percent,

No TIge changes were observed between measure-
mente tokon immediately after irradiation and those
taken after a minimum time lapsc of 16 lours, This
apreement indieates no annealing in vacuum of efther
the FEP-A cover or the cells.

The FEP~A cover does not change its transparoncy,
us indicated by total I, measured under the solar
simulator, even at an accumulnted 1-MeV alectron flu-
ence of 2,5x1010 glestrons per sguare centimeter
(6,75x1:3 rads of absorbod dose).

A photograph of the cells inside the vessel was
obtained after the final Lrradiation increment, while
thay were still in vacuum, and it is shown 4in Fig, 2,
No delamination of FEP-A or any other visible damage
cccurrad to the eells, The cells were fully supported
and subjected to no extraneous stresses, dnd they re-
mained in this state until probed with a sharp object
in dn argon atmosphere, Probing raevealed that the
FEP-A film was brittle after the 1-MeV electron flu-
ence of 2,5x10L6 electrons per square centimeter, At~
tempte to lift and peel the FEP-A from the surfica ra-
sulted only in removal of the cover immedintely under
the probe.

Measurements and Observations in Afy Following
the Light Transmittance Test

Upon removal of the cells from the argon atmos-
phere, Igc and V,, meagurements were apgain made.
The readings were in very clese apreement with those
abtained while the eells were still in vacuwum., These
measurements were repeatied again ofrs - revernl hours,
Ho chapnges were obgerved, which indluaved th%at no ap=-
nealing had taken place in sevarai :turg, 'r.adute-
ments mde on the quartz glass winduy (Moe<d thpt no
discoloration of the glass oceurred Juritig icradig-
tion.

Immediately upon cxposure to air, the FEF-A cov-~
ered cells wore ncasured in the filter wheel simulator,
A fllper-by~Ellter analysis of the currents indicated
that "darkening" of the FEP-A in the violet to bluc.
violet region of the spectium ogcurred. Changes in
the selected wavelength interval short—circuit current
of the celle are tabulated in Table III and are given
ag the percent of the initial currvent, For the FEP-A
covered cells the value 18 the average of measurements
of three cells. The uncoverud cell value ig that for
one cell only, Normaiiﬁstgﬁg Ize of a cell in- the
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ranga from 0.4 to 2.5 ym does not vhange wpon frradia-
tion, Thip can bo seon from the values of the uncov=-
ered cokl for 0.4, .45, and 0,5 um and for the FEP-A
covepred callg at 0,5 um,  The 103,4% value plven for
tha uncovered cell curpent change at 0.4 .m should wot
be interpreted av a eeal fngreaso in current, It s
more prebably due to the errora assoclated ln determi. -
ing o small change In current of low current values
{approximatoly 0.1 mA), Tho decrease for the FEP-A
covered collp i indicative of a loss in transparcncy
of FEP=A 1p che 0.4 and 0,45 .o range, ‘This 1o not une-
expetted , aince most orpanic matarialp darken during
Lreadintfon,

For FEP-A thin darkening affectz the ultraviolet
and blue portiops of the spectrum, Because of the low
sensiclvity of the cell in this reglon of the spectrum,
the increased short wavelength absorption hag o minimsl
cffect on the overall current gutput of the ¢ell aop
weasutred under n Spectrolad X-25 solar simulator,

The current normilly assoclated with the 0.4 um
roglowt du 5 to 6 mA, ond thus the loss of 10% shown in
Table III would rapresont about 0.5 mA, An additional
loss of 0.5 wh (6% of 8 mA) would be expected from the
0.45 um spectral reglon, The total loss of about 1% 1o
within the limits of ercor (+2%) of the filter wihecl
selar simulator syotem, Slnce the measurements were
nada immediately upon removal from the vacuum syatem,
it is asoumed that the dorkening occurs during irradi-
ation and exists in vacuum, It should he noted *wat
the corresponding less for hiph blue response ceiss
would, of course, be greater than that obporved in this
experiment which cmployed normally diffused Si0-coated
cells,

Within rhree weeks after exposure to air, other
changes were noted in the FEP-A coverced cells, One
cover ¢racked and 1ifted from the eell surface separat-
ing at the §5i0-to-cell interface, The golopr »f the
coatings on the remiining cells faded, Fig. 4 ohows
the conditlon of all four cells after 14 days in aiv,
Both phenomena ean be explained by the reactions thac
oceur whon FE#-A is lrradinted and then exposed to
oxygen. Electron irradiation causes scisuion of the
long chain molecules with the veleage of some netdve
form of fluorine (Ref, (8)). When the split cheins are
exposed to oxygen in the air, they react with the oxy-
gen and further degradation oceurs (Ref. (9)). It can
be pestulated that the active form of fluorine can
react wlth the 540 copting to change dts color and op-
tical propertics and/or relesse it from the cell aur-
face, It is quite possible that in attncking the Si0
coaking the acrive fluorine species causes the relcage
of some form of oxygen from the 540 coating, leading to
damage of the FEP-A oven in vacuum, A possible solu-
tion to this problem would be the use of nonoxide AR
coating such as SizN4 which has been showm to be com-
patible with FEP-A téehnology (Ref, (10)}.

Determination of Electron Fluence at Which
the Brittloness of FEP=A Bogpins

An absorbed dese at which the FEP-A used as a.
solnr cell cover becomes too brittle Lo be beat through
ap angle of about 129, wans determined by flexing a mod-
yle. The flexing angle between 10° snd 129 wounld re-
sult if the solar array was rolled on an E~-inch diom-
cter eylinder., A minimum of two flexes would be ro-
quired for one operational cycle. :

The samples were examined after 2, 5, 10 floxes,
etc, Fig, 5 shows the range of flexes for several
values nf nlectron fluence, within which a hairline
¢rack In *he FEP=A cccurred, The upper value indicates
the numier of flexes when a crack was first observed;
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the lower value *»dicates the number of flaxen at the
prior examinativ,, It should be noted that at the
clectron fluence of 1x1013 w/cm? no break was cbsaerved
after 200 flexcs and no attempt woe made to establish
the breaking point beyond this nusber of Flexes. The
curve through these data Indicates che probable number
of flexes necded to produce a hafrline crack in the
FEP-A cover, at various l-MeV electron fluences, The
cricical electron fluence ot which FEP-A sudtaing ot
least two floxes prior to cracking im - -ue 2,5x1015 @/
cm?, which ie equivalent to 6,75x107 rade of absorbed
dose, At this eritical fluence the Kapton-FEP-20C bond
aloo separates, The data in Fig. 5 wos obtained from
26 samples, The electron fluence at which the FEP-A
esbrittles and separates into two pleces, determined by
using the "dummy" two-cell module, is between

2,8x101% w/em? and w1015 ®femd,

SUMMARY OF REGULTS

The following results were obtained from an inves-
tigation in which silicon solor cells covered wich
fluorinated echylene-propylene-A (FEP-A} were ircadi-
ated in vaguun by l-HeV electrons to a fluence of
2,5%1016 T/cw? (absorbed dose in the FEP~A cover of
approximately 6,75x109 rads, cquivalent to the dose ab~-
sorbed in about 28 years in a synchromous equatorianl
orbit):

{8} The cells showed no delamination and no more
loss of short-circuit curvent than that experienced by
an uncovered cell, There was no apparent darkening of

FEP-A, which would have reduced the short-circult cur~

rent more than the reduction caused by the irradiation
of an uncoveced cell,

{b) Mensurements of the currents in air under the
fllter wheel simulator indicate n loss in transmission
of the FEP-A in the violet to blue-viclet reglon of the
spectrum,

(c) At & 1-MeV electron Eluence of 2.5x1016 E?cmz
the FEP-A was very brittle. The critical fluence at
which the FEP-A cover is too brittle to sustain at
least two flexes comparsble to thoee typical of a
Meall-yp" array was found to be 2,5x1013 §fem?
(6.75x107 rads of sbsorbed dose).
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TABLE L.

- OPEN-CIRCUIT VOLTAGE OF FOUR SOLAR

CELLS BEFORE AND AFTER IRRADIATION

Coll'| Cover | Open-cireult | Open=cirevit | Ratio of npen-
voltage before | voltage after | elreutt voltage,
teeadintton, | ireadition, Vo0V g
vuc. 0 Vnc. 1
v v
1 {FEP-A 0,56 0. 47 0.85
2 | FEP-A . 54 AD N1
3 |None . 54 . 46 . B5
4 |FEP-A . 94 47 BT
TABLE IL - BHORT -CIRCUIT CURRENT OF SOLAR CELLS BEFORE AND AT TER IRIAINATION
(% e chpesit vurpent befuge teradiation, b, gv PRORL-cirewit curpent afier seredlation S et e, nl
Cell § Cover a 1- Mt\" ll“'-!-l un Hu; [ tlrllrmm I.l'llz
] sxjot l 1101 I 510t Ia.ﬁxlﬂ“" ] 102 ] - ul6 I 151010 ‘ 2 tqul®
Bhort-capeut current -
1!9\‘ lﬁr n I!ﬂ" 7'3!!{.711 ]H" lm“n IHL“ Im‘.ll Lt [hen !m 'm‘.u [m-' LI
A 1 ma iy A I ma ] T A E- WA LT LA 1
s 0 b, £ pe, w, U H, B [ TA ] L O
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Figure 1. - Top view of experimental apparatus for irradialion,
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Figure 2. - Cells in vacuum after last irradiation. Test
cells 2 by 2 centimeters; reference cells, 1 by 2 centimeters
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Figure 3. - Normalized short-circuit current as function

of 1-MeV electron flience. Total dose absorned by FEP-A
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