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SUMMARY

FEP encapsaulated solar cell samples simllar to those
used in fleld applications and transmisslon samplos of FEP,
Tedlar, Aclar, and Lexan arc being exposed to accolorated
sunshine testing and real time testing. The accelerated tost
glves approximately 8 yoars of normal exposure time in
1 year. Tho chango in maximum power of tho solar cell
samples after 7 months of accelerated sunshine exposure
{equivalent to almost § yr normal expasuroe} Is not significant
oenough to indicate any major problems dua to darkening of
the FEP, The tests, however, did reveal some problem
areas In the structural integrity of the samples, for example,
FEP delamination and cracking, ‘These problem areas are
believed to be related to problems in the fabrieation of the
samples, TFoy the transmiselon samplos, FEP and Aclar
have the lesat loss In transmission after aceolorated oxpo-
sure cquivalont to nimost 5 and 8 years, rospectlvoly.

INTRODUCTION

One of the questions always ssked when o solar cell sys-
tom is designed for terrestrial applications is "low long
will it last?" Renl time tosts are excellent for avaluation
purposes, however, it takes o long time to ovaluate long
llfetime systems, Accelerated sunshine testing has been
used &8 one means 1o decrense testing time, In this investi-
gation, samples of FEP encapsulated silicon solar cclls and
various potentlal encapsulation or cover materinls were
subjected to both accelerated and real time testing, The
testing period was from August 1074 to March 1875 and test-
ing was carried on {n the southwestorn United States, By
measuring changoes [n solar cell output or optical transmis-
slon as a funetion of exposure the durability of the samples
was evaluated,

EQUIPMENT AND TESTS

Real time tosts were conducted near Phoenlx, Arlzonn
with the snmples mounted on a stationnry rack tilted ot 45°
to the horlzontal and facing socuth, FEP oncapsulated sillcon
solay cells and tranemigslon snmplos of FEP, Tedlar,
Aclar, and Lexan were exposed, A callbrated pyranometer
set at 45° facing south 18 used to measure solar Insolation,
The output of the pyranometer {s Integrated o give the ex~
posure in langloys,

Similar samples to those exposed on the 45° south racks
wore tested under concentrated sunshine using a machine
with an Equatorial Mount with Mirrore for Acceleration plus
n water spray (EMMAQUA®), The accclerating machine is

o follow=tho-sun rack with 10 mirrors [or concentrating the
sunlight ento the snmples. The 10 mirrora shown in Fig. 1
reflect from 10 to 80 poreent of the ultraviolet radiation and
about 85 porcent of the tatal, Each machine has a guldance
system which keeps the mirrory facing tho sun at 00°, Blow-
ors on ench machlne cool the samples with alr so that thelr
surface temperatures are about 102 higher than those being
oxposed on the stationary racks at 45° fnelng south, The
machine's axis {s orlentt.d {n the north-south direction and
the machines wore opamited only during periods of bright
sunshine to Insure n good all-wnvelength mix in the radintion,
The samples wore sprayed for 8 minutes out of ench hour of
operation with distilled water, A normal incldence pyrhello-
meter (NI1P) is usod to mensuro Intensity, This data 1s then
integrated and muttiplied by o concentration factor (previous-
ly determined} to glve NIP langleys, The yearly totn! oxpo-
sure on an accelerating moching s about eipht times a8 great
ng on the stationary racks ot 46° fncing south, However, It
{8 necessary to realiza that the time of yenr that samples arc
cxposed [s an important factor, The amount of ultraviolet
radiation below 0.4 pm {5 significantly greater in the sum-
mer months than In the winter montha,

Tho transmisslon samples used In all the tests woro
prepared [rom commerclally avaflable materials and wore
cut into strips 1 by 5 Inches in size, The 5-Inch dimension
wns chosen to be compatibla with the test plano, A descrip-
tion of the transmisslon samples 1s given in Table I(a), Tho
FEP samples were mude of two 126-pm thick layers of FEP
type A laminated together to simulate FEP as used on solar
cell samples, Some samples were made using Kapton as a
relense materinl during lamination to produce a glossy sui-
froe, Others used skived Teflon (TFE) to produce a matte
surface. Three different types of Tedinr wero tasted, Type
100BG30UT and type 2005G10TR are typical commercially
avallable malerinls, Type 400XRB145TR was specinlly
chosen for this test beeause of its optical and Iaminating
properties. All solar cell snmples were encapsulated in
FEP (1) and were prepared in two different sizes and with
two different substrates, The sizes nro eithor 1 by
t inches or 3 by 5 inches. The cells are connected flve In
series for the 1-inch wido samples and flve in serles, three
In parallel for the 3-inch wide samples, The substrate fs
either anodized aluminum or woven fiberglass cloth {mpreg-
nated with FTEP. A desecription of the solar cell samples {8
given in Table Kb,

The optical transmission was measured with a Cary
model 14 spoctrophotometer, Measuremenis wore mado in
the visible spectrum {0,35 to 0.7 um) since past experience

*EMMAQUA - Trademark of Desert Sunshino Exposure Tosts, Ine,, Phoenix, Arizona,
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had indicated that only minor changes woro ustually obsorved
in plastic materinls above 0.7 pm, A closely filtored high
pressuro xenon solar slmulator was usod to merasure
current~voltage curves of the solar cell samples, The spec~
trum was closely matched to AMO and the samples wore ot
25%2° € during measuroments,

RESULTS AND DISCUSSION

Rezl Timo Tosts

Optical transmisslon, - Percent transmission versus
wavelength curves of the transmission snmples, taken before
and after oxposure, wore compared The rosulis are de-
soribed below and summarized in Table I, Measurcment
arror 1 2 porcent, Maximum exposure time on tho sam-
ples varied beeruse of different test starting dates,

FEP samplas, ~ Aftor oxposure to 107 922 langleys
{7 monihs, starting in August 1074) there was no change in
tho transmiasion of tho FEP samples, The rosults in Ta-
ble I are an avorage of three samples, twe with a glesay
surface finish and ono with a matte surface Iinish,

Tedlar sanmples. - Typo 100 Todlar wae exposed for
7 months (107 022 langloys) and showed a trunsmisslon loss
of ahout 5 to § porcent, Type 200 waa bepun on tests later
and was expoged for only 2 months (306 546 langleys), The
transmiasion loss for this sample was between 2 and 7 por-
cont,  <wo semples of type 400 were unchangod within mea-
surement error after 7 months exposura (107 922 langloya)
excopt for a 4-5--pcrcant logs In the ul.raviolot rogion
0,35 pm),

Aclar sample, - One sample was exposed for 4 montha
(59 048 langloys) and remained unchanged within measure-
ment error of about £2 peroent,

Loxan sample, - This samplo was exposed [+ ¢ 6 months
{71 377 lnngleys) and showed no change in transmission
above 0, 5 um, There was, however, a loss in transmission
in the ultraviolet reglon as secn in Table I, At 0,4 pm the
loss was 17 percent and at 0, 35 pm the loss was 21 percent,

Solar cell samples, - Table Il summarizes the real
iime exposure test results for the FEP encapsulated solar
colls, Thesa solar cell snmples show a chango in maximum
power of batween +1 percent and =6 percent alter 7 monthe
oxposure (107 922 langleys). Varlations of about +2 perecnt
can bo expected due io measurement errors, The average
change in maxinium power suggasts that the aluminum sub-
strate samples degrade more than the fiberglass substrate
samples. Minor delamination was observed in all samples
that exporienced a power loss. Feor all 10 solar cell sam-
ples the chanpge In short circult current was within the
+2 percent measurement error and therefore nol considered
significant,

Acoclerated Tesis

The accelerated testing of samples began in August
1974, Some of the samples remained on test sinceo that date

and othor samples were removed periodieally and cithoy re-
placed with now samples or returned for further oxposure
altor mensuremonts wore madg,

Optical tranemission, - Pereent transmiseion versua
wovolength curves of the transmission samples were takon
beforo fnitinl exposurc nnd whenever tho samples wero ro-
moved and roturned, Since the testing was done In a sandy
reglon and thore were some windy days throughout the test
poriod, samples showod fino scratches on the surface aftor
oxposura, These seratches produced n translucent appenr-
anco in the samples and tended to seatter the lght and con-
tribute to the tranamission logs, This transmisaion loss,
howaver, mny not be gvident in the salar cell snmplos since
tho solar cells can collect the seattered light. Thoe following
results are summarized In table IV,

FEP samples, - The samplo exposed for 7 months
{805 D00 langloys) showed a transmlssion loss varying from
2,8 percent 2t 0,7 ym to 5, 6 porcent at 0,06 um, Samples
measured aftor 5 months exposure (683 200 langleys} indi-~
cate that most of the loss had already occurres by then,
Thase resulls are characteristic for this typo of test with
plastic materfals, Initinlly thore is a high rate of degrada-
tien followed by & tapering off and finzlly o saturation affect.
The surface finlsh did not affeat the transmisslon loss,

Tedlar samples. -~ Type 108 and type 200 samples were
exposed for 2 months (346 200 langleys), Their transmis-
sion loss i8 shown In Tablo IV, Type 400 was oxposed to
aceelerated sunshine for the entire test pertod, Two sam-
plos wero togted, One had 2 months exposure (346 200 lang-
loys) and the other had 7 months exposure (806 D00 langleys).
Tho lattor armpla showed a transmiasion loss of about
10 percent throughout the measured spectrum, from 0,35 to
0.7Tum,

Aclar samples, - One Aclar sample showed o transmis-~
sion loss of bohween 4 and 8 percent after 4 months expesure
{461 400 langleys), The largar losses cecurred in the ultra-
violet region of the specirum, Ome other srmple was acel-
dently torn befors mensurements eould be made,

Loxan sample, - Two samples of Loxnn were oxposed
for 4 months (435 300 langleys). A definite brown color was
obsorved on these samples, The transmission loss for
these samples averaged about 13 percent at 0,7 pm and in-
croascd to about 85 percent at 0,36 pm, The maximum dif-
ference in observed transmission loss hetween the two sam-
ples was about @ percent,

Solar cell samples. - Exposure of FEP encapsulated
golar cell samples varled between 161 800 and 905 900 lang-
leys. The maximum exposure of 805 800 langloys on the
necelerated tosi {8 equivalent to almost § years of exposuro
on the real time tast ot 45° facing south, Current-voliage
curves mnde belore and after exposure show n change In
maximum power of between +2 Lrreont and -5 perecent
(Fig. 2). Those rosults are not substantially different from
those on the real ime test, Again, changes in short eireuit
{generally less than 2 percent) could not acecount for changes
in maximum power since in some cnsos where powor de-
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orensed the current incroased and vice versa, A number of
anmplos indcated same doelamination but the delamination
did net appear to be thoe cause of short cireuit loss, Genor-
olly, howevor, the samplos that delaminntod oxhibited n
power loss, Also, the nluminum aubstrate samples degraded
slightly more than tho [(borglass substrate samples, Four
control sainples were kept in storage at the Lowis Research
Centor and not oxposed to sunshine, The change In maximum
power of those samplea aftor ¥ months was within the mea-
surement accurncy, These rosulte arc shown on the zoro
oxposure Uno of Fig, 2, The samples shown nt 107 922 lang-
loys exposure are thogo from the real time test,

Of nine Jamplaes that were removed, mersured, and put
back on test, % Inoreased In maximum power and throo de-
creased In moxdmum power., Short circult current changes
did not corrolato with maximum power changes, These nino
anmples ave identified In Fig, 2 by small casc letters next
{o the data points,

Photopraphs taken before the solar cell samplos were
romoved for the last messurement Indioatod delamination
was occurring, On examinntion at tha Lowia Research
Conter, the samplos showed that delamination wos taking
plice primarily at the interconnect areas and along the sam-
ple edgos, Cracking of the FEP in theso arcas was also ob-
sorved and s shown In Flgs, 3 to 5, Figure 3 shows crack-
ing slong one edgoe of the solar coll, As a result of the lami-
nation process tha FEP {s thinner in this veglon, It is be-
11eved that the eracking occurs as & rosult of high stresses
in the thinner FEP, PFigure 4 shows cracking of the FEP
above the cell Intorconnect, It is knuwn from stress analy-
sls of the laminated structure that a reglon of high stress
occurs at the edgoe of the interconneet and can cause fntipue
of the FEP after sovere temperature cycling {(2). Flgura b
shows another samplo with cracked FEP at the cell Inter-
connact, In addition the light elrculay spot in the center
shows doldmination,

Although the delamination and cracking did not seriously
affcet the call output in this test, stich oxposure of the cell to
tha elements 1a expoeted to result eventunlly In substantial
reduction In cell output, Previous experience (3) with simi-
larly encapsulated cells did not show such failurcs after ex-
posure o the natural environment for over 2 years, Inves-
tigation of the fabrication process used (or tho present sam-
ples revenled that the adheslon promoter had become con-
taminated, The resulting poor bond led to delamination and
to high local stresses that caused the cracking., Proper
stornge of the adhesion promoter and aome other revisions
to the fabrlcation proceas are expe *d fe eliminate the
probloms, The accelerated teafs orved t.f u a valuable
method to disclose the problems gur .

The major objectives of the ageclerated tests are to
save time, roduce costs, and also to correlate with results
of renl timo tests, For the transmission snmples there is
no disggreement in the results of the two types of tests.
However, there has been no ovarlap in the exposure yat and
more real timo testing 16 nerdad to confirm the results.

[

For tho solar cell samples the corrolation of powor loss was
oonfusod by delamination of the samples, However, there
was corrolation to the degree that delamination occurred In
anmples on both real Hme and acecolerated tosta,

CONCLUBIONSB

FEP encapsulated solar cell samples and posslble cover
or encapsulation matoerinla wore oxpesed for 7 months inn
roal time test and for nn equivalont oxposuro of almost
8 yoars In un accelerated sunshino tost, The results show
that

{1) FEP and Aclar perform well under those conditions,
The transmission loss in FEP is not evident whon tho FEP
i used as a solar coll engapsulant,

(2) Tedlar samples exhibit a higher transmission loss
but may be sultable when used as a solar cell cover,

{3) The transmission losa in Lexan was substantinlly
higher and does not appear to be sultable,

(4) FEP oncapsulated solar eclls performed woll in splte
of delamination and cracking of the FEP, It appears that tho
cnuse of the problems {8 In the fabrication prooess and can
be remodied.
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TABLE I

SAMPLE DESCRIPTION

{a) TRANSMISSION SAMPLES
FEP TYPE A, GLOSSY SURFACE, 2-125 pM THICK LAYERS LAMINATED

TOGETHER

FEP TYPE A, MATTE SURFACE, 2-125 s THICK LAYZRS LAMINATED

TOGETHER

TEDLAR TYPE 100BG30UT, 25 1 THICK
TEDLAR TYPE 200SG40TR, 50 p¥ THICK
TEDLAR TYPE 400XRBI45TR, 100 pM THICK
ACLAR TYPE 22A, 37 pM THICK

LEXAN, 0,16

CM THICK

{b} SOLAR CELL SAMPLES
ALL ENCAPSULATED IN FEP TYPE A
1 CELL BY 5 CELLS, GLOSSY SURFACE, FIBERGLASS SUBSTRA.™

I CELL BY 5 CELLS, MATIE SURFACE, FIBERGLASS SUBSTRATE

1 CELL BY 5 CELLS, GLOSS( SURFACE, ALUMINUM SUBSTRATE

1 CELL BY 5 CELLS, MATT: SURFACE, ALUMINUM SUBSTRATE

3 CELLS BY 5 CELLS, GLOSSY SURFACE, ALUMINUM SUBSTRATE
C8-73617

TABLE 11

CHANGE IN TRANSMISSION OF SELECTED PLASTICS AFTER
EXPOSURE TO SUNSHINE AT 45 DEG TILT FACING SOUTH

LOSS IN TRANSMISSION, %

SAMPLE TYPE | TEDLAR-100 |TEDLAR-200| TEDLAR-400 | ACLAR [LEXAN| FEP

LANGLEYS| 307922 | 36545 | 107922 |59048 |71 377 |107 922
EXPOSURE
MONTHS 7 2 7 4 | s |1
SAMPLES 1 1 2 111 | 3
WAVELENGTH, 1

07 4.9 23 0 0 {0 |0

65 5,1 2.4 0 0o {0 | o

.6 6.9 29 0 0 [0 | o

55 7.4 13 0 o o | o

5 &1 3,5 0 0 [L5] 0

45 &7 3.8 0 0 [45] o

A 86 AT 0 ¢ 17 | o

.35 87 6.5 45 0 |a 0
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TABLE 111
CHRANGE IN MAXIMUM POWER AND SHORT CIRCUIT
CURRENT OF FEP ENCAPSULATED SOLAR CELLS
AFTER EXPOSURE TO SUNSHINE AT 45 DEG
TILT FACING SOUTH
TOTAL EXPOSURE, 107 927 LANGLEYS
: ALUMINUM SUBSTRATE  FIBERGLASS SUBSTRATE
AP ASCC, APy, ASCE
gax Ty pAx %
’ -1.4 2.2 L1 -4
25 415 w1 -1
-31 -1 Ny 8
5.2 .15 L5 415
5.3 +8 5.1 0
AVERAGES 3,5 -4 -1,0 -2
C5-73014
TABLE 1V
CHANGE IN TRANSMISSION OF SELECTED PLASTICS AFTER
ACCELERATED SUNSHINE EXPOSURE
LOSS IN TRANSMISSION, %

SAMPLE TEDLAR-100] TEDLAR-200 | TEDLAR-400| TEDLAR-400] LEXAN | ACLAR | FEP | FEP
EXPOSURE LANGLEYS| 346200 | 346200 | 346200 | 905900 |435 400] 461 400! 683 200|905 900
MONTHS| ACTUAL 2 2 2 7 s | a5 |7

EQUIV 16 16 16 56 2 | 2 | 10 | s
NATURAL
EXPOSURE
WAVELENGTH, 1M

07 7.5 5,6 7.2 95 |13 | a0 |24 |26

&5 85 5.5 £3 9.7 | a0 |25 |30

6 9.1 6.0 8.0 10,1 15 | 45 | 26 | %3

. 55 9.7 62 80 L3 138 | 45 | 26 | 37

5 10,3 6.4 8.0 w0 |2 | s5 |24 |43

45 10,7 67 7.9 103 |3 | 65|20 |47

! 10,6 71 7.4 9.7 52 | 60 | 18 |50

'3 1,0 68 85 81 & | 75 |0 |55
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of 1000 |s desirable for cost effectiveness although
future developments may dictate the use of lower con-
centration or unconcentrated 1ight, At such high In-
tensitles (1000 AMI), the serfes reslstonce of tha
cell, Ry, becomes a serfous performance limiting
parameter, Presently obtalnable values of R, in con-
ventional cells must be reduced by about two orders
of magnitude for efficlent cperation, This paper has
examined the deslgn consldarations needed to achleve
low values of R, and concludes that for tha conven=
tlena! solar cu?! at 1000 AH1 substantfal design modl~
flcatiuns are needed to reduce Ry to such low values
and these Involve tradeoffs with performance or with
cost or requlre technology advoncement,

The HI cell design characteristics were also
exomined In thls papar and it was noted that this cell
has several advantages over the conventional solar
cell, especia'ly ot high Intensitles, In addition to
providing a more sultable high output voltage, having
o better spectral response In the violet and infrored
portions of the solar spectrum, and needing no ohmic
back contact, the Hl cell has the further demonstrated
orF expected major advantages that: 1) Tts serles
resistance has nosheet reslistance components, 2) R
decreases with Incrensing [ntensity due to conductfvlty
modutation, 3) & much higher value of Rg Is tolerable
due to a lower peak power current, 4) acceptable
values of R; are obtalnable by using hlgh resis-
tlvity, high carrier I1fetime materlal, 5) It has
better tharmal characterlstics and can more coslly be
provided with reflecting back surface, 6) It has
batter cost breakdown features and will require fower
new plant outloys for high fevel power output produc-
tlon and 7) 1t has a better energy payback ratlo than
? conventional cel) operating under unconcentrated

ight.

Although much additfonal work remains to be per-
formed on Improving Hl cell efficlencies and on demon-
strating the performance and economles of & il cell
solar system operating at 1000 AM1 at n = 10%, It
sppears thot resldential sized HI5 systems should be
possible for less than $1000/KWe with substantlal
amounts of thermal energy belng avallable for heating
and coollng of houses. |t appears that tho HI cell
and the H1S system are worthy of further resaarch and
dovelopment effort and with such effort, they may
perhaps become the key to low cost terrestrial photo-
valtalc power generatlion.
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TABLEL

BREAKDOWN OF MANUFACTURING COST FACTORS

COST FACTORS CONV CELLS,  HI CELLS,
% %
MATERIAL SILICON 105 1.1
MATERIAL OTHER 10,5 29
DIRECT LABOR % 14
INDIRECT LABOR 5 a
OVERHEAD COSTS 18 5
GaA n 18
100 100
CB=73003
TABLE 2
HIGH INTENSITY SOLAR SYSTEM COST ANALYSIS
(PER KW,
SUBSYSTEMS CELL 7
10% 15% b
CONCENTRATOR & TRACKING | $588.00 | $392.00 | $204.00
HI CELLS 250,00 | 16L00 | 125.00
COOLING S'7STEM 100.00 | _90.00 | _80.00
SYSTEM TOTALIKW, PEAK | $938.00 | 464,00 | $499,00
CB-71004
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Figure 1. - Conventional solar cell,
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Figure 2. - Hlcell fabrication processes,
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Figure 3. - Unit cell of the HIcell.
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Figure 4, - Relative spectral responses of conventlonal and Hlca!ls,
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Flgure 5. - Hlcell -V characteristics at varlous intensities,
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Figure 8, - Power oulput densily at various intensilies,
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