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%2 R EAARBEET R R3]

Sample T/RH |Total Time I Total Charge Damage Area Damagg: Rate |APmax Comments
CC.%)| (b (HA) © (%) (mm7/h) | (%)
1| 2020 | 85/85 230 17—3 4.6 14.8 450 -39.6 |a-Si, framed
2| 1051 | 72/85 400 3—2 2.9 10.9 240 -38.6 |a-Si, framed
3| 100 | 60/85 1340 3—1 5.6 8.3 67 -52.2 |a-Si, framed
4| 3006 |85/85 510 10—>7 18 0 0 - |CdTe, frameless
5| 127 | 72/85 1240 8—5 32 4.3 24 - |CdTe, frame added
6| 127 |85/85 190 23—12 8.8 1 37 - |CdTe, frame added
7| 8221 | 72/85 1240 [0.2—0.05 0.3 0 0 - |a-Si, frame removed, front contacts
8| 8171 | 85/85 1190 2—0.9 4.4 14 97 -5.1 |a-Si, silicone edge buffer
9| 8221 | 85/85 360 0.2—0.12 0.16 0.08 0.6 - |a-Si, frame removed, front contacts
10| 1148 | 85/0 470 7—0.7 3.1 0.2 2.7 a-Si, framed
11| 7016 | 85/0 630 0.02 0.5 0 0 a-Si, frame removed, front contacts
12| 7016 | 85/85 170 9—13 6.4 18 800 a-Si, frame removed, front contacts
L | |
wl r & #020(85C) | |
- . —a— #1051 (72°C)
nl —a— #0100 (60°C) ||
/gl
A
Pl (/
400 600 200 1000 1200 1400

Time ()

118 8 A $HAFH 5 46 e 5 [3]

62 BEES FHEWIEL T A Heriy

Shell Solar Industries(SSI) = @ p = # % CIGS-based PV

Mini-module % 2% e~ i 748 #H2[6] £ 3 5 Hi~ 4o

\\\?{r

#c o F % ¢ #-= B Mini-module ~ %] % 3t T 7| = AR B

1. 524 (dry heat)P|3& @ TR B R 285:5C » B Ha T e
ENEPREBEET P o

2. BAGPIE(damp heat) : R BE R 5 85+5C 0 B A 5 100%RH >
AR A BT IgALY o A K5 IRE S 18.8MQ2
4 ok o
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3. & kiplF(water bath) : B> pmig? > p KT SOOer'ﬁ—i B+
ko FbRGRIEEA A SR AR Y BA B AR AN K
F (Anfrx § (Oy) ©
BRI AGTEGRIEEY o S 1,000 B o) BEF o B
BEFRN > Ra RAPRE{CR-RBIREY > 5 F 168 /] pF
e S B A Pracae B R A 97944 mW ] 31316

A

FUSpES

=i
bt

2
|

N
G

mW > & O Rk Bk B e F e30% 0T 0 drk 49T 0 TR
HAGRR YA B R R B (PR T A R
BRI A ATRTE 0 T 4ET S B T L S TR
BOARE PR F SR %Y o SR ET K § F OvEk i A D8
168 /] Prizif @ 2 2 & ¥ #iw > Rd Er & F Bk A 168 /)
P {5 @‘J“'ﬁ A R E R G E8A0 ) PEIE ] X P REE N 5

ﬁ%ﬁi—ﬁ’7mﬁ$%%&iﬁﬁ%”T’ﬁ?ﬁ%§/

*\
ﬁﬂfﬂ

o

_L,,~L

fo Brae RS e T gg

%3  SSI #7#7% mini-module 4~ 424514 S Hc 4 [6]

Area (cm?) 36
Voe (V) 4
I (mA) 537.6
Vinax (V) 2.1
Lnax (MA) 357.3
Pinax (mW) 794.4
n 10%
%4 AR ERIPIGAE P aficies < %J 6]
RIGEAE) (P (hrs)d % i 5t 5
P iR 794.4 mW

§o A RRR 1000 794.4 mW
BRGRIRE 168 131.6 mW
&oRpEE 168 131.6 mW
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3ABEREE - FERL LI

Edge-defined Film-fed growth (EFG)% & Hits@lid 2. ~ i &
poETRENY 2N AR I F %)I*? #1 10x10
em’ gy 0 T A B G B i 4 (7] ¢ (ST 1R R
1 EBFG » A @iFens B nd ez Mg o F&%Y J1* 0036
PIBRRA P I st e Y BN E2 £
BiBted dEE N o £ 5 AT A S B RS e iR R R iE
(Standard Testing Conditions, STC)™ #1& ip|cr4p b #icdy o

g

i
GAREF LN T A e RE T EERBRT 2N

AFHWISEEFT 34 B T TWRETER S S E Y
5 0 7 %+ 2L 5 a2t Nelson Mandela Metropole ~ 5 o d ] 19 #
FRL BT et 2 FRas® o A 19@)7 0 ¥ g Tl

S

G R R R d B 19(b)fr(c) > T I 0 E

FRABAT et /RAG & B 190) - () @7

VR R T AR B R FIERA L B0 - B AL iE
BACHIHTR A R E ¢ - W) 1907 0 T R4
Fimic Fming = o 3 & o f S8 A HafRerg St o0 £ 1

S N %ﬁr‘eﬁwmﬂﬁkm i @/ 19(c)
PTG IURF ehiE s ook g e oS3 ERiCe ]

B35 B 19Db)astizicr > d B 20 ° mARIT LT Rf &>
PrEAR A 15 0 R AR (T P ’“ﬁ"}ﬁpé%w ’ ﬁ'é}ﬁ-m‘rs I E A
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¥ 2 4 ¥ Linel(October 2001) » 5~ # & » | grenfiimat @ 5|

Line2(November 2002) > # {& S{ P & 3 4 & * 1 Line3 (July 2004) -

45 & STC ™ #r & ipl2 T 18Pk (8]

Performance parameter Manufacture | Baseline

Maximum power (P.y) 50W 48.64W

Open circuit voltage (Voc) 20.7V 21.11V
Short circuit current (I5c) 3.2A 3.10A
Voltage at maximum power (V. 17.0V 21.1V
Current at maximum power (/,,.x) 3.0A 3.1A

B19 EFG #-e S BRI S 7 (- B8]
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Ling 1: Oct 01

| e 2 Mov 02

= Line 3: Jul 04

Feb 04

Mow 03

BI21 k& BrRiR it b £ & era (8]

d Bl 21 PHRKFNE NS EFLZENREDF AR
R FY(2003 £ 12 7 $12004 £l 7 ) FAHERKF hiE G I
S gt % > Gl4oB] 21 ¢ & 2004 & 2 P kg & o Rt A= 2003
£ 11 7P 3 3RO AEDL o ARG BRI IR R & E T
GRERT > FFEARUBADEFE I R F e B

f

KF G LT K F B e d o A D g S
A Fw 2 oo
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BB BRI RT LR R REF
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J
T
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L
ETTRS
>
B
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L
P2 e B PB4 o FE R ILE &R R R AT 0 22001
ERF BTG 04 8 0 2 12004 £ 7> A 5 09 e o d
Bl 24 ¢ v ud RER e FLR G I RS r BT

A F] S R R A R T TR 0 o] 24 41 o o

RN R S SR PR L sl AR A

S A T FF 7 fe(mismatch) I 4 0 3B K F A R akE K
AP EF A AFORF Er §F A TR TRAL B €3
| B

NG EL AR TS TR AEG s L RS G 3%

7N

B

FA B EE G ER Ao F 25 9T .
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Mormalised parameters

Current (A}

1.00

e
[la)
o

=
w
=

=
oo
[y ]

0.80

35

18-Oct-01

122

06-Maow-02 09-Dec-03 30-Aug-04

Hole T 1 Sodiodp #0001 (8]

—m —May
1.5 —e—Sep 03
—a& —.Jan 04
1[' _‘G"_-':'\Ugm
0.5
.D|:| | L | L | L | L
0 l 10 13 20 25

123

Yoltage (V)

B B REET PR -7 BN R E[8]
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F25 frebh s REPFAE RS ARFE TR R TIHE DL B[]

—

d B 25 7 I HREB 19 P ARk F Er and]E RE O BEF
B R MER i L b R b (5 PR iR
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BREFRERTHEGIIC)ZLE - AF i

GRYE 300 s R A
64 A g Férg &2 2 i

79 [ * 2L f @ WA Bl R W o pion B L

gig?] Mirt L 14W o e d 3t Staebler-Wronski £ % it s g[10] > € i@

WHFEBRIAAFEFRRT LA ATEY ISP L P %Y
EHy

EEEREFRF L R RAEDG o 5o e 95 30%

RSN

F 6 97T & 2t

1

ﬁ;f]
REEEE T SETRE EEE RS R TR
PRg() 13 %) i 01 LT B S.56W B 5 Rk e X

Bl 26 “i7% 53 ST Y 2 A BT A E o Y FILG RS

Ry

A F A BERKGBE nme & &4 B9 5 it nm hp AR

nABRALF 2T o B A KELP R E S - BT AT

Bl 27 2 ez Rin-R RIS RF - d FHRISSIFETE
Rl2 W R R A i 2330 A 0 d 2 T F v fede de i
Pl Rz fepipt o B H FEd 1253W TR L 2.64
eRegnd 1L13A T L 028A 0 @ BT R g R T RS
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%6 ﬁ@&%ﬁmﬁﬁiimwl

Measurement time Power(W) Ratio
Initial 12.53 100 %
Prior to outdoor exposure 10.86 86.67 %
After 80 sun-hours 5.56 44.37 %
After 130 sun-hours 5.15 41.1 %
Final, after 3500 sun-hours 2.64 21.07 %

27 %S B[]

Parameter Time Before | After
Pax(W) 12.53 2.64
Isc(A) 1.13 0.28
Voc(V) 24.3 21.0

Glass

A

26
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12 T T T T T T T T T

Initial STC: 2/11/99
Prax= 12.53 W i
= 1.13 A

Vo= 243V

1.0

08
- Final STC: 14/8/03

06 F Prax=264W
o= 0.28 A
[ V=210V

Current (&)

0.4

0.2

0.0 - L : . : :
0 5 10 15 20 25

Voltage (V)

BI27 Wiz oot i T n-T BB G SUE[9]

R g B HEATR ST LTI B AR P e 1 ) de )
28 #ror o T LG E R IDRF iR 02 e AR 0y IR g B
X B it T4 ~EVA frgk3g 2 B end 5 orid &l 0 At g Ak

7%' E:‘J/’—Jf)%)"ff'ﬁ;ﬂ.éé o

d B 29@)° TR I AR EF AR F DR d TR AN
HB B FT LSO # ~d EVASTREL WY 6 T 4
PRMEAF G RR/EVA 2 B g F g e kT T g7
TE2 eI RPN TR iy

Ero B 29b)E X Pk F BEARBSE A e 2 Bt s PRV



,l'/\ﬁ%fl]’ﬁ X Faurz vH 4 TS
F2 it %‘f’;‘ :

B s L

Al = Ai*" + 3¢ (E = +1.66eV)
ik B s -

%02 +H,0+2¢ —20H"

E® =0.40V)
d Faglz 4 g iR

A’ +30H™ — AI(OH "),

2)

3)

G ER
2AI(OH), — Al,O, +3H,0 4)
ALY E #7” A1203 Z_ / ¥ oY /)Ek‘ 3 § it I;’f’J‘I"‘g‘,Q ’ ?’L‘ mod ATt X

23 .~ o4 —%ﬁ‘;ﬂ 3 _[rg:%ﬂi’*b 'g’_‘ ;_@ 7;;_}.’ 3 %iiﬁ’r%ﬁ'ginﬁ v s &
2 HRE 2 Ao

ﬁf“4ﬁ%$%mﬁﬁﬂﬁ’w@¢%%%$%§“¢%

HEPRy 2 R ERL Tk F B B30 F

KF BT ERGURE LA XA, ek d i
A2 ERBM RN ABRTS B3 T Rd § RREE

thk (L A o
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5.0cm

BI28 e d & 2 A & ) 5F 8-k F B ehiFa5[9]

Aluminium oxide

B2 /i 6 B B854 15 2 £ w][9]

RI30 "k F =~ #i4pF I £ 2 = i a)[9]

b2t d R B R 6 T il T R
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A4 5 ho@] 32 HF 0 Kk Ao Mg SRS DT

N

7
St
E R

e
Wk SURE Bt o H e kSR AR E G B TRE N B0 g
4 #

Bl o i @ FEAILE 0 @ A2 #8h(Hot spot) o 4o 33 457 o

BI31 4345 4 6 B ehg 52 2952 (9]

_ Incident light

-, !,,/"/ Water drop
I

' }-Glass/cel/EVA/glass

B

BI32 "kak e b &4 8 nd 2 sk [9]




F R B2 E B ® o (Florida Solar Energy Center)sii= [
#4149 % % (PV Materials Laboratory):% if — 9 %47 7 375

Y
G5 BEHCE A G RAE S fn 1] -

[y

o

' :'3
\f“b m

EBRET > *Halreds L5 REF
Mok PR H L B R R
o RN AR 4 F BRI EETNLA F gh § ¢
e F Aot AR BN TR ERY I F s o
E
B

R IR

ﬁ%gﬁ%ﬁﬁ?é&%@’jg

#(CaMg[CO3]) ¥ A * » g gy - e H 7 5 5l & 22
Foagr i g B WA et sy ? > § CaMg(COs), & A L% 18
ZEFHUP TR W EAF L NaO) T g kg » 8
AN AR REASRIY LG5 15% 0 b o d ARG B
3 o F RSO, kE KA B
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TR HREET IR R ABIFTRE D RS
SO, 7z £ #TH-= » & %] & Krystal Klear Float ~ Krystal Klear Float with
lower Na,O -~ Solite with normal SO, ~ Solite with high SO, (4 scth in
annealing lehr & 30 psi in the tempering furnace) ~ Solite with high SO,

(5 scth in annealing lehr & 80 psi in the tempering furnace) % 7 #& o

TR SHBARTA AR A8 5T (E)E Y R sk
A~N)~F (&)* BARBFEC N)» &7 24 5 AC~NC~ AN -
NNeoZRB%TEFABESEPRERET » BEBER S 85C » 41
Wigm 5 85% > 7R 5 1000 /] pF o

ko

o
1
|

—_
o

Concentration (at.%)
=

0

0 5
Adhesional Strength (MPa)

B34 4 ~miz E2qF 4 2 p BI[11]
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o A FILG L HRAL T AST Y R kel
ﬁ*z’?%",%@» j*/mqlna‘;ﬂa\o:)’,_— K G ,QIJ}‘;?*;%&%\;,E

A 2 el R e R A A o g B

FuF bR RRIRGEERDIGES > AL Bk R RS

Pl EERERADEAE > preb s BRIAG FrgFE 4 RE8al
e Aficid IR R4 2 EVA fim 2 TEEA4 > U - 5
fes 2 #g 55 > A e FA > g {e EVA 4§ 2 T 35%

FARES A T UFRE R4 SO, FRE(TE e gt

FEABAREAG L FALNFEL  kFERNFTHIEF B
GAPALFEY ciea R TAFEBTRAL FBRE 7 H
B T M e 0 G ITHE M R F R 4 r SO, R

H
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B35 % - AT 4473 kB 74 f)[11]

Iy

W36 & B HEFF ST T2 ¥ BRSBTS b A R
B¢ A5 [11]
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6.6 % *t M2 FAE

A EPER kBT o Sk g

ik
gm
R
/\_
ER
. s
o
E ?

# B e EVA(ethylene-vinyl acetate)i F* 2% > € 5
e b BGR[12] 0 4o B 37 AroF o st - MR i S R
Fe kT B RE R A g S F TG T o F I L Y
AR AF ARG EVA RS Mg o @i S ek
Kk hgrE K> 2R @ f29 i3 & EVA RS R ﬂavfw’ifﬁﬁik 2
7T 44t A BVA Gk d L hF]F 2 ol M E ARG LR F G R

P g 4 B[12]

EVA{LLTF Tﬁﬁ;—‘ﬂ}xf\“r‘?%\mlbi‘,fnor‘]ﬁpaﬁaeﬁﬁr—g
PRGE CBEERREZBENGEE S FILEFR SN A LT
o BT LSBT R AR AF T R

W3 p w1 ER* FOEVARY AiBalcet v A LA e
Boiuld kRERACALE -HP FRBREFFLGLE 81 10448
Tt 120°CHE R TRE - B AR Bl kA b enB] A7 A L R
F it (fast-cure) 2 $& & & it (standard-cure) > - H it < g E_10 1 12
A Tt 145 CHE R A REH P 245 440 T
B 45 CaBE RBEE - 7 5d FohRBIEDFR - AREF L 424§

L“l

F v F FREFHEVA RS LR R o
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BI37 EVA #a ¢ it 3R % [12]

PP G kit B SR LA 48 ok * g7 EVA A Bl 4
EVA 15295 #2 EVAA9918 > # # EVA 15295 5 P Bt pri & * eh
EVA » # 7 i & # * 98 Lupersol TBEC ; @ EVA A9918 3 {&i&
ibpry @ HEVA A& H Fi & * o8 _Lupersol 101 o & 4 7
A A R PER R S AT AR R AR R Ao 38 A7

e

d B 38 ¥ Avfeig FH i Arig * cnF it A Lupersol TBEC &

10 2 12 #4anF it pFF (s > HArfpanFH I BER ) 6% @
M F L Ar i * cE 1 & Lupersol 101 A5 45 & 4 nF i PR
& HAarlapenF i BER G5 2% 7 otk B F T I B FIAA L
BRAR  AEEFHREDLSITEREZ  FIRRF DF A FIRER
¢ A2 2 BB ERDE R FF G B F I B (UV-excitable
chromophores) » @ #7 & 2 ¥ ¢ ke 5 8 ¢ B F L X Kb Rn
Peidm o > s AE GRS s A g B I g o FP S
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S EREEL 2 EVARS i SOt B .

Calculated Residue of Lupersol (%)

Delta Yellowness Index (YI(t) - YI(())

100.00

90.00 -

80.00 -

70.00 -

60.00 -

50.00 -
40.00 -
30.00 -
20.00 -

10.00 -

- (a) 1C:Iculated for curing at T = l45CJ

i Lupersol 101 (for EVA A9918)

Ea ~ 37 kcal/mol
\ Half-Life ~ 36 min

L\ |[Lupersol TBEC (for EVA 15295)
i Ea ~31.5 keal/mol

¢ . Half-Life ~ 2.6 min
1 \-a_u_ L 1 L i ) i : : :

0.00

T T T T T T T T L]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Curing Time (min)

B138 EVA F it pril & B i & f1400k R £ RIR[12]

16.00

1400 +

12.00 -+

10.00 -

8.00 -

6.00 4

4.00 -

2,00

Laminates: Glass/EVA/Glass
1/8" borosilicates for §8-1 to S5-4
Soda lime micro slides for EVX
Exposure at BPT=46£2C &

(Delamimting)\—-—

\

Samples:

1. SS-1(A9918)

2. §8-2(15295)

3. §8-3 (A9918, bi-layer)
4. SS-4 (A9918, bi-layer)
5. EVX (Elvax 150)

0.00

i#139

250 500 750 1000 1250 1500 1750 2000 2250
Exposure Time (h)

Poig B L 2R R E L 20 EVA AR L Ol 1 [12]
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& F P FL A 42 F 2. BVA R (L ig F 4o B 39 #1or o
# ¥ SS-1(A9918) % £ B it 2. EVA » @ s5-2(15295) & $-if B it 2
EVA -

T

@0 - A EVA Az ¢ o 3R g R % b Ko i (Cyasorb)
Ferxof i ek ks r IR v ke 8 S B L H AR b ke
Fram RS o EK PRSI LR S k2 gk et
PRI Ao ] 40 #7770 d B 40 ¥ L g R E R BTl T L fE gy

A RnT o Ggdot R FREEFR KTl ¢ &
KBTHF L KSR G B A s RS R AETFIL K
CER A AL o TREE k3 zi > R E A2 R AIEBE MR

Fck o
ECOh RS T RE R A R DI G Ao B] 41 F7or 0 Bl 41 5 % R Rt

B 7 B £ 2 Bk o B ST B AR S £ 7 H TRk B AR
s,%éiﬁwﬁ¢o@4lﬂ”?é B BT R FRR B D

HEpET *“"3" P AR et 4 o H ¢ ¥ 288nm 2 328nm B R BB A
TE.' ’ﬁ AG TR PR REERRFRH ).’]()ii"i PR 'R £

\

I U AT S - ECUAN 3o gs I 30 S S

Bl 42 22/ 43 ~ w4 7 EVA S £ R S Bk Rt is 2 47
Ptk < k2 HEREMEFTERLE NP RN dF 42
BR 43y T g T Rk Btk Bk BT KPR
FRER e ' HRFIALF]ZEFE EVA 4hd R g4t 2 o
HP Lkt kg Ak PR L PR ETER A

BRI E PR s T RICP AR 0 22 d SR F R RS
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R ek A fRIR G o $0H hSk P yT R 4 TR L T ptad e ok

SR T

100.00
(a) Cyasorb Shielding Limit at ~350 nm

9%0.00 B
= 80.00 2
= 1/ Transmittance
'E 70.00 ¢ Transmittance {with Cyasarb)
= {without Cyasorb)
£ 6000 |
=
-E 50.00 |
-
g 00T 1. Unextracted EVA (%T)
E 3000 | 2. MeOH-extracted EVA (%T)
=
Z 2000 |

10.00

0—00 L R T | i PR — i i i A A L i L i i i i i L

220 250 280 310 340 370 400 430 460 490 520
Wavelength (nm)

B40 F & % Pk Tt 7 ok £ k2 iF Sk Fot 1 [12]

2.000
Sequence of
1.750 exposure times (h):
0, 2.0, 4.0, 6.0, 8.0, 10.0, 22.0,
1.500 7.0, 290, 44,5, 49.5, 51,5,
6.0, 774, 0.5, and 114.0
g 1.250 Exposed at BPT=5542C
o A
- W0 h
E 1.000 - 32 am
- .
0.750 T
0.500 +
0.250 +
- (b)
0.000 S t t t t
19¢ 210 230 250 270 290 310 330 350 370 390

Wavelength (nm)
BIA1 % o ke Jo il sk A 2RI % [12]
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Transmittance (%)

100.00
(a)

20.00 +

80.00 +

70,00 +

60.00 T
Laminate (AC-1):

50.00 T Quartw/EVA A9918/Quartz

LU Sequence of exposure times (h):

30.00 + 0, 4, 19, 25, 29, 33, 37, 41, 46, 56,
68, 80, 102, 125, 150, 192, 262,

20.00 + 335, and 451

lﬂaﬂ“ 4 Elpmed at BP’T:MC

0.00 B B e s B

Delta Transmittance (%)

200 250 300 350 400 450 S00 550 600 650 700 750 800 850
Wavelength (nm)

Bl42 EVA'T ¥R 7 kA& k575 5 R [12]

60.00
b P
® =451 Subtracted Transmittance Spectra
| | Delta %T = %T(t) - %T(0)
40.00 - Sequence of exposure times is as in (a)
30.00 +

20,00 A

10.00 T

0.00 -~

-10.00 -

-20.00 } i t + t

Increased due to Cyasorb lost

200 250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

B143 EVA'EF 7 bl £ £ 7SR 0L E + ] [12]
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7 A4 BEVA R LR Flbe P > XA AR S 1 ¥

B F L qe i FCH EVA B g 5 PR R en
e VG RFE REfHeR S EVA dhd PR REFR %2
Atr o TEDIA B e kE K EVA 4hd PR G o A R E R

ke gk s Rk IB R o

kAP F] 0 Wbk ek A R G R ERE TS &
A G RS MR H R ha T Tt deie RN P Kol
RHEZFA LSRG ¢ 550 EVA 4hd b eh3 32— 50 4%
T kT &L FRIrfy - A(Naugard P2 d A%
#|(Tinuvin 770)** EVA ¢ » k¢ fod L B 5 o1 g 4 ahp d 5 >
v H R b Sk e T RE[12] -

Bl 44 ¢ Gidhis & % ob L B4 328nm g Lk el R BT B
fofRph it A g R R A R E pd Ay Vfﬁnﬂ | E R R
K A&#rR &g CRhEER -d Bl 44 7 0g A * g 1t
#|(Naugard P)2 f o 2k % #|(Tinuvin 770)* EVA ¥ B H ok ok sk
TR ¥ 328nm i Bk ek T B TR RENE B OPE R RE 10 1N A& K oh sk
BATRE R 2 FREOIL G B A A PR Y g i H(Naugard P) 2 p
d 27 i“ﬁc‘ﬁ?l (Tinuvin 770)** EVA ¢ &> w5 Pl S g RSEF
PR AR B - L AT HK SRR Tl A P AR A R

Foo EF) T AEIH PRI TP e A d Bl 442 FHIEH- @

“m|

* f o A5 A (Tinuvin 770) A2 8 ~ @& * 2§ 1 #|(Naugard P)j

PdF ehfE Tk o
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1.000

i ——
E 0.900 + R=0.25, K=0
3 0800 1 R=0.25, K=0.17-
=
« 0700 4+
H
= 0.600 + R=0, K=0.17
b
=]
]
= 0, +
= 0.500
3 0.400 T
-
- -
i 0.300 R=[Tinuvin 770}/{Cyasorb]
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Abstract

In this study, we have carefully analysed the performance degradation in an edge-defined
film-fed growth (EFG) module due to delamination and moisture ingress. Our results showed
that this degradation is directly related to the delamination as well as the moisture ingress. We
also found that during hot, dry periods (December—January), there is a small reversal in
degradation, which is due to the regression of the moisture ingress. The presence of moisture in
the delaminated regions has led to the deterioration in cell interconnects. This is observed by
the increase in series resistance with time.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Photovoltaic modules; EFG technology; Delamination; Current—voltage characteristics

1. Introduction

Photovoltaic (PV) modules deployed outdoors are expected to produce energy for
periods longer than 20 years, but environmental factors such as humidity, high levels
of ultraviolet (UV) radiation and temperature variation have a detrimental effect on
these devices and can as a result induce irreversible degradation. It is therefore

*Corresponding author. Tel.: +2741 5042579; fax: 42741 5042573.
E-mail address: ernest.vandyk@nmmu.ac.za (E.E. van Dyk).
"Permanent address: ECAM, 40 montée St-Barthélémy, 69005 Lyon, France.

0927-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.solmat.2004.12.004


www.elsevier.com/locate/solmat
Administrator
註解
“Marked”的設定者是“Administrator”


404 E.E. van Dyk et al. | Solar Energy Materials & Solar Cells 88 (2005) 403411

important to detect defects and monitor the evolution of any degradation in order to
better understand their origin and effect on device performance. In this study, we
investigated the delamination in an edge-defined film-fed growth (EFG) PV module
that was observed while monitoring the module performance during 30 months in
which the module was deployed outdoors at the Photovoltaic Outdoor Research
Facility at the Nelson Mandela Metropolitan University. This paper discusses the
observed delamination and associated effects on module performance. We found
that the delamination reduces module performance and that moisture ingress further
degraded power output and also leads to increased series resistance.

2. Experimental

The PV module used in this study comprises 36 EFG-Si solar cells connected in
series. The module has an aluminium foil back cover and aluminium frame. In
addition to the hermitical seal of encapsulant between back cover and glass front, the
frame is attached to laminant (glass/encapsulant/cells/encapsulant/foil) using
silicone sealer. The manufacturer’s module specifications are listed in Table 1
together with the baseline measurements that are used for reference.

From the data in Table 1 and the module’s physical dimensions it is possible to
extract two important parameters, viz. the fill factor (FF) and the aperture area
efficiency (7). FF is defined as the ratio of Pp,x to the product Iy x V. and yields
information about p—n junction quality as well as the possible presence of parasitic
resistances. We have defined # relative to the exposed glass area, the so-called
aperture area that is 0.39m? for the module used in this study. Using the module
specifications and dimensions yield FF =0.75 and 5 = 12.8%. The measured
baseline values are FF = 0.74 and n = 12.48%. In addition to the good efficiency of
EFG solar cells, their square shape enables a higher concentration of the cells in the
aperture area and hence an improved aperture area efficiency.

In a previous study [1,2] the module performance was monitored for an extended
period of time. During this period (October 2001 to November 2002) it was observed
that the module was undergoing degradation. In the current study, the degradation
was investigated further. This involved deployment of the module outdoors for

Table 1
Electrical characteristics rated by the manufacturer at standard test conditions (STC: 1000 W/m?
irradiance, 25 °C cell temperature and air-mass 1.5 global spectrum). Baseline STC measurements are also
shown

Performance parameter Manufacturer Baseline
Maximum power (Pmax) S50 W 48.64 W
Open circuit voltage (Vo) 20.7V 21.11V
Short circuit current (/) 32A 3.10A
Voltage at maximum power (¥ max) 17.0V 21.1V

Current at maximum power ({max) 30A 3.1A
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further monitoring of physical and performance degradation. During this monitor-
ing period, the module was periodically subjected to thorough indoor assessment [3]
to establish the extent and evolution of the degradation. The module has been
subjected to 1790 sun-hours (kWh/m?) in total: 1430 kWh/m? during the initial study
and 360 kWh/m? during the current study. Other studies [4,5] on the durability and
degradation of field-aged modules have analysed the degradation mechanisms in
detail. In this paper, we focus on the performance degradation associated with the
observed physical degradation.

3. Results

The extent of the physical degradation is shown by the photographs in Fig. 1 that
were recorded towards the end of the study. In (a), the whole module is shown and
the different regions in which delamination has occurred are clearly visible. Some of
these regions are magnified in (b)—(d). The extent of the delamination varies with
distance from the frame, (b) and (c), indicating that the delamination originates at
points along the frame of the module and then grows with time, assisted by daily
thermal cycling. The growth of the delamination also occurs along the busbars as
depicted in (d). The space between the delaminated laminates, coupled with poor
water tightness of the frame at places allows moisture penetration. Fig. 1(c) is an
example of this where the discolouration due to moisture ingress is clearly visible.
The presence of moisture will accelerate delamination and contribute to power
degradation due to photon absorption in the encapsulant.

The delamination observed in Fig. 1 has grown progressively with time and is
illustrated in Fig. 2. In the figure, the region depicted in Fig. 1(b) is shown and the
extent of delamination at various stages during monitoring is illustrated by the
broken lines. Soon after outdoor deployment the delamination started and extended
to line 1 (October 2001) and a year later the delamination had grown to line 2.
During the current study the delamination progressed to line 3 (July 2004).

In addition to the progressive growth of delamination, the moisture ingress also
appeared to vary with time. In Fig. 1(c) we noted the discolouration due to moisture
ingress. During the summer months, December 2003 to January 2004, we observed a
regression of this discolouration although the overall delamination continued to
grow. This is shown in Fig. 3 which depicts the same region as Fig. 1(c) during the
test period, with the moisture ingress at various stages indicated by the dashed line.
We postulate that this regression of discolouration is due to the regression of
moisture ingress caused by the hot, dry weather that is typical for Port Elizabeth
during this time. This regression of moisture ingress was monitored and started
increasing again during February 2004. February and March are typically more
humid and wet. By March 2004 the moisture ingress had progressed to beyond where
it was 5 months before and the delamination had also progressed during this time.
This supports our hypothesis that the regression of moisture ingress is due to the
hot-dry weather.
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Fig. 1. Photograph of the EFG module: (a) shows regions with delamination and moisture ingress; (b) to
(d) show enlarged areas of pronounced delamination and moisture ingress that has grown with time. The
photographs were taken in January 2004.

The evolution of the four main electrical parameters during the monitoring period
is shown in Fig. 4. The parameters are all normalized with respect to the baseline
standard test conditions (STC) measurements. The performance parameters, short
circuit current /., open circuit voltage V., fill factor FF and maximum power Ppqyx,
enable one to track the degradation in performance and yield information relating to
the effects of the aforementioned delamination. From the figure it is clear that the
performance degradation observed in the initial study [1,2] continued, although there
was a slight recovery in performance that may be associated with the aforementioned
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= | ine 1: Oct 01

= |ine 2: Nov 02

= Line 3: Jul 04

Fig. 2. Progression of delamination in the area shown in Fig. 1(b). The delamination at various stages of
the outdoor exposure is indicated on the photograph by lines 1 through 3.

Feb 04

Nov 03

Fig. 3. Spreading of moisture ingress in the area shown in Fig. 1(c). Note that almost the entire cell is
affected by the moisture ingress. The regression in moisture ingress is indicated by the lines showing the
extent of ingress at different times.

regression in moisture ingress during the December to January 2004 period. The V.
remained relatively constant during the monitoring period, while there was an
overall change observed for /.. This may be explained by the increased delamination
and associated discolouration of the laminant that results in a decrease in the
number of photons from the incident irradiance being available to reach the solar
cells below the affected parts. Photon current is almost proportional to irradiance,
while voltage has a logarithmic dependence on irradiance. The decrease in
FF is indicative of the increasing presence of parasitic resistances and was
investigated further by the careful analysis of current—voltage (/-V) characteristics.
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Fig. 4. Module electrical parameters relative to the initial STC measurements as function of time.

35

z
@ —m—May01
5 15 - —e—Sep03
- — 4 —Jan 04
1.0 | —<>—AugO4
05 |
00 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25

Voltage (V)

Fig. 5. I-V characteristics of the module at different times of the study. The decrease in performance is
clearly visible, as well as the improvement in January 2004.

The degradation resulted in more than 16% decrease in the maximum output
power, Ppax.

The -V characteristics of the module taken at various stages during the
monitoring are shown in Fig. 5. The degradation discussed above is also evident,
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with I, FF and P,y following the observed trends, confirming the hypothesis that
there is a regression in moisture ingress. The slope at I is low for all of the I~V
curves and also remains relatively constant. This means that there are not likely to be
any cells in the module that have low shunt resistance (Rg,) and that Ry, has not
changed during the outdoor exposure. If there are cells with low Ry, the efficiency
will decrease with a decrease in irradiance [6]. To confirm that there are no low
shunts in any of the cells, we measured # as function irradiance. This showed that the
module average shunt resistance has not degraded. The slope at V., however, does
change with time, indicating that the series resistance (Rs) changes. The slope alone
does not yield the value R;, but gives an indication of the value, with a higher slope
being due to lower Ry and visa versa. The Ry values of the module that were
determined during the test period were extracted from /-V curves taken at different
irradiances and relating the change in voltage to a fixed change in current [7]. Ry
increased from 0.4Q in 2001 to 0.9Q in 2004. This increase in Ry resulting from
delamination and moisture ingress is likely to be due to corrosion of busbar contacts.
This is illustrated in Fig. 6 where the corrosion at a busbar is shown.

Although the I-V curves of Fig. 5 do not show direct evidence of cell mismatching
that could arise due to the delamination and moisture ingress, it is reasonable to
expect that there will be some mismatch in the current. This is due to the fact that
less light reaches the cell where delamination and moisture ingress has occurred.
When series-connected solar cells operate in this manner, the mismatched cells will
operate at slightly higher temperatures. To investigate this, the back of module
temperature was monitored with the module placed under short-circuit conditions
while mounted outdoors when the irradiance was close to 1000 W/m?. Fig. 7 shows
the temperature distribution in the module. The extent of the delamination as shown
in Fig. 1 can be seen in the background. The values indicated in the figure represent
the deviation, in °C, from the module’s average temperature of 41.1°C. There is a
variation in temperature that is consistent with the observed discolouration. The
regions where there is significant discolouration are operating at higher tempera-
tures. The cell that is almost entirely covered by discolouration (Fig. 1(c)) is clearly
mismatched, hence the higher temperature (+ 6.0 °C). These enhanced temperatures

Fig. 6. Corrosion at cell interconnect due to moisture ingress, causing an increase in series resistance.
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Fig. 7. Solar cell temperature variation across the module while exposed to 1000 W/m?. The values
indicated are the individual cell’s temperature deviation from the average temperature of 41.1°C.

will accelerate the delamination locally, resulting in the spread of the delaminated
regions resulting in further moisture ingress and performance degradation.

4. Conclusion

The investigation and analysis of the degradation of an EFG-Si module over a
long period of time was conducted. It was observed that delamination progressed
with time of outdoor exposure. The growing delamination resulted in moisture
ingress, which in turn lead to corrosion of metallic contacts. The study also showed
that during summer months, which are typically hot and dry, the moisture ingress
regresses, resulting in improved performance, while in other seasons the normal
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growth in delamination trend continues. Analysis of the measured /-V character-
istics confirmed that there were no cells with low shunt resistance in the module. The
measured series resistance, however, increased from 0.4 Q in 2001 to 0.9 Q in 2004.
This increase in R is attributed to observed corrosion of contacts. Temperature
distribution across the module was consistent with the observed discolouration
where affected regions were operating at higher temperatures than unaffected
regions. With the support of experimental data and analysis it can be concluded that
degradation of performance parameters of the EFG-Si module was, to a large extent,
caused by the observed delamination.
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Abstract

The degradation of a thin-film hydrogenated single-junction amorphous silicon (a-Si:H) photovoltaic (PV) module has been studied.
We investigated the different modes of electrical and physical degradation of a-Si:H PV modules by employing a degradation and failure
assessment procedure used in conjunction with analytical techniques, including, scanning electron microscopy (SEM) and
thermogravimetry. This paper reveals that due to their thickness, thin films are very sensitive to the type of degradation observed.
Moreover, this paper deals with the problems associated with the module encapsulant, poly(ethylene-co-vinylacetate) (EVA). The main
objective of this study was to establish the influence of outdoor environmental conditions on the performance of a thin-film PV module

comprising a-Si:H single-junction cells.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Photovoltaic modules; a-Si:H; EVA encapsulant; Degradation; Failure analysis

1. Introduction

Photovoltaics (PV) is incontestably one of the biggest
actors in renewable energy today. The main objective of the
PV industry focuses on three guidelines: reduction of the
cost of PV cells and modules, development of high-
efficiency cells and modules, and increasing the reliability
of PV technologies.

In order to evaluate the reliability of different PV
technologies, we monitor and analyse the degradation and/
or failure of PV modules at the Nelson Mandela
Metropolitan University in South Africa. During this
research, degradation of several PV modules has been
observed in different studies that focus on various PV
technologies. One of these studies involved the degradation
of thin-film PV modules [1], and during that study, the
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"Permanent address: ECAM Lyon, 40 Montee Saint Barthelemy, 69005
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electrical degradation of a hydrogenated amorphous silicon
(a-Si:H) PV module was observed and discussed. Subse-
quent to that investigation, the a-Si:H module was exposed
to outdoor conditions for almost 2 years mounted on a
north-facing rack, tilted to an angle of 34°, the latitude of
the location in Port Elizabeth. Port Elizabeth has a mild
climate with an annual average rainfall of 624 mm, average
ambient temperature of 22 °C (max.) and 14 °C (min.), and
the average humidity varies between 81% and 63% from
morning to afternoon, respectively. After this period the
module degraded to such an extent that it was no longer
producing meaningful power. About 30% of the module
was affected by delamination and moisture ingress from
the edges. The moisture ingress, in addition to the UV
radiation, resulted in the encapsulation becoming brittle.
The poly(ethylene-co-vinylacetate) (EVA) encapsulant de-
laminated from the other layers in the module structure.
The moisture ingress resulted in oxidation of the alumi-
nium back contact of the cells. The oxidation followed the
moisture as it penetrated the module. This mechanism was
also, then, responsible for the removal of some of the
silicon. This physical degradation was directly responsible
for the loss in power-generating capability of the module
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since the module was almost short-circuit by the presence
of parasitic resistances created by the aluminium oxide
covering the module. Furthermore, in affected regions of
the module, almost all the silicon disappeared as a result of
flowing with the moisture ingress.

2. Experimental

The module used in this study was an a-Si:H PV module
employing a single-junction, p—i—n structure. The module
was rated at 14 W but, in anticipation of power loss due to
the Stacbler—Wronski effect [2], was estimated by its
manufacturer to produce 15% more than its rated power
when first deployed. In previous studies [1,3,4] the module
was part of investigations in which several modules’
performance was monitored while deployed outdoors [3]
and also subjected to a thorough assessment procedure [4],
while electrical degradation was observed and discussed in
Ref. [1]. This study investigates the physical degradation of
the a-Si:H PV module and correlates the electrical and
physical degradation. At the beginning of this study, the
module was subjected to a degradation and failure
assessment during which, I~V characteristics of the module
were measured. The module was then deployed outdoors
and periodically taken down for indoor assessment. During
the outdoor test period the module degraded gradually up
to point where it no longer produced meaningful power,
constituting failure. This failure was found to be due to
excessive physical degradation. About 30% of the module
showed signs of delamination and corrosion. In order to
facilitate further investigation, the module was delaminated
and samples of the cell structure and encapsulant were
taken from the damaged or “affected region” and from the
region not affected, that we call unaffected region. These
samples were first subjected to scanning electron micro-
scopy (SEM) analysis to determine their structure and
composition. Thermogravimetric mass loss measurements
were then conducted on the EVA samples to determine the
presence of volatile components inside the EVA.

3. Results and discussion
3.1. Electrical degradation
After initial indoor assessment at its acquisition, the

module was deployed outdoors and periodically subjected
to indoor assessment. Table 1 lists the standard test

Table 1
Degradation of maximum power

Measurement time Power (W)
Initial 12.53
Prior to outdoor exposure 10.86
After 80 sun-hours 5.56
After 130 sun-hours 5.15
Final, after 3500 sun-hours 2.64

conditions (STC: 1000 W/m?, 25°C cell temperature and
Air Mass 1,5 Global Spectrum), power measured at
various stages of outdoor exposure. The initial -V
measurements showed that P, was already almost 10%
below the rated power of 14 W. It is also clear from the
table that the module degraded considerably when first
deployed outdoors as would be expected due to the
Staebler—Wronski effect. In the first 13 days of outdoor
exposure (80sun-hours) the maximum power (Ppax)
degraded by approximately 50% of its value prior to
outdoor exposure. The performance parameters continued
to degrade with time, with most of the degradation taking
place during the first month (130 sun-hours) of outdoor
deployment [1].

Fig. 1 shows the I~V characteristics at STC of the
module at its acquisition and at the last measurement made
on it before it failed. The last I~V curve shows dramatic
reduction in performance parameters of the module after
the observed physical degradation had taken place as
compared to initial measurements. P, decreased from
12.53 t0 2.64 W, I, from 1.13 to 0.28 A, and V. from 24.3
to 21.0V. Associated with a decrease in these parameters is
an increase in the effect of parasitic resistance. The slope at
short circuit has increased, indicating an increase in
shunting paths or decreased shunt resistance showing the
deterioration in the p—n junction quality of the cells in the
module. There is also a large increase in the series
resistance, R, as depicted by the decrease in the slope of
the I-V curve at V.. As discussed later, the increase in R,
may be ascribed to the formation of aluminium oxide
covering parts of the module. After the last I~V curve was
measured it was not possible to do any further -V or
electrical measurements on the module.

3.2. Physical degradation

Fig. 2 shows a schematic of the structure of a single-
junction hydrogenated a-Si cell of the type employed in the
module used in this study [S]. The cell structure is of the
p—i—n superstate type,with an undoped intrinsic (i) layer of
a few hundred nanometre sandwiched between very thin
p- and n-doped a-Si that are typically a few tens of a
nanometre thick. The p- and n-doped layers establish an
electric field over the intrinsic layer, and also provide
contact to the end terminals on either side [6]. Fig. 3 shows
the back of the module prior to the frame being removed
and the module delaminated for further analysis. From the
figure it is clear that there is physical damage to the
module. This damage is due to delamination between the
solar cell structure, EVA laminate and glass, resulting in
moisture ingress and corrosion.

3.2.1. Scanning electron microscopy (SEM)

Fig. 4(a) shows a cross-sectional SEM micrograph of a
sample from the unaffected part of the module. In the
figure the different layers are identified and are, as
indicated: glass substrate, transparent conducting oxide
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Fig. 1. Initial and final I~V curves of the module, measured under standard test conditions.

Glass
<— TCO
p-i-n
E Al Back
Contact
EVA ————>
Glass

Fig. 2. Cell structure of the a-Si:H module [5].

Fig. 3. Photograph of rear of module showing delamination and moisture ingress.

(TCO) that is a tin oxide (SnO,) layer, silicon, and
aluminium back contact covered by the EVA polymer
encapsulant. From Fig. 4(a) it is also clear that the silicon/
aluminium/EVA interface is not regular. The aluminium
back contact layer, being very thin (<1pm), is more
affected by the irregularity of the silicon layer. The micro-
irregularity is not expected to affect the EVA—Si bonding
strength; however, there is an increase in effective surface
for moisture to be retained [5]. This moisture can then

diffuse through the EVA bulk and along the EVA/
substrate interface. Fig. 4(b) shows a micrograph of a
sample from the affected region used for energy-dispersive
spectral (EDS) analysis.

As shown in Fig. 3, the main moisture ingress was from
the top left region of the module, with the moisture
infiltration being between the EVA and silicon layers,
where the aluminium back contact is situated. Activated by
the electric field generated by the cells and the water
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Fig. 4. (a) Cross-sectional SEM micrograph of part of a cell in the unaffected region of the module. (b) Cross-sectional SEM micrograph of part of cell in
the affected region of the module. (c) EDS spectrum revealing aluminium oxide created in the affected region of the module.

present in the moisture, the aluminium back contact
oxidized and formed aluminium hydroxide AI(OH7); as
shown in Fig. 4(b) by the reactions [7]:

The anodic process : Al — APT + 3e¢™ (E = +1.66eV).

The cathodic process :
10, + H,O +2¢~ — 20H (E® = 0.40 V).

Precipitation : A" +30H™ — AI(OH™);.
Further conversion on ageing is likely
2Al(OH); — AlLO3 + 3H,O0.

At the beginning, some aluminium oxide (oxide alumina,
Al,O3) was probably created with the simple presence of
oxygen before moisture penetrated the module. The
formation of the refractory oxide alumina (Al,O3;) on
aluminium improves the oxidation resistance [8], but in this
case, the layer of aluminium was so thin that the entire
aluminium layer oxidized. The EDS spectrum shown in
Fig. 4(c) was obtained from a region in the aluminium
oxide shown in Fig. 4(b). From the compositional analysis,
we clearly see the presence of oxygen, aluminium, silicon,
and some carbon. The carbon originates in the EVA, while
the silicon comes from the a-Si:H layer. Further EDS
analyses showed that there was no compositional differ-
ence between the affected and unaffected regions for the

glass substrate and TCO layer, and for the a-Si layer when
the layer was not removed. The SEM analysis, therefore,
enabled us to determine the evolution of the aluminium
layer during the degradation. The degradation of the EVA
is detailed in Section 3.2.2.

With continued outdoor exposure, the moisture ingress
increased and the aluminium oxidation spread, resulting
in more moisture penetrating the layers of the module.
Fig. 5(a) shows the result of the flow of aluminium oxide
brought on by the moisture ingress. Another interesting
observation is that the scribe line limits the flow in certain
regions. In addition, temperature variations due to
meteorological conditions and cell mismatches in the
module would also contribute to the overall degradation.
It is postulated that this results in the a-Si:H, which is
linked to the aluminium, flowing with the moisture
penetration yielding regions with no a-Si:H. These regions
of the module appear semi-transparent. This phenomenon
is illustrated in Fig. 5(b) that shows a region where there is
no a-Si: H.

3.2.2. Encapsulant degradation analysis

With a visual inspection of the a-Si:H corroded module,
we clearly saw that the EVA layer was also affected by the
penetration of moisture. In the affected region, the EVA,
which is a co-polymer, became yellow-brown due to UV
exposure [8], and also very stiff (and thus breakable). This
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Fig. 5. (a) Micrograph showing the moisture induced aluminium oxide flow and limitation of flow by scribe lines. (b) Micrograph showing a region where

there is no Si.

(a)

(b)

Fig. 6. (a) Micrograph showing a crack in the EVA. (b) Micrograph showing a bubble in the EVA.

yellow-brown colour is ascribed to the formation of
conjugated polyene structures and/or «,f-unsaturated carbo-
nyl groups [9]. The interstitial moisture ingress between the
silicon and the EVA created some stresses and pressure was
exerted on the EVA. The encapsulant became fragile and
even broke in some regions of the affected part of the
module. This is illustrated in Fig. 6(a) which shows an optical
micrograph of a section of the affected region. The water and
oxygen present in the moisture, in addition to the UV
irradiation generated some changes in the structure and
composition of the EVA. We speculate that photothermal
deacetylation of acetic acid from the EVA co-polymer was
initiated locally. Subsequent photooxidative attack resulted
in localized crosslinking of the EVA encapsulant, rendering it
brittle. Increases in the degree of crosslinking in areas of
yellow-brown photodecomposed EVA films have been noted
by other authors [10].

Deacetylation led to the accumulation of volatile organic
components such as acetic acid. The accumulation of these
compounds and the presence of water resulted in the
formation of bubbles under heating. Fig. 6(b) clearly shows
bubbles created on the surface of the encapsulant in the
affected region of the module.

Unaffected and affected samples were heated in a
thermogravimetric analyser (TGA) in a nitrogen atmo-
sphere at 5°Cmin~'. At low temperatures (below 120 °C)
EVA is stable, so any mass changes that occur at these
temperatures would be due to the loss of volatile
inclusions. Fig. 7 shows the mass of the unaffected and
affected samples as a function of temperature. It is clear
that both samples lose some mass below 100 °C. This mass
loss is ascribed to the evaporation of acetic acid (produced
upon deacetylation [11]) and/or water that may have
ingressed into the encapsulant. It is noticeable, however,
that this mass loss is significantly greater for the affected
sample. The step change in mass below 100 °C is equivalent
to 0.23% for the unaffected sample and 1.50% for the
affected sample. The mass loss that starts to occur near
150°C is the breakdown of the actual EVA polymer
(thermal deacetylation) [11].

3.2.3. Hot-spot formation

During the study, it was also observed that hot-spots
formed across the module, but with a higher density in the
affected region. Fig. 8(a) shows hot-spots formed in the
affected region of the module. In these hot-spots a small
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Fig. 7. Thermogravimetric analysis of the EVA from both unaffected and affected regions of the module.
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Fig. 8. (a) Micrograph showing hot-spots formed during outdoor exposure. (b) Micrograph showing a hot-spot that have moved with delamination. Note

the burn mark in the centre of the hot-spot.

amount of cell was delaminated from the rest of the cell.
The penetration of moisture and subsequent delaminating
of the module layers accelerated the delamination or
removal of hot-spot material from the thin film. The effect
of hot-spotting is, therefore, worse in the affected region.
Fig. 8(b) shows a hot-spot that has delaminated and moved
with the aforementioned flow and delamination. In the
figure, the delamination is clearly seen as along with a small
dot in the centre of the hot-spot. We postulate that this
type of hot-spot was formed by a water droplet on the front
surface of the module as illustrated in Fig. 9. A water drop
on the front surface acts as a lens and focuses the light as
illustrated. This concentration of light has the effect of
shading part of the cell under the drop as well as heating
the spot where the light is focused. The shaded area heats
up compared to the rest of the module due to mismatch in
current generation, resulting in thermal stresses which
cause the hot-spot to be removed or cut from the thin-film

_ Incident light

Water dro
/ p

. }-Glass/cel/EVA/glass

Fig. 9. Schematic illustrating the formation of hot-spots.

cell. Subsequently, when delamination occurs, the hot-
spots move as shown in Fig. 8. The ““dot” in the centre of
the hot-spot shown in Fig. 8(b) is then expected to be
caused by the concentration of light at that point, which
burns the material. This is then visible as the dot in the
centre of the hot-spot.
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4. Conclusions

This study applied several techniques to investigate the
degradation modes of a thin-film hydrogenated single-
junction amorphous silicon PV module, from initial
outdoor deployment to failure of the module. It was
observed that after an initial electrical degradation due to
the Staebler—Wronski effect, some moisture penetrated the
module which resulted in the degradation of the constitu-
ent layers. In addition to the moisture ingress, there were
several other factors that contributed to the degradation,
viz., irregular silicon layer and aluminium back contact
thickness, bad isolation of the module, embrittlement of
the EVA, and the poor adhesion to the front glass.
Photothermal degradation of EVA has been observed to
lead to the production of volatile acetic acid and
subsequent crosslinking [12], which if significant enough
could render the EVA brittle. Furthermore, it was found
that, although the module suffered severe physical degra-
dation, the silicon did not play a major role in the physical
degradation process. The module was also found to be
susceptible to hot-spot formation. Due to the nature of the
physical degradation, these hot-spots became detached
from the rest of the module and moved relative to the
surrounding material.
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ABSTRACT

Effect of reduction of soda-ash content and more
effective fixing of sodium in superstrate sodalime glass
surface on durability of PV modules was studied. Damp-
heat acceleration-tested PV modules having higher soda-
ash content glass or normal SO.-treated glass were most
severely stained. Their adhesional strength was the
lowest and delamination was most severe. High
concentrations of impurities comelated with regions of
delamination. Increasing the intensity of SO; treatment
reduced the surface roughness, degree of staining,
powder formation, and delamination; and increased the
adhesional strength. The best approach is to reduce the

sodium content as well as to fix the remaining sodium by -

an adequate sulfur-dioxide treatment and having fixed it
not to disturb it during subsequent processes.

INTRODUCTION

Qver the last seven years, PV Materials Laboratory
of Florida Solar Energy Center has been camrying out
systematic and detailed study of the glass/encapsulant/
Si-cell/lencapsulant/backing-fayer composite with an
objective to lay the scientific basis for further
improvement of the manufacturing technology. of PV
modules. Through this study, wealth of data has been
collected at FSEC on properties of new, acceleration-
tested, and field-deployed PV medules fabricated by PV
manufacturers in US, Japan and Europe. It included
modules deployed in harsh coastal conditions, hot and
humid, hot and dry, and moderate climates. Specifically,
adhesional strength and impurity segregation at
cell/fencapsulant and glass/fencapsulant interfaces, as
well as on elastic properties of encapsulant samples
extracted from PV modules have been studied [1-10].

Analysis of samples from delaminated regions in PV
modules deployed in harsh coastal climates showed the
highest surface concentrations of sodium and
phosphorous. Often significantly high sodium and

0-7803-7471-1/02/$17.00 ©2002 IEEE

phosphorous concentrations were observed at the surface
of crystalline silicon (c-Si) solar cells up to depths of few
thousand angstroms. Phosphorous surface concentrations
resulted from the n-type dopant while the very high
surface  sodium  concentration was attributed to
atmospheric sodium containing aerosols in the coastal
climate [1,2]. However, very high surface sodium
concentrations observed in modules deployed in Arizona
as well as in damp-heat acceleration-tested modules
during subsequent studies clearly pointed toward sodium
out-diffusing from sodalime glass [9,10]. The Auger
electron spectroscopy (AES) line-scans from ¢-Si cell
samples  usually showed comelation between
concentrations of sodium and phosphorous. Often these
were  accompanied by  proportionately  larger
concentrations of cxygen after discounting oxygen in the
antireflection  titanium-cxide layer [1,29,10). The
phenomenon of chemically-assisted diffusion seemed to
be responsible for the excessively high sodium and
phosphorous concentrations. This pointed to a strong
probability of formation of compounds such as sodium
phosphates and hydro-phosphates.

The high sodium and phosphorous concentrations
both at the surface and throughout the depth of a few
thousand angstroms always comrelated with low
adhesional strengths at c-Sifencapsulant interface. In fact,
there was a correlation between low adhesional strength
on the one hand and high sodium and phosphorous
concentrations on the other {Figure 1}. EVA adheres to
glass by afttaching to silica bonding sites on the glass
surface. ' The diffusion of active species such as sodium
and phosphorous can satisfy some of the bonds at the
EVA and silicon surfaces. This surface passivation, in tumn,
reduces the strength of the adhesional bonds. This
indicated that the durabifity of PV modules could be
improved if precautionary measures were taken to control
the sources of impurities into the structure of PV modules,
as well as, if the diffusion of inadvertent impurities was
limited. The present study was undertaken to test this
hypothesis.

PV manufacturers desire maximum light transmission
through cover glass to optimize electricity production.
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Fig. 1. Correlation between adhesional strength at ¢-Si
cell/EVA interface with concentration of Na and P.

Light transmission in glass is reduced by iron
contamination, which gives glass a greenish tint.
Therefore, most PV manufacturers buy special low iron
glass for cover plates for PV modules. Dolomite
(CaMg[COs] 2} a mineral that was normally used in glass
manufacturing typically contains excess tron, and is often
unsuitable for low iron glass production. When dolomite
was removed in order to fabricate low-iron glass, other
compensating adjustments had to be made to the glass
composition, such as increasing the sodium content. As
a result, sodium oxide (Na20) concentration in low iron
glass used in PV modules was typically raised to >15%.
Sodium is a mobile ion that can cause a reactive surface

layer. Usually SO; freatment is carried out during
fabrication of sodalime glass to fix the sodium and thus to
make the surface relatively inert. This paper presents a
study of the effect of reduction of soda ash content and
more effective fixing of sodium on the adhesional
strength and staining of glass during damp-heat
acceleration testing.

EXPERIMENTAL TECHNIQUE

Different types of glass superstrates were specially
prepared by varying the soda-ash content or by
increasing the intensity of SO treatment. The formulation
of specially prepared 1/8” thick, 1'x1' superstrate glass
employed for preparation of PV modules were altered as
follows: 1: Krystal Klear Float; 2: Krystal Klear Float with
lower Na>O; 3: Solite with normal SCz; 4: Solite with high

0-7803-7471-1/02/$17.00 ©2002 1EEE

§02 (4scth in annealing lehr and 30 psi in the tempering
furnace); 5: Solite with very high 50 (5scfh in annealing
lehr and 80 psi in the tempering fumace). PV modules
were encapsulated using slow-cure ethylene vinyl acetate
{EVA) and the above mentioned five types of glass. Each
module contained four different types of crystalline silicon
(c-Si) solar cells. Titanium oxide anti-reflection (AR)
coating was deposited on two of the four cells. One AR-
coated c-Si celi and one non-AR-coated celi were cleaned
with isopropyl alcohol, AR-coated cells were labeled A and
non-AR-coated cells were labeled N. Cells cleaned with
isopropanol were labeled C and the cells that were not
cleaned were labeled N. Thus the four cells were labeled
AC, NC, AN, NN as follows: with (A) or without (N) AR-
coat and with (C) or without (N) cleaning with isopropyl
alcohol. Influence of bus lines and solder bonds was
avoided by not attaching them. The modules were damp-
heat acceierated tested at 85°C and 85% relative humidity
for 1000 hours.,  Accelerated-tested modules were
inspected visually and photographed. Adhesional shear
strength at the weaker of the two interfaces viz. glass/EVA
or SI/EVA interfaces was calculated from the maximum
torque required to extract samples using an extraction
process initially developed by the Sandia National
Laboratories and subsequently improved at FSEC. EVA
and glass samples were examined by optical microscopy.
The surface composition of EVA was analyzed by X-ray
photoelectron spectroscopy (XPS).

RESULTS AND DISCUSSION

The surfaces of damp-heat acceleration-tested
modules of type1 Krystal Klear Float glass and 3 Solite
with normal S0; treatment were the roughest and most
severely stained with powder non-uniformly sticking to the
surface. Charles has studied water vapor corrosion
(*stain”) of sodalime glass [11]. In theses modules,
delamination at the EVA/Glass interface was clearly visible
especially at the EVA/Glass interface in the narrow strips
between cells. At some places, delaminated portion also
extended inside peripheral region of solar cells. White
spots were observed in delaminated areas. The glass
showed heavy chipping and degeneration into fine milky
white powder with fine glass particles attached fo the
delaminated portion of EVA. EVA could be easily
removed along with the backing sheet in the periphery and
central portion of the module of type 1 using Krystal Klear
Float glass. Delamination at EVA/Glass interface was
observed all along the periphery and center of module in
the case of type 3 module having Sclite glass with normal
S0, treatment.

Increasing the SO; flow rate in the annealing lehr and
in the tempering furnace for Solite glass of type 4 and 5
PV modules progressively reduced the surface roughness,
degree of staining, powder formation, and delamination.
Defamination was observed at the glass/EVA interface all
along the periphery of the modules 4 and 5 but not as
prominently in the central region. Not much powder was
observed on glass surface of module 5.

There was no powder formation and the staining was
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Fig. -2.
module of type 2: Krystal Klear Float with lower Na;O

Images of cells AC, NC, AN, and NN of the

the least showing interference colors at an inclined angle
in module of type 2 Krystal Klear Float with lower NazO.
Also delamination was very low as compared to other
modules. Figure 2 provides a photograph of a damp
heat-tested module of type 2, with the four types of c-Si
cells. Photographs of type NN cells of modules of type 1,
3, 4, and 5 in Figure 3 clearly depict varying degree of
staining in different modules.

As expected, AR coated celis appeared dark blue
whilst the non-AR-coated cells appeared dull gray.
Adhesional failure at the glass/EVA interface was
observed in more samples in the peripheral region than
in the middle region. In the middle region, the average
adhesional strength at the cellEVA interface was the
least (3.88-3.94 Mpa) in modules of type 1 Krystal Kiear
Float glass and 3 Solite with normat SO,. The average
adhesional strength at the glass/EVA interface in the
peripheral region was the least (3.2 Mpa) for module of
type 3 Solite with normal SO:. [ncreasing SOz flow rate
to 4 scth in the annealing lehr and pressure in the
tempering furnace to 30 psi for module of type 4 Solite
glass with increased SO showed low to moderate
improvement in the adhesional strength. High
adhesional strength (4.89-5.3 Mpa) was obtained in the
case of the modules of type 2 Krystal Klear Float with
lower Na;©O and 5 Solite with very high SO;. The data on
high adhesiona! strength for the module of type 5 Solite
with very high SO: does not take intc consideration
delamination observed in one corner. Therefore, relying

0-7803-7471-1/02/817.00 ©2002 IEEE

Fig. 3. Images of cells NN of modules of type 1: Krystal
Klear Float, 2: Krystal Klear Float with lower Nax0O; 3:
Solite with normal SOz; 4: Solite with high SOz and 5:
Solite with very high SO..

totally on very high SO treatment would not be effective.
XPS energies and atomic concentrations of elements -

" identified on the glass-side surface of a typical EVA

sample (13NNP) from the peripheral area of module of
type 1, were as follows: C (1s), 284.5 eV, 73.1%, O (1s),’
532 eV, 20.7%, Si (2p3), 101.5 eV, 2.6%, Na (1s), 1072
eV, 3.6% (Fig. 4). Scdium atomic concentration on the
glass-side surface of a typical EVA sample measured by
XPS in the other modules 2, 3, 4, and 5 respectively were
1.4%, 2.2%, 3.9%, 3.6%. The high concentrations of
precipitated impurities correlated with regions of complete
delamination.

Excessive amounts of sodium are detimenta! to
adhesion. The high concentration of sodium on EVA
surface is from sodalime glass. Such  impurity
precipitation would deplete the sites of adhesional bonds
between EVA and silicon cell surface.

It may be noted that voids resulting from the
delamination provide a preferential location for
accumulation of moisture and precipitation of active
impurities. These impurities can greatly increase the
possibility of corrosien failures in metallic contacts.

Based on the above study and with significant
industry investigation, AFG completely redesigned their
low iron glass composition and lowered the sodium
content to ~13% for the PV industry. This constitutes a
reduction of ~2%. Subsequently, low-Na glass is being
supplied to all PV manufacturers.
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Fig. 4. XPS spectrum of EVA on glass side of module of
type 1: Krystal Klear Fioat glass.

The reduction in the soda ash content by ~2% would
certainly improve the PV durability of PV modules. As
discussed above, high surface sodium concentration can
result from atmospheric sodium containing aeroscis in
the coastal climate. Therefore, the concentration of
dopant and other impurities must be carefully monitored
and controlled.

So; treatment of glass tends to fix sodium and thus
to neutralize the active layer on the surface of sodalime
glass. However, glass surface can be damaged during
-some thin-film module manufacturing processes, such as
edge delete by sand blasting. This seems fo have
resulted in sodium migration and severe delamination of

SnO2:F layer from glass surface together with the
remainder of the thin films cells in high-voltage bias and
damp-heat tested thin-film PV modules [3,12].

CONCLUSIONS

High concentrations of precipitated impurities at
SI/EVA and glass/EVA interfaces comelated with
complete delamination in PV modules. Surface
roughness, staining, powder formation, and delamination
of superstrate glass and surface Na concentration of EVA
in damp-heat tested PV modules can be reduced with
lower sodium content and by increasing the intensity of
sulfur dioxide treatment in the lehr and in the tempering
furnace. Very high SO; treatment by itself would not be
sufficient. The best approach is to reduce the sodium
content as well as to fix the remaining sodium by an
adequate sulfur dioxide treatment and having fixed it not
to disturb it during subsequent processes. It is also
essential that the concentration of dopant and other
impurities should be carefully monitored and confrolled.

0-7803-7471-1/02/$17.00 ©2002 TEEE
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Abstract

Several factors that affect the discoloration rate of the ethylene-vinyl acetate (EVA)
copolymer encapsulants used in crystalline-Si photovoltaic (PV') modules upon accelerated
exposure have been investigated primarily by employing UV-visible spectrophotometry,
spectrocolorimetry, and fluorescence analysis. A variety of film samples including the two
typical (unprimed) EVA formulations, A9918 and 15295, were studied. The films were
laminated, cured, and exposed to either a concentrated 1-kW Xe or an enhanced-UV light
source. The results indicate that the extent of EVA discoloration can be affected by factors
of two general categories: chemical and physical. In the chemical category, the degradative
factors include (1) EVA formulation, (2) presence and concentration of curing-generated,
UV-excitable chromophores that depend on the type of curing agent used, (3) loss rate of
the UV absorber, Cyasorb UV 531™, (4) curing agent and curing conditions, and (5)
photobleaching reactions due to diffusion of air into the laminated films. In the physical
category, the factors involve (6) UV light intensity, (7) UV-filtering effect of glass super-
strates, (8) gas permeability of polymeric superstrates, (9) film thickness, and (10) lamina-
tion—delamination (maybe chemical and /or mechanical effect, too).

Photodecomposition of the Cyasorb was first verified in cyclohexane solutions and then
in Elvax 150™ (EVX) films (the copolymer without any additives and curing agent).
Cyasorb decomposition rates in cyclohexane solutions are exponentially proportional to the
light intensity, but can be greatly reduced by a free-radical scavenger, Tinuvin 770™, and
furthermore by an antioxidant, Naugard P™. The discoloration rate of EVA increases with
increasing loss of Cyasorb UV 531 and is faster for the EVA A9918 films that have a greater
concentration of UV-excitable chromophores generated from a slower curing than for the
EVA 15295 films that are fast cured. In general, the loss rate of the UV absorber and the
rate of discoloration from light yellow to brown follow a sigmoidal pattern. A reasonably
good correlation for changes in transmittance at 420 nm, yellowness index, and fluorescence
peak area (or intensity ratio) is obtained as the extent of EVA discoloration progresses.

No discoloration was observed for the laminated EVX films that contain no stabilizers
and curing-generated chromophores. The discoloration rate of both types of EVA can be
largely reduced by UV-filtering glass superstrates that remove UV < 320 nm. Photobleach-

0927-0248 /96 /$15.00 © 1996 Elsevier Science B.V. All rights reserved
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ing reactions are responsible for the non-discoloration of unlaminated EVA, the visually
clear perimeter around the edges of laminated samples, and the EVA films laminated with
gas-permeable polymer film superstrates. Delamination of EVA films from the top glass
superstrate was observed after prolonged UV exposure.

1. Introduction

Browning of the ethylene-vinyl acetate (EVA) encapsulant used in crystalline-Si
(c¢-Si) photovoltaic (PV) modules can reduce the efficiency because of decreased
light transmittance. The worst known case is the browning of EVA in the ¢-Si PV
modules deployed at Carrisa Plains, CA, which used a V-trough-mirror configura-
tion to increase the solar flux onto the modules. Consecutive decreases in the
annual power output of nearly 10% /year have been well documented since 1986
[1-6]. Recently, browning of the EVA has also developed in the ¢-Si PV modules
of similar mirror-enhanced configuration deployed in the Negev desert at the
Ben-Gurion National Solar Energy Center, Sede Boger, Israel [7]. The effect of
EVA browning on PV module efficiency has been a subject of debate [8,9].
Degradation mechanisms of the EVA encapsulant have been investigated and
discussed [10,11]. Previous systematic studies [12—15] have included post-mortem
analyses of field-degraded, yellow to dark brown EVA to understand the chemical
and physical changes in the material, laboratory-simulated degradation to charac-
terize the degradation mechanisms, and accelerated exposure of laminated solar
cells to quantify the effect of EVA discoloration on cell efficiency. In this work,
three non-invasive spectrophotometric analytical methods — absorption /transmis-
sion, colorimetry, and fluorescence analysis (F4) — were employed to investigate
factors that affect the discoloration rate of EVA in the laminated samples that
were subjected to accelerated exposure. Results are summarized below on the
photodecomposition of Cyasorb UV 531™, its stabilization by antioxidants,
progress of EVA discoloration, temporal evolution of discoloring chromophores,
their effects on optical transmittance of EVA, and mitigation of EVA discoloration
by UV-filtering glass and gas-permeable polymer films as superstrates.

2. Experimental
2.1. Sample preparations

A number of film samples were studied, including the two commercially
available (unprimed) EVA formulations, A9918 and 15295 [16-18]. These formu-
lated and as-extruded films are ~ 0.46 mm (18 mils or 0.018 inch) thick. For the
films formulated in our laboratory, the components of stabilizers were varied
according to the needs of our experimental design and were cast from solutions of
Du Pont’s Elvax 150 (EVX) in high purity (99.9 + %, HPLC grade) cyclohexane. A
constant thickness film maker with a 0.50-mm ring spacer was used to process at
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80°-90°C the solution-cast films between two thin aluminum foils into films of
uniform thickness suitable for lamination. A manually controlled, hydraulic mini-
press with two heated platens was used to laminate the films at ~ 115°C for ~ 10
min between a superstrate and a substrate of either 25 mm X 25 mm X 1.56 mm
(I"X 1" x 1/16") or 50 mm X 50 mm X 3.16 mm (2" X 2" X 1/8"). The superstrates
include quartz, borosilicate, indium-doped tin oxide (ITO)-coated, window, and
cerium oxide (ceria)-doped UV-filtering glasses, and Du Pont’s “Oriented” T2
Tefzel™ films. All glass slides were thoroughly cleaned prior to use with a
detergent, Nochromix™ (Godax Laboratories, Inc.)-sulfuric acid solution (not
used for ITO), isopropanol, and deionized water in a ultrasonicator. Either
one-layer or two-layer 0.2-mm thick aluminum spacers were used to control the
laminated film thickness under applied hydraulic pressure. Curing was conducted
for the laminated films containing a curing agent by heating for ~ 40 min at
~ 145°C followed by ~ 3-5 min cooling for the EVA A9918 using Lupersol 101™
(Elf Atochem) and ~ 10-12 min at ~ 145°C followed by cooling for the EVA
15295 using Lupersol TBEC™. Solutions of high purity cyclohexane were pre-
pared in the experiments to study the photodecomposition of Cyasorb UV 531™
(American Cyanamid), which will be referred to as “Cyasorb” in the text below.

Plain EVX films heated in the absence of a curing peroxide (Lupersol) are not
suitable for PV encapsulation. Inclusion of EVX films in this work was intended to
contrast the damaging effects of Lupersol-curing-generated chromophores and
stabilizers on EVA discoloration as discussed in the text.

2.2. Light sources and accelerated exposure

Three light sources were used for the accelerated exposure: (a) An Oriel 1-kW
Xe arc lamp with a power supply (Model 8266) operated at 1000 W, where the
light beam was concentrated and filtered by a ~ 8-cm path length, aqueous CuSO,
solution (~ 2.6 mg,/ml) attached to the condensor and cooled by flowing cold tap
water. The concentrated and CuSO,-filtered light will be referred to as “C-Xe”
hereafter. In some experiments, the C-Xe light was also filtered with a 1/8"-thick
305-nm long-pass (LP) filter or a 1/8” borosilicate plate before reaching the
sample plane with a beam size of ~ 1” in diameter. For other experiments, the
light beam was filtered further with neutral density (ND) filters of various optical
density (OD) as indicated in the text. (b) An Oriel enhanced-UV, 1-kW Xe arc
lamp, solar simulator (Model 82866) with a dichroic filter to remove most visible
and IR light (refer to as “SS-Xe” hereafter). A 1/8"-thick borosilicate glass plate
was used as filter when needed. (¢) Hereaus DSET Suntest CPS tabletop exposure
systems operating with a 1.8-kW Xe arc tube burner.

The irradiance of the three light sources filtered by a 1,/8” borosilicate plate (to
remove the UV wavelengths below ~ 285 nm) was measured at the test planes
with an OL752 spectroradiometer. Fig. 1 shows the measured spectra for the three
light sources and a global normal (GN), solar spectrum on a cloudless sunny day in
August, Golden, CO, USA. By referring to the GN solar irradiance as 1-sun
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Fig. 1. Spectral irradiance measured at the test plane for three Xe arc light sources. (a) An Oriel 1-kW
Xe arc, enhanced-UV solar simulator with dichroic filter to remove most visible and IR light (SS-Xe).
Curve 1: no filter; curve 2: filtered with a 1/8" borosilicate plate. (b) An Oriel 1-kW Xe arc,
condensable light source filtered by an aqueous CuSO, solution to remove IR. Curve 3: dispersed
(unconcentrated) light beam; curve 4: concentrated into ~ 1” diameter and filtered with an OD =1.0
neutral density (ND) filter, used to reduce the light intensity for the spectroradiometric measurements.
The concentrated and CuSO,filtered light will be referred to as C-Xe. (¢} A 1.8-kW Xe arc tube burner
in a DSET Suntest CPS system operated at maximum power setting ( ~ 765 W /m?) filtered with a
special UV and an IR-reflecting filter, curve 5. Curve 6 shows a global normal, solar spectrum
measured in August.

intensity, the integrated irradiance of the light from 300 nm to 400 nm is
~ 17.6-sun for the concentrated 1-kW C-Xe light measured at the test plane
without an OD = 1.0 ND filter, ~ 2.3-sun with the ND filter, ~5.5-sun for the
solar simulator (SS-Xe) without a borosilicate plate, and ~ 4.8-sun with the
borosilicate filter. The total irradiance is 1% higher for the C-Xe and ~ 7% higher
for the SS-Xe if integrated over the range of 285 nm to 400 nm. The Suntest CPS
system produced a light intensity of ~ 1.4-sun from a new lamp operated at 750
W ,/m?, which decreased gradually to ~ 1.1-sun when the lamp was aged by
~ 1100 h. In the experiments to study the photodecomposition of Cyasorb,
cyclohexane solutions and EVX films containing Cyasorb in tightly capped quartz
cuvettes were exposed to filtered C-Xe light. Some EVX films containing Cyasorb
in cuvettes were exposed in the chamber of DSET Suntest CPS systems. The
samples of laminated/cured films were exposed to either the C-Xe or the
enhanced-UV S$S-Xe light. Black panel temperatures (BPT) were monitored and
measured for the samples during exposure.
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2.3. Spectrophotometric characterization

The exposed samples were analyzed periodically for their absorption or trans-
mittance with a Hewlett-Packard Model 8452A UV /VIS spectrophotometer (190
nm to 820 nm at a resolution of 2 nm), color indices with a HunterLab UltraScan™
spectrocolorimeter from 375 nm to 750 nm, and fluorescence characteristics with a
SPEX Model FL112 Fluorolog-1I spectrofluorometer using a “front face” emission
monitoring geometry for the samples that were secured in a fixed position by a
solid sample holder. The entrance and exit adjustable slit widths were all set at 0.5
mm, resulting in a calculated bandpass of 1.89 nm for the excitation (single-grating
monochromator) and 0.85 nm for the emission (double-grating monochromator).
The standard deviations are < 0.0003 in the UV /VIS absorbance measurements
and < 0.01 in the color index measurements.

3. Results and discussion
3.1. Materials and effects of thermal processing

In the encapsulation process for ¢-Si PV modules using a double-bag vacuum
laminator, a time-temperature and pressure profile is typically employed to initiate
the outgassing, lamination, and curing of the EVA layers [18]. A cross-linked
polymeric matrix in the EVA is produced in the curing step to provide the physical
properties (e.g., mechanical strength) required of a PV module pottant. In the
current industrial practice, the lamination time is typically ~ 8-10 min at < 120°C
and the curing time at ~ 145°C is ~ 40-50 min for EVA A9918 and ~ 8-10 min
for EVA 15295. (A shorter ‘one-step’ processing for lamination /curing at ~ 155°
+ 10°C may be used at the PV manufacturer’s discretion.) The difference in curing
time between the two commonly used EVA formulations results from using
Lupersol 101 for EVA A9918 and Lupersol TBEC for EVA 15295 [17,18]. Fig. 2a
compares the calculated time-dependent residual concentration for Lupersol 101
and Lupersol TBEC at the typical curing temperature of ~ 145°C. Nearly com-
plete consumption of Lupersol TBEC is achieved in ~ 20 min because of a lower
activation energy and a shorter half-life. For EVA A9918, the calculated concen-
tration of residual Lupersol 101 is still ~ 42% after 45 min curing. In addition to
the higher residual concentration of Lupersol 101, a significantly higher concentra-
tion of UV-excitable chromophores is produced in the EVA A9918 than EVA
15295 as shown by fluorescence analysis in Fig. 2b [19]. The chemical structures for
the two curing peroxides are also given in Fig. 2b. As illustrated in Fig. 3a, the
consequence is that Cyasorb, with two major absorption peaks at 288 nm and 328
nm in a cyclohexane solution (Fig. 3b), will not be able to completely shield
(protect) the chromophores in EVA A9918 from being excited by long-wavelength
UV light; therefore photo-initiated Norrish degradation reactions may occur
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Fig. 2. (a) Calculated residual concentrations of Lupersol 101 and Lupersol TBEC peroxides for curing
at 145°C, based on the activation energy and half-life derived from EIf Atochem’s technical literature.
(b) Fluorescence emission spectra of the borosilicate-laminated and cured EVA A9918 (after ~ 40 min
at 145°C) and EVA 15295 (after ~ 10 min at 145°C), respectively, obtained at an excitation wavelength
of 350 nm. The chemical structures of the two Lupersol peroxides are also shown.

[20,21]. Jointly, these factors result in a greater photothermal stability of the cured
EVA 15295 than that of EVA A9918 as reported recently {22], which will be
discussed further below.
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Fig. 3. (a) Transmittance spectra for a cured EVA A9918 film before (curve 1) and after (curve 2)
methanol extraction and an excitation spectrum (curve 3) monitored at 400 nm emission for the
methanol-extracted film. (b) The chemical structure and absorption spectrum of the UV absorber,

Cyasorb UV 531, in a cyclohexane solution.

3.2. Degradation and discoloration

3.2.1. Photodecomposition, stabilization of Cyasorb, and effect of light intensity
The use of Cyasorb is intended to protect the polymer from photodegradation
by absorbing the UV light and dissipating the light energy into heat via a
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mechanism of rapid “keto-enol” tautomerism [20]. Cyasorb is also a quencher for
the UV-excited chromophores as confirmed by fluorescence analysis for cured
EVA before and after extraction with methanol or tetrahydrofuran {13]. However,
it decomposes rapidly photochemically when present alone in the cyclohexane
solutions or EVX thin films prepared in cuvettes. Fig. 4(a and b) show the
decomposition profiles of Cyasorb in cyclohexane solutions exposed to the C-Xe
light filtered with a 305-nm (Fig. 4a) or 345-nm (Fig. 4b) LP filter. As is seen, the
345-nm LP filter can reduce, but not effectively eliminate, the decomposition of
Cyasorb by longer UV wavelengths. The Cyasorb molecules probably decompose
into some yet-unidentified, mono-substituted aromatic components, which can be
smelled and absorb UV < 300 nm with a strong peak in the 210-240 nm range
and two very weak peaks in the 270-290 nm region (Figs. 4 (a) and (b)). However,
Pickett and Moore reported that benzoic acid was observed as the major identifi-
able product from Cyasorb photodecomposition in poly(methyl methacrylate) [23).
Fig. 4c shows the faster decomposition of Cyasorb by shorter UV light (> 305 nm
using a 305-nm LP filter) and the deviation of the decomposition rate for the
absorption peak at 244 nm from those for the other two peaks at 286 nm and 328
nm, as a result of the absorption by the decomposition products. Fig. 5 illustrates
(a) the time-dependent photodepletion of Cyasorb embedded in an EVX film and
(b) the photodepletion rates of the three absorption peaks. From these results, it is
concluded that the absorption peak at 328 nm is more suitable to quantify the
Cyasorb concentration in cyclohexane solutions, EVX, or EVA films to avoid the
influence from the absorption by the decomposition products below ~ 300 nm.

The photodecomposition rate of Cyasorb in cyclohexane solutions was quantita-
tively studied by exposure to different intensities of the 1-kW C-Xe light. The light
intensity level was attenuated by using neutral density filters of various optical
density. The results, and the derived curve-fit parameters, are shown in Fig. 6,
indicating the photodecomposition rate of Cyasorb in cyclohexane is exponentially
proportional to the light intensity.

Stabilization of the Cyasorb in cyclohexane solutions and EVX films was also
studied, and the results are shown in Fig. 7. The photodecomposition rate of
Cyasorb in cyclohexane solutions is somehow higher when EVX is present, as seen
in Fig. 7a (compare curves 1 and 2), indicating a marked difference in the kinetics
and a detrimental matrix effect exerted by the EVX copolymer. Decomposition
rates of UV absorbers, including Cyasorb, are found by Pickett and Moore to be
highly dependent on the polymer matrix that can have influence on the hydrogen
bonding effects and free radical generation [23]. Addition of antioxidant Naugard
P provides only a relatively small degree of stabilizing effect (curve 3). However,

Fig. 4. Photodecomposition of Cyasorb in cyclohexane solutions exposed to the concentrated 1-kW Xe
light filtered by an aqueous CuSO, solution (i.e., C-Xe in Fig. 1b) with (a) a 305-nm long pass (LP) filter
and an OD = 0.5 ND filter, or (b) a 345-nm LP filter, at a black panel temperature (BPT) of 55°+2°C.
(c) The decomposition of Cyasorb in (a) and (b) are plotted for the three absorption peaks at 244 nm,
288 nm, and 328 nm.
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Fig. 5. (a) Absorption spectra as a function of exposure time from 0 to 36 h at BPT = 45° + 2°C, showing
the photodecomposition of Cyasorb embedded in an Elvax 150 (EVX) film that was prepared on one
side of a cuvette by a solution casting method. The light source was the C-Xe in Fig. 1b. (b) Peak
absorbance normalized to 1.00 at £ = 0 h for each of the three absorption maxima, 244 nm, 290 nm, and

328 nm.

the Cyasorb can be more effectively, but not completely, stabilized by the free-
radical scavenger Tinuvin 770 (curve 4). When both Tinuvin 770 and Naugard P
are present, the stabilization effect is further enhanced (curve 5). Similar stabiliza-
tion effects are also observed for Cyasorb embedded in EVX thin films exposed to
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Fig. 6. Light intensity dependence and results of curve fitting for the photodecomposition rates of
Cyasorb in cyclohexane solutions exposed at BPT = 55°+ 2°C to the C-Xe light filtered with a 305-nm
LP filter and various ND filters to provide different light intensities.

the concentrated C-Xe (Fig. 7b) or to a ~ 1.2-sun DSET Xe light (Fig. 7c). The
stabilization effect on Cyasorb is critically affected by the concentration ratio of
the stabilizers relative to Cyasorb as shown in Fig. 7b and 7c. An optimized
concentration ratio of stabilizers for Cyasorb stabilization has been hence derived
[24] and experimental verification of its effectiveness is presently underway.

In the absence of any stabilizers, no cross-linking was found for the exposed,
plain EVX films, which dissolved easily in tetrahydrofuran (THF) just like unex-
posed samples. In contrast, EVX thin films that incorporated Cyasorb or other UV
absorbers, such as Tinuvin™ 326 and 327, but without a free-radical scavenger (a
UV light stabilizer) became highly cross-linked and mostly insoluble in THF. The
cross-linking was largely reduced when a UV light stabilizer, such as Tinuvin 770,
was present.

Based on these observations, it is concluded that the Cyasorb, acting as a UV
absorber and a quencher, can promote the cross-linking of EVX and most likely
involves a free radical mechanism. While Cyasorb can be decomposed by the
attack from the free radicals generated photochemically in the EVX matrix, it can
be protected by the presence of Tinuvin 770 to neutralize the free radicals that are
formed. The Tinuvin can greatly reduce, but not completely eliminate, the pho-
todecomposition of Cyasorb. These results also explain why various field-degraded
PV modules show large to complete loss of Cyasorb and a substantial increase in
the degree of cross-linking in a large number of yellow—brown, brown, and dark
brown EVA films [12,13].
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3.2.2. Discoloration and spectrophotometric characterization of exposed EVA lami-
nates

Fig. 8a shows the spectral changes in transmittance measured as a function of
exposure time for a sample of EVA A9918 that is formulated with three stabilizers
(Cyasorb, Tinuvin 770 and Naugard P), laminated between two quartz slides, cured
at 145°C, and exposed to the C-Xe light filtered with a borosilicate plate. The
increase in transmittance below ~ 375 nm results from a decreased concentration
of Cyasorb due to photodecomposition. The decrease in the transmittance at
wavelengths > 375 nm is accompanied by the appearance of a light yellow color.
The color gradually darkens to a light brown as the transmittance of a broad band
in the visible range continues to decrease. The net spectral changes after subtrac-
tion from the original at t =0 h are given in Fig. 8b, showing the large depletion of
Cyasorb in the 250-375 nm region and the formation of discoloring elements
absorbing from 375 nm to the infrared wavelengths. These changes are more
evident when the transmittance at some wavelengths are plotted as a function of
exposure time (Fig. 9a), where the depletion of Cyasorb is observed at 326 nm
along with the curve at 420 nm that corresponds to absorption by the discoloring
chromophores that are formed. The presence of decomposition products from
Cyasorb and the effect of their absorption of UV at <300 nm can be inferred
from the relatively slow depletion rate shown for the curve at 288 nm.

The extent of discoloration of the exposed EVA laminates can be numerically
represented by the color indices (a simplified Adam-Nickerson chromaticity system
or CIELAB [25] that is used here) as shown in Fig. 9b, in which the brightness, or
lightness (L*), decreases as the yellowness index (YT) increases. A positive in-
crease in the magnitudes of a* and b* denotes an increase in redness and
yellowness, whereas a negative decrease of a* and b* denotes an increase in
greenness and blueness, respectively. The changes in the color indices can be used
to represent an increase or decrease in the length of conjugations that absorb
visible light of long or short wavelengths. In Fig. 9b, the a* shows a small decrease
initially before gaining redness later, that probably results from an initial photode-
composition of some originally existing chromophores at low concentrations that
absorb in the IR region. As the film color darkens gradually from light yellow to
light brown upon exposure, the indices of YI, a*, and b* increase correspondingly
while L* decreases. When curve-fitted, the YI (or b*) curve exhibits a sigmoidal
pattern followed by a slight linear slope during the course of color development
from light yellow to light brown. The sigmoidal shapes appear to match the curve
shapes for the transmittance changes at 326 nm and 420 nm (Fig. 9a). In effect, the
increase in YI and loss in transmittance at 420 nm are essentially mirror images.

Fig. 7. Photodecomposition of Cyasorb and its stabilization by individual or joint presence of Tinuvin
770 and Naugard P in (a) cyclohexane solutions and (b) EVX films exposed to the C-Xe light at
BPT = 57°+2°C, and (¢) EVX films exposed to a 1.8-kW Xe light at BPT =58°+2°C in a DSET
tabletop exposure system. The cyclohexane solutions contained Elvax 150 and were used to cast the
EVX films in cuvettes used in (b and c). The concentrations of each component or their ratios are
indicated in the figures.
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Fig. 8. (a) Transmittance spectra for an EVA A9918 sample that was laminated between two
1" x 1" xX1/16" quartz slides, cured, and exposed to the C-Xe light filtered with a 1/8" borosilicate

plate for 1088 h at BPT =44°+2°C. (b) Subtracted transmittance spectra from the original film
transmittance at ¢ =0 h.

As expected, when the light intensity is increased, the discoloration occurs earlier
and the rate is faster (not shown).

3.2.3. Effects of formulation and stabilizers on EVA discoloration
As pointed out earlier, cured EVA A9918 has a greater concentration of
UV-excitable chromophores and a higher residue of curing peroxide than the
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Fig. 9. (a) Net changes of the transmittance at various wavelengths from the spectra in Fig. 8a. (b) Net
changes of color indices-yellowness index (YI), a*, b*, and L*-measured for the sample in Fig. 8a as a
function of exposure time. See text for an explanation of the color indices.

cured EVA 15295 (Fig. 2b). Because enhanced photodegradation rates of polymers
are frequently associated with high concentrations of UV-excitable chromophores,
peroxides, and hydroperoxides in a polymer [20,21], a faster degradation /discol-
oration rate of the EVA A9918 is expected. The discoloration is attributed to the
formation of a mixture of conjugated polyenes and polyenic «,B-unsaturated
carbonyls [26,27]. However, as will be discussed more below, possible contributions
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from other discoloring elements such as dimerized or phototransformed moieties
of stabilizer(s) are not ruled out. Analytically, the fluorescence emission intensity is
generally proportional to the concentration and the emission peak wavelength to
the structure of luminescent chromophores (lumophores). Therefore, the pho-
todegradation rates of the two EVA laminates (A9918 and 15295) under UV
exposure can be easily differentiated by monitoring their fluorescence characteris-
tics. Fig. 10a compares the emission spectra obtained with an excitation wave-
length A = 350 nm for the laminated and cured samples of the two EVA formula-
tions between two borosilicate slides that were exposed to the enhanced UV
(SS-Xe) light. As both EVA laminates gradually developed a color from yellow to
light brown, the emission peak at 420 nm showed a large increase initially and then
a decrease later, while a new, broad emission peak in the 450-600 nm region
evolved that is attributed to the polyenic formations [26,27]. The changes are
similar for both formulations but are faster for the EVA A9918.

By plotting the peak intensities at 420, 500, and 550 nm (Fig. 10b), the marked
differences in the changing rates of the structures of chromophores are clearly
shown as a function of exposure time for the two EVA laminates; three common
degradation mechanisms are also indicated. Since the emission peak intensity at
420 nm (curves 1 and 4) is associated with the quenching concentration of Cyasorb
on the initially existing lumophores (from curing) [13], a rapid increase in the first
350 h of exposure for the EVA A9918 clearly indicates a rapid loss of Cyasorb
from photodecomposition. After reaching a maximum, a decrease in the 420-nm
peak intensity is accompanied by an increase in the 450-600-nm peak intensity,
which is interpreted as a transformation of the initially shorter chromophores to
longer lumophores. These spectral changes in transmittance and fluorescence
therefore show that the loss of Cyasorb and the formation of discoloring chro-
mophores occurs earlier and faster in EVA A9918 than in EVA 15295.

The differences in yellow—browning rates between the EVA A9918 and 15295
are further illustrated in Fig. 11 (curves 1 and 2), in which a significantly higher
photostability against discoloration is exhibited by EVA 15295 in the first ~ 1500 h
of exposure. The two EVA films probably would behave similarly after ~ 2000 h, if
delamination had not occurred to the EVA A9918 (curve 1). In addition, a thicker
laminate made with two layers of EVA A9918 film (~ 0.40 mm thick after curing)
discolored slower initially, but later became faster than the laminate made of
single layer EVA (compare curves 3 and 4 to curve 1). On the other hand, no
discoloration is observed for the plain EVX film laminates (curve 5) that contained
no stabilizers and Lupersol, and therefore no curing-generated chromophores.
Without chromophores absorbing UV > 285 nm, the EVX films are transparent to
the $S-Xe UV light (> 285 nm, filtered with a borosilicate plate) and thus are not
expected to discolor under the experiment conditions.

3.2.4. Possible causes of EVA discoloration

Using a variety of spectroscopic and chemical analyses, the EVA discoloration
has been attributed to the formation of a mixture of polyenic chromophores
[26,27], which results from deacetylation of the pendant acetate groups on the
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Fig. 10. (a) Fluorescence emission spectra obtained from excitation at 350 nm for EVA A9918 (solid
curves 1-4) and EVA 15295 (dashed curves 5-9) that were laminated between two 2" X2” X 1/8"
borosilicate (Boro) glass slides, cured (see Fig. 2b), and exposed to the SS-Xe light (see Fig. 1a, curve 2)
at BPT = 46°+ 2°C. The measurements were performed by exciting directly through the Boro plate to
the EVA side facing the UV light. (b) Fluorescence emission peak intensities at 420 nm, 500 nm, and
550 nm for the two UV-exposed EVA laminates in (a). Three key mechanisms involved in EVA
degradation and discoloration are indicated.

EVA polymeric chains as well as transformation of the initially shorter chro-
mophores to the longer chromophores (Fig. 10). The polyene structures are
believed to exist as a mixture and partially in conjugation with carbonyl groups
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Fig. 11. Net changes in yellowness index (Y1) as a function of exposure time to the §5-Xe light for four
EVA film samples (curves 1, 2, 3, and 4) laminated between two borosilicate glass slides and cured, and
a plain Elvax 150 film (curve 5) laminated between two soda lime micro slides. Curve 2 is for EVA
15295 and curves 1, 3, and 4 are for EVA A9918 samples in which samples 3 and 4 used two layers of
the EVA films in the lamination. Exposure was conducted at BPT = 46°+2°C as in Fig. 10 for all
samples simultaneously.

[26), perhaps similar to those produced in thermally and photochemically degradaed
polyvinyl chloride [28,29]. The polyenic chromophores absorb a continuous broad
band of visible to infrared light (Fig. 8), give the yellow to dark brown color (Fig.
9b), and produce broad emission peak in the 450-600 nm region (Fig. 10a).

The formation and presence of the polyenic chromophores in the discolored
EVA are further evidenced by the largely increased peak magnitudes observed in
the electron paramagnetic (spin) resonance (EPR or ESR) analysis. Fig. 12a
compares the EPR spectrum of an unexposed, cured EVA A9918 (curve 1) to
those of two field-discolored EVA samples (curves 2 and 3). The dark brown EVA
sample (curve 3) was extracted with THF prior to the EPR analysis. The THF
extraction removed all soluble low molecular weight EVX, residual stabilizers, and
decomposition products. The large increases in peak magnitudes at 3260 and 3280
Gauss for the two brown EVA samples clearly indicate the presence of a relatively
high concentration of free electrons in the conjugated m bondings, which are
attributed to the elongated polyenic conjugations. Hanna et al. [30] have reported
calculated and experimental EPR results for the polyenic carboxylic acids,
CH,(CH = CH),,_,COOH, m = 2-5, 7, that were irradiated with X-ray; Kubota et
al. [31] also showed EPR results for the benzophenone-sensitized, photodegraded
three model compounds that produced the C = C bonds increasingly from one to
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Fig. 12. (a) EPR spectra for samples of (1) an original, unexposed, cured EVA A9918, (2) a
yellow—brown EVA, and (3) a THF-extracted, dark brown EVA. (b) FI‘IR-ATI? spectra taken at a 45°
incident angle using a KRS-5 crystal for (1) a light yellow-brown EVA, (2) a yellow-brown EVA, and
(3) a dark brown EVA. The IR absorption peaks for the polyenic structures appear weakly in the
~1500-1650 cm ! region. All of the discolored EVA films were taken from different field-degraded
PV modules.

three (triene). To further verify, or eliminate, the effect of the additives and any
decomposition products on the EPR signal intensity, methanol extraction was
applied to an uncured EVA A9918, a cured-but-unexposed EVA A9918, and a
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yellow—brown EVA film prior to EPR analysis. The results show no EPR peak for
the uncured EVA, similar EPR peaks with a ~ 1.8-time increase in the peak
intensity for the cured-but-unexposed EVA A9918, and essentially unchanged in
the peak intensity for the yellow—brown EVA after methanol extraction (figures
not shown here). These observations further confirm the consequence of curing
with Lupersol 101 on generating new chromophores and the presence of polycon-
jugations on the polymeric chains of the discolored EVA.

Detection of the polyenic structures by FTIR-ATR (Fourier transform
infrared-attenuated total reflectance) is much less sensitive, and seems to be
inconsistent sometimes, probably because of the low absorptivity of the conjugated
—-(C=C),~ bonds in the 1500-1650 cm ™' region [28] as shown in Fig. 12b for
three field-degraded, increasingly brown EVA samples. In addition, the (C = O,
(n > 1) may be more difficult to detect in FTIR if the double bonds are in trans
configuration [32]. FTIR-Raman analysis was also performed for discolored EVA
samples and a number of model compounds that contain short or long C=C
conjugations. For example, a light yellow—brown EVA sample produces a weak
broad peak in the 1500-1650 cm ™! region that centers at ~ 1600 cm ! (figure not
shown), which is not observed for a cured, undegraded EVA. In comparison,
1-acetoxy-1,3-butadiene shows a peak at 1654 cm ™!, 2.4-hexadienoic acid at 1626
cm™!, all-trans-retinol at 1590 cm™', all-trans-retinoic acid at 1570 cm™!, and
trans-8-carotene at 1512 cm™ !, respectively.

In addition to the above results from UV /VIS, YI, FA, EPR, FTIR-ATR and
FTIR-Raman analyses, it should be emphasized that analysis of the UV /VIS
absorption spectra of the extracts from polar organic solvents such as methanol
and THF or non-polar solvent such as cyclohexane exhibits no visible color or any
absorption peak(s) in the visible to infrared region for any of the lab-degraded or
field-degraded, yellow to dark brown EVA samples. All discolored EVA films
essentially retained their initial color after extraction for extensive periods (e.g., 20
days). Besides, the color exists as a relatively thin layer on the light-exposed
surface side of the EVA films, which can be easily observed on specimens soaked
and swelled in THF, toluene, or cyclohexane. Fig. 13 show the absorption spectra
for the cyclohexane extracts of three EVA specimens of different colors and a
standard solution of Cyasorb (2.925 X 1075 M). As is seen, the residual Cyasorb
concentration in dark brown EVA is less than that in a lighter brown EVA as the
PV module for the former was weathered longer in the field than the latter; the
residual Cyasorb concentration is even lower in the lab-degraded, light yellow—
brown EVA A9918 that was exposed to the enhanced UV, SS-Xe light. None of
the extracts for these three samples produced any absorption peak in the 410-820
nm region. The observations in Fig. 13 also imply that the extent of EVA
discoloration is not linearly proportional to the lost quantity of Cyasorb from
photodecomposition. These results indicate further that the discoloration of ex-
posed EVA is due to structural changes on the polymeric chains of the EVA.

Dimerization or phototransformation of stabilizer(s) used in the EVA formula-
tions that may subsequently attach covalently to the EVA polymeric chains (e.g.,
via a postulated mechanism involving recombination of free radicals from Cyasorb
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Fig. 13. Absorption spectra of cyclohexane solutions of (1) a standard solution of Cyasorb at a
concentration of 2.925x 1073 M, (2) a field-degraded, brown EVA, (3) a field-degraded, dark brown
EVA, and (4) a lab-degraded, light yellow—brown EVA (sample SS-1 as in Fig. 11). Samples 2-4 were
weighed (0.8-0.15 g) and extracted in 10.0 ml cyclohexane at room temperature for 20 days. Their
absorbance are normalized by weight to 0.100 g.

and EVX polymer) was also considered previously to account for the discoloration,
but has not been verified experimentally, e.g., by FTIR-ATR analysis. One of the
probable dimer candidates is the one that arises from photo-induced transforma-
tion of the Cyasorb molecules. However, the Cyasorb is found to decompose
photochemically (see Figs. 4-10), possibly with benzoic acid as the major product
as reported by Pickett and Moore [23]. Besides, there is no distinctive, individual
absorption peak(s) in the visible region observable in any discolored EVA samples
as one may expect for a dimer photochemically transformed from compound(s)
such as benzoquinone(s) [33]. For examples, Klemchuk and Horng [34] used model
compounds that may represent the transformation products of some hindered
phenols and showed these quinoidal compounds have individual peaks with high
extinction coefficients in the UV (240-340 nm) and visible (420-450 nm) regions;
Lucki et al. [35] showed that, upon UV irradiation in air, hindered phenols exhibit
a strong but changing absorption peak at 270-280 nm and their phototransformed
products appear as a shoulder peak at 300 nm. In contrast, all of the discolored
EVA, regardless of the extent of yellowing or browning, show two absorption
peaks and a shoulder that commonly appear over a broad envelop in the UV
region at ~ 235 nm, ~285 nm, and ~ 335 nm along with a long, peakless
absorption tail into the visible-IR region [see Ref. [26], Fig. 4b]. Except for a
greater absorption, the latter two peak positions at 285 nm and 335 nm are
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essentially identical to the peaks found for methanol-extracted, cured-but-unex-
posed EVA [26]. Furthermore, if the discoloring dimers or phototransformed
products were present as free molecules in the EVA matrix, then one would expect
to extract them out with organic solvents such as THF or cyclohexane; the fact is
that all extracts are observed to be clear with no absorption peaks in the visible-IR
region. Diffusion of the dimer molecules would also take place and produce a
fairly uniform pattern of discoloration over the entire areas or bulk of the EVA
laminates; the fact is that clear perimeter and bulk are observed in the discolored
EVA from lab-degraded samples and field-degraded PV modules. Another proba-
ble form for the ‘“discoloring dimer” model is the covalent attachment to the
polymer chains on the light-exposed layers; the fact is that, as indicated earlier
above, a continuous peakless transmission (absorption) band, not certain distinc-
tive absorption peaks from a dimer or transformed compound, is observed in the
visible-IR region for all discolored EVA films before and after solvent extraction.

Another source of EVA discoloration considered is the decomposition products
from Cyasorb and/or other additives. Since the Cyasorb decomposition products
absorb UV < 300 nm (Figs. 4 and 5), they do not give the color. Whether, and how,
Tinuvin 770 and Naugard P will decompose and produce discoloring components is
not known yet. One more question remains unanswered: do these yet-to-be-identi-
fied decomposition products photochemically facilitate the EVA degradation and
discoloration? More detailed studies are needed to resolve and verify experimen-
tally the presence of discoloring moieties, and their structures, other than the
polyenic chromophores on the EVA.

In a recent study about the effects of individual stabilizers on the discoloration
of solution-cast, laminated and cured EVX films, the results show that when
Lupersol 101 and Cyasorb are both present, a synergistic effect on the EVA
yellowing is observed. When present separately, neither one induces significant
yellowing in the laminates. From the new findings, the results described in
previous sections, and the facts that the Cyasorb promotes free-radically cross-lin-
king in EVX (Section 3.2.1) and that the Lupersol peroxide can degenerate into
free radicals, it seems that Cyasorb and Lupersol may “accelerate” the EVA
discoloration probably via an enhanced, free-radical-involving degradation process.
Details will be published later.

3.2.5. Effect of EVA discoloration on optical transmittance

An important issue in studying the effects of EVA discoloration on solar cell
performance is the net loss in the optical transmittance of the exposed EVA that
may reduce the photocurrent generated by the solar cells. The results from analysis
of the spectral transmittance changes integrated from 280 nm to 820 nm for the
borosilicate-laminated samples are shown in Fig. 14. Because of the gradual
photodepletion of Cyasorb, a net gain in the total transmittance is initially
obtained. Subsequently, the integrated total transmittance shows a progressive loss
as the vellow—browning increases and a value of a net increase of ~ 9 is measured
for the yellowness index (Fig. 11); these correspond to ~ 600 h UV exposure for a
single layer of EVA A9918 (curve 1) and ~ 1600 h exposure for EVA 15295 (curve
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Fig. 14. Net changes of spectral transmittance integrated from 280 nm to 820 nm (subtracted from the
original transmittance at t = 0 h) for samples of curves 1, 2 and 3 in Fig. 11 as a function of exposure
time at BPT = 46°+2°C.

2). An important implication here is that a quantitative relation can be established
between the increase in YI and the total (integrated) transmittance loss on the
exposed, discolored EVA laminates.

3.2.6. Effects of lamination, delamination and photobleaching

If the EVA films are not laminated between glass plates, discoloration has
never been observed. The same results are observed for samples that are only
sandwiched between two glass plates (i.c., no lamination and curing at elevated
temperatures) and exposed to enhanced UV light in the air for more than 4000 h
at a BPT of ~ 56+ 3°C. This is attributed to the photooxidation of originally
existing chromophores and any new ones before they become discoloring polyenes.
Further evidence for the photobleaching reactions is the observation of the clear
band of EVA around the perimeter of both field-degraded [13] and lab-degraded
specimens where air diffusion is allowed [10 and this work]. In this work, the clear
band is ~ 3-5 mm wide compared with a width of ~ 3-10 mm around the solar
cells in many field-degraded PV modules studied.

Delamination of the EVA occurred on two borosilicate laminates and resulted
in a rapid decrease in the yellowness index (YI) after ~ 1250 h (curves 1 and 4 in
Fig. 11). Eventually, the delamination could be seen visually. The delamination
probably results from two factors: (1) exposure to the UV light and ambient
conditions (air and humidity) gradually reduces the adhesion strength, and (2) the
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EVA films and the glass slides used were unprimed so the initial adhesion strength
was relatively low at the interface of EVA and glass. In a recent study using a
prototype vacuum laminator, nearly an order of magnitude difference in adhesion
(or, pull) strength was measured between the primed and unprimed EVA lami-
nated on the same borosilicate glass superstrates. As the films gradually delami-
nate from the glass surfaces, air (oxygen) diffuses more readily to the yellow—
browned EVA, resulting in photobleaching reactions that decrease the YI. The
photobleaching reactions cause an oxidative breakdown of the polyenic chro-
mophores in the presence of air [19].

3.3. Correlation of the spectrophotometric results

One of the objectives of this study is to establish a correlation for the results
acquired from the three spectrophotometric measurements in transmittance, color
indices (primarily yellowness index), and fluorescence emission (peak intensity
and /or area). For the EVA 15295 laminate, all four curves correlate quite well as
shown in Fig. 15a after applying some multiplying factors to bring all curves into
the same Y-axis scale (net change %). Understandably, curves of transmittance
changes (delta %T) at 420 nm and YI correlate very well mutually. For the EVA
A9918 laminate (Fig. 15b), curves for changes in transmittance at 420 nm and YI
correlate well with the same multiplying factors as for the EVA 15295; but the
curves for the peak area ratio (or emission peak intensity ratio) deviate from the
curves of delta %T and YI at T > 1000 h, which probably resulting from the
delamination problem. Better correlation may be obtainable if primed EVA films
are used. More effort is needed in this area of correlation study.

3.4. M'tigation of EVA discoloration

Results from on-going efforts to mitigate, chemically and /or physically, the rate
of EVA discoloration have shown that the modification of the EVA formulations
[24], the use of UV-filtering glass, and gas-permeable polymeric superstrates [19]
are useful when employed individually or jointly. Fig. 16 shows (a) the transmit-
tance spectra for superstrates of four glass slides and two Tefzel™ ZMC films,
and (b) their respective effects on the EVA discoloration rate. When PPG’s
short-UV-transmitting Starphire™ (no cerium oxide) is used as a superstrate, a
much faster EVA discoloration rate takes place for EVA A9918 than for EVA
15295 (Fig. 16b). Discoloration of EVA A9918 laminates is greatly reduced or
nearly eliminated, when the superstrates of UV-transparent quartz (refer to Figs. 8
and 9) and borosilicate with a ~ 290 nm cutoff (refer to Figs. 10 and 11) are
replaced by glass plates that can more effectively filter or absorb UV wavelengths
below 320 nm, such as window glass that allows 10% T at 320 nm, or PPG’s
Airphire™ (or Solarphire™), which is a cerium oxide-doped glass that allows 10%
T at 342 nm. The slower discoloration rate apparently results from a significant
reduction in the shorter-UV wavelength induced photodegradation reactions. For
the EVA A9918 laminated with gas-permeable Tefzel™ polymer films as super-
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Fig. 15. Correlation plots of net percentage changes in transmittance (%T at 420 nm), yellowness index
(YD), and fluorescence emission peak intensity and area ratios for (a) EVA 15295 (sample SS$-2) and (b)
EVA A9918 (sample SS-1) from Fig. 11. Multiplications of the YI (X 1.5) and fluorescence peak ratios
(x8 and X 15) curves are used to demonstrate how well the three different measurements can be
correlated. The fluorescence peak intensity ratios are for the ratio of the evolving peak in the 500-550
nm range for the polyenic chromophores from EVA degradation to the initial peak at 420 nm. The
peak area ratios are for the peak area integrated between 451 nm and 600 nm to the peak area
integrated between 360 nm and 450 nm (see Fig. 10a for reference).

strates, no discoloration occurred when exposed to the enhanced UV light as
reported preliminarily {19]; more studies have been conducted since that yield the
same results. Fluorescence analysis shows that the original chromophores (after
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Fig. 16. (a) Transmittance spectra of two Tefzel films and several types of glass. (b) Net changes in the
yellowness index for EVA A9918 and 15295 laminated separately either between a superstrate of Tefzel
film (or a glass) and a borosilicate (Boro) glass substrate. The glass plates are 3.16 mm (1,/8") thick and
the Tefzel films are 2.5 mil and 5.0 mil thick. PPG’s cerium oxide (ceria)-doped Airphire™ glass has
been renamed Solarphire™. The laminates were exposed simultaneously to the S$S-Xe light at

BPT = 44°+2°C.

curing) are effectively destroyed because of the photobleaching reactions. More
details will be published later. The above results are very encouraging, but other
issues remain to be characterized such as whether the physical properties (e.g.,
adhesion and mechanical strength) of the EVA layers, and even the solar cell
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performance, will be adversely affected by the enhanced diffusion of gaseous
elements (e.g., O,, NO_, SO,, H,0, etc.) such as from the ambient.

Accordingly, more thorough studies are still required to ensure that using
various chemical and physical approaches to mitigate discoloration will also
provide the desired long-term durability of EVA-encapsulated PV modules. Alter-
natively, new polymeric encapsulants can be developed as replacements for the
EVA. For example, ASE Americas (formerly Mobil Solar, Inc.) has successfully
selected a different polymer encapsulant for their PV modules that has not
discolored in accelerated tests in which EVA A9918 and 15295 both discolor [36].

4. Conclusions

Several factors that affect the rate of EVA discoloration have been identified.
The photodecomposition of Cyasorb, its stabilization by antioxidants, EVA formu-
lation and stabilizers used, curing treatment, UV light intensity, hermetic lamina-
tion, film thickness, delamination, rate of air diffusion, and rate of photobleaching
are all important that influence the net rate of discoloration of EVA. Reasonably
good correlations are obtained among the transmittance loss, yellowness index
increase, and fluorescence peak area (or intensity) ratio and should be useful in
quantitatively correlating the extent of EVA discoloration to efficiency loss in PV
modules. More extensive work is in progress to elucidate the overall impact on the
PV module service lifetime by using a number of chemical and/or physical
approaches to stabilize or eliminate the EVA discoloration.

Acknowledgements

The author thanks S.H. Glick and Joy M. Folkvord for assistance, D. Trudell
and T. Cannon for the spectroradiometric measurements of Xe arc lamps, T.
McMahon for the EPR measurements, and J. Webb for the FTIR and FTIR-Ra-
man measurements. A.W. Czanderna, the leader of the PV Module Materials and
Component Durability Task is thanked for reviewing and commenting on the
manuscript. R. DeBlasio, the manager of the PV Module and System Performance
and Engineering Project, is thanked for his support of this work. This work was
performed at NREL under support by the US Department of Energy Contract No.
DE-AC36-83CH10093.

References

[1] F. Gay and E. Berman, Chemtech, March (1990) 182-186.

[2] ALL. Rosenthal and C.G. Lane, in: L. Mrig (Ed.), Proc. PV Module Reliability Workshop,
Lakewood, CO, SERI/CP-4079, October 25-26 (1990) 217-229.

[3] V. J. Kusianovich, in: L. Mrig (Ed.), Proc. PV Module Reliability Workshop, Lakewood, CO,
SERI/CP-4079, October 25-26 (1990) 241-245.



614 F.J. Pern / Solar Energy Materials and Solar Cells 41 / 42 (1996) 587-615

[4] J. Schaefer, L. Schlueter, A. Rosenthal, H.J. Wenger and A. E. Laque, in: Proc. 10th EC
Photovoltaic Solar Energy Conf., 1991, p. 1245-1248.

[5] H.J. Wenger, J. Schaefer, A. Rosenthal, R. Hammond and L. Schlueter, in: Proc. 22nd IEEE
Photovoltaic Specialists Conf., New York, NY, 1991, pp. 586-591.

[6] A. Rosenthal, M.G. Thomas and S.J. Durand, in: Proc. 23rd IEEE Photovoltaic Specialists Conf.,
New York, NY, 1993, pp. 1289-1291.

[7] D. Berman, S. Biryakov and D. Faiman, in: Sol. Energy Mater. Sol. Cells 36 (1995) 421-432.

[8] J.H. Wohlgemuth and R.C. Peterson, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and
Reliability Workshop, SERI/CP-411-5184 (1992) 313-326.

[9] J.H. Wohlgemuth, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop,
NREL /CP-410-6033, September 8~10 (1993) 394-398.

[10] F.J. Pern and A.W. Czanderna, in: R. Noufi and H. Ullal (Eds.), AIP Conf. Proc. for the 11th
NREL PV Program Review Meeting, No. 268, American Institute of Physics, New York, 1992, pp.
445-452.

{11] A.W. Czanderna, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop,
NREL /CP-410-6033, September 8-10 (1993) 311-357.

{12) F.J. Pern, in: L. Mrig (Ed.), Proc. Photovoltaic Module Reliability Workshop, SERI/CP-4079,
Lakewood, CO, October 25-26 (1990) 279-299.

{13] F.J. Pern and A.W. Czanderna, Sol. Energy Mater. Sol. Cells 25 (1992) 3-23.

[14] F.J. Pern, A'W. Czanderna, K.A. Emery and R.G. Dhere, in: Proc. 22nd IEEE Photovoltaic
Specialists Conf., Las Vegas, Neveda, October 7-11 (1991) 557-561.

[15] F.J. Pern, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop, SERI /CP-
411-5184, Golden, CO, September 16-18 (1992) 326-44.

[16] C.G. Gebelein, D.J. Williams and R.D. Deanin (Eds.), Polymers in Solar Energy Utilization, Ch.
22, 23, and 24 (ACS, Washington DC, 1983).

[17] E. Cuddihy, C. Coulbert, A. Gupta and R. Liang, Flat-Plate Solar Array Project Final Report, Vol.
VII: Module Encapsulation (JPL Publication 8631, October 1986, DOE /JPL-1012-125).

[18) P.B. Willis, Investigation of Materials and Process for Solar Cell Encapsulation, Final Report of
JPL Contract No. 954527, S/L Project 6072.1 by the Springborn Laboratory, Inc. to JPL (JPL
Publication, 1986, DOE /JPL-954527-86 /29).

[19] F.J. Pern and S.H. Glick, in: R. Noufi and H. Ullal (Eds.), AIP Conference Proceedings for the
12th NREL PV Program Review Meeting, No. 306 (American Institute of Physics, New York,
1994) 573-585.

[20] J.F. McKellar and N.S. Allen, Photochemistry of Man-Made Polymers (Applied Science Publish-
ers, London, 1979).

[21] G. Scott (Ed.), Mechanisms of Polymer Degradation and Stabilization (Elsevier Applied Science,
New York, 1990).

[22] F.J. Pern, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop,
NREL /CP-411-7414, Lakewood, CO, September 21-23 (1994) 329-47.

[23] J.E. Pickett and J.E. Moore, Polym. Deg. and Stab. 42 (1993) 231-244.

[24] F.J. Pern, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop,
NREL /TP-410-6033, Golden, CO, September 8-10 (1993) 358-74.

[25] R.R. Blakey, Measuring Colour, a technical publication by Tioxide Group PLC, England, 1990
(registration no.: 249759).

[26) F.J. Pern, Polym. Deg. and Stab. 41 (1993) 125-139.

{27] F.J. Pern, in: Proc. 23rd IEEE Photovoltaic Specialists Conf., Louisville, K'Y, May 10-14, 1993, pp.
1113-1118.

[28] Y. Shindo, D.E. Read and R.S. Stein, Die Makromolecukulare Chemie 118 (1968) 272-312.

[29] J.F. McKellar and N.S. Allen, Photochemistry of Man-Made Polymers, pp. 95-101 and Table 2.7 in
Ch. 2 and the references cited (Applied Science Publishers, London, 1979).

[30] M.W. Hanna, A.D. McLachlan, H.H. Dearman and H.M. McConnell, J. Chem. Phys. 37 (1962)
361-367.

[31] H. Kubota, K. Takahashi and Y. Ogiwara, Polym. Deg. and Stab. 33 (1991) 115-123.



F.J. Pern / Solar Energy Materials and Solar Cells 41 /42 (1996) 587-615 615

[32] R.M. Silverstein, G.C. Bassler and T.C. Morrill, Spectrometric Identification of Organic Com-
pounds, Ch. 3 (Wiley, New York, 1981).

[33] J. Pospisil, in: N.S. Allen (Ed.), Developments in Polymer Photocehmistry-2 (Applied Science
Publishers, London, 1981) Ch. 3, pp. 53-133.

[34] P.P. Klemchuk and P.-L. Horng, Polym. Deg. and Stab. 34 (1991) 333-346.

[35] J. Lucki, J.F. Rabek and B. Ranby, Polym. Photochem. 5 (1984) 351-384.

[36) M. Azzam, in: L. Mrig (Ed.), Proc. Photovoltaic Performance and Reliability Workshop,
NREL /CP-411-7414, Lakewood, CO, September 21-23 (1994) 349-60.



E. Degradation Factor Analysis of
Crystalline-Si PV Modules
through Long-term Field
Exposure Test



3rd World Conference on Photovoltaic Energy Conversion

6P-A9-50

May 11-18, 2003 Osaka, Japan

DEGRADATION FACTOR ANALYSIS OF CRYSTALLINE-Si PV MODULES
THROUGH LONG-TERM FIELD EXPOSURE TEST

Kengo Morita!, Takamitsu Inoue', Hiroshi Kato', Izumi Tsuda®, Yoshihiro Hishikawa®
1. Japan Electrical Safety & Environment Technology Laboratories,
2. National Institute of Advanced Industrial Science and Technology
5-14-12 Yoyogi, Sibuya-ku, Tokyo 151-8545, Japan

ABSTRACT

Degradation factors that affect the performance loss of
crystalline-Si PV modules have been analyzed through
long-term field exposure test, in order to contribute to the
long-term reliability improvement. Tested PV modules
were manufactured in the early 1990’s and many modules
were stable for 10-12 years exposure. However, some of
the modules showed the performance loss which exceeds
10% either due to discoloration caused by the
delamination between the solar cell and EVA or due to
increase of the series resistance caused by the cracks in
electrode soldering. It is demonstrated that the signs of
these degradations can be detected before the performance
loss become significant by careful visual inspection or the
temperature distribution inspection under forward bias
condition.

1. INTRODUCTION

Long-term reliability is crucial for mass deployment of
PV modules, as directly affects the kWh cost of the PV
system. However, it takes many years to evaluate the
reliability of new modules in field exposure test, so the
technique that can evaluate the reliability of the modules
in a short term (i.e. the acceleration test) is necessary. For
that purpose, the problems of the modules exposed in the
field for a long term were picked up and analyzed to
understand the degradation mechanism.

Fig.1 The field exposure test site

1948  Poster

Normalized Isc

2. FIELD TEST DETAILS

26 crystalline-Si PV modules supplied by 3
manufactures were installed on 4 sites in Japan during
1991-1993 and in 1997. The photograph of one of the sites
is shown in Fig.1. The modules were connected with the
lead acid battery and were periodically carried from the
sites to the laboratory for IV characteristic measurements
by a solar simulator to find the detailed change. And in
order to understand the conditions of a large number of
modules, in addition to the above, about 100 modules (4
manufactures) installed in 1991 were removed from the
large-scale PV system to the laboratory and measured IV
characteristic by a solar simulator. The IV characteristic
measurements were performed at standard test condition
(AM.1.5, 1kW/m?, 25°C).

3. RESULTS

The performance (Pmax) changes of almost all
crystalline-Si PV modules exposed 10-12 years in the field
were less than 10%. This indicates that PV modules are
stable for a long term. However, some of degradation
factors were observed.

All the modules showed slight initial drop in Pmax due
to the reduction in Isc (short circuit current). Typical Isc
change of the modules is shown in Fig.2, where Isc is
normalized by an initial value. All the modules showed the
loss in the Isc by 1~5% within 1 year of the field exposure.
Afterwards, the Isc of the modules became stable. On the
other hand, no change in Voc (open circuit voltage) and FF
(fill factor) were observed.
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1.04 & Type2(c-Si,Feb.6 1992~)
' @ Type3(p-Si,Mar.14 1991~)
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Fig.2 Typical Isc change of the modules by long-term
field exposure test
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Some of the modules showed performance loss for a
long term. 2 types of degradation factors were observed.

First, 2 out of 26 modules in the field exposure test
showed performance loss that exceeds 10% due to the
reduction in FF (fill factor) caused by the increase in Rs
(series resistance). IV characteristic of the module that
indicated the increase in the Rs are shown in Fig3.
Compared with the characteristics of the module stored
indoors (unexposed), 10 year exposed module shows
performance loss (-20%) mainly due to the increase in the
Rs. Estimated Rs of the module is about 1.2 ohms, on the
other hand, the Rs of the module stored indoors is 0.5
ohms. The degraded modules showed no distinct visual
change. The change in the FF by field exposure is shown
in Fig.4. Though the data of modules showed large swings,
this is due to the increase in resistance caused by corrosion
of external contacts to connect with the storage battery.
After contacts were washed by alcohol, the values of the
FF increased. The FF of the module changes gradually at
the rate of 0.9~1.4%/year. In large-scale PV system, the
increase in the Rs was also confirmed in the modules. The
degree of the degradation was very dependent on the
individual module.

3.5
module stored indoors
3
2.5
% 2 module with increase in
5 the series resistance after
5 1.5 F 10 years in the field
1 -
05 |
0 ) )
0 10 20 30
Voltage [V]

Fig.3 IV characteristic of p-Si module which showed
performance loss (-20%) due to the reduction in the FF
caused by the increase in the Rs (series resistance) after
10 years in the field:
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Fig.4 The change in the FF by field exposure
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Second, some modules in the large-scaled PV system
showed performance loss due to visible discoloration
(whitening). IV characteristic of the module with the
strong discoloration is shown in Fig.5. Compared with the
characteristic of the moduie stored indoors, the module
with the discoloration showed performance loss (-25%)
mainly due to the reduction in the Isc. The degree of the
discoloration was very dependent on the individual
module and there are not many modules with the strong
discoloration in this case. In the 26 field exposure test
modules, no performance changes due to this type of
degradation were observed.

module stored indoors

2.5

module with cloudy
discoloration after 10
years in the field

Current [A]
- e

<
[
T

0 2 ) 2 2

0 5 10 15 20 25
Voltage [V]

Fig.5 IV characteristic of c-Si with the discoloration after
10 years in the field

4. DEGRADATION FACTOR ANYLSYS

4.1 The initial drop in Isc

To confirm further, the modules manufactured in 2002
were tested and the similar initial drop in the Isc were
observed. So to clarify the degradation speed, one-cell
modules used the same materials (cell, EVA, glass etc) as
usual modules were irradiated to the light (1kW/m?) by a
solar simulator. As a result indicated in Fig.6, the module
showed the initial drop in the Isc by 3% within 300
minutes of light exposure and the stable state afterwards.
The measured c-Si and p-Si PV modules showed a similar
result.

Spectral response of p-Si PV module before and after
the light exposure is shown in Fig.7. This indicates that the
drop in the Isc is due to the drop in the response in the
range of red light and infrared light (700nm~).

To clarify the cause of the initial drop in the Isc, silicon
wafer, glass, and glass/EVA/glass laminated sample were
exposed to the light for 300 minutes. No changes in the Isc
and spectral response that exceed the measurement error
were observed with silicon wafer. On the other hand, the
change of the optical transmittance of glass after light
exposure was observed as shown in Fig.7. The drop is in
the range of red light and infrared light (700nm~) that is
very similar to that of the module.

Next, two types of laminated glass/EVA/glass sample
using the unexposed glass and the degraded (stabilized
after exposure for several days outdoor) glass was exposed
to the light for 300 minutes in order to confirm whether

Poster 1949
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EVA degraded or not. As a result, glass/EVA/glass sample
employing the unexposed glass showed a similar result as
the glass itself. But no change in the optical property was
observed with the sample that employs the degraded glass.
This indicated that degradation only occurs with the glass
and that EVA did not degrade.

Thus in this case, it is concluded that the initial drop in
the Isc is caused by the change in optical property of the
glass. The optical change of the cerium containing glass
was reported by D.E.King et al. (NREL) D 1t is also well
known that light-induced degradation occurs in
boron-doped silicon. Further study on the origin of the
initial drop is required.

This type of degradation will not affect the long-term
reliability because the Isc becomes stable after initial drop.
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Fig.6 Change in Isc by light (1kW/m2) exposure
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Fig.7 Spectral response of p-Si PV module and optical
transmittance of glass before and after the exposure

4.2 Increase in Rs

This type of degradation can be detected by temperature
distribution inspection under forward bias condition?.
When a degraded module is impressed with forward bias
by DC power supply, localized heating happens in the
parts of the increased Rs. Using IR camera, the
degradation parts of the module can be specified. IR image
of the degraded module under forward bias condition is
shown in Fig.8, which indicates there are many parts
where the Rs increased. This module showed the reduction
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in FF (-20%) due to the increase in the Rs after 10 years in
the field. Microscopic observation of the degraded part in
the module suggests that the increase in the Rs is due to
the degradation in the soldering of electrodes such as
microscopic cracks.

In some cases, the modules in which the localized
heating was observed showed only small or no change in
FF. Fig.9 is the IR image of the module exposed for 12
years which has small sign of localized heating only in 2
parts. This module showed little decrease (-1% drop) in FF.
This suggests that the temperature distribution inspection
can detect the slight increase in the Rs before the loss in
the performance becomes significant. Result of inspecting
all the field exposure test modules, 10 out of 26 modules
showed the sign of the increase in the Rs.

This degradation factor might affect the reliability of the
modules in the range of 20 years or more when progresses.

Fig.8 IR image of the module that showed the reduction
in FF(-20%) due to the increase in the Rs

Hot spot heating (Localized heating)

Fig.9 IR image of the module that showed the sign of the
increase in the series resistance

4.3 Discoloration (Delamination)

This type of degradation can be confirmed by visual
inspection, as the portion of such degradation becomes
white. The appearance of the module with the strong
discoloration (square marked cells) after 10 years in the
field is shown in Fig.10(a).

Electron-probe microanalysis (EPMA) indicated that
the discoloration is due to the delamination between the
solar cell and EVA. The delamination was also reported by
other laboratories¥ ¥. The Isc of each component cell in
this module is identified in a non-destructive method,
based on the principle that the current of the module is
limited to the current of the cell with the lowest
performance”. The Isc of each component cell is shown in
Fig.10(b). The Isc of the marked cell that showed the
strong discoloration is about 10% lower than that of other
cells and this results in the decrease in the Pmax of the
degraded module.

At the early stage of degradation, small visual
whitening spot (Imm?) around the grid electrode can be
detected by very careful visual inspection as shown in
Fig.11. Some of the field exposure test modules showed
that, at this stage of degradation, change in Isc after initial

Authorized licensed use limited to: NATIONAL YUNLIN UNIV OF TECH. Downloaded on October 19, 2009 at 23:49 from IEEE Xplore. Restrictions apply.



3rd World Conference on Photovoltaic Energy Conversion ~ May 11-18, 2003 Osaka, Japan

drop was not observed. Result of inspecting all the field
exposure test modules, 6 out of 26 modules showed the
sign of the discoloration.

Once the degradation progresses, the cell with the
strong discoloration shows the reduction in the Isc and is
forced into reverse bias condition in operation, this causes
hot-spot heating (localized heating) as shown in Fig.10(c).
This module showed the further decrease in the Isc of
about 10% by re-exposure of 5 months, which indicated
that once the discoloration becomes significant, the
degradation progresses rapidly.

This degradation factor might also affect the reliability
of the modules in the range of 20 years or more when
progresses.

Fig.10(a) The appearance of ¢c-Si PV module with the
strong discoloration after 10 years in the field

2.9812.9712.98{3.11(2.97(2.9712.65]2.83 |2.89

2.9512.8812.9712.95(2.89 (2.92 (2.97 |2.89 [2.94

3.00]2.95|2.95]2.98 (2.98 (3.02 (2.97 |2.83 2.91

2.9813.02 (3.00]2.91 (3.0312.97 [2.98 |2.91 (3.00

Fig.10(b) Isc(A) of 36 component cells of the module
shown in Fig.10(a)

Fig.10(c) IR image of the module shown in Fig.10(a),
short-circuited under fine weather in outdoor
: T1=52.9°C, T2=50.3°C, T3=44.5°C

Fig.11 The discoloration of small visual spot
(1mm?) around the grid electrode

5. CONCLUSION

The degradation factors of crystalline-Si PV modules
manufactured in the early 1990’s have been analyzed
through long-term field exposure test. Although many
modules have been stable for 10-12 years exposure, some
of degradation factors were observed.

All the modules showed slight initial drop in Isc
(-1~5%) caused by the change in optical property of the
glass. The Isc becomes stable after initial drop. This type
of degradation will not affect the long-term reliability.

Though there were not a lot of modules, some of the
modules showed the performance loss that exceeds 10%
either due to the discoloration caused by the delamination
between the solar cell and EVA, or due to the increase in
the Rs caused by the cracks in electrode soldering.
Through the field exposure test, though the slight signs of
degradation were observed with some modules tested, no
problems that affect strongly the reliability in the range of
10 years were observed. But in the range of 20 years or
more these degradation factors when progressed might
affect the reliability of the modules. It is crucial to
improve acceleration test corresponding to these
degradation mechanisms and evaluate the long-term
reliability of the modules newly developed.
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ABSTRACT

Stability of photevoltaic (PV) modules has been
investigated, based on about 2,400 field test PV modules
manufactured in 1990's, which show better reliability than
the earlier gencration modules. The overall system perfor-
mance showed no distinct change within the 10 years of
field test. Some of the modules showed sign of various
degradation modes. Among these, the initial drop in I,
indicated that the c-Si modules showed reduction in I, by
1 - 5% within | year of outdoor exposure, then became sta-
ble. Experimental results showed that this do not strongly
affect the long term stability of the PV modules, as the I
becomes stable in a very early stage of the operation. Spec-
tral response measurement showed that the drop in I is
due to the decrease in the response for the red light and
infrared light. Possibie contributions from the changes in
the optical properties of glass and EVA, and the metastabil-
ity of c-Si solar cells are discussed. Other modes of insta-
bility such as the delamination and increase in R, is also
discussed.

1. INTRODUCTION

As PV is penetrating into the market, the long-term
stability of photovoltaic (PV) modules is becoming mere
and more important. Many systematic studies[1-6] on the
stability of PV modules were carried out during the 1980°s
to the early 1990’s. Those studies were mainly based on the
PV modules mamufactured in 1980°s. The stability of
newer modules are expected to be improved, thanks to the
results of those earlier studies. However, systematic infor-
mation on their reliability, based on a large quantity of
modules manufactured in 1990°s or later, has not been
enotgh. The purpose of the present work is to summarize
the stability issues on the results of PV field tests, based on
about 2,400 modules manufactured in 1990°s. Special
attention is paid on the initial loss in the I, where the PV
modules showed reduction in I, by 1 - 5% in the very early
stage of outdoor exposure, then became stable.

2. EXPERIMENTAL DETAIL

Laminated one cell modules, small-size modules,
glass/EVA/glass laminated samples and ~3t tempered glass

2916  Cral
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samples were used for the indoor measurements of the I,
optical transmittance, in order to closely investigate the
crigin of the initial instability of I;.. The field test modules
were supplied from several manufacturers. About 2,300
modules (16 systems, ~100 kWp m total) were located at
JQA (Japan Quality Assurance Organization) Hamamatsu
site. They were daily measured on the system base. Addi-
tional ~100 modules were located at Kitami, Tosu, and
Miyakojima sites. They were connected to automatic [-V,
iradiance, and temperature measurement apparatus. The
modules were exposed outdoors for 8 - 10 years, and were
occasionally removed from the systems for detailed indoor
[-V measurements. The present study discusses results of
the single crystalline silicon (c-Si) and polycrystalline sili-
con (p-Si) modules, which accounted for the major part of
the field test modules.

3. RESULTS AND DISCUSSION
3.1 Stability of the Overall System Performance

Figure 1 shows the typical relative system etfh-
ciency of the c-Si and p-Si PV systems in the 100 kWP PV

1.2

O.BM Wz” W TN

08 [

041}

0.2

Relative PV system efficiency

ot . - o L
1992 1994 1996 1998 2000

Calendar year

Fig. 1 Typical example of the long term variation of the
PV system efficiency. No distinct long term change is
observed on the system measurement basis. Each system
consists of about 200 PV modules (~10 kWp).

2009 at 03:56 from IEEE Xplore. Restrictions apply.
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system during the field test. Although the system efficiency
showed monthly change due to the effects of temperature
and solar spectrum etc., it showed no distinct long term
change during the 10 years of field test. This result agrees
with many previous studies. On the other hand, the fields
test study has also shown that some of the individual mod-
ules showed degradation in the output power (Ppay), as
described in the following. This indicates that the degrada-
tion in P, of the modules in 10 years was within the
uncertainty of the system output power measurements. [t
should be noted that actually failed modules or modules
which showed more than 30% drop in the conversion effi-
ciency, which were sometimes reported in previous studies,
were not observed in the present study. This clearly demon-
strates that the PV modules manufactured in 1990°s in the
present study is improved compared to those of older gen-
erations.

3.2 Initial drop in I,

Although the PV performance showed no distinct
change on the system basis, detailed indoor I-V measure-
ments of the modules showed reduction in the short circuit
current (L) of 1 ~ 5% within 1 year of outdoor exposure,
as shown in Fig. 2[7]. In order to make clear the slight
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change in Iy, modules stored indoors were used as control,
and measured together with the field test modules. No
change in the fill factor FF and open circuit voltage V.
were observed. The I, became stable afterwards. Although
the number of measured modules is limited to ~20, as
highly precise measurement using a control greup is
required, all the measured modules showed some reduction
in Ig,. Indoor measurement using a small size module and
a solar simulator indicates that the I, becomes stable
within a very short period (300 minutes} of light exposure,
as shown in Fig. 3. Spectral response of selected modules
(Fig. 4) indicate that the drop in I is due to the decrease
in the response to the red light and infrared light. Measure-
ments on the optical reflectance of a small-size module
(Fig. 5), also showed drop in the reflectance in the same
wavelength range after 20 days of outdoor exposure. This
suggests that the change in L is due to the change in the
optical properties of the PV modules. As the optical trans-
mittance of glass/EVA/glass laminated samples also
showed similar decrease (Fig. 3), change in the optical
transmiftance of the EVA encapsulant or cover glass is the
most probable origin of the drop in I . Light exposure
experiments on a tempered glass sheet with the same spec-
ifications as the currently available PV module cover glass
showed drop in the optical transmittance in the same wave-

Fig. 2 Change in the shert circuit current Iy, of 5
¢-Si PV modules by outdoor exposure. Different
symbels correspond to different modules. The L,
show initial drop by 1% - 5% within | year, then
becomes stable. Reference modules, which are
stored indoors, are used for the control greup, in
order to improve the accuracy in .

Fig. 3 Change in the short circuit current Iy of a
¢-Si small size module under a 1 kW/m® light
exposure by a solar simulator. The drop in I,
occurs within 300 min. of light exposure.
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length range {Fig. 6), which indicates that the primary ori-
gin of the initial drop in I ; of the small size module in this
study is the “solarization” of the cover glass. This agrees
with the result of D.E. King et al [8) that Cerium-contain-
ing glass show drop in the optical transmittance by light
exposure. [t is noted that the composition of the cover glass
in the present study is not identified. As for the field test
results (Fig. 2), the instability of the solar cell and EVA
cannot be ruled out from the possible origins at the present
stage. It is known that c-51 solar cells using substrates with
high boron concentration sometimes show instability in the
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Fig. 4 Spectral response of a ¢-81 PV module and

& % optical transmittance of a glass/EVA/glass lami-
& E nated sample before and after light exposure. The
.g =  spectral response of one cell in the module was
@ 'g measured using a chopped monochromatic light,
§l{ by biasing other cells in the module. Both spectra
2 1:8’ changes in the wavelength range of > 690 nm (red
% E  andinfrared light).
53
=
n o
o
Fig. 5 Optical reflectance of a ¢-Si small size

module before and after 20 days of outdoor expo-
sure. The reflectance was measured in an optical
configuration where the probe light passes through
the air/glass/EVA, then reflected by tedlar, then
passes through EVA/glass/air.

Fig. 6 Optical transmittance of a ~3t tempered
glass sheet with the same specifications as the cur-
rently available cover glass of PV modules, before
and after the hght exposure (1 KW/m?, 300 min-
utes) by a solar simulator.

similar wavelength range and similar or faster time
range[%]. Relatively high UV intensity of the outdoor sun-
light than the solar simulator possibly enhances the EVA
discoloration[10]. Further study is required to clarify the
origin and reduce the initial drop in Iy in the field. It
should be noted that the present results also indicate that,
as the [, become stable after the initial drop in the very fast
stage (several hours) of outdoor operation, this degradation
mode does not affect the 20 - 30 years reliability.
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3.3 Cloudy Discoloration Due to the Delamination at
the CelVEVA Interface

Visible discoloration of the module is a well known
degradation mode. In this. study, about 400 modules
showed some degree of visible cloudy discoloration,
although most of them was observed in a minor part of the
module. The degree of the discoloration was very depen-
dent on the individual module. Extreme example is shown
in Fig. 7. This was the most significant visible change dur-
ing the 10 years outdoor exposure of the present study. This
kind of discoloration, however, was limited to two module
types. Modules of other types did not show this kind of dis-
¢oloration, which indicates that this is not an essential
problem of the material. The area of the discoloration
ranged from 0~10% of the module, and grew larger year by
year. The discoloration usuaily occurred as a small visual
spots around the grid electrode, which do not affect the I-V
characteristics of the modules at an initial stage of degrada-
tion. However, when the discoloration became significant
as shown in Fig. 4, it resulted in reduced L of the module,

25

May 11-18, 2003 Osaka, Japan

Fig. 7 A module with strong cloudy discol-
oration due to delamination at cel/EVA
interface {extreme case).

Fig. 8 I-V characteristics I; (V) of ¢-Si
modutes with different degree of cloudy dis-
coloration. A: After outdoor exposure. No
appreciable discoloration. B: After outdoor
exposure. 1/3 of the active area of a cell in
the module shows discoloration. C: After
outdoor exposure. 1/2 of the active area of a
cell in the module shows discoloration. Step-
like structures of the I,,{V) indicates that
the module include solar cells whose Iy, is
smaller than others.

which lead to the degradation in P, (Fig. 8). Microscope
and electron-probe microanalysis (EPMA) measurements
indicate that the discoloration is due to the delamination of
EVA from the c-Si solar cell. As the delamination enhances
the optical reflectance and tends to splits the grid electrode
from Si, insufficient collection of current probably resulted
in reduced I Detailed indoor -V measurements con-
firmed that the reduction in Iy, of the module is due to the
reduction in I, of the cell where the discoloration is most
significant. Although this can strongly affect the long term
stability of the module, it will be possibly avoided by opti-
mizing the lamination techniques.

3.4 Increase in Ry

Increase in the series resistance Ry is also a degra-
dation mode which is reported by many field studies. Some
modules showed decrease in FF of 1;,(V), which is appar-
ently due to the increase in the series resistance Ry without
any appreciable visual change. Although this degradation
mode was seen in limited module types, most of the ran-
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domly selected modules of the type showed some degree of
decrease in FF. Extreme examples are shown in Fig. 6.
Estimated increase of the R, due to the degradation of the
module C in the figure is about 2 €. When the corrosion of
the extemal connection of the was cleaned, the Ry
decreased to 1.2 €2 The R; of a controlled module stored
indoors was 0.5 L. Details based on updated experimental
results are discussed i [11]. Microscope and thermo-
viewer measurements suggest that the degradation in the
soldering of electrodes such as microscopic crack is due to
the increased R [11]. As this degradation mode seems to be
accelerated by prolonged outdoor exposure, it can affect
the long term reliability. Modification in the seldering pro-
cesses will solve the problem.

3.5 Observed Other Degradation Modes

The tempered cover glass of the 14 out of the 2,400
modules broke during the 10 years. In addition, the follow-
ing degradation modes were investigated in some modules.
These were not so significant compared to the results of
earlier modules, and do not appreciably affect the total out-
put at the present stage.

(1) Delamination of back cover sheets such as tedlar.
(2) Rusty connection around the terminal box.
(3) Yellowish discoloration of EVA encapsulant.

4. CONCLUSION

Long-tenm stability of photoveltaic (PV) modules
has been systematically investigated by indoor and outdoor
measurements, with special attention to the initial drop in
the Iy of the modules. The study was based on about 2,400
field test PV modules manufactured in 1990°s. No serious
problems such as failed modules or modules which show
more than 30% drop in the output power, were not
observed, which demonstrates that the reliability of the
modules in the present study is improved than that of the
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Fig. 9[-V characteristics I, (V) of ¢-Si
modules which show drop in FF and P,
due to the increased series resistance Rg.
These modules show no visual change.

modules manufactured in 1980°s or before. All the mea-
sured module showed initial loss in I,. Experimental
results of the present study indicates that the primary origin
of the drop in I, is the reduced transmittance of the glass in
a wavelength range >600 nm. The present results also con-
firms that this degradation mode does not affect the long
term reliability of the PV modules, as the I, become stable
after the initial drop in the very fast stage (several hours) of
light exposure.

Some of the modules showed reduced I due to
cloudy discoloration and increased R, probably due to the
degradation in electrode soldering. Although the overalt
system performance showed no distinct change within the
10 years of field test, the present results suggest that the
above degradation features can affect the reliability of 20 -
30 years. Further study on the origin of the degradation
features is useful for improving the stability of the PV
modules.
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