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Corrosion

Electrochemical corrosion
of metallization or cell,
frame and grounding
parts, where moisture
ingress, system voltage,
encapsulant (especially
acidity), galvanic
incompatibility, and
temperature interact.

* CdTe modules Fielded, -1000 V Florida 2 'y

Delamination, can see through module

All-India Survey of Photovoltaic Module Reliability: 2014
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* CdTe modules Fielded, -1000 V, ; Florida 2 y

Corrosion

60-1 . C2b
50-1 -

40+

Coulombs

30+

20+

Electrochemical corrosion 1o

Unbiased control C 2

of metallization or cell, o = : . : .

. 1] 200 400 600 800 1000
frame and grounding Days
R where moisture » System voltage (=), heat, humidity on surface of glass:
Ingress, system voltnage, E field drift of Na in glass to TCO
en.capsulant (especially * Light, mechanical stress causes failure of edge seal,
acidity), galvanic moisture ingress, current leakage increase
incompatibility, and > Corrosion
temperature interact. - (depends on TCO) Degradation of the SnO,:F TCO

suggested (possibly formation of NaF, Na,SnO; and SnO)
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* C-Si module Fielded, -600 V,  Florida 4y

POte ntia I'i nd uced Electroluminescence
degradation (PID)

1imp=7.8A 0.1lmp=0.78A

Potential-induced
degradation (shunting
type), where Na drifts
under an electric field and
then diffuses into the p-n
junction
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Potential-induced
degradation (PID)

Potential-induced
degradation (shunting
type), where Na drifts
under an electric field and
then diffuses into the p-n
junction

System voltage (-), heat, humidity on surface of glass:
E field drift of Na

Light, |moisture ingress modulate rate

- PID Drift of Na* by E-field through SiN, Diffused at
stacking faults

DLIT,EBIC & FIB TEM ANALYSIS
| 1

o 1
Identifying the Defect

FIB liftout areas

‘I u H,

Stacking Fauit

05um sipol il 20 nm SIMS Map: Na in
e— o pockets below

surface shunting

Naumann & coworkers (2012) S
junction

Harvey & coworkers (2016)
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Potential-induced
degradation (PID)

Potential-induced
degradation (shunting
type), where Na drifts
under an electric field and
then diffuses into the p-n
junction

Preconditioning
8 kWh UV
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Preconditioning with light, followed by PID test:

Pre-exposure to light increases PID
-- mechanism not clear
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Example of influence of preconditioning with light before performance of PID test using IEC 62804-1 PID test method protocol.  In this case, the exposure to light before the PID stress enhanced the PID.
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Condition:

POtential-indUCEd 0.9 60°C/85% RH at module front surface Design A

0.8 @ 5 W/m? UVA (0.2 suns in UVA range)

degradation (PID) 07 @ dark

0.6

1.0 Design B
0.9
0.8
0.7

Pmax/Pmax_0

0.6

1.0 ¢

Potential-induced 0.9 Design C
degradation (shunting E: .

type), where Na drifts o6

under an electric field and 0 20 40 60 80 100 120 140

Time (hr)

then diffuses into the p-n
junction

PID stress light mitigates PID
-SiN, AR coating becomes photoconductive, arresting and
neutralizing advancing Na* ions
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Combined stress
factors and
resulting
degradation modes

.ﬁ»
B PR b_ta'uii'iu: i
£ 2 8 q
§ 3 ~e 8 1 |
$ . o ]
£ ilized
§ '5| 1] 200 400 wqﬁmew‘l?h] 1000 1200 1400 1600
: o : Polymer
Corrosion Delamination Yellowing Power loss y
failure
Voltage Voltage Voltage Light High temperature
Mechanical loading Mechanical loading High temperature Voltage Light, mechanical loading
Humidity Humidity Humidity Temperature Humidity, dryness
Light Light Light Temperature cycling Acid/corrosive gasses
High temperature High temperature High temperature Mechanical loading

Temperature cycling

Temperature cycling Temperature cycling Acid/corrosive gasses NREL | 10
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IEC 61215 ed. 3
Qualification test

...module is capable of withstanding
prolonged exposure in use
climates...

Minimal examination of
combination of stresses

- Some sequencing of
stresses

1 Module
Sequence B

MQT 05 and MQT 08
Maasuramant of
NMOT and Outdoor
Exposure Test
60 kWh/m?

o

MOT 18 1
Bypass diode
thermal test P

|

MQT 19.2
Final Stabilization

I

MQT 06.1
Performance at STC

MOT na
Hot-spot
endurance test®

MQT 18.2
Bypass diode
functionality test

2 Modules
Sequence C

MQT 10
UV precondition test
15 kWh/m?

MQT 11
Thermal cycling test
50 cycles
-40 °C to 85 °C

2 Modules 2 Modules
Sequence D Sequence E
MQT 11 MQT 13
Thermal cycling test Damp heat test
200 cycles 1000 h

—40 °C to 85 °C 85°C /85 % RH

MQT 12
Humidity freeze test
10 cycles
-40 °C to 85 °C
85 % RH

1 Module

MQT 14.1
Retention of
junction box test

MQT 14.2
Test of cord
anchorage

1 Module

1 Module 1 Module
MQT 16 MQT 17
Static mechanical Hail test
load test
(design load)

\
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Field Fails

mediterranean
climate

Relative difference to reference
in specific yield (%)
& IS

L | —a— PERCM{ max LeTID)
~.v—_S'.a;HIi.H.'c PERC_

"
-y
o

(-) 6 1.2 1I8 2.4 3.0 3.6
Time (mo.) Q-Cells
LeTID Snail trails Delamination

Polyamide PID Corrosion Edge seal failure
backsheet

Issues manifesting in the field in modules that passed the standards
—Multiple factors working in combination leading to the degradation—
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Damp Heat, 85°C, 85% RH I o
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In field results, I is the

7 7sC

primary loss factor leading
to power degradation

Jordan and coworkers

Degradation Rate (%/year)
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10F ®
Test Duration 09
08}
Damp Heat 85°C /85% rh 1000 h
F ra u n h Ofe r IS E’ Temperature Cycle -40°C [ +85°C 100 cycles 2 0T
Damp Heat— UV @ 85°C module temperature 500 h 2 E 08 [
2014 wPos
Damp Heat 85°C / 85% rh 500 h gu' 04l | —=—pB]
Temperature Cycle -40°C / +85°C 100 cycles ] sl T C|
S =1 —4—D
Damp Heat - UV @ 85°C module temperature 500h | o= 0zl | ——E|
b —a—F
0Mf | g
0‘0 1 1 L L L
0 1 2 3 4
Cycle #
1,0f or - ‘ ‘
0.9l oo}
0.8} ool
307} orf
206} goor
: £0,5¢ gosf
Sequential tests to better o4l ~oal a8
. o 'L [ ——C
replicate losses of I & FF gg o B e
as they appear in the field 01} 9] S
- More representative levels of 0.0 1 2 3 4 ; 2 3 4
Cycle #

humidity in the module
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Light preconditioning
followed by damp heat >

Increased degradation

1.2

Xe lamp Damp Heat, 85°C, 85% RH
L 1.0 = —a—a
preconditioning . ]
Q. 08 g e
Xe Oh
i § 0.6
©7 Xe 1500h =
-8~ Xe 3000h g 0.4
=
—+— Xe 4000h 0.2
0.0
0 500 1000 1500
DH time (h)

Working model: light activates decomposition
and formation of acetic acid in EVA

- Weakens Ag/Si contacts

Initial 15t Cycle |

2nd Cycle || 3rdCycle | 4th Cycle

Glass side | | ' f |
irradiation | ‘ | £

W -

Ngo and coworkers Electroluminescence NREL | 19



~—Sequence | B. Damp Heat with | C. Thermal Cycling | D. Alternating
A. Control Bias 85°C/85%RH with load -40°C/85°C | Seq. B/C DH/TC
5 kW hrs/m? light soak

N REL ' Round 1 ' DH+ DH- TC TC |DH+ DH -

. Round 2 DH+ DH- TC TC TC TC
-tO- . Round 3 _ DH+ DH- TC TC DH+  |DH -
Test-to-Failure DRy oW JiC_ T [DR+ DA
Round 5 DH+ DH- TC TC DH+ DH -

2010

* DH refers to 1000 hrs 85°C 85% relative humidity, IEC 61215 Ed. 2 sec. 10.13

+ DH+(-) indicates +(-) voltage bias of 600 V or module’s rated system voltage (whichever is greater)
on shorted module leads with respect to grounded frame

» TC refers to 200 cycles between -40°C and 85°C, IEC 61215 Sec. 10.11 (I, applied when T> 25°C)

* Alt. DH/TC refers to a sequence of alternating 1000 Hrs. DH and TC 200 stress cycles described above

<

Accelerated Lifetime T g ce
I B1 DH (+) B2 DH () | C1TC | c2TC [ D1 AltDH (+)/TC D2 Alt DH (-)/TC

Combined:

System voltage + Damp heat
& alternatively sequenced 0
012345670123456701234567012345670123456701234567

with thermal cycling « Damp heat with bias - potential induced degradation
* Alternating DH with bias/TC = backsheet cracks

Hydrolytic degradation, desiccation, loss of plasticity, shrinkage, stress
NREL | 20
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~—Sequence | | B. Damp Heat with | C. Thermal Cycling | D. Alternating
A. Control Bias 85°C/85%RH with load -40°C/85°C | Seq. B/C DH/TC
5 kW hrs/m? light soak

N REL ' Round 1/ ' DH+ DH- TC TC [DH+ DH -

. Round 2 DH+ DH- TC TC TC TC
-t0n- . Round 3| . 'DH+ DH- TC TC DH+  |DH -
TeSt to Fa I I u re Round 4 DH+ DH- TC TC TC TC
Round 5 DH+ DH- TC TC DH+ DH -

2010

sDHrefersto 1
* DH+(-) indica

on shorted mg
o TC refers to 2(

s Alt. DH/TC refi

hever is greater)

d when T> 25°C)
es described above

b Sequence
D2 Alt DH (-)/TC

0.9+
0.8+
0.7+
0.6+
0.5+
0.4+
0.3+
0.2+

Combined:

System voltage + Damp heat
& alternatively sequenced %ol
012345670123456701234567012345670123456701234567

with thermal cycling « Damp heat with bias - potential induced degradation
* Alternating DH with bias/TC = backsheet cracks

- Hydrolytic degradation, desiccation, loss of plasticity, shrinkage, stress
NREL | 21
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DuPont
2017

Module accelerated stress tests
(MAST)

Sequences of DH, UV, and
TC to replicate backsheet
field failures

6 months duration

542 hours

Damp Heat “\ uvx

1000 Hours
in a Humidity Chamber
Amounts to > 25+ years
waorth of stress

Polyamide (PA)

Polyvinylidene
Fluoride (PVDF)
|

{
B
b i

Gambogi and coworkers, 2017 P

MAST #1

Thermal Thermal Thermal
Cycling Cycling Cycling

200X 200X
542 hours@".
90C BPT 7
[ 3
‘\
uvx

1
1
1

600 Thermal Stress
Cycles
Mimics thermal stresses
seen in the field

MAST #1

200X

542 hours /

90C BPT
"

uvx

1676 Hours
in a UVX Chamber
Amounts to ~20 years
desert dose of UVA

Field

50 hours
90C BPT

UVX
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MAST #3

DuPont
2017

Module accelerated stress tests
(MAST) MAST #3

Polyvinylidene

Fluoride (PVDF)

Sequences of UV + heat,
intermittent water spray to
replicate backsheet field
failures

Polyethylene
terephthalate
(PET)

Gambogi and coworkers, 2017
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NREL/U. Aalborg
2017

Mechanical loading
sequenced with thermal
cycling, humidity freeze

Stage

Description

Four new mc-Si modules characterized at STC

II

Static mechanical loading with 2400 Pa (IEC 61215)

29 cycles of TC and 4 cycles of HF (IEC 61215)

18 cycles of HF (IEC 61215)

Static mechanical loading with 2400 Pa (IEC 61215)

S| <|<|E

13 cycles of HF (IEC 61215)

Relative change in STC parameters [%]

102
100 Mpssis Q- Y - SHI -

98

_e_lm ~
. P N
96 gV Q\

oc -
94—- ----0--~Vmp \O
92 ——T 7777 T

1) 100.0 1I) 100.4 I1I) 98.6 1V)99.0 V)94.5 VI)9l1.1
Experiment stage / STC Pmax [%0]

Sequence of stresses yield power loss
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NREL/U. Aalborg
2017

Mechanical loading
sequenced with thermal
cycling, humidity freeze

Losses from J_, n, and
importantly R, in later stages

Experiment stage

Stage | Description
1 Four new mc-Si modules characterized at STC
11 Static mechanical loading with 2400 Pa (IEC 61215)
il 29 cycles of TC and 4 cycles of HF (IEC 61215)
v 18 cycles of HF (IEC 61215)
\ Static mechanical loading with 2400 Pa (IEC 61215)
VI 13 cycles of HF (IEC 61215)
18 10°
- —_ *_ — a) Module #1
g 16 <@y b)Module #2 o 3 _____ "
*C} — . - — ©) Module #3 g 5 & :—n::”g: - _*;\ /'/_/D
_E 14 d) Module #4 “*-\_\_;ﬂ?_:;:i s T"‘B lllllllllll ORI o\:g’,/g
£ 4 = e A T o [
! T i |
= ! ! T T T T 1 10 7 T T T 1
I I 111 v % VI I 1 it v v VI
13 4
. 35 R S N T
ey e -
. ] P B P SOt A
o J ‘—a"”?’;""_’_@—‘t-g - B ° 1
o e SR j/ 25 J
o=t 1-
1 L T T T T 1 2 L T T T T 1
I 1T i v v VI 1 )i it v v A%
1071 10
o Lo %,zzﬁ o
TRl ﬂ}?‘ ST - Ha E 0 {’gﬂf—‘-“‘*ﬁ
= ,,;-_”—_..-.-.."",' < _ '___&__ L
S T 55555 37 r X X
10" T T T T 1 0" 1 T T T T T 1
I 1T iy v v VI 1 s il I\% v VI

Experiment stage



AIST
2009

65°C + UV :180 W/m? 900 h  75°C without UV light, 1000 h

_Field example, NM

——“

Photocatalytic reactions at TiOx ARC
leading to delamination

UV light + high temperature
leads to delamination

e +0,-> 0,

Reduction

*some AR coating*
h*+H,0 - H* + «OH

Oxidation

NREL | 26



JPL
1980s

NREL/SunPower
2016

System voltage bias &
damp heat leads to
corrosion, delamination

Damp heat &
(—) system voltage bias

a) ) -1000/-1500 V

=i

Backsheet Cell | Encapsulant

i ] i I-IL -rl
Field example, NM

Chamber

85°C, 85% RH 1000h = 72°C 95% RH, -1000 V
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Field Fails

mediterranean
climate

Relative difference to reference
in specific yield (%)
& IS

L | —a— PERCM{ max LeTID)
~.v—_S'.a;HIi.H.'c PERC_

"
-y
o

“ 0 6 12 18 24 g80 36

i | i ) Q-Cells
Polyamide PID . Edge seal failure Time (mo.) -
backsheet Corrosion =% LeTID Snail trails Delamination

Issues manifesting in the field in modules that passed the standards
—Multiple factors working in combination leading to the degradation—
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Combined-accelerated Combining stress factors

stress testing - Heat
* Light
* Humidity
— Condensing

— Non-condensing
 Mechanical pressure
e System voltage
* Reverse bias (in progress)

Mini-module platform

In-situ Metrology
* RH, T I-V, EL

module’

g

Discover potential weaknesses in module designs, both known and not a-priori recognized,

reduce risk, accelerate time to market, bankability and reduce costly overdesign, to lower the
levelized cost of electricity. NREL | 30



Phase 1 — Based on ASTM D7869 for tropical conditions

P t I 24 hour/ cycle
Dark & Humid Light Soak Freeze
-20°C o
40°C, 95% RH 40°C, 95% RH
E 28% or 95% RH
|II|HHHEHHHIIIII‘>{:::::::::::}I‘} |I!!!!!I!II!!!|I l.’ [:::::::::::::}4‘."|||HHIHH!HI|I
4 hours 4 hours 2 hours 2 hours 0.5 hours

Phase 2 — Multi-season

5 hours 5 days 5 hours 1 hour 1 hour 1 hour 1 hour
-40°C, 30% RH =20°C, 25% RH | I
Loading—1x Loading—3x
30 min ramp 1 hour ramp
\ Y ) \ Y J | Y J
Dead of Winter Winter to Spring High Desert

* Field relevant levels

* Acceleration factor 8 X -16 X

* No light + rain combination (wet during transitions)

NREL | 31
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Stress cycle

1 ! A
(phase 1) 1 - 500
o 1500 !
g : - 400 2>,
@
810004 | L CoE TR TE (e £
S { b 1 - LPIPET %
3 ] LPIPE2 | |- 200 F
Xe lights on, system voltage bias on - B i |
J Voltage
- I 1

T
00:00:10 06:00p0  12:00:00 18:00:00 24:00:00

Lights on: humidity lower -
Lights off: modules wet

Relative humidity [%]

0 - 1 I 1 1
00:00:00  06:00:00 12:00:00 18:00:00  24:00:00
Time
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IEC C-AST

Modes | Types/issues | Stress factors

Fatigue, ell Spacing, Ce echanical and 0 Q
breakage € ature, ribbo ermomechanica e
(=>burns) aimensio DENG J on cond 0 = 62/38 D
older @ e eading to joule he o O 9 D
olde A Q o cond 0 0 0 400 Pa
- s L - — i
. e e W [ e e il e . e ] — —
= — — == — I —
; - e e TS
o g - & | . e Lcom b
-

|

.
t
i)
il

Electroluminescenc _
C-AST, Days=0 10 24 37



Modes | Types/issues | Stressfactors __[IEC__________|

IENEI SN B-O, Fe-B, sponge LID  Sunlight + temperature IEC 61215 MQT 19 Stabilization
degradation

ight & elevated

v
temperature degradatio
c:Si
UV LID (H, charges)
Control
1.000+
0.999+
O| ]
(6]
© 0.998+
< ]
o
L 0.997-
0.996-
0.995. : : : : : \ :
0 20 40 60 80 100 120

Cycles (days) | 34



Types/issues | Stressfactors _[IEC |

IR Sl B-O, Fe-B, sponge LID  Sunlight + temperature IEC 61215 MQT 19 Stabilization
degradation

Light & elevated
temperature degradation
1) c:Si_2) Thin Film

UV LID (H, charg@

TPT UV Pass EVA TPT UV Block EVA

Shadowed
i S e region
‘ S showing
N higher
¥ minority
4 carrier
7 lifetime

Electroluminescence



Types/issues

IEC 61215 MQT 19 Stabilization

Light-induced B-O, FeB, Sponge LID Sunlight + temperature
degradation
Light & elevated J
temperature degradation
1) c:Si 2) Thin Film
UV LID (H, charges)
EVA type
Sample 1D I
CONTROL PVDF UV PASS TPT UV PASS TPT UV BLOCK PVDF UV BLOCK
8 [
27 ©
:>§ 26 @
255
(o]
o
25 < . -
UV block UV pass
\ i e | EVA type

| |
UV PASS EVA UV BLOCK EVA
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Modes | Types/issues |Stress factors IEC
Yellowing & Photochemical Sunlight,
module degradation of temperature, J
polymers, ion humidity,
migration electrical-bias

2 module types through C-AST:

NREL | 37



Apply C-AST to identify

weaknesses in backsheets

Backsheet

AN
AN

UV Pass EVA v

AN
AN

UV Block EVA v

Encapsulant

- Apply C-AST to identify failures in backsheets failed in field but failures not
detected in conventional testing

NREL | 38



Modes | Types/issues | Stress factors |IEC__________ |

Backsheet Oxidative, photo, Heat, sunlight, voltage IEC 61730-2 Seq B: DH 200/UV 60/
cracking and hydrolytic reactions, moisture and mechanical  r 10/uv 60/HF 10 v

delamination localized stress stress

PA Backsheet cracking PVDF Backsheet cracking

Cracking initiated along cell tabbing but quickly spread to
areas between tabbing (tropical 2 2 wks. multi-season)

Major cracking over cell tabbing, but microcracking is
present through backsheet (tropical stress)




Representation:

the sample

Associated with
shrinkage of
backsheet offset
from glass edge of
about 1 mm shown
at week 22 on the
right

Delamination of
PA backsheet
edge seen at
week 8 of C-AST

If you have a free-standing coupon, or too small a sample, you might not have the
critical dimensions to see the shrinkage and cracking: Sample representation critical

NREL | 40



The tally

IEC protocol tests, existing or missing Vs
13 + 7 Missing = 2
- e \;bd o*a& "bd
' e 3\3“\ S'D(\ 3&‘\ )‘bo 3\}\‘\ S'DQ )\5\%

v
L]
T

mediterranean
climate

'
[=2]
T

in specific yield (%)
IS

Relative difference to reference
&

L | —a— pERC{w.'mu LeTID)
—e— Stabilized PERC

"
-y
o

(-) f.i 1.2 1I8 2.4 3.0 3.6
_ Time (mo.) Q-Cells |
Corrosion gge seal failure LeTID Snail trails ~ Delam.

Polyamide PID
backsheet

Multiple factors working in combination leading to the degradation NREL | 41
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“Sample”: representation of the
materials interfaces, boundary

Re p rese ntat|0 n conditions of the shipping module

“Factors”: extent of inclusion of the
stress factors of the natural environment

Combination ) ) )
' “Combination”: representation of the actual
combination of stress factors as in the
Combined natural environment and their balance

(exceeding vs not exceeding real-world stress

Cyclic Sequential ) . '
Sequential o IeveIs)

Steady-state

Single Factor Two Factor Multi Factor _
Mate@mw > Factors
Coupon .o o
Mini-module
MW
Fs
Sample
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C-AST - the value chain

— [ Test

Mnf
Mnf

/

Materials
Mnf
- e
Insurance ! .
EREIREES
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Summary & next steps

* To de-risk modules, we must represent:

— The sample

— Stress factors of the natural environment

— Their combination

- success at reproducing field failures

*  Future work, especially in C-AST:

— Further show field-failure mechanisms

— Engagement of all segments of the value chain

— Further develop value proposition

— Acceleration factor studies

— Migration to full size modules

— Better simulate wind load with dual side pressure
*  Join our discussions:

— PV Quality Assurance Taskforce (PVQAT- Task Group 3)

— |EC Technical Committee 82 Working group 2: two IEC Technical Reports in progress

NREL | 46
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