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NREL's PHOTOVOLTAIC (PV) MODULE RELIABILITY WORKSHOP (PVMRW) brings together PV reliability experts
to share information, leading to the improvement of PV module reliability. Such improvement reduces the cost
of solar electricity and promotes investor confidence in the technology—both critical goals for moving PV
technologies deeper into the electricity marketplace.

NREL's PYVMRW is unique in its requirement that all participating organizations share at least one presentation
(either oral or poster). This requirement greatly increases information sharing: If everyone shares a little
information, everyone takes home a lot of information.

In 2017, the PVMRW was held in Lakewood, Colorado, February 28 — March 2. Workshop participants shared
more than 100 presentations and posters, covering topics such as cracked cells, nameplate ratings, bankability,
and power electronics.
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Changes in observed PV
failure & degradation modes

PV Reliability Workshop

Lakewood, CO

Dirk Jordan, Tim Silverman, Sarah Kurtz, John
Wohlgemuth, Kaitlyn VanSant

2/28/2017
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Outline

» Definitions: failure - degradation
¢ Failure rates

»* Degradation modes

» Changes in the last 10 years

s “New” degradation modes
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Why study literature?

Great overview of the aggregated knowledge of the PV community
but determination of trends from literature can be difficult:

1. Unknown quality of modules/systems/installation

2. Many factors may influence failure/degradation modes and often
they are not clearly documented

3. Inconsistent use of reporting terminology
4. Misidentification

5. Synergy of degradation modes: often multiple modes can be seen in
single module/system
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Failure € Degradation

Definition of failure: |[EC 60050-191

“Failure is the termination of the ability of an item to perform a required function”

What does that mean for PV module?
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Failure € Degradation

Definition of failure: |[EC 60050-191

“Failure is the termination of the ability of an item to perform a required function”

What does that mean for PV module?

Several different definitions of PV “failures” have been used!!
1993: EPRI: power decline > 50% that cannot be repaired in field

2014: IEA: modules undergoing irreversible changes
Maybe: Modules that default on warranty, which warranty?
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Failure rates need to take into account field exposure

Failure rates are typically not reported, failure ratios are reported.

Define failure as modules that required replacement.

Mounting ~ Climate Kato et al., EU PVSEC, 2012, roof-
100 - O Rack ® Desert ) ) !
+Roof  ® Hot & Humid mounted in hot & humid climate.
<& Roof rack ® Moderate
’g | X Unknown ® Multiple
Block IV & == O Q
. NS
earlier =
o 1-
B |o ox
(O]
501 - SPN o o o ® 0w
© o X o x
B|0Ck V o
| ! | ! | ! | ! | | | |
< Q < Q % Q e
> > 0 o Q Q N N
ARG R A S

Date of Installation

Expected failure rate 5 out of 10,000 modules annually

Jordan et al., Progress in PV, 2017
6
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Visual Inspection Tool is not as widely used as we’d like

e Uses IEC/UL standard terminology

e Balance collection of sufficient detail for
degradation mode evaluation against
minimizing recording time per module

] ) Development of a Visual
e Consists of 14 sections- based on module Inspection Data Collection Tool

for Evaluation of Fielded PV
Module Condition

* Short & long version available Corinne E. Packard

National Center for Photovoltaics

National Renewable Energy Laboratory

Department of Metallurgical and Materials Engineering,
Colorado School of Mines

John H. Wohigemuth and Sarah R. Kuriz
National Center for Photovoltaics
National Renewable Energy Laboratory

component

Example: front glass

NREL is & national lsb y of the U.S. Depar of Energy, Office of Energy

rog inPV 2012 A i W Efficiency & Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
e Technical Report
Visual inspection could help discriminate Contact No. DE-AC36.086028308

between these cases
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How can we be more quantitative?

Risk priority number (RPN) = No. reports*No. affected modules * Severity * Detectability

Frame deformation

Permanent soiling

Minor delamination

Severity Rating Mode Severity

Major impact on power & safety| 10 Backsheet insulation compromise 10
Hot spots 10

Major impact on power 8 Internal circuitry (IC) failure 8
Significant impact on power 5 PID 8
Slight deterioration of 3 Major delamination 5
performance Internal circuitry (IC) discoloration 5
No effect on performance 1 Fractured Cells 5
Diode/J-box problem 5

For better discrimination the Glass breakage 5
scale is not continuous Encapsulant discoloration 3
3

2

1

1

Backsheet other

Synergy of degradation modes often make it difficult to determine the power impact of a
specific degradation mode.

Kuitche et al., JPV, 2014
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Encapsulation discoloration associated with small power loss

2.5

. 100
O mono-Si

<+ poly-Si

2.0 -

Yo}
o

1.5 -

1.0 -

(0]
o

0.5 -

EVA discoloration Internal circuitry
discolor./corrosion &

Degradation rate (%/year)

70

Normalized to nameplate (%)

Jordan, et al., 35th PVSC,

Honolulu, HI, USA, 2010. Date

Encapsulant discoloration associated with lower power loss in direct comparison.

Encapsulant discoloration shows linear decline below 0.5 %/year, dominated by Isc losses.

Smith et al., WREF 2012
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Hot-spots lead to larger power loss & pose safety issue

Internal circuitry (IC) failure due to solder bond

2.5
;) Climate Location
5;3_ | ®Hot O India o
< 2.0 -|| ®Hot & Humid 4 USA, AZ @
& ||@Moderate < USA, DE +
9 X Switzerland
© 15 -
[ O x
=
_c'(': 1.0 - o+
B X
a % + % —.
0.0 | -——
Non hot-spot Hot-spot String IV measurements
S
s g3
The first 20 years decline < »
@© 80 -
appears to be around 0.5 %/ < 5
year. 5
E 07 1o Pmax
©
. . . = -+ Isc o
M.ore rapid decline associated 560 S Voc
with FF loss. X FF
Q Q
A R G
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Hot spot because of cracked cell causing non-linearity

-V measurements

120

LACSS
4— 100

=

o

o
|

R

— 2009
— 2016

— 2005
— 2006

g
()
)
m —
o 95 - =
Q Z 80 -
: S
c 90 - 60 -
2 @ "
T 85 - = Y Q.
o OLACSS — Pmax S 40 -
= 1 | 4 Spire — Isc :
£ 80 - |OSOMS —Voc 20 - o — A
§ X Outdoor —FF .-__*-
75 0 ; 50 40 60 80 100 120
O N © & & & N ©
L N N
Month Voltage (% NP)

LACSS: large area solar simulator

Spire: indoor flash tester

SOMS: standard outdoor measurement system
Outdoor: Daystar field measurements

** Module was stable for several years

** Now we see more precipitous decline associated with FF losses, Rs increase
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Delamination can have different impact

Initial stages More advanced stages

Encapsulant/Si Glass/encapsulant

Skoczek et al., Progress in PV, 2009

Before moisture ingress & corrosion delamination appears to scale
with affected area, dominated by Isc losses

12

10

APmax (%)

T
0 2 4 6 8 10 12 14

Delamination area (%) Friesen et al., PVMR, 2011
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Backsheet issues can have different impact

Minor issues

deGraaff et al., PVMR, 2011

Major problem Mani et al. , PVSC, 2014
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Hot-spots most common degradation mode in recent years

Affected module * severity (scaled to 100%)
0 10 20 30 40

Encapsulant discoloration
Major delamination

Hot spot

IC discoloration-

Fractured cells.
Diode/J-box.

Glass breakage:

IC failure

Backsheet insulation compromise
Minor delamination

PID

Permanent soiling
Backsheet other

Frame deformation

All years

/= High severity
Medium severity
BN Low severity

Hot spots

IC discoloration -

Glass breakage -

Encapsulant discoloration

Fractured cells -
Last 10 years
PID

IC failure

Diode/J-box -

Major delamination -

Backsheet insulation compromise

Minor delamination -
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Thin-films: glass breakage most important

Don’t have a lot of data on thin-film degradation modes

Affected module * severity (scaled to 100%)
0 10 20 30 40

Glass breakage -

TCO/absorber discoloration -
Minor delamination
Encapsulant discoloration

Edge seal extrusion

Hot spots

/= High severity
Medium severity
B Low severity

Diode/J-box

Permanent soiling

Fractured circuit
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Percent of affected modules has gone down in newer installations

Moderate Climate
Affected modules (%)

500

400

300

200

100

500]

400

300

200

100

X4

D)

D)

*%

4

D)

(AR )

)

L)

Affected modules*severity

Affected modules*severity*# reports

10000
-
2311 8683 976 7500 19 17 12 g
[ 50000 :’
25 o

N e = L B =

10000

o
7500 ,8,
457 1626 No data soo0 21 6 No data N
2500 8

<10 11-20 20+ 11-20 20+ <10 11-20 20+

Field exposure (years)

Field exposure (years)

Older installations, less than 10 field exposure dominated by
pre-Block V modules

Older installations: encapsulant discoloration dominant but

absent in newer installations

Percent of affected modules has gone down and changed.

Hot spots & PID, and with more field exposure major

delamination
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Field exposure (years)

I Encap.discoloration
I Major delamination
777 Minor delamination
Il Backsheet insulation
77/, Backsheet other
I IC discoloration

/7 IC failure

Il Hot spots
Fractured cells

[ Diode/J-box
Bl Glass breakage
Permanent soiling

B P D

Frame deformation
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Hot & humid see higher fraction of modules affected

Hot & humid climate

Affected modules (%)

Affected modules*severity

Affected modules*severity*# reports

500 10000
1250 I o
=g wo mE — = . |z
300 =
200 - 750 5000 ~
500 s 77774 o
100 250 HITIIIIIT) E— 2500 l o
500 1250 10000 v
400
1000 7500 8..
| 2718 170 Nodata 7% ooy 14 4 No data |
0 =00 . S
100 —— 250 2500umm——" e
— - B ==
<10 11-20 20+ <10 11-20 20+ <10 11-20 20+

Field exposure (years)

Field exposure (years)

+*** Hot & humid climate more mix of degradation modes.

** Newer installations: hot spots, J-box issues

¢ For longer exposure major delamination appears

¢ Encapsulant discoloration still showing up in newer installations
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Field exposure (years)

I Encap.discoloration
I Major delamination
777 Minor delamination
Il Backsheet insulation
77/, Backsheet other
I IC discoloration

/7 IC failure

Il Hot spots
Fractured cells

[ Diode/J-box
Bl Glass breakage
Permanent soiling

B P D

Frame deformation




Desert, new installations: hot spots & internal circuitry discoloration

Desert climate

Affected modules (%) Affected modules*severity Affected modules*severity*# reports
500
1250 10000 v
400 =
200 1000 7500 §
750 N
200 188 4890 2000 2 9 0 o
500 o
500~ 10000
1250 o
oo 1000 7500 ’8'.
90 750 N
20| 1451 4103 No data o 09013 9 Nodata g
o
100 250 2500
i I — =
<10 11-20 20+ <10 11-20 20+ <10 11-20 20+
Field exposure (years) Field exposure (years) Field exposure (years)

I Encap.discoloration

4

D)

» Older installations: encapsulant discoloration /- Major delamination
/7 Minor delamination

Il Backsheet insulation

. . . . . . . 77/, Backsheet other

* Newer installations: hot spots & internal circuitry discoloration ‘/,Cdisco,oration

/7 IC failure

] ] ] ) . ] . Il Hot spots

** Encapsulant discoloration still showing up in newer installations Fractured cells

[ Diode/J-box

Bl Glass breakage
Permanent soiling

D)

Frame deformation

<&

D)

L)
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“New” Degradation Mode?

HIT (heterojunction with intrinsic thin layer)

HIT
Contacts ' '
n-type
40 440400000400000A0000004040447
<
] ]
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a-Si:H(p*)
a-Si:H(i)

0.95 -

0.90 -

o

00

a
|

PR (temp-corr)

0.80 -

Ry =(0.67 £0.18) %/year

0.75] -

—

M| T T " T T
AN AN S S S \99
Months of field exposure

System size: 1kW, 5 modules
Installed Sep. 2007

Kept control module indoors
Degradation is within warranty

Jordan et al., PVSC, 2017
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Nonlinear decline in Voc

Outdoor IV

Indoor IV
3\.0, 100 g
E E 100
o 95 - ]
g €
(L]

S 90 - 5 95
Q o
o i © Module
o 85 ]
N N oo . |O 638A02518
© © + 63BA03526

80 -
€ £ < 63BA04062
o o X 63BA04069
< 75~ Z 85 | A 63BA04081

70

Month Month

Temperature corrected to 45°C

Isc: within measurement uncertainty
FF: small decrease

Voc: most of the decline in first 2 years
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Uniform across module, R, increase

Electroluminescence
T ik

B (| ) ‘ ‘
— ::; " ::I i : Some cells show slight edge-shunting, but..
T T T it is also present in the control module!
L i
11 11 4 Dark IV taken in 2006 & 2016
00 01 ) Rsh 2006 (Q)
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Some series resistance increase
No shunt resistance decrease

Dark Lock-in Thermography
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New cell designs may lead to new degradation modes

From Suns-Voc measurements Same HIT structure on n- & p-type

5000
'_//[ T T T T T
g O SN 18 fielded
:t‘n’ 4000 - < SN 80 control 35 1 —n-type
0 _ e
N mm——
.E g p-type “fla
© 3000 - $ 20 ]
= E
v - — implied FF = 84.1%
5 2000 - % 25 4 =— implied FF = 82.3%
Z £ --- implied FF = 83.1%
1000 = ] 10\4 1015 1013 T
min. car. density (cm=)
0 —/I/ L L 1 1 1
0 0 500 550 600 650 700 750
T T T T T T T T T T . .
0 le+15  3e+15  5e+15  7e+15  9e+15 implied V (mV)
Carrier density (cm™3) Descoeudres, De Wolf et al., JPV, 2013.

Sinton et al., EU PVSEC, 2000. _ . .
p-type lower FF = lower quality passivation layer

Appears as a slightly “higher series resistance”
Passivation layer is degrading

Cell structure has changed with field exposure

1. Prices go down = new bill of materials leads to question on dependability
2. Efficiencies go up = new cell designs may lead to new degradation modes

NATIONAL RENEWABLE ENERGY LABORATORY 22



Summary

» Failure rates are not often reported but mostly
relatively low ca. 5 out of 10,000 annually

*%* Fewer degradation modes in newer installations

» Most dominant degradation modes in the last 10
years is hot-spots

% “New” degradation modes can occur from new
change of bill of materials & different cell designs

NATIONAL RENEWABLE ENERGY LABORATORY




Please use Visual Inspection Tool

Uses IEC/UL standard terminology

Balance collection of sufficient detail for
degradation mode evaluation against
minimizing recording time per module

Consists of 14 sections- based on module
component

Short & long version available

LiNREL

NATIONAL RENCWADLE ENCRGY LADCRATORY

Development of a Visual
Inspection Data Collection Tool
for Evaluation of Fielded PV
Module Condition

Corinne E. Packard

National Center for Photovoltaics

National Renewable Energy Laboratory

Department of Metallurgical and Materials Engineering,
Colorado School of Mines

John H. Wohigemuth and Sarah R. Kuriz
National Center for Photovoltaics
National Renewable Energy Laboratory

NREL is a national lab. y of the U.S. Depar of Energy, Office of Energy
Effidency & Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
Technical Report

NREUTP-5200-56154

August 2012

Contract No. DE-AC36-08G028308
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Isc and FF losses dominant

Lesson Learned

2014-2015 PV PLANTS EVALUATED: 59,000 STRING AND INDIVIDUAL MODULES

S |te Age (yrs) Technology Noésglh::gtéles Location Climate Zone
AZ1 8 poly-Si 1,128 Arizona Hot-Dry
AZ2 6 poly-Si 54 Arizona Hot-Dry
AZ3 16 mono-Si 1,512 Arizona Hot-Dry
AZ4 16 mono-Si 1,512 Arizona Hot-Dry
AZ5 6 HIT 1,280 Arizona Hot-Dry
AZ6 12 mono-Si 2,352 Arizona Hot-Dry
AZ7 6 HIT 504 Arizona Hot-Dry
AZ8 9 poly-Si 324 Arizona Hot-Dry
CAl 5 poly-Si 23,500 California Temperate
COl 1.3 CdTe 132 Colorado Temperate
CcO2 3 mono-Si 24 Colorado Temperate
CO3 2 HIT 40 Colorado Temperate
CO4 1.5 HIT 35 Colorado Temperate
CO5 3 CIS 64 Colorado Temperate
CO6 3 CIGS 72 Colorado Temperate
CO7 3 poly-Si 33 Colorado Temperate
CO8 3 poly-Si 36 Colorado Temperate
NY1 18 poly-Si 744 New York Cold-Dry
NY2 19 poly-Si 360 New York Cold-Dry
NY4 3 poly-Si 28 New York Cold-Dry
TX1 5 CdTe 22,000 Texas Hot-Humid
TX2 5 CdTe 1,035 Texas Hot-Humid
TX3 5 CIGS 720 Texas Hot-Humid
TX4 5 a-Si 672 Texas Hot-Humid
TX5 5 poly-Si 340 Texas Hot-Humid
TX6 5 poly-Si 340 Texas Hot-Humid
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Lesson Learned — Isc and FF loses dominant

% ¢-Si: Hot-Dry Climate 30 ¢-Si: Hot-Humid Climate
6-16 years — o S years
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s, =3 [ — | |§. T
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o §, —
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FF drop is due to series resistance, Rs, increase
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Question
Isc loss FF loss
Study 1 Rs increase?
Encapsulant Browning If Yes Study 2

Thermal Fatigue?
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Presentation Outline

> Siemens M55 modules from three climates

» Light & Dark |-V: FF vs Rs correlation

Cut backskin
> IR imaging: T vs. Rs correlation

> Sample extraction:
Cell or cell strip extraction
Chemical Methode vs. Mechanical method
> Peel strength: Peel strength vs. Rs correlation
Extracted cell
» Four-point Rs: Exposed vs. Unexposed

» Thermal modeling: Thermal fatigue vs. Rs

5
Source: https://www2.pvlighthouse.com.au/calculators/grid%20calculator/grid%20calculator.aspx
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The following c-Si M55 Siemens modules were used in this study
» Arizona (Location: Phoenix, Latitude - 33.44°)

Climate - Hot and dry
Age - 18 years
No. of modules - 3 [514210, 464185, 19490 (control)]
» California (Location: Sacramento, Latitude - 38.58°)
Climate - Temperate
- Age - 28 years
No. of modules - 2 (1 aged and 1 control)
» Mexico (Location: Xoxocotla, Latitude - 18.64°)
Climate - Warm and Humid
- Age - 23 years

No. of Modules -1
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Dark I-V: FF vs. Rs correlation

Average cell level Rg vs FF for all modules Age
100 Arizqna Aged - 18 Years
® Arizona Aged Best Me).qco .Aged — 23 Years
v Arizona Aged Worst California Aged — 28 Years
80 *  Arizona Control Arizona Control — unexposed
®  California Aged ] )
N % . e California Control California Control — unexposed
§ 60 - o o’ =.* A‘,» A Mexico Aged
g T oww iy a A Climate
g v A A R e
L 40 A aa Arizona — Hot and Dry
i California — Temperate
Mexico — Warm and Humid
20 |
No. of Cells
0 : . - . Arizona Aged Best - 31
0.00 0.05 0.10 0.15 0.20 0.25 Arizona Aged Worst - 31
Rg (ohms) Arizona Control - 17

California Aged - 15
California Control - 17
Mexico Aged - 21
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IR Imaging: Temperature vs. Rs Correlation (Mexico cell)

Cell level Rq vs Temperature for Mexico Module Solder

40 Position
o Center
+ 0 Edge
39 + Solder
Position
O 30 * Hl (Ezgnter
Q
5 578 - i m Solder
LIt e
2 5 by & b e
e
2 20
15
10

0.020.040.060.080.100.120.140.160.180.20
Series Resistance (Rs) Edge

Center
The temperature of the cell was measured by using IR imaging by passing dark I current
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Cell extraction — Chemical method

Sample before
JEVA dissolution

Fixture Top View Fixture Bottom View Fixture Immersed in TCE Bath

Sample after
§ EVA dissolution
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Cell strip extraction — Mechanical method

 The chemical method may or may not affect

the solder bond properties of the PV cell

* In order to check the validity of the method,

- - T
=z N, .,

a mechanical method was also used* Cell after smoothening and removal
of backside metallization

* In this method, a strip of the cell is removed

from the module without breaking the glass

Metal tube attached to the cell

Personal communication: Dr. Nick Bosco, NREL (right tube reused) 10
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Cell strip extraction — Mechanical
method

« This setup is left untouched for 8

hours to allow the epoxy glue to cure

» Heat is provided from the front side
using heat gun to loosen the

encapsulant

 Force is applied on the metal tube In

opposite direction and the cell strip is

extracted Extracted Strip

11
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Comparison of sample extraction methods

Factor ()

Chemical Method

Mechanical Method

Time

1-2 hours

8-10 hours

Sample Size

Size of a single cell

A strip of cell along solder

Hazardous

Very hazardous

Not hazardous

Cost (for 5 samples)

$60

$35

12
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Peel strength vs. Rs Correlation

6.5
6.0

5.5
5.0
4.5
~4.0
<
e 3.5
o 3.0
-
25
2.0
1.5
1.0
0.5

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time (s)

Cell

m Arizona-464185/High Rs (18 years)
® Arizona-514210/High Rs (18 years)
m Mexico High Rs (23 years)

* A module with high series resistance observes a lower value of peel strength.
« Mexico modules has a lower peel strength when compared to Arizona modules.

13
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Peel strength vs. Rs Correlation

Module R, vs Peel Strength of modules from different climates

55 Place

* Arizona
5.0 o California
4.5 * A Mexico

4.0
® 3.5
£
£ 3.0
o
& 2.5
2.0
1.5
1.0

0.5
0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5
Peel Strength (N)

* Peel strength decreases with increase in series resistance

14
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Four point probe resistance measurements

Samples extracted from chemical and mechanical methods were

used for the four point probe resistance measurements.

Resistance of various combinations that contribute to series

resistance were measured.

The four point probe apparatus consists of Signatone SP-4

machine which is connected to the Keithley 2700 multimeter.

15



ARIZONA STATE UNIVERSITY

PHOTOVOLTAIC RELIABILITY LABORATORY

Four point probe resistance measurements

» BUSBAR-SOLDER
/ Ribbon Busbar \
I RIBBON —
BUSBAR » BUSBAR-SEMICONDUCTOR Tger
» SEMICONDUCTOR \ /
» RIBBON-SEMICONDUCTOR

Combinations influencing series resistance increase

16
Source: https://www2.pvlighthouse.com.au/calculators/grid%20calculator/grid%20calculator.aspx
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Four point probe resistance measurements

CURRENT LEADS

VOLTAGE LEADS

» BUSBAR

» RIBBON

» SOLDER

Four point probe position
17
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Four point probe resistance measurements

Comparison of resistances of aged modules with control module

Combination Control Arizona % change Mexico % change
module () | modules () module ()

R (semiconductor) 4.6 8.73 89.78 (1) 11.1 141.3(1)
R Ribbon - Semiconductor) 6.045 6.88 13.81(7) 9.77 61.62(1)

R Busbar - Solden) 0.0045 0.011 144.44(1) 0.0143 217.77(7)
R Busbar - Semiconductor) 4.35 5.57 28.04(1) 7.015 61.26(1)

R (Ribbon- Busbar) 0.0052 0.0176 238.4(1) 0.0171 228.8(1)

R Busbar - Fingers) 0.0212 0.0656 209.43(1) 0.0235 10.84(1)

« The major combinations that have a significant rise in series resistance are the
ribbon-busbar and ribbon-solder combinations

18
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Four point probe resistance measurements

Comparison of resistances of aged modules with control module

Combination Control Arizona % change Mexico % change
module () | modules () module ()

R (semiconductor) 4.6 8.73 89.78 (1) 11.1 141.3(1)
R Ribbon - Semiconductor) 6.045 6.88 13.81(7) 9.77 61.62(1)

R Busbar - Solden) 0.0045 0.011 144.44(1) 0.0143 217.77(7)
R Busbar - Semiconductor) 4.35 5.57 28.04(1) 7.015 61.26(1)

R (Ribbon- Busbar) 0.0052 0.0176 238.4(1) 0.0171 228.8(1)

R Busbar - Fingers) 0.0212 0.0656 209.43(1) 0.0235 10.84(1)

« The major combinations that have a significant rise in series resistance are the
ribbon-busbar and ribbon-solder combinations

18
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Climate specific thermal modeling

Thermal fatigue in a module is mainly caused due to two

important factors

The first factor is the daily temperature change due to day and
night temperatures which effects the solder bond gradually by

expansion and contraction

The second factor is due to cloud cycles which occur every day

causing the sudden expansion and contraction

19
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Climate specific thermal modeling

In this study, the fatigue accumulated for 20 years (1991-2010) was
calculated using the model developed by Dr. Nick Bosco of NREL

Four different climates were used in this study

> Arizona - Hot and dry
» California - Temperate
> Mexico - Warm and humid
» Colorado - Temperate

Weather data was used for the calculation of thermal fatigue and was
obtained from TMY3 data

20
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Climate specific thermal modeling for thermal fatigue
« The thermal fatigue accumulated is given by the formula

D =C (A7) .(r(T))" €%k . Tmax
where,

AT is the mean daily maximum cell temperature change

T .ax IS the mean daily maximum cell temperature
C is a scaling constant Time Interval Reversal
Q and kg are activation energy and Boltzmann’s constant (min) C Temperature (°C)
r(T) is the temperature reversal term ; 239 9 56.4
C=405.6, T=54.8°C, n=1.9, b= 0.33, Q= 0.12 eV 5 549.9 56.9

30 344.1 55.8

60 405.6 54.8

Source: Nick Bosco, NREL 21
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Module R, vs Thermal Fatigue accumulated 20 years (1991-2010) of modules
from different climates

Climate
8.00e+05 o O Hot and Dry
O Temperate
7.00e+05 + Warm and Humid
Place
6.00e+05 M Arizona
| California
© m Colarad
5:, 5.00e+05 . L . Mexico
)
3 4.00e+05
= m|
L 3.00e+05
2.00e+05
1.00e+05
0.00e+00

0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 55
Rs (ohms)

Higher thermal fatigue is expected to weaken the solder bonds resulting in higher Rs

Mexico (warm and humid) has the highest series resistance but not the highest fatigue. This
indicates that fatigue alone is not responsible for the Rs increase. Instead a combination of
factors including thermal fatigue, IMC (intermetallic compound) formation and corrosion seem

to be responsible for the Rs increase. 22
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Conclusions
Aged modules (18-28 years) from 3 climates investigated in this

correlation study
Dark IV - FF vs. Rs: A strong correlation exists
IR imaging — T vs. Rs: Hotter along the ribbon-busbar

Sample extraction — Chemical vs. Mechanical method: Nearly same

(mechanical method is preferred as it is non-hazardous)
Peel strength — Peel strength vs. Rs: A strong correlation exists
Four-point Rs: Largest increase in Rs is attributed to the solder bonds

Thermal fatigue: No direct correlation between thermal fatigue and

series resistance could be established (Series resistance increase seems

to be dictated by a combination of factors including IMC formation, thermal

fatiaiie and/or corrosion_ biit not thermal fatiaiie alone) 2



NREL/SNL/BNL PV Module Reliability Workshop
Tuesday morning discussions:

Twist test: Eric Daniels presented evidence that inclusion of a twist test in IEC
61215 might help to identify modules that are susceptible to damage during
installation and other handling. A twist test was used years ago but was
discontinued in about 2002 because all modules passed it, but with larger modules,
larger cells, thinner wafers, thinner glass and thinner frames (which have moved
from 50 mm to 40 mm to 30 mm), many of today’s modules would fail the test.
While multiple individuals voiced support for the addition of a twist test,
there was also concern about requiring sturdier modules that would be more costly
if the problem could be solved by careful handling of the modules.
Follow up on twist test discussion: We may need to define:
* How a test would be administered, (For example: How much twist for how long?
Do we need to vibrate it while it’s twisted? After the mechanical stress is applied, do
we need additional thermal cycling stress? Would the pass-fail criteria be based on
observed damage or on power reduction?)
e What level of twisting should we allow during installation? What are strategies for
reducing the mechanical stress that is applied at different stages of handling? Would
watching the installers educate us about how modules are handled?
* What does it mean to be installed flat? Is some flexing on the rack acceptable?
What effect may trackers have by applying differing stress as the tracker moves?
* How might a test procedure be adjusted if a module manufacturer specifies a
particular approach to handling modules during installation? Could a tool be
developed that allows handling without twisting?
* How much power loss is occurring? If damage is observed in the field at the time of
installation, can we estimate the associated power loss that will subsequently occur?
e [s it just the twisting? Sometimes modules are damaged during transportation
while still in the crate. Would it help to train the installers about the difference of
letting the backsheet bounce on their hard hat vs the glass side bounce on their hard
hat when carrying modules over their head? What else?

Degradation rates: Customers care a lot about degradation rate; what do we know?
Substantial effort is going into studying degradation rates. We can provide statistical
data about what is seen in the field, but it is preferable to measure the degradation
directly on the product of interest. For example, SunPower has developed a model
and compared it to field data. These studies require substantial investment.

General advice: If a neighbor asks what to look for, what shall I say?
The panel responded with a range of answers including:
- Getagood inverter (inverters are reported to have higher failure rates than
modules)
- Ask whether the installer walks on the modules (walking on modules or
carrying them by balancing them on hard hats is likely to damage them)



Look at the reliability data from the module manufacturer (for example,
SunPower has developed a model predicting performance out to 40 years)
But, the manufacturer data may be biased, so look at 3rd-party data on the
modules.

Ask if the installer is NABCEP certified (NABCEP provides continuing
education for installers - usually at the residential or commercial level - on
installation best practices and the latest technology developments)

Ask if the installer has considered locally useful precautions such as guards
to keep squirrels from building nests and/or designs that avoid leaves
building up under modules. If the installer’s response reflects revisions to
system design based on local experience, this is a good sign.
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PV module mechanlcal fallure modes
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David DeGraaff David DeGraaff John Wohlgemuth David DeGraaff

Thermomechanical stress induced in a PV module is a leading driving force of module failure. These failures include delamination, cell fracture, and solder bond fatigue, among others. Each of these failure modes depend on the
specific deployment environment (temperature, humidity, etc) and electrical characteristics (e.g. temperature non-uniformity) of the module.

A predictive thermal-mechanical-electrical simulation capability is desired to quantify loads on PV module interfaces and materials as the result of the environment and stressors. The model will be three-dimensional in order to
capture details of the module configuration. As a part of the Predictive Simulation Capability, this model framework should integrate predictive simulation with capabilities in materials discovery and module durability testing.
Thermal loads (from environmental cycling or from electrically-generated temperature non-uniformities) will drive mechanical deformation, and the mechanical component of the model will predict generated stresses, interface and
material failures. A major part of this effort will include the development of appropriate constitutive models for the complex thermo-visco-elastic/plastic behavior of many materials. Model validation is also critical, both at the
materials and module scales.

This capability will be a computational code (model), documented workflow, and a community of practice for industry and academia to characterize environmental thermomechanical loads on PV modules. This model will enrich PV
degradation databases to expose the origins and magnitudes of thermal and structural stressors on modules, materials, and materials interfaces.
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DuraMat Field Deployment Capability Bruce King

Sandia National Laboratories, Albugquerque, NM 87185

SAND2016-10543D DuraMat Workshop

October 10-11, 2016

Linking Outdoor Performance Project Synergies
Abstract with Laboratory Diagnostics PV Lifetime

* Newly established project to assess the lifetime and durability of

Field deployment is a key aspect of confirming the durability of _ .
commercially available PV modules.

new module materials and module designs. Field deployment

validates the results of Accelerated Module Testing (Capability 4) by Outdoor Capabilities ) Mglti-}/ear, R I th.e il
confirming the field relevance of degradation mechanisms and * Two fully programmable Two-Axis trackers | * Grid-tied PV systems tha.t reflect U. S. c?mmerual market
acceleration factors. These considerations are particularly ° Large, flexible mounting surfaces snare. Target 10kW minimum sy./stem size (30+ modules).
important in demonstrating the bankability of either newly * Single cell packages to full scale modules, | * 100% pre-deploymept A

developed or known materials that are being used in a new complicated form factors = el D e novel hardwa.re

environment, such as those identified by Predictive Simulation * Full electrical performance (IV curves, yeoin obtz?nned from these §ystems W'”, be ,USEd UOEOIT TS |
(Capability 2) and Materials Discovery (Capability 3) and facilitate temperature coefficients, angle of degradation rate curves with greater fidelity than currently exists.
technology transfer, commercialization, and market success for the incidence) Soiling

most promising materials. Indoor Module Lab * Performance loss stations in operation at most RTC sites

+ Industry standard AAA 1-sun flash tester * Laboratory tools to study fundamental impacts to PV performances

e Artificial soiling capability

* Analytical methods to quantify loss, characterize interaction of
incident light with surface soil

e Custom Electroluminescence (EL)
enclosure, mini-modules to full-size

 Temperature controlled light-soaking
chamber, integrated IV sweep capability Predicts II?

Cell and Device Lab

* Reflectance and transmission
measurements, Cary Spectrophotometer

* Solar cell spectral response/quantum
efficiency measurements

e 2 1-sun cell testers

Powered by
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Causes of the Most Frequent Degradation Mode of Crystalline Silicon
Photovoltaic Modules

Mohammad Aminul Islam?!, Yasuaki Ishikawa!, Sadao Sakamoto?, Hidenari Nakahama?, and Atsushi Masuda?
LNAIST, 2 AIST, 3 Nisshinbo Mechatronics Inc., Japan

Introduction

Previous Review [1] Link to

— L. —— > Optical Transmission Loss

Crystalline Major Losses)

S1 PV I
SC . . .
— Link to. Optical Transmission Loss
e Voc - PV Cell Degradation
Ly

Methods and Results

Four different published works has been reviewed in this study-
Case 1. Case 2:

145 mono- & multi-S1 PV modulesat 42 mono-Si PV modules at Southern

Hamamatsu, Japan for 1990-2000 [2].  Spain for 1996-2008 [3].

Case 1 Similar degradation in delaminated and non-delaminated modules

Table 1 Average power loss(%), coefficient of correlation between AP, x Al

and AP . x AV_., and visual observation (each group 1s for different manufacturer)
Group| Ave. APmax/% |Corr. Coef., AP .xXAl | Corr. Coef., AP,.xXAV,. |Delamination
B 6 0.52 0.6 O
C 6.4 0.13 0.34 X
H 6.5 0.97 0.84 X
M 5.9 0.88 0.84 O
~ 10.0 gmo
> - Alsc
o 8.0 ¢ Alsc $ 2 80 ¢ °
g AVoc o AVoc ¢
o L = ® 0& ®e
s 60 AFF *» s 6.0 AFF Ve ¢
= o 2
c 40 L = 40
< R A =
Ty e AN N
2 R o a 2
L —_';_;I-lr.:r.& 5 00
S 0.0 50/ 7100 150 ot
o -2.0 —-2.0
Decrease in Pmax ( % ) Decrease in Pmax ( % )

Fig. 1 Group H (29, non-delaminated) [2] Fig. 2 Group M (39, delaminated) [2]

Delaminated and non-delaminated modules are showing similar losses
indicating delamination is not the only cause of I . or P_ . degradation.

Case 3 20 years of field exposed (all discolored, slightly deteriorated)

2.0

3 == — Layout A B C
2.5 \ 10 =~ Number of fingers 30 34 28 =
\\ Number of modules 4 5 16
0.0 - i
2

=2
I
‘

Current [A]

S
-\ 1997
—|V 2010 \\\\ g Y
@)

o
L =
—
oo
(an)

*FF increase!
*Rs not affected MR

Module IR462 - IV curves \\

0 . .
0 5 10 15 20 25

Voltage [V] 50 -——MA mB mC mTotal (one A type module neglected)
Fig. 5 I-V curve of a module at 1991 and Fig. 6 Average change of I-V parameters
2010 [4] [4]

Table 2 Average clectrical parameters change from 1991to 2010

Isc [A] Voe [V] FF [%0] Pmax [W]
Absolute change -0.079 -0.51 0.57 -1.82
Change [%] -2.6 -2.4 0.8 4.1
I /P .. losses may dominated by the-
*Modules degraded by keeping the O Discoloration
shape of the I-V curve, similar O Diffusion length variation
degradation was found recently in PID O Crack
of n-type Si PV module [7]. O Cell quality
Conclusion

ok For crystalline Si PV module, P, loss is dominated by the I
degradation mode 1n most cases, although 1t 1s not the only cause.

°>< However, | /P, degradation could not be attributed to only visual
changes (optical transmission loss), sometimes, lead to
misunderstandings of the main deterioration mechanism.

> Also, delamination and discoloration could affect the cell I .

> It is estimated that several degradation mechanisms of PV cells could
affect I, degradation mode.

>%One of the leading cause is the inherent junction quality degradation
which induces reduction of V__ as well as [, of PV cells over time.
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v EVA Discoloration v N - .
0. of modules reviewed: 449
v EVA Delamination

R v" Observation duration: 1990-2010

v Anti reflection Coating v" Characteristics measured before and

v’ Inherent Junction Damage after installation

v Reduce R,

Case 3: Case 4: 192 mono-Si PV modules at N.
70 multi-S1 PV modules at Northern California, cool marine environment,
Italy for 1991-2010 [4, 5]. for 1990-2001-2010 [6].

Case 2 Correlation between the visual defects and electrical parameters

-20%

-15%

-10% -

Decay

R WL
THECTEELEGLLELRBEORE BT LG LRl
0% - —ll |IIIII||III I II I l I n II

B AFF OAVoc B Alsc = APmp
Fig. 3 Variation of the characteristic parameters for 42 PV modules 1n the installation [3]

p—
S N

Major loss

X
g- < E)é‘r;:f;);ds to the Isc/PmaX lO.SS mec.hanism.s is ascribed to the-
= [ Antireflective coating,
- & O Front delamination and
: Na D O Inherent junction degradation.
=
0

A 3
Qc»k QQQ
E &

Fig. 4 Variation of electrical parameters after 12 years of installation

Case 4 20 years of field exposed module (non-uniform degradation)

O First 11years -degradation rate: 0.4%/y, EVA yellowing observed
[0 Next 9 years -degradation rate: 1.37%/y, indication of additional deterioration
mechanism

Table 3 Statistical comparison of module parameters (partially modified from [6])
Statistic Year PracW) | 1.(A) | V(M) | 1 (A) |V (V) | FF
%Change | 1990 v. 2001 | -4.35%| -4.37% -0.29% -6.31% 2.12%| 0.8%

2001 v. 2010 | -12.32%| -6.04%| -0.66% -10.94% -1.46% -6.4%
1990 v. 2010 | -16.13%] -10.15% -0.95% -16.5/%  0.63% -5.7%

% Change | 1990 v. 2001 | -0.395%| -0.398%| -0.027% -0.574% 0.192% 0.07%
[Year | 2001v.2010| -1.369% -0.671% -0.073%| -1.216% -0.162%| -0.71%
1990 v. 2010 | -0.807%] -0.507% -0.047%| -0.828%| 0.031% -0.28%

4.0—

2010
(C) -:E:EDDT !

P_.. decay
corresponded
closely to I, decay
rather than I,

o

Currenﬁﬁ)
N

—

Estimated degradation-
O Reduce Rsh
: | ‘ ‘ ‘T O Delamination
e T B LT a aT - O Discoloration
Voltage (V)
Fig. 7 (a) Delaminated cell, (b) discolored cell, and (¢) comparison of IV curves for a module [6]

- Non-uniform degradation is
0.5|— observed in the I-V curve
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Introduction
Silicon Stress (from the Theory of Elasticity)

BEAM TYPE SLOPE AT ENDS DEFLECTION AT ANY SECTION IN TERMS OF x MAXIMUM AND CENTER
DEFLECTION
6. Beam Simply Supported at Ends — Concentrated load P at the center
o | g4 2 Px (3 ! ;
W 6!11.:\ el=e,=i y: Y ——)Cz fOI‘ O<)C<_ - 6 = Pl
l_l‘ / |_f © 16EI 12E1\ 4 2 ’,’ max - AQET
- . ‘
1
U
’
------------------- < : .
< S
GLASS «z32mm;E=60GPa__.> Glass is expected to influence

the silicon cell stress but
Encapsulant !l really??

0.40 mm; E=5-21 MPa
Encap ~7

s s 3->018mmE=70GPa
Encap
Backsheet (PET)

Schematic cross section of a typical solar photovoltaic (PV) module
(with crystalline silicon cells showing thickness and elastic modulus
of all the layers)

i 0.40 mm; E =5-21 MPa

0.30 mm; E =2 GPa

Dynamic Mechanical Properties Crack Development - Dynamic Loading (160 pm cells)

Motivation R

* Recent Experimental research 6 | .
studies show strong encapsulant Silicone : I N .
influence on cell fracture [1-2] and =« = . .o = = T i

EVA has steep modulus transition with temperature, Influences cell cracks,
Mickiewicz et al. , 2011 [1]

residual stress [2]

 Encapsulant, EVA has steep
transition of modulus with
temperature, hence affects cell
residual stress during lamination

e Effect of encapsulant on PV module
stress was not modeled
systematically

A stiffer encap (B) reduces module bending load capability, Handara et al. , 2017 [2]

Encap B is ~ 4 times
stiffer than encap A

Characteristic Bending Load (N)

Systematic modeling of encapsulant effect on cell residual stress is
essential to optimize PV module strength and reliability

Results & Discussion

Cell deformation during module integration

Post-soldering Post-lamination

) -0.002
1.574 i -0.004
1483 0,009 -0.006
1403 0.007 -0.008 :
1.317 0.006 -0.010
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g.ggg S0.00L | g 019
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b.803 :0.002 0.020
0,631
0545

-------
000000000000

After Vacuum Pressure (0.1 MPa)

Showing only cell

Vacuum pressure and thermal contraction are (displacement scale: 50x
i e e
transferred to the cell through the encapsulant | = . cciaaomso s e nee
“0019 interconnect causes high bending stress

Cell residual stress (in X-dir, Sxx) near the interconnect

“airsw  Post-soldering (hegs 75%) Givos 75%) P
‘s After Vacuum Pressure “wi=%  Ppost-lamination
;E 123.000 E 300.000 e n
03,594 = 258,923 SES:E?D
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176.769
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[ -225.425
-2584,555

Effect of encapsulant on cell stress (Sxx)

Encap Stiffness vs. X-dir stress in the silicon cell
700

Encap CTE vs. Silicon Cell Residual Stressin X-dir

= 480
650 : §
g 470
§ 200 : Post-Lamination E
72> ' @1kN External Load § 460
- o : ;’U 450
& 450 | 3
8 400 | ﬁ “0
|
350 g
IEVA =
300 | o 420
0 2 4 6 8 10

0 1 2 3 4 5 6 7 8 9 10

Encap CTE Multiplier
Encap Stiffness Multiplier P ultipli

Encapsulant modulus significantly affect the cell stress, both residual
and operational
Effect of the CTE of encapsulant on cell stress is insignificant
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2D Finite Element Analysis
FE Model Details A e I O

Actual 1 cell Module | S
withibz

Interconnect Size:

=0 :
Wi Width: 3 mm

cells Thickness: 0.2 mm
. . ;. Axis of Symmetr
Iy Simplified 2D Model i
% Cu Interconnects FE Model
C WUNR O 0 000 s T T T T T T T T T T T |
' Model Size: Back sheet |
| Module: 175x175 mm ol ~ i — i
2 = Cell: 125x125 mm * EVA |
N — = | |
. ° Y |
Simulation Steps: [ e | i
1. Soldering of cell & interconnect @ 210 °C, X R T

2D FE Mesh [3]

Middle Interconnect

cooling to room temperature (RT)

2. Lamination:
a. Preheating to 50°C
b. Vacuum pressure (0.1 Mpa) application
c. Heating to lamination temperature, 150 °C !
d. Cooling to RT /

3. Mechanical Loading (@RT): Load of 1kN % '
applied as uniformly distributed IOad over Standard contacts between cell/IC Plane strain quadrilateral elements
| and encapsulation polymer with 8 nodes were used in the model

End Interconnect Edge of the cell

module span

Material Properties [4-5]

Young's Modulus, E (GPa) CTE (mm/mm/deg C)

Axis of Slymmetry

Material Poisson's Ratio
Value Temperature (deg C) Value |Temperature (deg C)
el s | Epcapsulant Material Variation:

Silicon 130 0.28 2.61E-06 27 _ : inliar¥ _ 0
e z E it / soft encap = Stiffness Multiplier*E ¢, (-20 to 100 °C)
3.34E-06 147 = inlier*®

— - CTE ich / low encap = CTE Multiplier*CTE ¢, ,
Copper 85.7 25 03 1.70E-05
(Interconnect) 82 125 ' ' Encapsulant Modulus (in terms of EVA Modulus)
79.2 225 1000
Glass 73 0.235 8.00E-06 ——EVA
0.1 -20 E 100 —o— (0.1xEVA
Encapsulant (EVA)| 0.0065 100 0.4 2.70E-04 %— —o— (0.2xEVA
0.00065 150 3 0.5XEVA
Backsheet 35 029 [5.04E-05 g v J EVA
2 —— 5XEVA
2 ! —+— 10xEVA
2D FE model can be used to evaluate the -
. -50 0 50 100 150 200

limits of encapsulation polymer on cell stress Temperstore g

Results & Discussion cont..

Effect of front/back encapsulant modulus on cell stress (Sxx)

Front encap stiffness vs. X-direction stress in the silicon cell Back encap stiffness vs. X-direction stress in the silicon cell

700 I 650
650 I 600
| . . —

T 600 | Post-Lamination § 550 Post-Larmination
% 550 : @1kN External Load < 500 @1kN External Load
9 500 O
h I 5 450
v 450 | 2
Y 400 : g 400

350 |EVA 350

300 ' 300

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5

Encap Stiffness Multiplier Encap Stiffness Multiplier

Front encapsulant modulus has dominating effect on the cell stress

Conclusions & Path Forward

Conclusions:

* Encapsulant (front) modulus effects the cell stress significantly

* Selecting dissimilar encapsulants with softer front encapsulant will
lower the stress significantly

 This study can be used to guide low stress encapsulation materials

Ongoing Further Research:

 Dynamic mechanical analysis (DMA) of commercial encapsulants
evaluate the actual modulus differences.

 Experimental evaluation of mini-modules with different encapsulation
polymers to validate the FE simulations.
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Cause of Current-Collection Failure Observed in Isc-Reduction Phase of PV
Cells and Modules Exposed to Acetic Acid

“Tadanori Tanahashi, Norihiko Sakamoto, Hajime Shibata, and Atsushi Masuda
National Institute of Advanced Industrial Science and Technology (AIST), Japan
Introduction & Experimental Procedures

Motivation

How does /sc-reduction contribute to the power-loss,
irrespective of irradiance-reduction by discoloration?

Our Experience

Mfg. in 1993
in field (Cfa): over 20 years

(vs. Name Plate)

-No / Slight Discoloration
-ca. 1%/Year Degradation

PV cell

e T

a
Experlmental

with Alsc & AFF :f:} A

Pmax: -21.8%
+/- HAc (3%)
Isc: - 7.3% at 85°C/ 80% rh < \
o a) Experimental Setup c)lSetups in Oven
Voc: -1.5% AC Impedance Measurement
F F : = 1 4 o 4% a) Intact Contact b) Corroded Contact

(HAc = Acetic Acid)

Glass

PV Mini-Module

Encapsulant (EVA

Encapsulant (EVA)

Backsheet (PVF/PET /PVF)

(Visual Image / Archltecture)

" at 85°C / 85% rh

Ba CkgrOU Nd (HAc-vapor Exposure of Bare PV Cell)

- Rs rapidly increased during the early stage of HAc-vapor exposure.
- Additional enhancement of Rs is not induced by further exposure.
- Electric power generation is substantially reduced by decreasing /Isc.
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Summary

We have proposed the two-phase degradation mechanism involved in the corrosion process of PV cells / PV
modules, which 1s comprised of power-losses induced by FF-reduction (Phase I) and by Isc-reduction (Phase II)
| Tanahashi et al., Proc. 43rd IEEE Photovoltaic Spec. Conf., 2016, pp. 1075—-1079]. Although we have already known
that the degradation in FF-reduction phase (Phase I) 1s due to the formation of gap underneath front electrodes, the
precise mechanism on degradation in Isc-reduction phase (Phase II) has not been understood.

In this study, we analyzed the characteristics of AC impedance of PV cells and PV modules in Phase II, by DC
bias-voltage dependency of them. And, it 1s suggested that the power-loss in Isc-reduction phase (Phase II) is
induced by denaturation or modification of direct contact (with shift from ohmic contact to rectifying contact)

between silver (Ag) bulk and emitter of Si wafer, from the following results;

- In both corrosion tests (acetic acid-vapor exposure of PV cells and damp-heat stress test of PV modules), DC
bias-voltage dependency of C3 was drastically changed in the Isc-reduction phase (Panels 4 & 8), although the
characteristics of p-n junction (R2 and C2) were stable even 1n this phase (Panels 2 & 6).

- In both test conditions, the evolutions of €C3_SLOPE were correlated with those of Isc (Right Panel & Panel 12).

- By using the degraded PV cell with single-comb front grids, the origin of current-collection failure in the /sc-
reduction phase was 1dentified as in the front grids (Panels 9 to 11).

Results

Panel 1: in Bare PV Cells Exposed to HAc Vapor
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Panel 5:

in PV Modules under DH Stress Test

Effects of DC Bias on R1 R2  R3 A
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in Single-Comb Front Grids
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Single Comb No Comb Sample

Sample

Intact Sample
(Cut-Piece with
2 Busbars)

Busbar to Busbar Resistance (Control Cell: Front = 47.3 + 2.2 mQ, Rear = 6.7 # 1.5 mQ)

After Exposure to HAc-Vapor for 48 h

Intact Single-Comb No Comb
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Panel 6: in PV Modules under DH Stress Test
Effects of DC Bias on R2 / C2 R2
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C2 (Mott-Schottky plot)

Preparation ~ Ppreparation of Single Comb in Front Grid-Lines Single Comb in Front Grid-Lines
EL: after HAc-V exp. Scraped front- grlds

/'\ Iy
=/ &
LCR Meter LCR Meter
o — =

Forward DC Bias Reverse DC Bias

——oooo_h -0000_h
g- ~2754_h | -2754_h
Py : W__«--_-—::’ﬁg —-2837 h|| =~ -2837_h
o | o -4519_h
S o -6000_h

&
S R | AN Rl | U . goog_h
[
o E+01
Apﬁlied DC Voltage (V) Applied DC Voltage (V)
. Ll @& a
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Conclusions

Correlation between Evolutions of C3 SLOPE and /sc (left panel),
and Putative Degradation Mechanism (right panel).
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Investigating PID Shunting in Polycrystalline Silicon Steven P. Harvey, John Moseley, Adam Stokes,

Andrew Norman, Brian Gorman, Peter Hacke,

Modules via Multi-Scale, Multi-Technique Characterization Steve Johnston, Mowafak Al-Jassim

From Modules to Atoms: Investigating Field Failed Modules

High-Res DLIT 1mm « Sodium at a concentration of ~1 atomic % decorating a structural
] defect is causing shunting in this region of the module.
« TEM analysis of similar shunted areas confirm presence of stacking
faults.

Example of degradation in the field:
Full 72-cell polysilicon module

Example of zooming into defect regions:

1 Meter
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In-Situ PID recovery in an SEM Is Sodium the Only Culprit in PID Degradation?

« We have recently documented the recovery of individual PID shunts

in an SEM via electron-beam induced annealing. TEM & Atom-Probe Tomography show TOF-SIMS negative polarity measurement
« TOF-SIMS shows at-least an order-of-magnitude decrease in sodium di & PID sh . . " . .
content in the recovered PID defects. sodium & oxygen at shunts identifies additional species potentially

related to PID shunting

HRTEM image showing {111}
defect associated with PID
shunting

|a’3 Du'rﬁ before e-beam
“annealing i

STEM EDS line profile shows
segregation of small amounts (1-2
atomic %) of Na and O to the defect Negative polarity profile Oxygen

* 1 Naand O at defect 2 A T
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Atom Probe Tomography of PID shunt reveals Na The species H, CLF, C, O, havea
(green), O (blue) present at the defect consistent with distribution similar to sodium in
the STEM results PID shunts.

y However they are not all localized
at the same structural defects

Concaration (Bem. |
=

All images are 200x200x0.2um

", 2 e
b | Mg,
i b - o N 3
BRS w p® = Future work in this area:
10
. .
* N P . + We will utilize the DLIT + EBIC + FIB marking techniques we have
W . . T . E E developed to investigate the affect of PID recovery on sodium
o b ey 10 distribution in individual shunts.
Sputis Tima i I . . . .
+ TOF-SIVS selected-area depth profles from areas shown in (d);red is the annealed shunt, green s a 2ES 96% 51,04% Na * Utilizing these same techniques, we will elucidate the potential
non-annealed shunt; a nonshunted region is shown in biue for comparison. 96% i, 0.4% Na, | 6%0, 5% Ga role of oxygen, chlorine, fluorine, hydrogen, or carbon in PID

* An order-of-magnitude decrease in sodium content is noted due to the high-resolution EBIC scan of a shunting.

single shunt.
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Effect of Light Irradiation on PID Testing of CIGS Photovoltaic Modules
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Summary

Premise: Indoor PID testing in dark conditions is not representative of field conditions
since system bias is not typically generated without sunlight exposure.

Goal: To study effect of light irradiation during and after PID stress of CIGS modules.

Findings: 1. Conducting PID stress in the dark causes temporary power loss. While partial
recovery is observed after light soaking, power loss still remains.
2. Applying light irradiation during PID stress further suppresses power loss.

Motivation

In this study, we surveyed the effect of light irradiation on PID testing. To achieve this goal,

we conducted two PID tests: one with a dark condition during stress and one with light irradiation
during stress. We also evaluated the recovery of module performance with the addition of post
conditioning (light soaking, LS) after the PID stress.

Introduction

IEC standards for testing of potential-induced degradation (PID), one of the most severe forms of
degradation for photovoltaic (PV) modules, are currently being developed by the PV community.

PID testing is typically conducted under high voltage stress, high temperature, in a dark condition.

In the field, however, PV systems experience high system bias and high module temperatures
only when exposed to significant levels of sunlight. For example, in the case of CIGS modules
manufactured by Solar Frontier (SF), module temperature does not rise above 50 °C when exposed
to low levels of irradiation ( <200 W/m?) as shown in Figure 1. Irradiation dependence of
normalized open-circuit voltage (V) of CIGS cell is also plotted in the same figure. V, an
element of system bias, declines with the decrease of irradiation.
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o
5 50 080 z
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& 40 070 3
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E, 30 060 ¥
o
% 20 050 2
040 °
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0.01 002 003 005 0.1 02 03 0405 1

Irradiation (kW/m2) e Module temperature (Middle East)
e Module temperature (Japan)

e Suns-V, result

Figure 1: Irradiation dependence of CIGS module temperature (red and blue dots, left axis) and
irradiation dependence of open-circuit voltage of CIGS cell fabricated by SF (gray dots, right axis).
The former data are collected in the field (Middle East and Japan) and the latter data are from
Suns-V,, measurement. The latter values are normalized with V,, at 1.0 kW/m2.

The negative impact of a dark condition with high temperature is negligible in some PV reliability
tests. However, last year we confirmed that damp heat (DH) testing in dark conditions causes
degradation that is not observed in the field (test-specific degradation, or ‘TSD’). Applying light
irradiation or forward bias during the test prevented modules from exhibiting TSD [1, 2]. Based
on the results of these DH tests, we assumed the same issue may also arise in PID testing.

1.00 m— % .
Test-specific
/ degradation

DH with 400 W/m? irradiation
DH with 100 W/m? irradiation
DH with V;,,..* application
Dark DH (Normal DH)

Normalized P,

*Voltage at maximum power point

" N v \N N N 9
& § 2 Q;\’% (000 \QQQ \@ N
Q‘ Q& 0‘2\ OQ\ QOG" Qo
Test sequence

Figure 2: Results of DH testing for CIGS modules with varying test conditions.
Commercial modules manufactured by SF were used. DH without light irradiation caused
TSD. Application of light irradiation or forward bias during the DH test prevented TSD.

Experimental procedure

Test sequence

The test sequence in this study is indicated in Figure 3. After preconditioning (LS), 300 hours of
DH stress was performed before the PID stress to simulate more severe field conditions. After the

PID test, post-LS and [-V measurements were performed at every 10 kWh/m? to check for recovery.

Module condition : 85°C, 85 %RH
< SN

N 7
DH 300 h ORI Postist )| Postis2 ) Postlss >
Exposure: Exposure: Exposure: Exposure:
63 kWh/m? 10 kWh/m?2 10 kWh/m2 10 kWh/m?

Figure 3: Sequence of DH and PID tests in this study.

Test conditions

The test conditions used in this study are shown in Table 1. Conditions for pre- and post-
conditioning as well as the DH stress preceding PID are common for all tests. The final test noted
in Table 1, PID with forward bias application, is now in progress and referred to in the discussion
section. For all tests, commercial CIGS modules manufactured by SF were used.

Table 1: Conditions of PID test in this study.

Test type Pre/post LS DH stress PID stress Status
1. Dark PID E(’,j:)kr’m"‘gm‘g t‘ggg) Complete
Prpp-state™ 300 h See Figure 4(b).
2ppF:II|Ea\tA|Icl)t: Viud" Dark, with V., In progress

*Viuq : forward bias
** Prpp - Power at maximum power point.
Module cables are connected to a resistor during LS to simulate P, -state.

Setup for test type 2: PID testing with light irradiation

A test chamber containing white-LEDs was used for the PID test with light irradiation

(see Figure 4(a)). Irradiance of 200 W/m? was used during the PID stress. Figure 4(b) indicates the
setup for the test. Test module cables were connected to a resistor to keep forward bias generated
by light. The module condition was maintained at 85°C / 85 %RH during the test under 200 W/m?.

White-LED
Test module
—_—>
Power source
for system bias
N application
o 11111 L]

Figure 4: (a) Picture of test chamber with white-LED.
(b) Schematic of setup for PID test with light irradiation. =
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February 28, 2017. NREL / SNL / BNL PV Reliability Workshops

Results

Figure 5 shows the results of test type 1, DH + dark PID (gray line), and test type 2, DH + PID
with light irradiation (red line). In the case of DH + dark PID, the modules exhibited temporary
power loss immediately after the PID stress, but showed quick recovery with the following post
conditioning. There was, however, still some power loss that remained even after post-LS3. In
the case of DH + PID with light irradiation, the degree of power loss after the PID test was much
smaller and the module showed complete recovery after post-LS1. These results suggest the
existence of TSD during the PID stress conducted in the dark.

1.00 - —\L = Test-specific
/ o =[= -/F — degradation (TSD)

Normalized P,

== PID with light irradiation
=== Dark PID

Test sequence

Figure 5: Comparison of test results between PID in the dark and PID with light irradiation.
All P, values on the left axis are normalized to 1.00 by the P, value measured just after
the pre-LS.

Discussion

As described in the previous section, this study revealed that power loss can be suppressed
and recovered with the use of light irradiation in PID testing. A similar result has been
reported with crystalline silicon modules, in which degradation was suppressed with the use
of light irradiation during PID testing [3].

We are working to identify the suppression mechanism of light irradiation. In the case of DH
testing, forward bias is the key factor in preventing modules from exhibiting TSD (see Figure 2).
Therefore forward bias generated by light irradiation might also suppress power loss in PID
testing. We are now planning two tests to check this assumption. The first is a PID test with
forward bias applied under dark conditions and the second is a PID test with light irradiation
while the modules are in short-circuit.

In the field, PID occurs only when the module is exposed to sunlight. Our results suggest

that a test lacking light or bias voltage, might be too harsh, or might be invoking a different
degradation that occurs only in test chambers. Therefore, PID test standards may need alternative
options to bring the test conditions closer to field conditions, such as adding light irradiation

or forward bias during the PID stress.
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Accelerated PID Testing on Packaged CIGS Devices

Abstract Test Coupons PIB Edge Seal Keeps Out Moisture

Glass Mo 165 CAS/2n0/grids/photolt Example of moisture ingress after Properly packaged samples show <5%
i _ _ damp heat stress (85°C/85% RH) efficiency change during damp heat test
Potential-induced degradation (PID) has been in sample with cracked glass: 10~ . .
identified in recent years as a source of degradation in ‘ _ : :
some deployed modules. Thus, the community is SR : A
working to develop accelerated tests and standards that 1 ) M{MME%ODOSOE;’ 3
can predict susceptibility to PID in various module | 3 P RAge 1y o
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esigns. In this study, we have packaged small-area v S - , N
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glass) into the device. between front ano! back_contacts, deposition of external contact iiﬁi@ T iiﬁim(;4 , O—-’O s
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Four Configurations Are Possible Initial Device Measurement, After 15t Round, After 2"9 Round Initial Device Measurement, After 15t Round, After 2"9 Round
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Back grounded - B Fjallstrom et al. found Na in CdS by
(not tested, contact broke) (no effect) Strong effect Weak reversibility Weak reversibility as in [2]. GDOES [3].

Comparisons Standards in Progress Conclusions

Yamaguchi et al. [4] did see PID in front-grounded configuration _ - Fabricated test coupons and tested 4 PID configurations
. Concluded that Na was moving from the top glass to the ZnO Dhc:cument Stage in CeII. Proposed Proposed Proposed Proposed Uses foil~
.. : - - umber IEC Material Test Test Test Test RH No short-t d f d in front- ded fi ti
« Similar test set-up to ours, with low humidity Process Duration Temperature Voltage (%) 0 short-term damage found in front-grounaed configurations
. Began to show cell degradation after 7 days (168 hours) (hours) (C) * Tests were not as long as Yamaguchi et al.
* Qur tests are less than 100 hours : : : : : .
NWIP Si Option a: 96 Option a: 85 Maximum Optiona:  Option a: . . . .
- If we extend the time, we might see the same damage aiqfr?g;eedm submitted Sption b: Ogtion Ny E—— e P Established damaging configuration O
- Showed recovery when bias was reversed i IEC 61215 168 voltage  Optionb:  Option b: * back grounded P
<60 Yes « -1000 V applied to cells
Front grounded « Electric field from back glass to cells
¥ Planned NWIP Si 250 hour 85 Module 85 Yes
lE % lNa 62804-1-1  submitted PID test rated —
(delamination (after 1000 system -1000 V | 8
test) hour damp voltage in = I'Na* ll“ i ;h; —
heat test) negative Back grounded e
Jansen et al. [5] developed a test for transparent conductive oxide (TCO) polarity V-
delamination IEC 628042 _ CD Thin _ Variable 85 Module 85 Foil frame C-V shows the net effect is reduced carrier concentration and large
* Included bias, heat, AND humidity submitted  Film rated if no depletion width
 Tested TCO on soda-lime glass and borosilicate (low Na) glass system mounting
« Found that Na migrated to the TCO/glass interface and reacted with water voltage _hardware Hypothesize that Na moves into the CdS/ZnO
vapor to cause delamination alnd't is specified

* Also showed recovery if bias was reversed before exposure to humidity ey Further investigation planned with Na-free glass to help confirm the origin

and destination of the mobile Na*.
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Presence of sulfur in screen printed front contact mc-Si cells
ToOoTAL resultsin Ag depletion in biased damp heat (85°C/85%RH +1kV)

COMMITTED TO BETTER ENERGY Elsa Kom-Lum and Amjad Deyine, TOTAL Gas, Renewables & Power, SOLAR R&D
5858 Horton St, Emeryville, CA 24608 & 2 Place Jean Millier, Courbbevoie, France

Abstract L= == Analytical Tests
Sulfur compounds present in the screen printed silver conductors of a g ol 20) | *ETGX ::7%'57AOW Core cell samples from a front contact 2009
commercially purchased 2009 front contact mc-Si module resulted in g Y Yom =y commercial module were examined after
loss of power in 85%RH/85°C biased DH at +1kV. EL images of the ; s ' 85°C/85%RH Biased DH +1KV exposure.
edge cells after 600 and 1000 hours showed loss of luminescence. - y | Edge cells power were substantially lower than
Examination of the silver conducting grid structure of one of the edge R center cells

cells exhibiting dark EL showed the thickness was half the thickness of R _
the bright EL middle cell. The other half of the edge cell conductor e sen) s

r
0.0384
L

was distributed through the EVA encapsulant and on the glass. The Pmax = 3.16W

0.0320

Analyfical tests performed:
SEM Imaging

Ag that lifted off with the encapsulant had reacted and converted e ooy Focused lon Beam (FIB) cross section
into AgSO, . AgSO, and HSO, are distinctive markers of the FF =0.687 FTIR of the encapsulant

0.0128

degraded metal found in the encapsulant. Sulfur containing
compounds were notf found in the encapsulant, but were present in 4 S A A L. Y . |
the screen printed silver of both good and degraded cells as well as M
deep in the control (not-aged) sibling module, indicating sulfur was
present prior to testing, most likely as an impurity or contaminant.

TOFSIMS of the encapsulant and front cell Ag
grid conductors
Nano Auger of the control module cell FIB

0.0064

Curment doensity [ Adom®)y

Edge cells discoloration.
Photo of module after 1000 hours.

)= <

200

Missing metal?

=
300 > 300

3 el No S- compounds "
AL o0k Il TR found in the

B APRE b4 AE R encapsulant o ‘ : !

x ﬁ J’“:‘ - * fe‘ hE 2 I Edge cell (C5L_1) AgSOs4 . Oso4H- g " sos- o

i ;,; ' ?- E e 3 ir % | . encapsulant with degraded MC: MC: 78; TC. 2.154€¥005 | MC: 18: TC: 2048e+004 MC: 37.TC: 5.915e+004
§T L RCE SITRC S ¥ FBs: o . . printed metal residue : : :

90 % {1 3 C5L1 edge cell Ag grid line thickness is 8.8 to 9.2 um ToF SIMS of the corroded printed metal material that diffused
AR L 1131 ISR 0 i compared fo C3Lé middle cell: ~ 19.2 and 23.1 um through the encapsulant to the glass. AgSO, and HSO,
w% ' 1 e 2 Bk poresent only in the degraded cell

4 SRR Eaf
400 hours 600 hours 1000 hours -

*cells at +1kV, anodized Al frame at OV; EVA, glass and silicone RTV at
intermediate voltages

Room Temperature Sibling Control Module T T S - spemeee
TR o a- ‘ Nano Auger[Spedira |~ Time of Flight- Secondary lon Mass Spectromeitry (TOF-SIMS) in non-corroded Ag grid lines of C3Lé6 middle cell
:w; ,ﬂu,g—MN‘N jtcLL ] _. .-.r"hﬂl
m.:.i C-KLL m,,,\vhl’hwd"'hjjﬂ | L | TQF SIMS | AU ol=¢
W | / | o AT Edge Cell
)L/ e Mﬁﬁ* o Edge Cell not | Center Cell not RT Control
T A T Key Results Corroded | .\ ded metal | corroded metal Module cell
| u{_j'k{f PVl conductors
= '-ig ' .."'Ilrl'|hl'*“ﬁ'ﬂ‘r e 3 3ref-
_ || A B AgSO, YES NO NO NO
. Cl-L\K/% N-KLE?
SRS o HSO, YES NO NO NO
Angled SEM image of FIB cross-section | Fresence 019.©. 51,5, A0. & 7, N 7 4
of cell from RT control module. Sulfur - ™ ~ I S- &/or
found in positions 2 & 3, indicates Ag., S+ C, O, and Sitracesin the YES YES YES NO YES
sulfur is present deep in the middle(+1) and bottom(+2) locations of S Compounds
conducting grid line, prior to testing. the grid line found
o o
= The main purpose of this work was failure analysis.
EL and electrical differences after 85°C/85%RH biased DH +1kV, between the edge and middle cells = Sulfuris not a desirable material in silver printing pastes, so it is concluded that its presence is most likely due to impurity or
of this commercial solar module were evident. Fill Factor indicates equally poor series resistance for contamination. This was a commercial module obtained in the open market, so we do not have access to data and do not
The edge Ond mlddle Ce”s' however' cores eXOman'l'lon ShOW The edge Ce”s hgve Undergone know whether Th|S module |S Typ|CO| and represehTOTive Of other modules or whether Th|$ was an anomalous case.
ireversible degradation via depletion of Ag in the grid lines. = Potential cc?n’romino’rion sources for this case could have been.: (a) silver screening paste processing, (b) prolonged exposure
of cells to high sulfur content air, and less likely, (c) cell processing; for current products (d) module components (1)
: . . : = The acceleration factors for this test is presently unknown. It is performed in varying durations (96, 400 & 600 hrs), RH(65%, 85%)
Cores of alow luminescence cell (edge §ell Co5LT) and a high luminescence mlddle of fhe module and voltages (+ 600V, + 1000V) conditions as IEC testing? and in special more severe test protocols (34)
cell (C3L6) of the fest mod.ule were exqm!”ed- The ehgdpsulonT separated easily from the cell area = |t's possible that this case test conditions and/or durations were too severe and resulted in inducing an irreversible
for the edge cell and imprints of the grid lines were visible on the encapsulant and glass. degradation mechanism that would not occur in real world conditions. Nevertheless, given that most modules connected to
= FIB cross sections of the cell grid lines showed that the Ag grid line of the degraded cell was about central inverters and half of modules connected to transformerless inverters are installed positive voltage with respect to
half that of the middle, non-degraded cell. ground, further investigation and alertness with respect to sulfur impurities allowed in silver pastes and un-encapsulated cell
= ToF SIMS examination of the edge cell degraded line imprints on the encapsulant found AgSO exposures to sources of sulfur would be good precautions.
and HSO,. This is the only location where these compounds were found, indicating that the = For all of the reasons mentioned, it is uncertain whether this is or not a problem of concern. Statistically significant sample
conduction degradation was due to the Ag metal conversion intfo AgSO,~. sizes of modules & manufacturers and correlafion between testing and field conditions and sulfur exposure levels and
= Several forms of S-ionic species (S, SO,, SO,2) were found on the non-degraded Ag of the edge durations would be needed.
= No sulfur was found in the encapsulant. CO"CIUS'O"S
= A subsequent core from a sibling room temperature module was examined. Using Nano Auger, = Presence of sulfur caused depletion of the Ag conducting metal in the grid lines of the degraded edge cells of a
sulfur was detected on FIB cross sections of the Ag grid line, at the middle and at the interface front contact commercial module exposed to 85°C/85%RH biased DH, +1kV test
with the silicon, indicating presence of sulfur across the full thickness of the examined Ag gridline = The mechanism of Ag depletion on this module was due fo chemical conversion of metallic Ag to AgSO, in the
prior to festing. presence of sulfur, water and bias.

(1) Duerr, et.al, “Snail tracks: identification of critical environmental stresses, corrosion products and influences of module components”, 2016 PVMRW
(2) IEC62804 and IEC 61215, PID 60°C, 85°C/85%RH + 600V , 96 hours

(3) Fraunhofer PV Durability Initiative for Solar Modules, PV Tech, Part I, 2013; Part 2, 2014, PID: 85°C/65%RH, + 1kV , 400 hours

(3) PV Evolution, Product Qualification Program: 85°C/85%RH, + 1kV, 600 hours



=CFV

solar test laboratory

Introduction snail trails, micro-cracks, and cracked backsheet

been reported on numerous occasstions!-4:3, but cracks in the back sheé
follow the topology of the interconnect ribbons have not been found in t
literature. A set of three mc-Si modules from one large manufacturer we
fielded in Albuquerque, NM test yard in January 2013. Snail trails, micro
cracks, heavily cracked backsheets, and > 1% Pmp loss per year were

observed on all three modules after four years, while none of the modules
similar vintage but different manufacturers showed the same failure mode

This poster was submitted primarily to document the occurrence of an
unusual pattern in backsheet cracking that matched the ribbon interconnect

topology.

Observations

Snail Trails/Micro-Cracks

1. ‘Snailtrails— small, dark
lines that have begun to
crop up on modules
starting around 20061,

2. Modules from several

1. Snail trails are
correlated with cracks
in the cells.

2. Not every crack can
correlated with

Multiple Failure Mc

3. The background image of this poster is an o

acked Backsheet

ordula Schmid*, Cameron Stark+
Laboratory, Inc., *Fraunhofer CSE

SRR

Fielded Glass/mc-Si/polymer Modules

Procedures EL images and indoor IV measurements were made on each
module before fielding in 2013. The modules were connected to micro-inverters
and/or fixed loads and monitored over four years. IV measurements were made to
quantify the module degradation.

Electrical Degradation (Indoor HALM)

Module 1D
oo+ T — o — F s — s —— O 12067-04
: E,i: -1.00 | T T : T T T t -E & | + 12067-05
Y < i T :t I 1? - L& l &1 I < 12067-06
Crack and ribbon on = Lo, I LT 4 1
) .": '200 - ‘L T -h
top and om of cell < I i i p ‘l’ |
O ; :
p = -3.00 -
@
3 -4.00
Ty - I
-5.00 -
L IR e I = T R R s s Rl = N T BT R a A o N = g T N = R s B e s N = N Fa R s R e B aa T = gl W R RN &
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH Date Tested
D0 0000000000 No0Noooo 0000000000 ooolo o
P N e N e N e N e e N S I
RS 22855 8228805822855 82282828822822
—
2RSS SN2RNGEENARNE TS NIRTS TS SNIRTSES
Isc Imp Pmp Vmp Voc Parameter

ted?
hond to the
ove

. Backsheet cracks have been well doc
. The cracks observed in these samples c¢
ribbon interconnect, as shown in the figure

the backsheet, with cracks lining up on the rib
interconnect

il

al photo of

1. Three modules exhibiting snail trails, cell cracking and
back sheet splitting were fielded at Fraunhofer CSE's
Outdoor Test Facility in Albuguerque, NM for almost four
years.

2. When degradation was discovered during periodic testing

manufacturers in the trail. 4 1R image as seen from the backside shows sliaht indoors on CFV Solar Test Laboratory’s indoor HALM solar
U.S., Europe and Asia 3. The three moc ' “bbon gljweatin B e i SR Ee ¥ simulator, continuous outdoor performance
are affected. between 21 and . the backside ?n’terconnect “bbon RS measurements began and have been in place for over
o iy |
AR CIORE Ocaur cracked Coi ¥ 5. This pattern repeats itself over many cells in 2 of the': Rl L= b

in modules stored
indoors.

of 60 .
4. A solar cell v‘-f nicro-

modules. Module -04 shows backsheet cracks on roughi
cells, while more than half the cells are affected on -05 ant

1. Two modules are being measured via an
electronic variable load-based IV curve tracer.

4. Snail trails appear to cracks, which separate 2. One module is biasing a calibrated fixed load
develop quicker in humid a part of less than 8% e power resistor with period voltage
and hot climates and of the cell area, results 6. The cracks start near the top of the cells and _extends down measurements quantifying power generated.
slower in dry and cold INn N0 power Ios,s in a PV t_o about 4-5 cm from the I_Jottom of the cell, likely where 3. Module temperature and local irradiance are
climates, (for the same module or a PV module 7 'rllﬁgolgace:l?glfece)tn gquaeclgigdemdﬁtogetlgle eC?:|c|> the combination of measured concurrently.
module type). array for all practical ' mechanical stress fron? thegto = dubottom interconnact 3. Roughly half of the overall Pmp degradation measured to
5. Snail trails develop to a cases. In between “bbon and the electrical field Fs)tresses date occurred during the initial eight months
= | P ; .
certain width; after that approximately 12 and 8. These modules did pass Wet IR in 2016, despite the cracks in 4. 2.2%-2.5% Pmp degradation occurred in the subsequent

they stop growing or
appear to grow very

50% of inactive area of
a single cell in the PV

the outer layer

3 years, or roughly 0.8% per year, on average

5. The Pmp degradation exceeds the levels stated in the

slowly. module the power loss warranty
increases nearly linearly 1. <95% of NP after only 3.8 years in the field
from zero to the power 6. The Pmp degradation correlates to degradation in all the
of one double string.? IV characteristics, with correlation coefficients ranging
from 0.89 for Isc to 0.98 for Imp and Vmp
Summary

References

1 Ines Rutschmann, Unlocking the secret of snail trails, Photon International,01-2012
2 M. Kontges, I. Kunze, S. Kajari-Schroder, X. Breitenmoser, B. Bjgrneklett, Sol. Energy
Mater. Sol. Cells (2011), doi:10.1016/ j.solmat.2010.10.034

3. W. Gambogi et al, Sequential and Weathering Module Testing and Comparison to
Fielded Modules, NREL PYMRW 2015

1. Three failure modes were observed in a set of three c-Si modules fielded for four years in Albuguerque, NM
1. Snail trails
2. Micro-cracks in roughly 1/3 of the cells in each module
3. Back sheet cracks that line up with the ribbon interconnect (see background image)
2. Pmp degradation greater than warranty limits, although there is no proof that any of the failure modes
observed caused the excessive power degradation
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Outline

 |ntroduction of UV fluorescence method

« Statistic on cell cracks and hot spots with
UV fluorescence in the field

 Theory of safety issues of cell cracks
« Compare theory with IR imaging in the field

 Discuss new technologies and cell cracks
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. ; # UV spectrum 310 - 400 nm
; C a < UV-Light source
g Lit] UV-light intensit
A A
) g > CCD-Camera
WV
1

UV-Fluorescence 400-800 nm

High pass filter > 400 nm

« No change of electric circuit of PV module
* Outdoor measurement possible with housing
* Fluorescent degradation products of EVA

Basic literature on the fluorescence effect:

F.J. Pern, Sol. Energy Mater. Sol. Cells 41/42, 1996, 587-615

L. King, et al., Prog. Photovolt.: Res. App., 8: 241-256 (2000). doi: 10.1002
Detection of micro cracks with the fluorescence effect:

Schlothauer, et al. , Photovolt. Int. 10 (2010), pp. 149-154

M. Kéntges, et al., Proc. 27th EUPVSEC, Frankfurt, Germany, 2012.

=='ISFH
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Transport in a car trunk possible
0.5 hassembling

 Adaptable to
module size

200 modules/h max. speed
incl. placement, handling

 Measurement cond. up to 500 W/m? E”ISFI'I
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« Light and temperature produce degradation products in
encapsulant [1]

« UV fluorescence make degradation products visible [1]
 Oxygen + light quenches UV fluorescence [2]

* Oxygen can diffuse through cell cracks and cell gaps
In between cells and glass into encapsulant [2]

 Need ~ 300 kWh/m? global irradiation dose to see first
pattern in UV fluorescence image

E?f’ISFH

[1] Peike C., et al., Proc. IEEE PVSC Conference 2013, 1579-1584 ﬁ\
[2] Schlothauer, et al. , Photovolt. Int. 10 (2010), pp. 149-154 gk
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Module 3 years in the field

ﬂJj Serial number fluoresces
LLICHEY

ﬂ .\ 4+ _H;; Normal cell with normal framing

Cell crack

:.j v _‘_ ji' Dust/dirt fluoresces

Colophonium from flux

Dark field Fluorescence image Dark field substraction

« Dark field substraction increases noise, but
* reduces blooming between cells
* Increases contrast remarkably =—="ISFH
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« Module @ Isc
for 398 kWh/m?

(77 days)
* [IR-Image taken
@ ~ 780 W/m?
 UV-FL image
taken @ 25°C

) 3
55.2 55 53.5 56.2 56.2 56 56.5 589 58.8
58.2 61.1 674 60 62.6 59.7 68.4 583 56.8

56.9 58.7 649 579 581 60 58.6 61.2 56.4 56.8
581 69.9 579 58.6 59.1 62.5 64 66.8 59.2 58.9
56.6 63.7 57.5 56.3 56.5 56 60.2 62.6 65.5 59.5

544 654 57.7 583 59 59.1 59 59.7 56.6 54.6

« UV fluorescence can identify
~ 10°C temperature difference @ 780 W/m?

« Enable to identify temperature history

,,,,,,,,,,,,,,
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Warm cells with
cracks can be
identified by UV
Fluorescence

Important cell
cracks can be
detected
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4 PV parks analyzed with UV FL

100.00 ¢

Occurence [%]

10.00 £

1.00 £

0.10 £

0.01

Total number of analysed cells

241 asT  1r o7ar [83% e Cell cracks and warm cells

analyzed with
UV fluorescence method
 2-4 years old systems
e 1199 modules/71940 cells
 Found no indication for a
safety risk of cracked cells
m Cells

m Broken cells

B Warm cells

Warm and broken cells
A 2vyears B,3years C,4years D,4years
PV system, age of system N

ISFH

43% of all cell have a cell crack, & g
so 43% of all warm cells have a cell crack “*
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Impp 15
20 X Voo —Y- o
I S
HedHHH
VAR —_ 5
> > PP PP
REOK KR IR KK R K K S Z
j&?»»»»i}»» "
-5
« Calculation for 1000 W/m? @ 25°C _
280 W PV module W g

Voltage [V]

N
L
e
G
" | -
R CE—
N T
Fo TR AR
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mpp

20 X Voo Y-

mi ik R GRGR GK R GE GK

o 3 3 33 3 7 G N
HH

S SIS ARSI

Silicon €= crack

Cause

Effect

Cell crack

F. Haase et al., Energy Procedia,
Volume 92, August 2016, p. 554

Surf. recomb.

N

i
i
L
| A
CE—




IEA INTERNATIONAL ENERGY AGENCY
PHOTOVOLTAIC POWER SYSTEMS PROGRAMME

19X Vi Y-
mep 10

mi ik R GRGR GK R GE GK

> T
SR R KX KKKKKNE

—j%%»»»»ihww
-5

inactive

= Breakdown -100 V, cell area 243.36 cm?
Breakdown -100 V, cell area 231.192 cm?

@ Mpp

-10 L
-15

-10

-5
Voltage [V]
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mpp

Cause

Effect

19 X Vippo

Cell crack
K KKK K K K K K 5 Part isolated

KK K K K KK K K Uselmpp)se

S SIS ARSI

J. Kasewieter et al., Model of Cracked Solar Cell
=& Metallization Leading to Permanent Module Power
<% Loss, in IEEE J-PV 6 (1), pp. 28-33, (2016) doi:
10.1109/JPHOTOV.2015.2487829

o By s 5 7 7 N Ainactive! Atotal

Surf. recomb.

Nearly no
effect, P,
shifts a bit
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15

- VBypass

mi ik R GRGR GK R GE GK

o 3 3 33 3 7 G N
_| ‘-| ‘_l ‘-l ‘-I ‘-| ‘—| ‘_l ‘_I ‘-I ———Breakdown -100 V, cell area 243.36 cm?

: ———Breakdown -100 V, cell area 121.68 cm?
2 3 37 3 3 ) S e

(9}

P=10Vx5A=50W
==> 410 mW/cm?

Y XU IS F—

Current [A]

o

I
I

-5 L 1
1
|
}
1 19XV + Ve R

-10 L 4 :
-15 -10 -5 0 5
; g Voltage [V]

inactive
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I<lnpp
- VBypasm

mi ik R GRGR GK R GE GK

o N N N N N N

ik KGR R GRKGR KK

—X'Z—WI—N-N-N-N-E-)»

inactive

Cause Effect

Cell crack Surf. recomb.

Part isolated

Alnactlve/AtotaI< Nea”y no

(I lmppMlsc | effect

Alnactlve/AtotaI> Power IOSS,

(/ sc” mpp)/l cell heats up
=="|SFH
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Power loss density

active cell area
1000 _E
- VBypass B

mi ik R GRGR GK R GE GK 1°°'§

o 3 3 33 3 7 G N
HH

S SIS ARSI

10 -

I 0 [mW/cm?]
B 100
Il 200
I 300
I 400
I 500
600
700

Crack resistance [Ohm]

-+ -, 800
v I 900

I 1000

0,1

50 100 150 200

Active cell area [cm?]

e

inactive
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Power loss density

active cell area
1000 _E
- VBypass B

mi ik R GRGR GK R GE GK 1°°'§

o 3 3 33 3 7 G N
HH

S SIS ARSI

10 -

I 0 [mW/cm?]
Bl 100
Il 200
I 300
I 400
B s00
600
700

Crack resistance [Ohm]

-+ -, 800
: I 900

I 1000

0,1

50 100 150 200

Active cell area [cm?]

Red line: Ainactive/AtotaI>

-1 .. )1
(sempp)lsc E|SF|'|

inactive
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15

P=6Vx9A=54W

- VBypass | i ==> 440 mW/cm?
10 E ]
i : > 1»
IR K K K K K K K K § ;
AVE — 5 °
S s 3 5 N N NG N N | P 10vxsA-Sow
H 435, |

L ———Breakdown -100 V, cell area 243.36 cm?
B —=Breakdown -100 V, cell area 121.68 cm?
I_’ I-' I-’ I_’ I-Z,-’ |-’ I-' i ———Breakdown -10V, cell area 121.68 cm?
1

-5 t © Mpp
1

&
INX

A 4

1
|
1 19 X Vinpp + Vaypass
-10 . ! 1
-15 -10 -5 0 5
Voltage [V]

inactive
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Power loss active cell area
1000 gt o
- VBypass |

— 4 ¢ 100

o 3 3 33 3 7 G N
{

S SIS ARSI

Local power = high temp.

10 -

Syt
B 20 (W]
I 60
-70
>3 : -60
e . 50
DLIT —p
. [l - -20
of multi cell &

Crack resistance [Ohm]

Al particle compensate emitten-

50 100 150 200

° Fe preClpltatlon Active cell area [cm?]

« Etch pits at crystal defects =—="ISFH

[1] O. Breitenstein, et al., Journal of Applied Physics 109, 071101 (2011)
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j I<lnpp
- VBypass [

mi ik R GRGR GK R GE GK

o 3 3 33 3 7 G N

ik KGR R GRKGR KK

SIS ISISISrS

inactive

Cause Effect

Cell crack Surf. recomb.
Part isolated

Ainactive/AtotaI< Nearly no
(IseTnpp) Isc effect
Alnactlve/AtotaI POWGF IOSS,
(lse-lnpp)lsc | cell heats up

Modules that fail hot spot test
have a cell crack safety risk

Vou,
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G>700 Wim2  [1]

* C-type . -
® B-type

0 5 10 15 20 25 30 35 40 45

Isolated fraction area [%]

I -
I -
I -
I -
I -
I -
I -
N o

Crack resistance [Ohm]

0 10 20 30 40
Isolated fraction area [%]

[1] R. Moreton, et al. DEALING IN PRACTICE WITH HOT-SPOTS,
29t EUPVSEC (Amsterdam, Netherlands, 2014) p. 2722

{

AT, = AT, s*TkW/m?/G
Cell cracks cause hot spots
Temperature increases as
function of isolated fraction

area follows shape of power
dissipation in theory
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G>700 Wim2  [1]

* C-type . -
® B-type

0 5 10 15 20 25 30 35 40 45

Isolated fraction area [%]

I -
I -
I -
I -
I -
I -
I -
N o

Crack resistance [Ohm]

0 10 20 30 40
Isolated fraction area [%]

[1] R. Moreton, et al. DEALING IN PRACTICE WITH HOT-SPOTS,
29t EUPVSEC (Amsterdam, Netherlands, 2014) p. 2722

{

AT, 5= AT s TKW/m?/G
Cell cracks cause hot spots
Temperature increases as
function of isolated fraction

area follows shape of power
dissipation in theory
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Get new technologles less critical ?

10 |_ 'sc\Mtota

0.0

0.2

0.4
Voltage [V]

0.6

0.8

0.30

0.00

R T

A

inactive

( scmpp)/Isc

N\

N RIMTT
J¥3d 99 S
*
o
| J43d/459 ¢
P

[\

/A

total>

?

7 0 w

/7

0.00

0.10

A, ox/Aioral fOr one crack

0.20

0.30

« Technologies with more busbars get less critical
because one crack detach less cell area

« Improving cell efficiency without more busbars
get more critical because (/.-/,,,,) gets smaller

{

i \
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Current [A]

10

0.0

0.30 —— T
= ( {/-
o More busbars 7| |
sc\/total @\ /
elAoied) g 0.20 F N
=~ NS A
= RN max
g i b,c}{\\ =
—> ‘rﬁ o / % " o VI ] ¢
=010 £ 7, o8 I&-
= - wn @
5.0, 2.2 §#2
‘/ M ‘ g . % S
/ -
SR ¥ . o
0.2 0.4 0.6 0.8 000 1 [ I T T T | 1
Voltage [V]
0.00 0.10 0.20 0.30

A, ox/Aioral fOr one crack

« Technologies with more busbars get less critical
because one crack detach less cell area

« Improving cell efficiency without more busbars

get more critical because (/.-/,,,,) gets smaller
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PHOTOVOLTAIC POWER SYSTEMS PROGRAMME

Conclusion

UV fluorescence is able to detect cell cracks and warm/hot cells
Module inspection max. speed 200 modules/h

Cell cracks may generate safety risk if

- Cell part gets isolated and

B Ainactive/AtotaI>(Isc'lmpp)/lsc and

- Module fails hot spot test or bypass diode is in V failure mode

Most cell cracks do not generate isolated cell parts => safe
It is not known why some modules get isolated cell parts
Increasing number of BB will reduce safety risk

Supported by: . .
- Thanks for financial support:
ederal Ministry
% ;t:]degggrﬂg";ic Affairs State of Lower Saxony and BMWi under contract no.

0325786C

=="ISFH

on the basis of a decision
by the German Bundestag

A




Field Observations of Cracked Solar Cells

2/28/2017
Jim Rand, jim.rand.solar@gmail.com

Mason Reed, masonjreed@gmail.com
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Core Energy Works

Equipment

Class AAA Berger Module Pulse Tester (for STC IV measurements)
2 Electroluminescence Imaging Stations
One optimized for high volume work in the laboratory
One optimized for EL images in the field
Meggers for Leakage Current Test
FLIR Infrared cameras for hot spot detection.
Test Equipment Associated with may IEC/UL Certification Tests
Full suite of warehouse management tools

Samples in This Study

« CEW has 1,000 Modules in inventory from 5 different Manufacturers
 The 3 Summaries of “Technical Work” are each by a Different Manufacturer

Core Energy Works LLC
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Transportation Damage .

m‘

-

~—
v

., ™

An on ramp for U.S. 64 in Edgecombe County was shut down after a o
shipping container full of solar panels fell off a truck

“Gentle” Accident

Core Energy Works LLC

Similar Module In All Cases
* Conventional 72 Cell Module
e 3 Busbar, Multicrystalline Si
1154 Modules Tested from 2 Accidents
Accident #1 - Gentle
Tipped over Container
Accident #2 - Violent
? - Much more violent
Results:

65% had at least one cracked solar



Incipient Cracks — Impact to Power

310

305

300

N
Xo]
wul

PMP.STC (W)

N
w
o

285

280

275

Accident #1 - Violent

Accident #2 - Gentle

5 10 15

# of Crack Solar Cells in a 72 Cell Module

20

25

30

35

40

Full Dist None Cracked 1-5 Cracked 6-10 Cracked
Module
Count 393 46 131 60
Pmp
Average 299.9 302.1 301.9 301.7 Watts
Pmp Sdev 11.5 1.7 1.4 1.5 Watts
Pmp
Median 301.2 302.1 302.0 301.6 Watts

Up to 10 Incipient Cracks (10/72)
No Impact to Power

Caveats: For this technology
For these accidents

45 50



Cracking by Position
Gentle Accident

11 pallets, 275 Modules Total,
113 bad, remainder good.

Non-uniform, Coarsely Similar
to Expected Strain

Suggests all were dropped the
same way.

Heavy point Impact on some
Edge Cells

10

11

12

Core Energy Works LLC
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Impact of Intentional Rough Handling on Different Technologies

Goal: Compare different module technologies to there tolerance to rough handling
Repeatable
Quick
Cheap

Plan: 1. “Damage” Modules

2. Predict Long term Field Degradation



Phase | Utilized 3 Different Module Technologies

Single Crystal Multicrystalline Multicrystalline
Copper Metalization Shingle Lapped Small Cells Conventional Metal
All Back Contact High Level of Parallel Devices Conventional Device Design

Core Energy Works LLC 10



3. Damage and Test Modules

P pr Immediate Reaction to Stress (Incipient Cracks)

As Received Post Hard Hat Post 10 Step  Post Lazy Installer Post 90 deg Drop
Carry Drop

0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

Original P, ,/Post Stress P

. All Back Contact — Best 0.8
I shingle Lapped — Middle

- Conventional - Worst

Core Energy Works LLC 11



Impact of Intentional Rough Handling on Different Technologies

Goal: Compare different module technologies to there tolerance to rough handling
Repeatable
Quick
Cheap

Plan: 1. “Damage” Modules

2. Predict Long term Field Degradation



90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Maximum Power at 17mm Deflection

As-received 12" Lazy 10 Steps 90" Drop

Operational Power at 17mm Deflection

(]
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

As-received 12" Lazy 105Steps 90" Drop

- All Back Contact — Best
A Phase Il Effort is Underway Now

. Shingle Lapped — Middle More Technologies Being Sampled
Data in 2 Months

. Conventional - Worst

Core Energy Works LLC 13



Pre-stress characterization

Lighted I-Wv

Dark 1-W

Visual Inspection

Electroluminance

Infrared Imaging

Lighted I-v

k2

50 Thermal Cycles
-40" C to +85° C

¥

Visual Inspection

Electroluminance

Infrared Imaging

Lighted I-V

Dark 1-v

W

10 Humidity Freeze Cycles
-40° C to +85° C

85 %RH

W

Visual Inspection

Electroluminance

Infrared Imaging

Lighted I-V

Dark 1-v

Post-stress characterization

Generate “Damaged” Sample Set for Conventional Aging at NREL

Work done by Rajiv Dubey*, John Wohlgemuth,
Sarah Kurtz, Ingrid and others at NREL.

The NREL part of this work was completed
under Contract No. DE- AC36-99G010337 with
the U.S. Department of Energy

*This research is based upon work supported by the Solar
Energy Research Institute for India and the U.S. (SERIIUS)
funded jointly by the U.S. Department of Energy
subcontract DE AC36-08G028308 (Office of Science, Office
of Basic Energy Sciences, and Energy Efficiency and
Renewable Energy, Solar Energy Technology Program, with
support from the Office of International Affairs) and the
Government of India subcontract IUSSTF/JCERDC-
SERIIUS/2012 dated 22nd Nov. 2012.



Relative Power Loss Due to Conventional Aging

ABC

Shingled

Conv

As Received

Post 12" Drop
Post 24" Drop
Post Heavy Steps

As Received

Post 12" Drop
Post 24" Drop
Post Heavy Steps

As Received

Post 12" Drop
Post 24" Drop
Post Heavy Steps

Post DML

0.05%
0.03%
-0.16%

-0.33%
-0.23%
-1.11%
-0.09%

-0.20%
-0.37%
-0.24%
-0.16%

Post 50 TC

-0.23%
-0.05%
-0.14%

-0.14%
-1.06%
-0.95%
-0.86%

-0.90%
-1.30%
-1.50%
-0.60%

Post 10 HF

-0.12%
-0.21%
-0.19%

-0.59%
-0.91%
-2.02%
-1.91%

-0.23%
-0.10%
-0.43%
-0.54%

Final

-0.30%
-0.23%
-0.49%

-1.06%
-2.20%
-4.08%
-2.86%

-1.33%
-1.77%
-2.17%
-1.30%

Core Energy Works LLC

Observations:

Surprising Low levels of power
loss based on the high level of
Damage.

ABC performed the best
More Analysis to come,

including a detailed comparison
with the PUMT results

15
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A. Case Study on 6 Year Old Array

Commercial Array

Total 584kW Core Energy Works was Called out for Hot Spot Inspection
60 Cell Multicrystalline Silicon Modules Originally found by annual OM inspection

235W Label

2 Busbar 47 Modules were Replaced Due to High Ty,

“Conventional” Construction (1.9% of the array)

2480 Modules Total

Ballasted Rack System on a Flat Roof
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Current (A)

10

15

20

Voltage (V)

25

30

35

40

SerialNumber

Uoc (V)

Isc (A)

Pmpp (W)

Umpp (V)

Impp (A)

FF (%)

AT (°C)

0177

36.69

8.21

222.3

29.29

7.59

73.8

27

Core Energy Works LLC

Electroluminescence
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Correlating STC IV Testing to IR and Cracks

HotSpot Temperature Delta (C)

100

90

80

70

60

50

40

30

20

10

185

A AT (°C)

190

e Cracks
A
Warranty
Failures
A
A
A
A A
S A\ %A
~ A §
° ° Q. e A [ ] A
. °® ° ° ° A A
° °®
% A ° ¢
[ ) o ° A A
YA °
°
195 200 205 220
Pmp (W)

90% Power

225

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Percent of Solar Cells with Cracks

1. Weak Association at
best between peak hot
spot temp and Pmp.

2. Weak Association at
best between # Cracked
Solar Cells and Pmp.

3. 75% of the Modules
found in the IR Testing in
the Field were warranty
failures.

The question begged is
“what does the non-hot
spot distribution look
like”.

19



Correlating STC IV Testing to IR and Cracks

T High T
' emp A AT (°C) e Cracks '8 ?mp
Lots of Gracks => Higher Performance?
> Low Performance A
80 80%
=
70 70% ©
_ A e
© 60 60% =
@ JAN % i
8 50 A 50% O
v A . o A ©
3 A A A A @ 9
© 40 & A 40% L
Q (@]
GEJ o A. @ % ° 0, qc)
2 30 . R « 2 e A A 30% o
@) °® ° ° ° A o
Q °
2 20 ° o o n 20%
I 'o */\ ) é
[ ) [ ) 0,
10 o o A A i . 10%
() .
0 0%
N——
Few Cracks 195 200 205 210 215 LowTemp 225
=> Low Performance? Pmp (W) Few Cracks

=> Higher Performance?



Few Cracks yet Low Performance Electroluminescence

9
[cS ©-655-6-85-085— a3 —a3-0
8
7 [ Pop ~ 150W
6
<s
c
g
5 4
~ If you define safety exposure as Infrared
3 peak hot spot temperature, Spot 396 °C
then one cracked solar may be e
2 more dangerous than many Reflgf 20.0°
cracked cells o
1 Rel. H
atm, T
0
0 10 20 30 40
Voltage (V)
SerialNumber Uoc (V) Isc (A) Pmpp (W) Umpp (V) Impp (A) FF (%) AT (°C)
00232 36.66 8.24 188.41 31.81 5.92 62.40 48

Core Energy Works LLC



Case One:
One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

AT =0°C 0 10 20 30 40
Voltage (V)

Module History:

Warranty return from a commercial rooftop.
6 years in operation.
~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

AT =0°C 0 10 20 30 40
Voltage (V)

Module History:

Warranty return from a commercial rooftop.
6 years in operation.
~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

AT=6°C 0 10 20 30 40
Voltage (V)

Module History:

Warranty return from a commercial rooftop.
6 years in operation.
~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

Current (A)

AT = 60°C 0 10 20 30 40

Voltage (V)
Module History:

Warranty return from a commercial rooftop.
6 years in operation.
~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

SnaieDe.l

Current (A)

AT = 66°C 0 10 20 30 40

Voltage (V)
Module History:

Warranty return from a commercial rooftop.
6 years in operation.
~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



SN: C201012230710, 60 cell, 2 busbar, multicrystalline silicon , 235 W nameplate

i oA el el | <
1 WRETSAT] RN O
L k5, = x

- el F L

Sl
T,

vl LT P ‘;.A’r Erenac . shillie e

bR - T WL MR o e ‘n-.«()

AT = 70°C @ short-circuit

Module History:

Warranty return from a commercial rooftop.
6 years in operation.

~20% Power loss at STC

Case One: One Current Limiting Cell with high Shunt Resistance



Case Two:
Widespread Cell Damage



SN:W5174514121603140, 72 cell, 3 busbar, multicrystalline silicon , 300 W nameplate

Current (A)

0 10 20 30 40 50
Voltage (V)

Module History:

Initially damaged due to transportation incident
Vibration aged in the lab and sun-soaked 1 month while at short-circuit.
~20% Power loss at STC

Case Two: Widespread Cell Damage



SN:W5174514121603140, 72 cell, 3 busbar, multicrystalline silicon , 300 W nameplate

- 9

Current (A)

‘.

OFLI

AT = 2°C 0 10 20 30 40 50

Voltage (V)
Module History:

Initially damaged due to transportation incident

Vibration aged in the lab and sun-soaked 1 month while at short-circuit.
~20% Power loss at STC

Case Two: Widespread Cell Damage



SN:W5174514121603140, 72 cell, 3 busbar, multicrystalline silicon , 300 W nameplate

Current (A)

AT =5°C 0 10 20 30 40 50

Voltage (V)

Module History:

Initially damaged due to transportation incident
Vibration aged in the lab and sun-soaked 1 month while at short-circuit.
~20% Power loss at STC

Case Two: Widespread Cell Damage



SN:W5174514121603140, 72 cell, 3 busbar, multicrystalline silicon , 300 W nameplate

Current (A)

AT = 13°C 0 10 20 30 40 50
Voltage (V)

Module History:

Initially damaged due to transportation incident
Vibration aged in the lab and sun-soaked 1 month while at short-circuit.
~20% Power loss at STC

Case Two: Widespread Cell Damage



SN:W5174514121603140, 72 cell, 3 busbar, multicrystalline silicon , 300 W nameplate

Spot 53.6 °C

AT = 13°C @ short-circuit
IR may not catch widespread cell

. cracking, even if the STC power is
Module History: .
. o impacted.
Initially damaged due to transportation incident

Vibration aged in the lab and sun-soaked 1 month while at short-circuit.

~20% Power loss at STC
W5174514121603140 Case Two: Widespread Cell Damage



Correlating STC IV Testing to IR and Cracks

100 .
High Temp
90 A AT (°C) e Cracks => Higher Performance? |1 \yeak Association at
& best between peak hot
80 Warranty 80% spot temp and Pmp.
Failures 2
70 A 70% S 2. Weak Association at
<
S 60 A 60% = best between peak hot
i o spot temp and Pmp.
S 50 A A 50% O
< o0 ® A s 3. The sample identified
*g 40 A . A %A 7 D 40% ;g using IR based testing (for
= JAN AL A .A - peak hot spot) included
2 30 ° . ‘e °® 2 e 30% O 75% with powers that had
4_’ ) ° JAN JAN T
o o® e o A A o degraded 10% from
[ J
2 20 ® . ° - 20% nameplate.
T % °A o é
10 . — . A A ] . 10% The question begged is
° ° “what does the non-hot
0 0% spot distribution look
185 190 195 200 205 220 225 like”
Pmp (W)

90% Power
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Electroluminescence

9 . -%*#Jm--mea:» e
2 ey mm S
8 IR T T T s »
: V -:f:“:;_.@.g, Eix...u :..‘._.“ =y
6
<s
2 High Temp
g 4 => Higher Performance?
o
3
2
1
0
0 5 10 15 20 25 30 35 40
Voltage (V)
SerialNumber Uoc (V) Isc (A) Pmpp (W) Umpp (V) Impp (A) FF (%) AT (°C)
C201012220056 36.79 8.25 222.9 29.38 7.59 73.5 43

Core Energy Works LLC



0056 High Temp
=> Higher Performance?

The Hot Spot Was
Not Repeatable!

|
| &l

@Isc

OFLIR |

Core Energy Works LLC @~Pmp



0056

Crack Connectivity Can Be

Intermittent Even After 6 Years o

"0056"
"0056"
"0056"
"0056"
"0056"
————— S "0056"

“0056"
||0056II
"0056"

Current (A)

O kN OW B U0 Oy ] 00 W

0 10 20 30 40
Voltage (V)

PUMT Test got the Crack to Reveal

Core Energy Works LLC

Uoc
36.68
36.80
36.84
36.77
36.81
36.86
36.85
36.83
36.84

Pmp (STC)

Isc
8.35
8.38
8.34
8.36
8.36
8.35
8.35
8.35
8.36

230

225

220

215

210

205

200

Pmpp
226.43
222.70
220.09
210.70
222.90
211.97
225.02
212.11
225.29

Umpp Impp FF
29.38 7.71 73.91
28.95 7.69 72.21
29.51 7.46 71.63
31.20 6.75 68.54
28.89 7.71 72.44
31.20 6.79 68.88
29.01 7.76 73.18
31.21 6.80 69.00
29.36 7.67 73.16
= No Weight

Note

100 Ibs center

150 Ibs center

100 Ibs behind cell
no weight

100 Ibs behind cell
no weight

100 Ibs behind cell
no weight

| | Center Weight (100#,150%)
B Weight Under Crack (100#)

RETEST #
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Safety Concerns

Primary Concerns
1. High Peak Temperatures
2. Arcing — Fires
3. Shock Hazard

Secondary Concerns
1. Accelerated Aging of EVA/Backsheet
2. Continuous Operation of the ByPass Diode

Core Energy Works LLC 39



12

Safety Concerns 10 High Peak Temperatures

4+
C
=
3 6
o

8
Primary
1. High Peak Temperatures I
2. Arcing — Fires I
g . N ( How High T eak|sa}
70

i~y

"]

3. Shock Hazard

90 100 110 120 130 140 Tso— Safety Issue?
Apprommate Peak Temperature (C)

Note on T, — Not Worst

Case, Based on Module

_ Module Count | % of Sample | % of Array Operating Temp of 50C

Total Replaced

Visually Good 23 50% 0.9% Shock Hazard
Compromised Back 19 41% 0.8%

Sheet *Carried out UL1703/IEC 61215 “Wet
Failed Dry Leakage* 0 0% 0.0% Insulation-Resistance Test” first dry, then
. wetted in the area of the compromised

Failed Wet Leakage* 10 22% 0.4% back sheet.. Test Voltage was 600Vdc

Core Energy Works LLC 40



Financial Analysis of the Case Study

Costs
Detailed IR Inspection of 2500 Modules
Replaced 47 modules (11405 W)
Worked like a Dog — 5-7 man days
Lots of Nice Tools Available
40 Man Hours to Mine the System Data
Benefit

Safer System (How Much Safer?)
Performance Gain

Core Energy Works LLC 41



DC Current (A)

12

10

/7 /20 2

MakANre,

.
-
.

A -

9
/27/2014

Core Energy Works LLC

ik o

3

e 'g‘-f-'f:z‘ i
SN i

| e e

2/9/2016‘

500

450

400

350

300

250

200

150

100

50

Voltage (DC)

Financial Analysis of
the Case Study

Sub-Array Voltage™* (DC)

Control String Current

Damaged String Current

10V Drop over 5 year
2.1V/Year

0.53% degradation in Vdc
6.4V increase after fix

One String increased 9% in
Current

* Temp Corrected
42



Measured Impacts From This Case Study

Hot Spot Temperatures Approaching Lamination
Temperatures were Measured with cracked solar cells
as the cause.

Cracked Solar Cells led to High Temperatures, Arcing,
Compromised Back Sheets.

47 Modules were found and replaced by a detailed Hot
Spot Inspection of the array. 10 of the 47 Failed the
Wet Insulation Resistance Test.

System Performance Increased. Best Case is that new
modules contribute power as if defective modules
were Contributing No Power. This is a Fundamentally
Shift in the Cost/Benefit Analysis

Caveats: Single Snap Shot of a technology,
transportation, and handling, and manufacturing
practices. No other array may act like this one.

General Observations that Need Substantiation
Through Statistically Significant Sampling

IR may not catch widespread cell cracking, even
when the STC power is impacted.

If you define safety exposure as peak hot spot
temperature, then one cracked solar may be more
dangerous than many cracked cells

Not all defects in the field duplicate in the Lab,
cracks are intermittent.

The Cell/Module technology plays a big role in the
tolerance of the module to cracks, and to long term
performance impact.

More work is needed in accelerated aging of
cracked solar cells.
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FLORIDA SOLAR ENERGY CENTER Automation

Look While You Load:
Electroluminescence and IV Testing of

Solar Panels Under Mechanical Load

Andrew M. Gabor!, Rob Janoch!, Andrew
Anselmo?, Eric Schneller, Jason L. Lincoln?,
Hubert Seigneur?

1 BrightSpot Automation LLC, Westford, MA, USA

2 Florida Solar Energy Center at the University of
Central Florida, Orlando, FL, USA

-

This material is based upon work supported in part by the U. S Department of

Energy’s Office of Energy Efficiency and Renewable Energy, in the Solar Energy
Technologies Program, under Award Number DE-EE0004947 .
1 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



BrightSpot

Problem

Automation

* Most panels (glass frontsheet, polymer backsheet)
will develop cracks with front side loading

[BrightSpot EL Camera image]

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



Step 1

BrightSpot

Automation

* Microcracks in Si under busbars from soldering

e Differential contraction: Cu vs Si

* Other sources of damage

~ \ 2
| oo

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017




Step 2

* Pressing on front side cause

>
&
()
3
2.
g -

Strain Stress

Glass~T @ |

microcracks to propagate into @ < )
Encapsulant~_ & %\ ,l

full cracks (usually closed) Enif’,',ii,ﬁi'{j‘ =
Back Sheet

* Asymmetric construction - cells  [Sander, Fraunhofer CSP, Solar
. . Energy Materials & Solar Cells 2013]
not in neutral axis

* Frontside loads puts cells into

MPa

© tensile stress

50
- 45
- 40
- 35
- 30

25
15 &

- 10

[Gabor, Evergreen Solar, PVSEC 2006]

[Gabor, BrightSpot, PVSC 2016]
NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



Step 3

* Subsequent loading/vibration and climate exposure
can cause some closed cracks to “open up”

— Power loss in module
— Mismatch loss in system

— Higher temp operation = further degradation

— Higher sensitivity to shading

Solar cells before thermal cycling:
PMP [Wp]=7.9

BrightSpot

Automation

Source: MBJ-solutions.com

Solar cells after thermal cycling:
PMP [Wp] = 6.3

NREL/SNL/BNL PV Reliability Workshop -

Lakewood CO, USA - 28Feb2017



BrightSpot

Scary anecdotes
pv magazine £roup Snail Trails: c-Si

: 6. / 4‘“ Age Groups
> Climatic Zone Total
W M AG I“E 0-5 Years | 5-10 Years | 10-20 Years | 20-30 Years
Warm & Humid 93)
nnll“n AB lE Composite

>
[
a
=]
3
=3
8 -

BUILDING A SUSTAINABLE FUTURE FOR ’ -
LARGE-SCALE SOLAR PV IN THE U.S. Moderate g2
Cold & Sunny 50% (34) NA
Cold & Cloudy 44% (112) NA
=10,
, S 9f
[Kottantharayil, IIT, S gl
o B 1
Lessons Legrned from e 70 Je
the All India Survey of & | T
Photovoltaic Modules, § |
NREL PVMRW 2016] § al M
> 3 }
(] L
Q o
x
S L[
N
0 1 A 1 A 1 A 1
0 10 20 30 40

Total no. of cracks
6 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



BrightSpot
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Substandard module processing

e Soldering
* Wire
 Handling

[Tierl manufacturer, ~2012]

7 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Substandard shipping and handling

* Pack on edge vs
* Sunnyside up vs

* Sunnyside down

8 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017

[Enlog]



Substandard installation

* Rough handling
— Hard to control

 Bad mounting

pr—

9

— T

NREL/SNL/BNL PV Reliability Workshop

- Lakewood CO, USA - 28Feb2017

BrightSpot

Automation




Loads in the field

10

Wind
Snow
Snhow + wind

Improper O&M

BrightSpot
| o |
I ]
. A4
I
I
_—
[ —
]

Automation



3 Options
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Automation

* Control everything so modules don’t see crack

producing conditions

* Make modules that are less prone to cracking

* Make modules that are less prone to

11

degradation from cracks if they do occur

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



BrightSpot

Cell Cracking Solutions

Automation

Method Cure/ Desirability
Bandaid

Optimize soldering and QC Cure High
Improved metallization Cure High
Racking to reduce bending Cure High
Glass/glass construction Cure High
Stiffer modules Cure High
Compressive stress from backsheets Cure High
Conductive adhesives Cure High
More wires Bandaid High
Wires closer to edges Bandaid High
Low reverse breakdown Bandaid High
Strings wired in parallel Bandaid Med
Cells wired in parallel Bandaid Med
Rectangular cells + thin wires Cure Med
Module level electronics Bandaid Med
Increased bypass diodes Bandaid Med
Thicker wafers Cure [REED

[Gabor, BrightSpot Automation, NREL PVMRW, 2015]
NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



BrightSpot

Crack Worry Trendline

Automation

_ Thin
High wafers
Worry
Glass/glass
More 4-5 busbars
automated ]
. Wire array
soldering
S/kg Si] Softer wire CondL!ctlve
adhesives
3 busbars Different
EL inspection encapsulants
Better
certification
Low Thick tests
Worr wafers -
Y / Better testing tools!

2003 2005 2007 2009 2011 2013 2015 2017

13 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



What tools would help?

* BrightSpot’s conclusion

14

— See when cracks form as load levels are increased

— Higher resolution EL to better see tightly closed

cracks (24 Megapixels vs <1.5 Megapixels)

* Low-cost so everyone can afford

NREL/SNL/BNL PV Reliability Workshop -

Lakewood CO, USA - 28Feb2017

BrightSpot

Automation




Existing Load Methods

* Most block front side

* 4 bar bending of laminates

15

— Prevent EL imaging
— Uniformity?

— Allows EL!
— But forces are different than in the field

Cross bar

|
I“ Load cell
i 1 i EL-Camera

Power supply

- Load roller

[Dietrich,
Fraunhofer

Displacement

/\‘\' sensor CSP 20 1 5]

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017

Specimen

BrightSpot

Automation




The LoadSpot solution

Gate
Edge seal »
Hold-down ->7

clamp

Module

block

Gate

* Support at 4 mounting points Z
* Uniform loading

16 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017

Back plane

Back plane

BrightSpot

Automation

Rear support _ pressure

Svacuum
4



Other backside vacuum solution

BrightSpot

S

Full perimeter support

. _[Z

17

] [Assmus, ISE, 2009]

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Crack evolution vs load — Panell

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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BrightSpot

Crack evolution vs load — Panell

| = |
E— ) |
| 2w |
1
1
I
1
]
Automation

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



Crack evolution vs load — Panel?2

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Crack evolution vs load — Panel?2

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Predictive Crack Opening - PCO Test

BrightSpot
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S .
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Ll °8 Predicted Power Loss
&t — if some closed cracks
g 4 o © 0to 2400Pa |-
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Full perimeter frame support
- More uniform stress
- Easier to implement

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Do module buyers care?

 What if you knew that modules from Vendor-A
had fewer cracks at a given load than Vendor-B?

— For similar price
* For slightly higher price?
— For similar weight
— For similar warranty
— For similar backsheet

23 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



What are the right tests?

* How best assess module durability regarding

24

cracked cells?

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Static load portion of IEC612157

BrightSpot

>
c
~
o
3
Y
a,
)
=1 -

e 2400 Pa is higher than most

1 Module

. . . MQT 12

installations will see from snow Humidity freeze test 1

d nd W|nd 4019CC¥C|§Z °C MQT 16

- 85 %ORH Statilc mdei:hatnical
. . oa es

* Does backside load do anything? (design load)
* Isone hourany better than 1 ~_

second? 1 Module 1 Module
 |s 3 times front then back better e

than 1 time? Retention of

junction box test

* Is it worthwhile doing this test if
don’t follow with “crack opening’
sequence?

— Too severe?
— Are we afraid to do this?

e |s this test more about other
failure modes?

)

MQT 14.2
Test of cord
anchorage

MQT 19.2
Final Stabilization

MQT 06.1
Performance at STC

~
/

[Beck, Siva, NREL PVMRW 2016]
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Cyclic Load Test IEC-TS-627827

* |s +1000 Pa the right level for crack formation?
— Initially mostly “closed” cracks

* Are +/-1000 Pa the right levels for crack opening?

— Every cycle is a chance to allow the crack to become
propped open (ISFH — Koentges)

26 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017



CSA Group: Exp450 Sequence B?

BrightSpot

27

Sequence (based on PVQAT)
— 1000 cycles at +/-1000 Pa
— 50 Thermal cycles

— 10 Humidity-Freeze cycles

Data?

Mechanisms?
> 20 days!

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017

Automation

Characterzabon

Y

Dynamic Mecharscal
Load Test 1000
cycles +/- 1000 Pa,
3.7 cycdes/min

ECTS 62782]

Y

Interm

Characteruzation

Y

1050 40C/85%C
(AT 11

Y

intenm
Characteruzation

Y

Humidity Freeze 10

Cycles -40C/85C/
8S%AH [MQT 12}
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* Predictive Crack Opening test

* Fast cyclic loading

28

How use the LoadSpot?

Crack formation vs load as a
function of:

— Module vendor

— Mounting hardware

— Mounting locations

— Prior module history

— Correlate to environmental
chamber degradation

— EL/IV progression

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Other LoadSpot test ideas

29

Loading at high and low temperature
nteractions between shading and loading
Different mounting hardware

Different clamp positions
Cyclic/static combinations

Your ideas!

NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Who should use the LoadSpot?

* Product development and R&D groups

— Modules
* Efficiency/cost gains

— Mounting hardware
* Quality control groups

* Testing and certification labs
— Does the standard IEC static and cyclic tests

* Module buyers/investers

30 NREL/SNL/BNL PV Reliability Workshop - Lakewood CO, USA - 28Feb2017
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Test your modules at FSEC!

BrightSpot

>

&

=]

é II||I!I!
o,

g -

* Eric Schneller eschneller@fsec.ucf.edu >See poster #86

* Joe Walters jwalters@fsec.ucf.edu

e Me gabor@brightspotautomation.com
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Metrology for Cracks in Modules

Klaus Attenkofer, Alessandra Colli, Michael Dudley, Balaji
Raghothamachar, Eric Dooryhee

Es. ﬁnEamREEFY Office of BRO National Synchrotron
., Science NATIONAL LABORATORY Light Source Il



Qutline

* Motivation: Can Finite Element Analysis (FEA) explain
snail trail observations in the field?

e X-ray Diffraction Imaging: A metrology appropriate
to test and tune FEA

— The method
— Data and results from a mini module

— White light imaging: a fast and easy to use tool
(capability for field setups)

— next steps

e Conclusion

;@‘ “""’"‘"“ﬁ&“ Office of BROOKHELVEN | National Synchrotron
ENE Y Science NATIONAL LABORATORY | Light Source II



Location of Modules Showing Snail Trails and

Vi | Defect

L - CEY s

7,«3 \_/ L‘L&‘j

¥ 0O h
{ E N) 15' ACCESS SWING o

i

|

3 OFFSET n

RIMETER SECURITY

|

A\§§§~\;

(N) 15 ACCESS
4 SWINGGATE

TO AVOID SHADING ARRAY

Above the full area 1 of the NSERC array.
Only the right portion has been visually
inspected in the first exit. The full Area 1
isalMW, 1000 V system.

On the right, the location of the modules
presenting snail trails (red) and the
broken module (blue) is shown.

Installed 291

Installed 2013 and operational

IN=(N) TR/
~ swiITC

(N) INV
EQUIPI

(N) 416
AND Ci

Office of
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Snail Trails and Discolorations

1
'; === =
4 | Snail trails
F =—=— .
P e on multiple

adjacent
modules.

Various
cases of
adjacent
modules
showing
snail trails
have been
found.

===
T .
q----g

e s Ofﬁce of BROOKHPIVEN , National Synchrotron
ENERGY Science NATIONAL LABORATORY | Light Source li



Prevalent Location of Snail Trails on the Module

Statistical analysis of FEM-analysis of thermal cycling effects:
BNL filed data: -.231E+09 i 1 11l |1 1 —.231E+089
Junction box side _ 223F+08 | i S _ 5o4Fa0g
-.z1eE=02 T T T T 16 ~.217E+09
-.208E2+02 T HT T T e -.211E+09
l - Z01E+08 TR -.204E+0%2
I—.193E+G9 o e et o —.19?E+C'9I
—.1B5E+09 okl e e ~.190E+09
- 178E409 L Al L4 ~.1B4E+09
ST L= W A ) N N O N B - 177E+09
.
l— .163E+09 e —.1?9E+ual

Fig. 13: x-direction stress in cells (left) and third rinciple stress in cells
(right) at -40°C
Hasan, Arif, Siddiqui, IMECE2012-89429, 2012

A O What metrology can

12 and 13 cases
-; ——n ".I_Eg ~ I quantitatively verify the FEA
6 and 7 cases
an cases ?
B - onc s - results:

1, 2 and 3 cases



Material's Response to Applied Forces

Stress: o =F/A

- Strain to fracture

Unifomn strain ————=-

Stress: Force per area (pressure)

Strain: Deformation due to stress

__Plastic regime: Not applicable to
brittle materials

Hffsetyield strength

Tensile strength

— Strain hardening regime

Elastic regime: Following

h

Fracture stress

Strain: g = dl/I

http://www.mscsoftware.com/training_videos/patran/Reverb_help/
index.html#page/Fatigue%2520Users%2520Guide/fat_theory.15.4.html

Hooks law

Measuring the deformation of the
material due to a given stress (fatigue
testing) allows to determine the

functional behavior for a material
Measuring the deformation of the
material and knowing the functional
behavior allows to determine local forces




Fracture: What to Measure

Unifomn strain ——= / Fra Ctu re

fisetyield strength

Tensile

http://www.predictiveengineering.com/consulting/fea

Mechanical y External force
properties to bend -

/

FEA " Curvature of wafer = o=F/A

Crack
|, I |of Reference/Standard = dI/l = Dpevelopme
nt
@ENERGY |25 BROOKMAUEN | (cr 7




X-ray Diffraction Imaging:

Using Bragg Diffraction as a Contrast Mechanism

Diffraction image
()

Absorption contrast Phase contrast Dark field image

LT Ry -

https://www.dectris.com/pci_application.html J. Appl. Cryst. (2013). 46, 849-855

Diffraction
contrast
mechanism:
dsin@ dsin@
Wave-front is preserved if crystal
is perfect (acts like a mirror)
ENERGY |S0oes BROOKHAUEN | toon snprover




Angular and Spatial Resolution

Angular Resolution: Spatial Resolution:
* Fundamental limit is given by the * Ffmdarrjent.al I.imit is given by
width of the bragg reflection diffraction limit
* At 30keV the width of a Si bragg e At 30keV the diffraction limit is
reflection is in the order of beyond 1A
1-3urad (~0.05-0.1mdeg) ' _ _ .
« State of the art full field and pencil * Easily achieved resolution with

commonly used equipment is
1-10um. World record is
currently 7nm.

beam setups can easily achieve
fundamental limit.

(a) .
L high .
e =) ¥ strain

[Jlow. (€ [/low.
Bstrain | ~ [Istrain

| Example of crack formation and relaxation of strain
a } . “ during tempering of a processed Si wafer measured
sn . with a pencil beam; by determining the local lattice
- /" constant the strain map can be produced.
Spatial resolution: sub-micrometer

~ [lstrain
b |

J. Appl. Cryst. (2013). 46, 849-855

EN | National Synchrotron
Light Source II

Y Eﬁ%y Science



White Beam X-ray Diffraction Imaging

Principle:

* Every allowed reflection can be observed in one
“shot”; this results in redundancy and increased
statistics.

* Background/signal ratio is large (figures showing low
background cannot be detected) -

e Efficient way of X-ray diffraction imaging if Sample
monochromatic sources are not available

X-ray film

Experimental Requirements:
* Source: collimated high energetic polychromatic X-ray source (bemsstrahlung
spectrum); energies above 30keV are preferred for typical packaging.
* Spatially resolving detectors (typically 1-5um resolution):
* Films: cheap but requires large manpower to make many exposures
» Scintillator screens in combination with optical microscope (detection efficiencies
of roughly 10-3-10%, frame rates of 100Hz are realistic)
» Scintillators with directly coupled single photon detectors (detection efficiency
close to 1, frame rates in the 100-1000Hz, but expensive (emerging technology)
* Module manipulation: needs only translated to scan beam over full module

ssssssssssssss
Office of BROOKHFIUEN

Science NATIONAL LABORATORY ‘ Light Soul

Natio ISy hrotron



First White Beam Diffraction Imaging Data
(FU” Fleld) Digi?ized and background removed data from film

|

—1

X-ray film

—

lanslationél_::
Sample

Calibration Mini Module
as test sample

PECET

x 104

* Film was used for two exposures
(film was vertically moved by 10mm)
* Beam size: 3x16mm?
* Two sets of diffraction images are visible

Eﬁ'ﬁ'ﬁ'&"v Office of BROOKHPELUEN | National Synchrotron
Science NATIONAL LABORATORY | Light Source II



The DilﬂraCtiqn Imagg Exposure 2 shows non-

cracked wafer with Ag
metallization lines

Direct beam -

(partial image): -
Exposure 2 \ T

Exposure 1 shows clearly
micro crack with bus-bar
and 3 Ag metallization lines

Direct beam / 3

(partial image):
Exposure 1

x 104

* One exposure produces a Iargeu’snumber ot iﬁnages, each
correlated to a different diffraction plane (like mirrors)
* Information content:
* Intensity variations due to Ag absorption contrast or
e due to scattering contrast (crack with low angle grain boundaries)
* Wavy line shape reflects bend of wafer

T

u.s. DEPARTMENT OF | O)ffice of National Synchrotron

E"ERGY Science N?I‘%?AnL LABORATORY | Light Source II



The Crack in Exposure 1 (Close to Solder Point)

Three metallization
lines: curvature
reflects (measures)
deformation of
wafer

7000 7500 8000

High Compression Area

on the Back Sheet contact

Optical microscope

Metallization line shows two

_ discontinuities reflecting three
independent parts of the wafer

_ * Crack is not visible in microscope

Multiple light scattering makes 5k dimensions is in mm-range

imaging of Si impossible

| Office of

| National Synchrotron
Science

Light Source II




Wafer deformation: Quantitative Analysis

* Reflections of Exposure 2 were selected to avoid
effects due to the crack
* Four reflections selected which represents

positive and negative reflection indices (utilizing
evmmetrv tn minimize cuctematic errors)

Digitized shape of
metallization line using
symmetry inversion

3
95 T T T T 1310

e Strong deformation 8 S S doggon] ¥ty /’\
about 1.4 degrees A

Area with high compression on the back side ‘

(bending of wafer
correlated with
structure)

*  “local” deformation
in the order 3mrad
(~0.18 degrees) s

-0.5¢

Contact area

Bragg angle [degree]

i
)]

Local Bragg angle deviation [rad]

Area with high compression on the back sid«

42 =T 3 3 4 2 0 2 3 ER ET - % % 2 0 2 3 5
Ag line position [mm] Ad line position [mm]

TR
U.S. DEPARTMENT OF -

ENERGY

Office of
Science

National Synchrotron
NATIONAL LABORATORY | Light Source Il



First Experiments with monochromatic
beam at XPD/NSLS-I

Reflected beam in Laue geometry @ 34.5keV

5mm

/mm Mini-Module

Signal to Background: 26000/100 0.02 degrees rotation between frames

Results:

Signal/Background ~300

Bend of cell in wafer is 0.18 degrees
Setup needs to be improved to provide
strain analysis (easy task)

au
:
° °

Intensity [a.U.]

angle [Pixel]



Proposed Setup at NSLS-II: 8-ID

Optional analyzer crystal

Monochromator

IR-Camera
AN N
X-ray /’ :! \ ,' ! / N\
5 \‘ /7 ~ V4

Area detector

Damping Wiggler

Solar panel

Required time:
e ~20min-25min per cell with 5-10um
resolution
* Detector readout determines time
Available beam time: 3x7days per
guarter year
Number of cells per quarter year: ~2000

About: 3TB/hour!

Office of BROOKHPIVEN National Synchrotron

Science NATIONAL LABORATORY | Light Source Il

@ U.5. DEPARTMENT OF



Summary

e X-ray diffraction imaging provides:

— Strain measurements with spatial resolution in the micrometer and

nanometer regime and high sensitivity

— It is relative fast and can be easily applied if analysis software is

provided

— Can be applied in monochromatic synchrotron experiments (high
resolution) or in white light field experiments for manufacturing or

field inspection.

 X-ray diffraction imaging is a perfect metrology tool to test and

improve (refining models and parameters) and verify FEA.

Office of BROOKHIAVEN National Synchrotron

Science NATIONAL LABORATORY | Light Source II

U.5. DEPARTMENT OF



NREL/SNL/BNL PV Module Reliability Workshop
Tuesday afternoon first discussion:

Cracked cells: Presentations described how cells may crack, how cracks can be
detected with different levels of resolution, and that power loss may result -
sometimes immediately and sometimes after subsequent thermal cycling or other
stress in the field. The ensuing discussion explored many aspects of the problem.
The discussion is summarized here according to three themes:

1. Characterization of cracks and their effects:

» The characterization of the cracks is complicated by the observation that the
electrical connection between the cell pieces changes when mechanical, electrical,
and environmental stresses are applied to the module (e.g. by the LoadSpot). The
electrical connection can also change with time both by self mending and/or further
opening of cracks after thermal cycling and other stresses.

e The power loss at system level may be much greater and more relevant than the
power loss from each individual module, since the maximum power point current
for each module may vary, causing the current flowing in the string to deviate from
the optimal value for each module.

e Many of the studies use electroluminescence imaging performed indoors, but it
would be useful to collect images of modules throughout entire fields (real-world
operation), including investigating the effects of tracker movement, inverter
clipping, etc. Cases have been discussed of cracked modules showing hot spots while
in the field, but not when moved to the laboratory; they had to be put under tension
to show the crack problem again. This aspect highlights the importance and the
effects of the real-world working conditions for the modules.

 Conversely, some disconnected cell pieces may not be noticed during field
(infrared) imaging if the system causes the module to be in forward bias rather than
to be biased at a point that places the cracked cell in reverse bias. This situation may
occur when multiple strings are connected in parallel or when the inverter limits the
output of the system by forcing all strings into forward bias relative to the maximum
power point.

 Application of cyclic mechanical load followed by thermal cycling and humidity-
freeze cycling is presently our most accepted method of aging cracks, but it is
unclear if it is optimal at predicting end of life impact to performance and safety.

e UV fluorescence (based on the fluorescence of degradation products in the
lamination material) may provide a high throughput method for detecting cracks
and heat-generating isolated cells parts in the field.

 X-ray diffraction imaging can be applied in laboratory environment for high-
resolution micro-cracks (micron size) and cracks visualization in correlation with
material defects, interactions with other materials, and stress/strain on the silicon
cell in the encapsulated environment. The technique could be implemented for
industrial applications.



2. Understanding of causes and impacts of cracked cells:

 In commercialized modules the tendency is that micro-cracks can be correlated to
manufacturing, while major cracks can happen during shipping, handling, operation
and maintenance of modules.

» Testing to date has shown that the majority of cracks are benign, showing no
safety concerns as well as no major degradation in the module performance.
However isolated solar cell areas resulting from cracks can strongly degrade power
and pose a safety issue in the worst cases. The connection between cracked solar
cells at beginning of life and isolated solar cell areas later in life is still unclear.

« Correlations between cracks, hot spots and loss of performance are still unclear.
Some cracked modules have low performance, and some hot modules have very
good performance.

* Despite hot spots happening rarely, they are a source of safety concerns. They can
also unleash a series of other degradation modes within the module. More study is
needed to understand when cracks are a cause vs. an effect of hotspots and what
percentage of hotspots are crack related.

e More study is also needed to understand whether wind-related opening and
closing of cracks is a significant factor in bypass diode failure due to the potential for
rapid/frequent switching of the diodes.

e Should we look to develop modules that crack less or that degrade less in time
once a crack is present? It is practically impossible to avoid cracks, thus we need to
act on the environment surrounding the cracks by focusing on module packaging
materials and contact improvement.

e We still need to understand the encapsulant’s mechanical properties (both
temperature and time dependence) in more detail and how these interact with
soldering and other stresses within the module to affect the formation and
propagation of microcracks.

3. Strategies for reducing the effects of cracks:

e More busbars or replacing the few flat interconnect wires with an array of round
interconnect wires. It has been shown that more busbars make the system less
sensitive to cracked cells, while higher efficiency makes the system more sensitive.
» Glass-glass construction instead of glass-backsheet construction places the cells at
the neutral axis. However, glass-glass modules may present other issues.

« Half-size cells that allow the use of less tall interconnect wires that place less
stress on the cells during soldering.

» Some cell designs like Sunpower’s are less susceptible to problems correlated with
cracks (would bifacial and HIT cells behave in a similar way?).

« Controlling the soldering process to avoid stress at the point of connection.
Soldering can be an initiator for cracks.

 Developing a stiffer module frame.

e Improving the function and the lifetime of the encapsulant material.



 Tests may be developed, such as a twist test to simulate bad handling during
module installation. However, the industry may not be supportive of additional test
requirements.



Determination of mechanical stress in encapsulated solar cells by

- TOTAL combination of finite element analysis and strain gage measurements
COMMITTED TO BETTER ENERGY Martin SANDER, George MSEIS, Ludovic HUDANSKI, TOTAL GAS, RENEWABLES & POWER, 2 place Jean Millier, 92400 COURBEVOIE, France

Abstract

Encapsulated solar cells in PV modules are prone to cracking when applying certain mechanical loads. This represents a particular risk for module performance and reliability. The use of thin silicon solar cells
increases this risk further and therefore concepts for reliability and robustness have to be developed. For such a reliability assessment the failure criteria (cell strength) and the local stress have to be known.
Measurements of mechanical strength of bare and encapsulated cells have been presented by different authors in the past, but determination of mechanical stress in PV modules under realistic boundary conditions
still needs improvement and verification.

In this contribution we present results of finite element analysis of full size PV modules under different boundary conditions and load cases. To verify the simulated stress values, mechanical tests have been
conducted on full size PV laminates (unframed and framed) with applied strain gages that directly measure mechanical strain at the wafer or cell surface. Knowing Young’s modulus of silicon one can directly
calculate mechanical stress.

We observed significant differences for different load cases (point vs. area load), significant impact of the module frame and we were able to verify the accuracy of the finite element model that we are using for our
reliability assessments. The obtained learning is currently used to improve PV modules and systems for improved durability especially for harsh environments.

Motivation / Background

Test specimens and setup
« Two types of test specimens have been prepared: glass panes and PV laminates

» Cracks in c-Si solar cells can lead to power loss and should be
avoided.

Electroluminescence of solar cells after mechanical loading: :zﬁﬁﬁ"f‘ﬁ“ﬁ .
Left: PV module after area load, Potthoff et al, Workshop PV- -' « Strain gages have been < — a=1552 mm > < — a=1552 mm >
Modultechnik (2009); Right: PV laminate after uniaxial : T < > € g >
bending, Sander et al, Proceedings EU-PVSEC (2013) aﬁp“ed at ;me pOr?ItIOHS < al4 >
sSnown on the scheme a/8_! |
« Silicon solar cells break if: . . — '
Silicon solar cells brea the local stress Fa?r(ieeegrsiteria tggggfracture stre.ngtj . Mechanical load testing . |
// ( u ) g 32_ ‘z J I;z‘_‘ Was done With a |ine
| o S Joksaz ma support along the long E
OO seOIC ) ) £ 50 3 edges £ £
000D COOO® S 30F ; = 2
| (e Ll z 20f f{ AT  Astandard Al frame 8 o2 S
EsscCooasuE > o IiAne ' A
seooCCo0oe) g0 / ] I/ has been attgched to
@es | oo a / A 1 . R the test specimens y
- 1 /| B  Mechanical load v !
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