i sNREL

NATIOMAL RENEWABLE ENERGY LABORATORY

2017 NREL Photovoltaic
Reliability Workshop

Technical Monitor: Sarah Kurtz

February 28 — March 2, 2017

Lakewood, Colorado

NREL/PR-5J00-68942

NREL is a national laboratory of the U.5. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



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.

NATIONAL RENEWABLE ENERGY LABORATORY 1



Table of Contents

Day 1: Tuesday, February 28

Failure Mechanisms

Changes in Observed PV Failure & Degradation MOGES...........ccouuiiiiiiiiiiiiiii e 10
Degradation of Solder Bonds in Field Aged PV modules: Correlation with Series Resistance Increase........................ 35
TUESAAY MOINING DISCUSSIONS. ...ttt ettt et e ettt 59
Poster Session |

Thermal-Mechanical-Electrical Model for PV Module-Level Mechanical Failure Mechanisms.............ccccoeveiiiiiiiiiiiinnn, 61
DuraMat Field Deployment Capability.............oooiiiiiiiiiiie et 62
Causes of the Most Frequent Degradation Mode of Crystalline Silicon Photovoltaic Modules................cc..ccvvviinee, 63
Role of Encapsulants on the Process Induced Residual Stress in the Crystalline Silicon Solar Cell Modules

using 2D Finite Element SIMUILIONS. ..ot 64
Cause of Current-Collection Failure Observed in Isc-Reduction Phase of PV Cells and Modules Exposed to

ACEHIC ACIH. ... 65
Investigating PID Shunting in Polycrystalline Silicon Modules via Multi-Scale, Multi-Technique Characterization............ 66
Effect of Light Irradiation on PID Testing of CIGS Photovoltaic MOAUIES..............ueeriiiiiiiiiii 67
Accelerated PID Testing on Packaged CIGS DEVICES. .........ccooiiiiiiiiiiiiiii e 68
Presence of Sulfur in Screen Printed Front Contact mc-Si Cells Results in Ag Depletion in Biased Damp

Heat (85°C/85% RH H1 KV)...ueiiiiiiiiiiiiie et 69
Multiple Failure Modes on Fielded Glass/mc-Si/polymer Modules..............oooiiiiiiiiiiiiiiiis 70

Cracked Cells

Ultraviolet Fluorescence Method to Detect Cell Cracks and Safety Issues of Cell Cracks..........covvviviivvvviiviiiiiiiiiienns 71
Field Observations of Cracked SOlar CellS.............ioiiiiiiiiiiii e ae e 96
Look While You Load: Electroluminescence and IV Testing of Solar Panels Under Mechanical Load........................... 139

NATIONAL RENEWABLE ENERGY LABORATORY 2



Metrology for Cracks in MOAUIES............ccooiiii i, 170
Tuesday Aftern00N FirSt DISCUSSION. ........ccoiuuiiiiiiiiie it e e et e e e e e e e e e e e et e e e e e e e e e e eaaaaes 187

Poster Session Il
Determination of Mechanical Stress in Encapsulated Solar Cells by Combination of Finite Element

Analysis and Strain Gage MEASUIEMENTS..............cviveereeeeeeeeeeeeeee e et ee et 190
Potential-induced Degradation of n-type Bifacial MOGUIES. ............c.ovoeiueeeeee oot 191
Probe Indentation Method for Fast and Non-Destructive Determination of the Cross-Linking Degree

Of EVA ENCAPSUIANTS ...ttt 192
Thermal Cycling of Silicon PV Modules at High Ramp Rate and High Temp...........cccovvviiiiiiiiiiiciccccee e, 193
Microstructure Simulation of Polycrystalling Thin FilmS.............ccooiiiiiiiiiiiie e, 194
Probing Residual Stress Evolution in Crystalline Silicon Cells Using Synchrontron X-Ray Micro-Diffraction.................. 195
Phantom Inhomegeneities in CdTe PV Devices as Seen by ElectrolumingSCence.............cc.occeevveeviiiieiciecceiee 196
Glass-less, Frame-less, Lightweight c-Si Module Durability and Robustness Testing: A SUIVeY...........c..ccccevveeieennnne, 197
Simulation of Shading Induced Hotspots in PV MOGUIES...............c.eoviieieeieieeeeeeeeee e, 198
Correlating Infrared Thermography with Electrical Degradation of Modules Inspected in All India Survey

of Photovoltaic Module Reliability 2016............coooiiiiiiiiii e 199
Evaluation of Cell Cracking Risks Beyond Certification in Crystalline and Thin-Film PV Modules..................ccvvvvvvnee. 200
Modification of ZnO: Al Surfaces for Improved Lifetime Performance..............ccccvvviiiiii e, 201
Advanced Mechanical Stress Testing Using the LoadSpot..........cuuiiiiiiiiiiiiiiiciic e 202
Snail Trail Impact on Solar PV Module Performance..............cccuueiiiiuiiiiiiie e 203

LID and Other Questions about Nameplate Ratings
Effects of Nameplate Assignment — How Important is it in Determining Energy Delivered Relative to
the Effects of Variable Operating Conditions?................ocvvoveiie oo 204

NATIONAL RENEWABLE ENERGY LABORATORY 3



Module Tester Spectral Classification: Focus on Industrial Silicon Modules................coovviiiiiiiiieiiii e, 227
LID Effects and Long Term Stability in PERC Solar MOAUIES............uuuummiiiiiiiiiiie i 247
Tuesday Afternoon SECONA DISCUSSION. ... ..uu.ieiiieiii e e e e e e e e e e e e e e e b srere e e e eaaas 278

Day 2: Wednesday, March 1
PVQAT Updates and Technical Discussions

PVQAT TG1 Update: Status and Implementation of IEC 62941..............ccviiiieeeeeeie e 280
PVQAT TG -10 Status Update: PV Connector ASSEMDIY.............ccveeviieeeeieeeeeeeeeeee et 292
TG4 Update: Diodes, Shading Climate, and Mounting Specific Accelerated Test Development.............c..cc.coveveeevene.n. 303
SAYURI-PYV WOTKSNOP REPOM. ... ..ttt ettt ettt 322
SOPHIA-Module Reliability WOrKSNOP. ...........eoveveiieiee ettt 331
Poster Session lll

Measurement Uncertainty: A New Holistic Approach to Reduce the Pain of Uncertainty!.................cccoviiiiiiiie, 337
Comparison of Weathering Test Chamber Light Source Spectra & Preliminary Results of PV

Encapsulant Aged With Metal Halide Light SOUrCe..........ccooovviiiiiiiiii 338
CSI: Combined Stress with In-Situ Measurement TESHING.........ooooiiiiiiiiiii e 339
Field Inspection of PV Modules: Quantitative Determination of Performance Loss due to Cell Cracks

USING EL IMAGES. ...t eeeeee ettt e e e ettt e e e e e e e e e e e e e 340
Polyolefin Solutions for Driving RE@DIlItY. ............coeiiiiiii e 341
Evaluation of Color Changes in PV Modules Using Reflectance Measurements...............ccccccooiiiiiiiiiiieeccce e, 342
Failure Analysis to Identify Thermal Runaway of Bypass Diodes in Fielded Modules.................cccooiiiiiiiiiiniiinn, 343
Module Accelerated Stress Testing and Comparison to Field Performance...........ccooooeeiiiiiiiiiiiii, 344
Recent Failures of Backsheets in Fielded PV Modules and their Relation to Material Degradation.............................. 345

NATIONAL RENEWABLE ENERGY LABORATORY 4



Survey of Mechanical Durability of PV BaCkSheets............coooiiiiiiiie e 346
Development of a Single Layer Clear and White PV BackSheet.................vuvviiiiiiiiiiiiiiiiiiciii e 347

Encapsulation Performance after Three Years in the Field: A Comparison of Hot/Humid and Hot/Dry Climates............... 348

PVQAT Updates and Technical Discussions Continued
PVQAT TG3: Proposed PID Pass-Fail Requirement for Amendment to IEC61215, Other TG3 Status

and Combined StrESS TESHNG.......ccuviiiiiiie it 349
PVQAT TG5: “UV Weathering Standards Development Within the PV Industry”.............ccccoooiiiiiiiiiiccc e, 396
Proposal for Testing for High Temperature Operations..............c..coouiiiiiiiiiiie et 461
Wednesday MOMING DISCUSSIONS. ...........vveirereireeieieeeeeeete s et e e e e eete e e e ee e et e e e et e et e e ete e et e e eaeeeteeeteeeeteeeneeanee e 474

Final Session of PV Module Reliability Workshop; First Session of PV System Reliability Workshop

Scientific Basis for Using a Durability Protocol to Gain Confidence in Long-Term Performance of Modules..................... 476
EXP450: PV Module Testing Protocol for Quality Assurance Programs — Update...............ccoeovevveicoiiieecciiecen 495
Poster Session IV
High Sun Irradiance Testing for Understanding Material Life Time Expectation of PV Modules................cccooveiiiiennnnen. 913
Overview of PV Project Design Qualification Certificate of IECRE OD-403.............ccooviiiiiiiiii e, 514
Impact of Degradation Rates on Solar PV Project FInancials................coooiiiiiiiii i, 515
Evaluation of Various PC Module Technologies in Desert Condition Using Weather-Corrected Performance Ratio........... 516
Early Reliability Issues and Symptoms Evaluated in Four Large PV Plants in Southern France..................ccccvieeeen 917
Toward a drone-based EL and PL inspection tool for PV power plants (DronEL)...............ooooiiiiiiiiiiiiiiiieeeee i 518
Statistics for Evaluation of >12,000 MOQUIES..........ccooiiiiiiiiii 519
PV Energy LOSSES iN SNOWY CONGITIONS. .....vviiiieieieeees ittt e e e e e e e e e e 520
Operando X-Ray Characterization of Photovoltaic Materials.................cccovuiiiiiiiiiii e, 529
Reliability and Parameter Evaluation of PV Modules with 19 Years of Use in Brasil's Amazon Region........................... 530

NATIONAL RENEWABLE ENERGY LABORATORY 5



Lessons Learnt from Lab TESHNG. ... .. eviiiiiiiiiiiiiiiiiitiie et 531

Weathering of KYNAR® FIUOrOPOIYMETS. ... ..o 932

Accelerated Testing of Photovoltaic Modules in Extreme ClMates. ..........coovieiiiiiiiiiiiiii e 941

Summary of DC Losses Observed using Aerial Infra-Red Inspection Across >1.6 GW...........ooviiiiiiiiiiiiie, 942
Bankability - Are the Standards in Development Addressing the Investors' Questions?

What Does an Independent Engineer LOoK for in @ PV PIant?.............oooriiie e 543

Wednesday Aftern0ON DISCUSSIONS. ............eoueiiuiee it eeie et e ettt ee e ete ettt et e et e ere et e e e e, 564

Day 3: Thursday, March 2
System Reliability

Central Inverter Cost of Ownership & EVENt ANGIYSIS. .........coiiiiiriiiiee e 568
PV O&M Cost Model and Cost REAUCHON. ..........ccooiiiii e 587
Poster Session V

Effect of Multi-Parameter Filtering on SoiliNg LOSS INAEX.........cciiiiiiiiiiiiiiicieieee st e e 614
The Effect of Soiling on the Performance of PV Modules in a Semi-Arid Area in South Africa................ccooovviiiiiciinnnn, 615
PV Soiling Losses: Seasonality and Predictability.............c...veiiiiiiiiiiccccc e 616
PV Module Surface Soiling Studies in Brasil: Program and Research Progress. ..., 617
Using Solar Production Data to Calculate Average Soiling Rates and Characterize the Effects of

SPECIfic Weather EVENLS........cci i, 618
Anti-Soiling Coatings for PV APPIICALIONS. ..........ciiiiiiiie et e e 619
Thermal Non-uniformity in PV Modules and Plants: Influence on Performance Parameters..............cccooveveeiiiiieiiiinnnnn, 620
DaySy Daylight EL & PL: Estimates PID Losses inthe Field.................cccoviiiiiiiiiccc e 621
Inspection Methods of PV Systems by Using UV Irradiation. ................cccoooiiiiiiiiiiie e 622
Tracker Lifetime Cost Tracker Reliability, Lifetime and LCOE...............ocvoiiiiie i, 623

NATIONAL RENEWABLE ENERGY LABORATORY 6



Soiling

A Commercial System Perspective on Mitigating PV SoiliNg LOSSES. ... ..uviiiiiiiiiii i 634
Progress Towards Mapping Out PV Soiling Losses inthe U.S...........cciiiiiiiiii e 643
Overview of Sandia’s Soiling Program: Experimental Methods and Framework for a Quantitative Soiling Model................. 661
Adhesion Mechanisms for SOIlING ON PV GIASS............eiiiiiiiieiiiie ettt 676
Thursday MOMING DISCUSSIONS. ...........veivreiieeitie et e ettt et ettt ettt ettt ettt et e e et et e e et e e eae e enaeeeaeeeas 695

Power Electronics

Electromagnetic Interference (EMI) & its Role in Inverter Reliability................ooiiiiiiiiiiiiiieee e, 696
|EC 62093: Proposed Approach to TeStiNg INVEIErS. ... "
Poster Session VI

A Stochastic Model for PV System Reliability & Performance in SAM (PVRPM) — Live DemO........cccccocvvvviiiiiiiiiiiieeeee, 755
Design for Reliability (DfR) of Power Electronics for PV SYStemS...........cooiiiiiiiiiiiiiieee e, 756
Degradation Studies of a Photovoltaic System Operating in the Canadian Arctic for 21 Years............cc..cccovvveeeiiiineccinnn. 757
Failure Detection and Classification Algorithms for Grid-Connected PV Systems..............vviiiiiiiiiiiiiiii, 758
Online 1-V Scanning and Intelligent Diagnosis on the Faults of the Solar Panels for the Operating Plants......................... 739
RdTools: Open-Source Degradation ANalysis TOOIDOX. ...........ccuvriiieirieeie et eie ettt 760
Generalized Degradation Model of Photovoltaic Modules Exposed in Different Climatic Zones...............cccccoeeeveevnenn..n. 761
Impact of Missing Data on the Estimation of Photovoltaic Degradation Rate................oooiiiiiiiiiiiiiiee e 762
Month-by-Month Analysis of the Power Change Rate of Real World, Outdoor, Photovoltaic Systems

ACrosS MUItIPIE ClMALE ZONES...........eiieeeee e 763
Degradation of different PV module technologies under field conditions in India...............cccooeviiieeiiiieiicieceeee e 764

NATIONAL RENEWABLE ENERGY LABORATORY 7



Rapid Shutdown and Enhancing Firefighting Safety

Rapid Shutdown Requirements for 2017 NEC...........oooiiiiiii e e e e e 765
NEC 2017 & RAPIA SNUIHOWN. ...ttt ettt e e et e e e e ettt e etete e ettt e e e eresnneeaeens 784
Development of New PV Array Level Rapid Shutdown Standard 2017 and Future Steps for 2019.............cccccoiiiiiiinnnn. 803
Thursday AftErNOON DISCUSSIONS. ... .uueeeteiiiiit e e e ee e e e e ettt e ettt 24444 e ettt e e e e e e e ee et e e et e e 844

NATIONAL RENEWABLE ENERGY LABORATORY 8



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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U “\' ":) i~ . +O A
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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




ARIZONA STATE UNIVERSITY

PHOTOVOLTAIC RELIABILITY LABORATORY
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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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



ONA STATE UNIVERSITY

@ A @  ,~»,@/1 ‘v B ,A {

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
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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.



Exceptional service in the national interest

Sandia
National
Laboratories

Thermal-mechanical-electrical model for PV
module-level mechanical failure mechanisms

\aton NREL & AR v

I'aboratories NATIONAL RENEWABLE ENERGY LABORATORY QHHV LABO RATO RY
Scott A. Roberts, Ph.D. Nick Bosco, Ph.D. Laura Schelhas, Ph.D.
sarober@sandia.gov nick.Bosco@nrel.gov schelhas@slac.stanford.edu

James Y. Hartley
Mark H. Van Benthem, Ph.D.

PV module mechanlcal fallure modes
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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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247,611
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-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
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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)
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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

3-D rendering of Na+
200%2000.5um

-
Selected area depth-profiles for green (non-shunted)

4
, and red area of 3-D profile at left

1 Sy /
1 ) fii' |
[l | 8~ Non-shunted area
SEM FIB marks LT T | 102 4 —#— Shunted area
i J | |

\ 17 e
| $ 0
<
S
\ 3
L Y £
£
8 10”4
3
High-Res DLIT shows specific Ga*, Na* Tof-SIMS Image
shunt locations 200x200um .
o T ——— 10

Electro- Dark Lock-In E
e ) 1(01./17 image 0 ‘ ; ‘ ‘ ‘
Image 0 100 200 300 400 500
(39V,2A,5s) (46 Vm,;,zg ,:) 0.5 Hz, » Depth (nm)

O= Laser marks

The laser marks
allow correlation

(~2 to 3 mm between grid lines) sotwean s and
2.5mm ‘micron scales

Recent Publications

1. Harvey, S.P, et al., Sodium Accumulation at Potential-Induced Degradation Shunted
Areas in Polycrystaline Silicon Modules. IEEE Journal of Photovoltaics, 2016. 6(6):
p. 1440-1445.

Identified 2. Luo, W., et al., Potential-induced degradation in photovoltaic modules:  critical
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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
g o
& 40 070 3
=3 ]
E, 30 060 ¥
o
% 20 050 2
040 °
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-10 0.20
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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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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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Back grounded Back grounded Depletion width (um) Depletion width (um) i .
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.
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Missing metal?
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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 m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>