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Outline

Scope: industrially-relevant new concepts in solar module encapsulation and
moisture barrier technologies to accelerate state-of-the-art module
performance, reliability and manufacturability with new module materials and
interfaces demonstrated using accelerated testing and reliability models.

* Thrust 1: Encapsulant Degradation Mechanisms
— Wide Angle X-ray Scattering and FTIR-ATR of delaminated EVA (with SLAC)
— understanding and modeling fundamental degradation pathways

* Thrust 2: Advanced In-Situ Moisture Barrier Technology
— open-air plasma-deposition of submicron multilayer barrier films
— improved moisture barrier properties under accelerated aging conditions
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Innovating Module Materials and Metrologies for Reliability

* new materials and cell packaging
« accelerated testing metrologies
* quantitative reliability models
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Interfacial Adhesion Metrology for Solar Module Materials

Encapsulation Delamination Tracy, Bosco, Novoa, Dauskardt, Prog. Photovoltaics:
backsheet
acrylic beam

Res. App., 2017.
| substrate |

Delamination

Load, P (N)
S
"'U
.
(S
(9]
A
O

10 ’ e /’Exposed EVA
s
| /" G, =252 Im?

% 5000 10000 15000 ¢ 8 AL-( )
Displacement, A (um) =5\ 2
Backsheet e e
acksneets g
F ez Yuen, Moffitt, Novoa, Schelhas, Dauskardt, Prog. in
Photovoltaics, 2019.
— 350 2
300 .% Re—)
= __ F “E 250 _
—~. % EPA-2 g
— ¥ 140] o 1
gap size, g % o]
| 5 1%, total 1 Grotal € Ydelam
backsheet | ; o 60F Ui Grear t t
deformation £ 40 J _ LEpA tpET
| $§ 20F ] = (Gsurface + Wp * b)EPA —+ Gtear PET *
constraint = ol : - 1 Lot tot
0 500 1000 1500 2000 Jdelam
Damp Heat Treatment (hours) + Gdelam : ‘
Stanford | ENGINEERING tot KEDuraMAT

dauskardt@stanford.edu 2



12/17/2019

Time and Temperature-Activated Backsheet Blistering Kinetics
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Time and Temperature-Activated Backsheet Blistering Kinetics
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* electrical bias (ion migation)
» thermomechanical strains

What are the detailed encapsulation
degradation mechanisms?
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Tracy, Bosco, Dauskardt, “Evaluation of Encapsulant Adhesion to Surface
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Degradation Mechanisms of Bulk Encapsulant and Interfaces
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Degradation Mechanisms of Bulk Encapsulant and Interfaces
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Degradation Mechanisms of Bulk Encapsulant and Interfaces
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Degradation Mechanisms of Bulk Encapsulant and Interfaces
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Degradation Mechanisms of Bulk Encapsulant and Interfaces
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Sensitivity of adhesion to individual
degradation processes varies
temporally:

» deacetylation dominates initially
¢ UV radical formation and scission
dominate at intermediate

timeframes

* interface hydrolysis dominates at
t>10 yrs

Stanford | ENGINEERING

2000
1800
1600
1400
1200
1000

800

600

400

adhesion energy, G, (J/m?)

200

0

Predictive Modelling for Adhesion Degradation
deacetylation UV radicals + scission hydrolytic depolymerization
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Tracy, D’hooge, Bosco, Delgado, Dauskardt, Prog. in Photovoltaics, 2018.

PROGRESS IN

RESEARCH AND APPLICATIONS
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PROGRESS IN

RESEARCH AND APPLICATIONS
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Modular Description of Critical Degradation Pathways in EVA
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EVA is a semi-crystalline polymer...
Primary Crystalline Phases

+

Orthorhombic

Monoclinic

— crystalline vol. frac. ~ 5%
— remainder amorphous

—Exposure Conditions—
10,000 Hours

"Dark” — 85°C, 13.5%RH, No UV,

“Light” — 65°C, 30%RH,
with UV: 81 W/m?2
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Image from Gedde & Mattozzi, Adv.Polym Sci, 2004.

Advanced Characterization of EVA Degradation: WAXS
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Advanced Characterization of EVA Degradation: WAXS
EVA is a semi-crystalline polymer... 11 Wide Angle X-ray Scattering
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Monoclinic crystallites form from shorter ethylene segments. The comparative increase of monoclinic phase
evidences main polyethylene chain degradation.
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Advanced Characterization of EVA Degradation: FTIR-ATR

1.2
C-H
. (Chain Scission/
1 "\ Cross Linking)
1 B T .

|
I
]

o
(o]
T

o
N
T

Cc-O

(hydrolysis resulting

Absorbance (Counts)
o
(o]

in polyvinyl alcohol

0.2| formation)
- , '
]
0 v ™
4000 - \35__00 . ~3000

Stanford | ENGINEERING

Cc-0
(Acetic
lons/Salts)

2500 2000

Wavenumber cm™

I\

600

(Secondary
Alcohol Shift)

1.
* 4000

500

18

dauskardt@stanford.edu



12/17/2019

Advanced Characterlzatlon of EVA Deg rad ation: FTIR- ATR
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Outline

Scope: industrially-relevant new concepts in solar module encapsulation and
moisture barrier technologies to accelerate state-of-the-art module
performance, reliability and manufacturability with new module materials and
interfaces demonstrated using accelerated testing and reliability models.

» Thrust 1: Encapsulant Degradation Mechanisms
— Wide Angle X-ray Scattering and FTIR-ATR of delaminated EVA (with SLAC)
— understanding and modeling of fundamental degradation pathways

» Thrust 2: Advanced In-Situ Moisture Barrier Technology
— open-air plasma-deposition of submicron multilayer barrier films
— improved moisture barrier properties under accelerated aging conditions
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Open-Air Spray Plasma Processing of In-Situ Barrier Films
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Barrier Layers Markedly Improves Device Stability
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Barrier Properties — WVTR by Calcium Test

Microscope Image Processed Image After 12 hours
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° 0,
Glass mounted with Epoxy (250 ym) E‘\ 38°C, 90% RH
Evaporated Cu (1 ym) —— '_ 1 \ 1-layer Organosilicate
Evaporated Ca (50 nm) ———=— ,_:/ - Fq," ,>: } \
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o
Polymer Substrate (150 pm) / ~ 01k ‘\
: \
Direction of moisture g \\
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=0.01F DT
' s T f
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Number of Barrier Layers

5-layer barrier has a WVTR of 5.92 * 10-3 g/m?/day which is more than 2
orders of magnitude lower than a single layer organosilicate barrier.
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Barrier Properties — Moisture Transmission by IR Imaging
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Barrier Properties — Moisture Transmission by IR Imaging
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Conclusion: New Concepts in Module Reliability
Scope: industrially-relevant new concepts in solar module encapsulation and moisture barrier
technologies to accelerate state-of-the-art module performance, reliability and manufacturability with
new module materials and interfaces demonstrated using accelerated testing and reliability models.
Thrust 1: Encapsulant Degradation Mechanisms Thrust 2: Open-air In-Situ Moisture Barriers
1.2
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High resolution WAXS and FTIR-ATR explain the presence Low-cost barrier layers significantly improves
and interdependencies of degradation pathways. solar cell stability in humid environments.
29
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Future Directions — Advancing Bifacial Modules

%

Advancing Bifacial Solar Module Reliability and Manufacturability with New
Module Materials and Light-Weight Transparent Back Lamination

Emergence of Bifacial PV: Bifacial panels have significant advantages over mono-
facial modules with increased power yield by up to 30%, and costs for bifacial PERC
production are within $0.01—0.02/W of the costs for mono-facial PERC production*.

Builds directly on capabilities developed in our current DuraMAT program,
include advanced characterization and modeling of fundamental degradation
pathways in module materials and our advanced in-situ moisture barrier

technology. front front glass
Leverages the DuraMAT Materials Characterization and Forensics capability ;

. L - ; glass encapsulation
through our continued partnership with SLAC and collaboration with Dr. Matt assembly a— Ag lines—

Reese on WVTR characterization and Dr. Mike Woodhouse at NREL involving
bifacial techno-economic analyses useful for U.S. PV manufacturing. bifacial Si HIT

solar cell
Thrust 1 - Bifacial module materials degradation and interface reliability characterization. (B LS (2t @71

Thrust 2 — Develop and validate a transparent polymer back lamination technology

comprising 1) a conformal, dense, multi-dyad thin-film barrier structure deposited directly

onto the module backside using a scalable open-air spray plasma for pin-hole free transparent
barriers, 2) a high-quality transparent encapsulate, and 3) transparent polymer backsheet back
containing fluoropolymer which provides robust mechanical protection. lamination

X~ barrier layers e

encapsulation

transparent backsheet
Stanford | ENGINEERING *Woodhouse, “Considerations for Utilizing Bifacial PV Technologies...” bifiPV Work. 2019.
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