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 PV modules and degradation mechanisms

 Design questions to be answered with modeling

 Benefits of a module-level model; existing capabilities; previous efforts 

 Model validation capabilities

 Capability development plan
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DuraMAT Capability Area 2: Predictive Simulation

“This capability will be a suite of modeling and simulation tools, model workflows, and a community of 

experts who work in concert with experiments and data analytics… to help interpret and enrich existing 

test/experimental data, design durability-testing experiments, and help create design rules for Materials 

Discovery”
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Thermo-mechanical-electrical failure mechanisms
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Module design questions to be answered by modeling
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What is the driving force for 

delamination between layers? 

What would the ideal material properties of an 

encapsulant be to avoid cell cracking and delamination?

What environments are most 

damaging?

Are we really capturing a lifetime of 

exposure in accelerated tests?

Dirk Jordan, David DeGraaff, John Wohlgemuth, Lauren Abbott



Thermal-mechanical-electrical module-level model capability
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Previous modeling efforts at NREL
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 3D model of a flat plate PV module to simulate interconnect ribbon strain for 
module level loading

 2D model of a flat plate PV module to simulate accumulation of solder thermal 
fatigue damage through outdoor deployment

 Results have elucidated:

 Equivalency between mechanical test conditions and a 30 year exposure

 What climate conditions drive fatigue damage rate

Nick Bosco

With existing modeling capabilities, much more is possible! 

Damage rate vs. Geographical LocationCell-to-cell ribbon strain vs. position in module
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Thermal-Mechanical validation capabilities
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Nick Bosco, Tsuyoshi Shioda; matest.com; perkinelmer.com; azom.com 



Thermal-mechanical validation capabilities
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emphasis on the so far mostly used polymer poly(3-hexylthio-

phene) (P3HT). Thus the review has the following structure: 

First, the techniques GISAXS and GIWAXS are introduced on 

a basic level. Next, examples for the use of GIWAXS and for the 

use of GISAXS in the analysis OPV device relevant structures 

are presented. A summary concludes the review.   

 2.     Grazing Incidence Small Angle X-Ray Scattering 
(GISAXS) 

 Grazing incidence small angle X-ray scattering (GISAXS) can be 

understood as small angle X-ray scattering (SAXS) in a grazing 

incidence geometry. [ 66–70 ]  Instead of a transmission geometry 

as applied in SAXS, the X-ray beam impinges onto the sample 

surface under a very shallow incident angle a i . Typical values 

for this incident angle are a i  < 1°. The scattered intensity is col-

lected under a small exit angle a f  and out-of plane angles y (see 

 Figure    1  ). Due to these small angles a description based on a 

mean refractive index  n , as mentioned in Equation  ( 1)  , is appro-

priate and scattering originates from variations in the refractive 

index [ 71 ] 
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 depending on the elementary charge  e , the 

wavelength  l , the electron rest mass  m e  , the 

speed of light  c , the permittivity constant 

 e  0 , the mass density  r j  , the atomic weight 

 M k   and the dispersion corrections  f’  and  f’’ . 

 f k  
0   can be approximated by the number of 

electrons  Z k  . The summation is performed 

over all atoms  k  of a small molecule or of 

a monomer subunit of the polymer under 

investigation. [ 70 ]   

 As seen in Figure  1 , a common choice of 

the coordinate system in GISAXS is with the 

x-axis along the X-ray beam direction, the 

y-axis parallel to the sample surface and the 

z-axis along the surface normal. All angles 

are probed with respect to the surface, which 

is located in the (x,y)-plane. Absence of lateral 

structures results in pure specular scattering, 

which fulfi lls the law of optics  a i  = a f  .  
[ 72 ]  The 

presence of lateral deviations of the refractive 

index gives rise to diffuse scattering, which 

fulfi lls  a i  ¹ a f  . This diffuse scattering carries 

the desired information about the morphology of the probed 

fi lm, e.g. the active layer of a BHJ device. 

 For monochromatic X-rays (l = const.) with a wave vector 

ki  and a wave number k 0  = 2p/l being scattered along the k f  

direction, the scattering vector is defi ned in Equation  ( 2)  

 
q q q q k kx y z f i( , , )= = -

  (2) 

 with its components q x  = 2p(cosycosa f -cosa i )/l, q y  = 

2p(sinycosa f )/l and q z  = 2p(sina i +sina f )/l. [ 70 ]  

 Thus specular scattering occurs along the q z  direction only 

and is commonly probed by refl ectivity measurements. [ 73,74 ]  

From off-specular scattering lateral information is probed at 

q //  = (q x , q y ) ¹ 0. [ 70 ]  Due to q x  << q y  in GISAXS mainly the q y  

dependence is probed. Thus, lateral structures perpendicular to 

the X-ray beam are addressed. [ 66,68,75 ]  

 In case of X-rays, the refractive index  n  is smaller than 1 and 

total external refl ection occurs for all angles which are smaller 

than the critical angle  a c  . 
[ 66,68,72 ]  The critical angle depends on 

the material via

 c 2 .a d=
    

 At its position in the diffuse scattering a maximum, called 

Yoneda peak, [ 76 ]  arises. For incident angles  a i   <  a c   the penetra-

tion depth of the X-ray beam is limited to several nanometers 

only and, thus, a high surface sensitivity is achieved. For  a i   > a c   

the X-ray beam has a high penetration depth and averages over 

structures within the entire depth of the fi lm. Thus, by tuning 

the incident angle, surface-near structures can be separated 

from the ones in the inner fi lm. Regarding active layers as used 

in OPV applications, the GISAXS experiment with  a i   >  a c   (full 

fi lm information) is, however, frequently complemented with 

surface imaging techniques such as AFM. [ 15,43,63 ]  In addition, 

the tuning of the incident angle allows for making use of the 

so-called wave guiding enhancement of the scattering intensity. 

Adv. Mater. 2014, 26, 7692–7709

 Figure 1.    Schematic picture of the experimental set-up used in GISAXS or GIWAXS. The detec-

tion of diffuse scattering is done with a 2D detector. The sample surface is placed nearly hori-

zontally, inclined by an incident angle a i . The exit angle is denoted a f  and the out-of plane angle 

y. The color coding visualizes differences in the scattered intensity. Typical sample-detector 

distances for GIWAXS and GISAXS are given.

P. Müller-Buschbaum, Adv. 

Mater. 7692 (2014).

Figure credit: 

Amemiya

Structural Analysis across 

many length scales

Operando Structural & Microstructural analysis 

- Understand the effects of aging & thermal cycling 

- Applied stressors:

• Atmosphere

• Humidity

• Temperature

• Light

• Electric field bias

• Mechanical loading

Laura Schelhas
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Capability development plan

 Scope problem

 Define the problem (nominal geometry and materials, types of stressors to include) 

 Scope the simulation (single model or coupled workflow?  What are key degradation 
mechanisms to target?)

 Identify property needs

 Build constitutive models

 Component-level modeling

 Build model capability for critical components

 Validate component-level models

 Module-level modeling 

 Combine component concepts into module-scale model workflow

 Validate against real-world module data

14



Working with Sandia and DuraMAT

 Capability Area goal is “[a suite of modeling and simulation tools and a 
community of experts, available to DuraMAT partners and industry/academia 
teams]”

 Sandia will stand up and maintain the simulation code and capability

 Intermediate results to be published and disseminated to the community of practice

 Intent is for all Sandia modeling expertise to be available to the DuraMAT network

 Collaboration opportunities exist:

 DuraMAT Solicitation of Letters of Interest

 Sandia-specific avenues

 Cooperative Research and Development Agreement (CRADA)

 Strategic Partnership Programs (SPP); Work For Others (WFO)

15



Questions?
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