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ABSTRACT

Stress-related failure such as cracking are an important photovoltaic (PV) reliabil-

ity issue since it accounts for a high percentage of power losses in the midlife-failure

and wear-out failure regimes. Cell cracking can only be correlated with module degra-

dation when cracks are of detectable size and detrimental to the performance. Several

techniques have been explored to access the deflection and stress status on solar cell,

but they have disadvantages such as high surface sensitivity.

This dissertation presents a new and non-destructive method for mapping the

deflection on encapsulated solar cells using X-ray topography (XRT). This method

is based on Bragg diffraction imaging, where only the areas that meet diffraction

conditions will present contrast. By taking XRT images of the solar cell at various

sample positions and applying an in-house developed algorithm framework, the cell‘s

deflection map is obtained. Error analysis has demonstrated that the errors from the

experiment and the data processing are below 4.4 and 3.3%.

Von Karman plate theory has been applied to access the stress state of the solar

cells. Under the assumptions that the samples experience pure bending and plain

stress conditions, the principal stresses are obtained from the cell deflection data.

Results from a statistical analysis using a Weibull distribution suggest that 0.1% of

the data points can contribute to critical failure. Both the soldering and lamination

processes put large amounts of stress on solar cells. Even though glass/glass packag-

ing symmetry is preferred over glass/backsheet, the solar cells inside the glass/glass

packaging experience significantly more stress. Through a series of in-situ four-point

bending test, the assumptions behind Von Karman theory are validated for cases

where the neutral plane is displaced by the tensile and compressive stresses.
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The deflection and stress mapping method is applied to two next generation PV

concepts named Flex-circuit and PVMirror. The Flex-circuit module concept replaces

traditional metal ribbons with Al foils for electrical contact and PVMirror concept

utilizes a curved PV module design with a dichroic film for thermal storage and

electrical output. The XRT framework proposed in this dissertation successfully

characterized the impact of various novel interconnection and packaging solutions.
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Chapter 1

INTRODUCTION

1.1 Silicon Based PV Modules

Photovoltaic (PV) cells, which convert solar energy into electricity, are one of

the most promising renewable energy resources. Driven by the vast source of energy

provided by the sun, abundant silicon resources and continuously decreasing price,

solar PV is one of the fastest growing energy technologies [1]. Due to the steady

reduction in cost, solar PV had a global electricity market share of 1.5% in 2016 and

this number is expected to rise to 69% by 2050 [2].

Realizing the promise of solar PV requires demonstrating its profitability, which

depends on low degradation rates and high module efficiency. These factors are

assessed with a metric called the levelized cost of electricity (LCOE). The LCOE

of utility-scale PV was 7 cents/kWh in 2016, closing in on the Sunshot target of 3

cents/kWh by 2030 [3]. The LCOE of a PV system is defined as the lifecycle cost

of a solar project divided by the lifetime energy production of the solar project [4].

It not only includes system efficiency, but also counts in module manufacturing cost,

degradation rate and service lifetime. The module manufacturing cost mainly includes

the cost of raw materials (e.g. silicon wafer, encapsulant, glass), production line

operation, transport, and installation [5]. The service lifetime of a PV module is

determined by its yearly performance - the PV module is expected to be retired when

its efficiency is not conducive to profit. In general, higher module efficiency and lower

degradation rates lead to higher LCOE.
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LCOE =
Lifecycle cost of solar project

Lifetime energy production of solar project
(1.1)

The solar cells are soldered and encapsulated into PV modules to improve relia-

bility and achieve better integrity. A traditional glass-backsheet PV module includes

the stack of glass / encapsulant / cell / encapsulant / backsheet. The current silicon

module efficiency record is 24.4% [6]. A detailed lamination stack is shown in Fig-

ure 1.1. The module assembly process includes tabbing and encapsulation, which are

described below.

 

 

 
Figure 1. Scheme of a representative crystalline PV module layout consisting of glass, encapsulant, back sheet foil, 

interconnectors and solar cells. 

 

1.2 PV module defect overview 

PV module defects or failures can be classified by different criteria. A classification by their origin (1) gives an idea 
which processes are critical for failure. Classifying defects by their influence on the modules output performance (2) 
could be useful to decide whether defects consequences could be neglected or not. Comparing defects after their relative 
frequency of occurrence (3) is adequate for dividing into critical and uncritical defects. More classification criteria may 
be possible. The following table lists observed and in literature mentioned PV module failures. 

Table 1. Overview over PV module defects (observed and mentioned in literature[1]). 

defect cause effect 

broken cells; micro cracks mechanical stress induced by 
mechanical or thermal loads 

insulated cell areas; decreasing 
module performance 

broken interconnects higher resistance; insulated cells and 
strings; risk of hot spots 

broken glass previous glass damages; initial 
stress 

corrosion due to humidity contact; loss 
of mechanical stability; cell breakage 

solder bond failure 
wrong process parameters; 

mechanical or thermal loads; 
chemical reaction; corrosion higher resistance; insulated cell areas; 

decreasing module performance metallization failure (finger 
gaps) 

wrong parameters in screen 
printing process 

encapsulation discoloration corrosion due to UV-radiation; 
humidity; temperature 

higher light absorption in polymer; 
decreasing module performance; 

encapsulation embrittlement higher stress in solar cells; cell 
breakage; module delamination 

hot spots partial shading, breakdown 
mechanisms 

thermal cell or module destruction; 
encapsulation damage 

short circuits; shunts 

thin film deposition process; 
separation process (laser 

scribing); breakdown 
mechanisms 

decreasing module performance, risk 
of hot spots 

module connection (junction 
box) 

corrosion; faulty module design; 
faulty manufacturing process 

higher resistance; risk of thermal 
destruction 

corrosion 
radiation; humidity (increased 

on previous damages with water 
contact); temperature 

decreasing module performance; 
module delamination; higher light 

absorption of the polymer 
 

 

Proc. of SPIE Vol. 7773  777308-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/2/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Figure 1.1: Scheme of a typical crystalline silicon PV module layout consisting of
front glass, encapsulant, interconnector, solar cell, and backsheet [7].

Several types of solar cells are available on the market. Wafer based silicon solar

cell technologies have dominated the PV market with more than 80% for decades [8].

Currently, back surface field (BSF) solar cells have the largest market share, with

more than 70% [5]. Advanced cell technologies offering higher efficiency, including

passivated emitter rear cell (PERC), silicon heterojunction (SHJ) and interdigitated

back contact (IBC) silicon solar cells, are gradually penetrating the market with more

sophisticated architectures like the record-breaking n-type rear IBC from Kaneka (η

= 26.7%) [6; 9].

Wafer based silicon solar cells often have screen printed Ag-based fingers and

are tabbed into strings before module assembly. The tabbed Cu ribbons facilitate

electron extraction. The tabbing process varies by cell technology and connection
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type. For example, PERC cells are tabbed with metal ribbon strips directly on

the front and back busbars. The SunPower IBC solar cells have both positive and

negative contacts on the back such that no metal rests on the front surface. Newly

developed shingle technology puts one cell on top of another and uses an electrical

conductive adhesive (ECA) instead of regular metal ribbons to lower tabbing process

temperature resistance.

The encapsulant adheres the glass to solar cells while offering electrical isolation

to the cell and being transparent. Some of the encapsulant available on the mar-

ket includes ethylene vinyl acetate (EVA), thermoplastic polyolefin (TPO), polyolefin

elastomer (POE), Ionomer, polyvinyl butyral (PVB) and PDMS (polydimethyl sil-

icone) / silicone. EVA was the most popular encapsulant in 2017 with a market

share of more than 95% [5]. However, EVA’s market share is decreasing as it has

been found to show discoloration and PID issues in the field [10]. ITRPV predicts

that polyolefin-based encapsulants are going to have an increased share of more than

25% by 2028 because of its improved reliability performance (for instance, free of po-

tential induced degradation) [5]. Typical encapsulants come in the form of polymer

sheets prior to lamination that soften and solidify during a high-temperature lami-

nation process except the silicone, which comes in liquid format and cures at room

temperature.

Solar cells and encapsulants are sandwiched between a piece of glass and a layer of

backsheet to provide mechanical support and reduce water vapor transmission. The

front glass is often made of low iron, tempered glass with SiO2 anti-reflection (AR)

coatings to provide high transparency and good electrical isolation while maintaining

good mechanical support. A typical glass/backsheet module uses 3.1 mm thick glass

in the front. Thinner glasses are becoming more and more popular to reduce material

cost and weight. In 2028, more than a third of new PV modules will be made with
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glass between 2 and 3 mm thick [5]. The backsheet is a white polymer sheet made

from tedlar-based materials like tedlar/PET/tedlar (TPT), tedlar/PET/EVA, and

other PET-based materials.

A high-temperature and high-pressure lamination process is applied to assemble

all layers together, which is critical to achieve high efficiency and low degradation

rate. The traditional lamination cycle contains three phases as shown in Figure 1.2.

In the vacuum phase, the laminate is lifted up by metal pins on the lower chamber and

separated from the heating plate. The temperature of the laminate slowly increases

from ambient temperature to the encapsulant’s softening temperature (60–80°C). At

the same time, the chamber is evacuated to eliminate air voids inside the laminate.

The slow temperature ramp rate is designed to avoid glass warping issues. After 3–5

min of vacuum, the curing phase starts. The metal pins are retracted and a maximum

pressure of 1 bar is gradually applied to the laminate by the upper silicone bladder.

The high pressure is to further squeeze out air bubbles and facilitate homogenous

heat transfer from the heating plate to the laminate. In the curing cycle, the encap-

sulant quickly reaches its curing temperature (130–160°C) and goes through a critical

solidification process. The lamination profile (temperature and pressure over time) is

tuned to obtain the desired EVA quality at the end of the lamination process. After

lamination, the module is cooled down to ambient temperature and completed with

an Al frame and junction box.

The lamination process is often optimized by gel content percentage and/or ad-

hesion strength. The gel content of laminated encapsulant can be measured by dif-

ferential scanning calorimetry (DSC) [11; 12]. Higher gel content indicates higher

lamination quality and has been suggested to be linked to a lower degradation rate.

The commonly targeted gel content is >80%. A strong adhesion to the interfaces is

crucial to prevent modules from delamination. Cross-link-based materials like POE
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Figure 1.2: The temperature and pressure profile of a representative PV encapsula-
tion cycle. The black and red lines represent the measured temperature and pressure
on the laminate [11].

and EVA form strong chemical bonds to the interfaces, which offer stronger adhe-

sion than non-cross-linked materials like TPO and ionomer. The latter materials rely

on thermoplastic bonding characteristics that use ionic, hydrogen, and/or Van der

Waals forces for adhesion [13]. For that reason, EVA and POE are the encapsulants

preferred by the market.

1.2 Stress-Related Degradation in PV Modules

During the course of operation, PV modules are susceptible to degradation de-

pending on the module’s working environment, material quality, manufacturing pro-

cess, installation. The median PV module degradation rate is currently 0.5%/yr

obtained from 2000 modules in the field [14]. The degradation of PV modules in the

field can be caused by multiple stressors. Figure 1.3 shows the typical failure modes
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of crystalline wafer-based PV modules at different stages of operation lifetime [15].

The total power output of the module is the integrated area under the power curve.

As we can see, failure modes such as cell interconnect breakage can greatly impact the

power output in short amounts of time and suddenly render the PV module useless.

By contrast, failure modes such as glass AR coating degradation and light-induced

degradation (LID) slowly degrades the module efficiency throughout its whole life-

time.

Figure 1.3: Typical failure modes of crystalline wafer-based photovoltaic modules
at different stages of service lifetime [15].

It is important for PV module manufactures to understand those failures modes.

Infant failures take place at the beginning of the working life of a PV module. If a PV

module has a defective junction box, bad string interconnect or glass breakage during

manufacturing and installation, the module’s performance is likely to drop quickly.

Those failures can be easily identified. Most of the modules deployed in the field

fail either in the midlife-failure stage or in the wear-out-failure stage, which makes it

difficult to track the cause and make improvements.
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Therefore, standard accelerated stress tests (IEC 61215 for crystalline silicon mod-

ules) were developed to compare different module qualities and eliminate infant-stage

failure [16]. The IEC 61215 qualification test includes a sequence of damp heat (DH),

mechanical load, hail, thermal cycling, UV exposure, humidity freeze, and hot spot

tests. A power loss of more than 5% in an individual test or a total power loss of more

than 20% is considered as failure [17]. There is no direct evidence showing that a

PV module that fails the accelerated stress tests will definitely fail in the field during

25 years of operation. However, passing those tests indicates that the PV product

has met the requirements to be financed and sold in the market. Manufactures run

accelerated stress tests on their PV modules multiple times and/or longer duration

to promote the robustness of their PV products.

Stress-related degradation accounts for a high percentage of power losses in the

midlife-failure and wear-out-failure regimes [18; 19]. It introduces failure modes such

as cracked cell isolation, cell interconnect failure and delamination. Corresponding

accelerated tests are designed to put individual stressors on modules to identify poten-

tial failure modes. For example, the mechanical load test puts forces on the modules

to simulate mechanical stress-related degradation such as cracked cell isolation; ther-

mal cycles (-40°C to 80°C temperature cycles) applies thermal stress on solder joints

to simulate cell interconnect failure; and the DH1000 (85°C and 85% relative humidity

for 1000 hours) test is performed to test delamination through loss of adhesion [17].

Cracks are the clearest result of stress on solar cells and should be avoided at

all cost. Most cell cracks originate from the tabbing process [20]. Different tabbing

processes introduce various amounts of stress on solar cells. The mismatch of thermo-

mechanical properties between the wiring and the silicon during the soldering process

is a well-known cause for microcracks formation [21–23]. Similar to other brittle

materials, when the tensile stress exceeds a critical stress value, cracks are formed.
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Such regions with cell cracks can seriously affect output performance [24]. Crack

propagation, on the other hand, has been attributed to the combination of stresses

on the module and the asymmetric nature of the module architecture – stiff glass on

the front and more pliable backsheet on the back [23; 25]. For that reason, the module

configuration with glass on both sides are becoming the mainstream to reduce stress

gradients on cells [5].

Electroluminescence (EL) imaging is the go-to characterization method to identify

cell cracks. EL images are taken by passing current through the p-n junction and

capturing the subsequent luminescence photons. Cell areas with lower resistance

have more current passing through, resulting in stronger luminescence signal on the

EL images. Figure 1.4 shows the EL images of a cracked solar cell under different

currents. Based on the severity of the effect of the crack on cell performance, cell

cracking is categorized into three modes. Crack modes A, B, and C represent no cell

isolation, partial cell isolation and total cell isolation, respectively. Crack mode C

completely isolates the broken cell part and results in no current collection in that

area, which is the worst scenario and should be avoided at all costs. In this regard,

the correlation of module degradation to cell cracking is only evident when cracks are

of detectable size and detrimental to the performance [21; 26].

1.3 Stress Characterization on Silicon Cell/Wafer

For decades, techniques such as DSC, Soxhlet extraction, solvent swelling, and

dynamic mechanical analysis were used to characterize the encapsulant quality and

as feedback to optimize the lamination process [27–29]. However, those techniques

are destructive and only address the optimization of the encapsulant, giving no infor-

mation about solar cell status. The encapsulant solidification, for example, usually

translates into shrinkage, resulting in stress on the solar cells that cannot be mea-
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In particular, for a good comparability of the results, it is crucial to
perform the same test sequence on several modules of the
same type.

2.1. Experimental setup

To test the relevance of cell micro-cracks to the module power
we use twelve 60-cell PV modules with 15.6�15.6 cm2 crack-free
multi-crystalline solar cells of the same type. The PV module power
is measured by a cetis class AAA HALM flasher with a reproduci-
bility of 70.1% in module power for repeated measurements at
standard test conditions.

An in-house developed mechanical load test equipment com-
plying with the requirements of IEC 61215 10.16 (mechanical load
test) is used as a standardized way to insert micro-cracks in the
solar cells within the PV modules. The test is performed using the
high pressure snow load option. The mounting during the mechan-
ical load test was varied for the different modules in order to
systematically introduce significantly different numbers of micro-
cracks into the module cells. To stress the micro-cracks caused by
the mechanical load test an accelerated aging by a humidity freeze
test according to IEC 61215 10.12 with a reduced humid time of 6 h
and 200 cycles is performed. The sequential combination of the two
tests is effective for cell crack initiation and propagation as well as
subsequent electrical interruption of the metallization grid. This
testing sequence represents a hostile climate with large tempera-
ture fluctuations combined with heavy snow load on the module.

For the detection of micro-cracks we use an in-house developed
EL setup equipped with a ‘‘Sensicam qe’’ camera from PCO using
dark field correction. An EL image is taken at the rated short-circuit
current (Isc) of the PV module and another one at 10% of Isc. To
generate the current flow the PV module is forward biased. The
image taken at Isc is used for counting the number of cracked cells.
The image taken at 10% of Isc is used to identify inactive cell areas. At
this low current the voltage drop across cracks is drastically
reduced. So even cell parts with a high crack resistance result in
a measurable EL signal, which could not be seen at Isc.

Before and after introducing micro-cracks with a mechanical
load test and after the humidity freeze test we measure the module
power and take EL images. Fig. 1 shows the corresponding
flowchart for this test sequence. From the EL images the number
of cracked cells is determined. We classify cell micro-cracks in the
following way, see Fig. 2: cell micro-cracks which do not generate
inactive cell areas and therewith do not reduce the EL intensity in
the Isc picture are classified as mode A cracks. A crack is defined as a
mode C crack if an EL image taken at 1/10 of Isc reveals only
background noise for the inactive cell part. Cracks seen in one or

both of the EL images resulting in cell parts with a reduced intensity
but higher than the background noise are defined as mode B cracks.

2.2. Experimental results

The PV module power degradation due to the mechanical load
test is shown in dependence of the number of micro-cracks
introduced by the mechanical load in Fig. 3. Here only PV modules
with mode A cell cracks are included in order to assure good
comparability of the results. We find that cell micro-cracks cause
little power loss to a PV module when they do not generate inactive
cell areas (mode A). No power loss is detectible if only some cells
crack in mode A. For our 60-cell PV module a power loss of about 1%
is measured if half of the cells crack in mode A. From a linear
regression of this data a power loss of about 2.5% can be estimated if
all cells of the PV module crack in mode A.

Fig. 4 shows the power loss after accelerated aging by 200
humidity freeze cycles as a function of the number of cracked cells.
All modules show strong glass corrosion after the humidity freeze
test. This corresponds to a mean degradation of approximately 3%
of Isc of all PV modules. Besides this ‘‘degradation offset’’ we see thatFig. 1. Schematic of test sequence.

Fig. 2. EL images of the same solar cell with crack modes A, B and C. Left EL image is

taken at Isc; right at 10% of Isc.

Fig. 3. The power loss for a 60-cell PV module with 15.6�15.6 cm2 sized cells due to

mode A cracked cells is in the range of 0–2.5%. The module power is measured before

and after introducing the cracks. Each point represents a single PV module.

M. Köntges et al. / Solar Energy Materials & Solar Cells 95 (2011) 1131–11371132

Figure 1.4: EL images of the a solar cell with crack modes A, B, and C. Left EL
image was taken at Isc; right at 10% of Isc [21].

sured by the above-mentioned techniques. The actual stress state of the solar cells

is unknown. Therefore, it is essential to experimentally characterize and understand

the stresses that the solar cells see during proecessing and operation to prevent cell

cracks in their early stages.

The forces acting on the solar cells are conducive to deformation and deflection,

thus measuring deformation under encapsulation is critical to access the stress states.

Eitner et al. and Meier et al. used a digital image correlation (DIC) technique to

measure the deformation of solar cells in PV modules [30–32]. The sample preparation

of DIC method is shown in Figure 1.5. The technique requires a random speckle

pattern (paint for example) on the surface of the measured object. The deformation

of the solar cells is determined by tracking the change in the pattern’s shape/location

during thermal loading and mechanical loading. The accuracy of the measurement is

reported as 1µm. Note that a transparent backsheet is used since DIC is based on

visible light reflection. While DIC is useful in terms of tracking the cell deformation

in the plane of the solar cell (expansion or shrinkage), DIC requires special sample

preparation such that it is not suitable for in-line inspection.

9



Megapixel CCD cameras and the vic3D-software by Corre-
lated Solutions.  

Two CCD cameras mounted on a rigid rig take simultane-
ously pictures of the speckled surface of the inspected ob-
ject. Both images are then correlated by a computer algo-
rithm that calculates a 3-dimensional representation of the 
surface. Displacements are measured by comparing the 3-
dimensional geometric representation of a reference state 
to a loaded state of the object. In order to correlate the ste-
reo images the correlation algorithm needs information 
about the orientation and position parameters of the cam-
eras as well as the intrinsic parameters of each camera. 
These parameters are determined by a calibration, which 
is performed by recording a calibration target in various 
orientations before the correlation.  

For a more detailed description of the method we refer the 
reader to publications of Orteu [6] and Sutton [7]. 
 

 
SAMPLE PREPARATION 

 
The application of the DIC method requires a random 
speckle pattern on the surface of the measured object. As 
we are interested in the deformation of the solar cells in 
the laminate, we apply a speckle pattern to the rear side of 
the cells before lamination. We use temperature resistant 
spray paint to cover the rear surface completely white. 
When dry a black pattern is sprayed on the white back-
ground. We found the thickness of the paint layer to be be-
tween 20 and 40 µm. We start the lamination when the 
paint is completely dry to avoid the formation of bubbles 
and the smearing of the paint. Two test laminates are pre-
pared. For laminate A we place three solar cells (125 x 
125 mm2) with the applied speckle pattern between two 
transparent sheets of uncured ethylene vinyl acetate 
(EVA, etimex vistasolar 486.00) that are laid on top of a 4 
mm thick glass plate. The cells are not interconnected. 
The glass plate, and thus the laminate, is 40 cm by 15 cm 
in size. We cover the rear side of the assembly with a 
transparent back sheet (isovolta Icosolar T 2754) which is 
a composite material with a thickness of 100 µm consisting 
of polyethylene terephthalate (PET) and an ethylene tetra-
fluoroethylene (ETFE) core. This assembly is laminated at 
150°C for 13 min. The EVA cures by crosslinking its mo-
lecular chains and adheres to the cells, the glass and the 
back sheet. After lamination the sample has a thickness of 
5.0 to 5.2 mm. It is important to assure that the surface of 
the back sheet is completely flat and parallel to the speck-
led rear side of the cells after lamination. The presence of 
a surface structure of the back sheet for example in form 
of little lenses as shown would influence the optical path 
from the speckled and buried surface to the camera and 
thus prohibit an accurate measurement. 

 

The second PV test laminate (laminate B) contains three 
standard interconnected solar cells. Before coating the 
rear sides of the cells two copper ribbons (2 mm wide and 
130 µm thick) are soldered to the front and rear side of 

each cell. The third test laminate contains 3 back contact 
solar cells. Each of the two interconnectors is laser-
soldered to two adjacent cells connecting at six solder 
points. The connectors are H-shaped, so that two solder 
points are connected on a direct path. The rest of the 
preparation procedure for laminates B and C is the exactly 
the same. 

 

 
 

Fig.2: Three laminates with speckle pattern on the back 
side of the solar cells and on the inner surface of the 
glass. Laminate A without interconnection, laminate B with 
standard interconnection and laminate C with H-shaped 
back contact interconnector. 

 

 

 
 
Fig 3: Scheme of laminate prepared for DIC measurement 
of gap deformation. 
 
 

MEASUREMENT 
 

Two temperature sensors are attached to the sample be-
fore placing it in the climate chamber, one on the front side 
to the glass and one at the same point on the rear side of 
the laminate to the back sheet. We position the camera 
system in front of the window of the chamber facing the 
rear side of the laminate, where the speckle pattern is visi-

978-1-4244-2950-9/09/$25.00 ©2009 IEEE 001281

Figure 1.5: Scheme of a laminate prepared for DIC measurement [30].

Another cell deflection measurement technique is optical profilometry, which is

based on the position or angle change of a laser beam (a point or a line) reflected

from the measured surface. Optical profilometers are commercially available such

as the LJ-V7000 series from Keyence. After a quick calibration of initial height and

surface angle, an optical profilometer can measure a 6” solar cell in seconds. However,

this type of optical measurement is strongly sensitive to the reflections from multiple

interfaces, especially when measuring laminated solar cells through the front glass

and encapsulant. The situation is even worse if the solar cells have AR coatings,

which dramatically reduce the intensity of reflected light.

More recently, Beinert et al. used Raman microscopy to spatially map the stress

on laminated silicon solar cells [33; 34]. By measuring the spontaneous Raman scatter-

ing, a Raman spectrum is obtained as a function of wavenumber (1/λ). Stress-induced

lattice constant change is reflected as peak shifting on the Raman spectrum. Peak

shifting to lower wavenumber indicates tensile stress and shifting to higher wavenum-

ber indicates compressive stress. Figure 1.6 shows the relative stress map of a silicon

solar cell obtained by Raman spectroscopy. This technique has several disadvantages
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that limit its application: (a) slow data acquisition rate because the point laser has

to scan the whole solar cell (12 hours for a 2.1 cm×2.1 cm cell area); (b) no indication

of stress direction; (c) relative stress values instead of absolute stress values; and (d)

localized sample heating from the laser that may compromise measured stress values. 

 

busbars. We find the highest relative compressive stress in the 

center of the solar cell with about 50 MPa. The Raman and 

FEM results show a similar trend from the corner of the cell to 

the first busbar. Between the first and the second busbar the 

Raman stress shows a steeper slope than the FEM stress. We 

assume that the reason for the difference lies in the neglected 

rear side Al metallization in the FEM model. 

Comparing the area scan to the line scan, the Raman stress 

and FEM results deviate stronger for the area scan. We think 

that the reason is the strong dependency of the Raman peak to 

the temperature. The area scans takes about 12 hours, in which 

we measure 1,000 Raman spectra at 180,625 positions. 

Unfortunately, the measurement stage of the used Raman 

spectrometer has no active temperature control. Although the 

air temperature in the lab is temperature controlled, the 

absorbed energy from the laser results in a heating of the solar 

cell. To overcome this we use the method described in 

section II.A. Nevertheless, by keeping the solar cell 

temperature constant the accuracy of large area scans could be 

increased significantly. Additionally the noise could be 

decreased by increasing the number of measured Raman 

spectra per measurement point. However, this comes with a 

significant increase in overall measurement time. 

B.2 Detailed scan of busbar end 

At last, Fig. 6 presents the area scan of the end of the first 

busbar. Here the resolution of the Raman stress mapping is 

10x the resolution of the cell scan, hence the fingers are fully 

resolved and visilble by the thin dark lines, where no Raman 

spectra are measured. Also the busbar and the ribbon, which is 

slightly overlaying, are visible. The stress distribution of the 

Raman measurements and the FEM simulation show the same 

trend. The area of lower compressive stress in the extension of 

the busbar, comes from the superposition of the overall 

compressive stress due to lamination and the local tensile 

stress due to the stronger contraction of the ribbon compared 

to the silicon cell. 

V. SUMMARY 

In this work we show that the confocal micro-Raman 

spectroscopy resolves the stress in large areas of solar cells 

within PV laminates. By performing 1,000 measurements on 

the same sample with and without a module glass in front, we 

can show that the glass has no influence on the measured 

stress value. However the laser intensity has to be adjusted. 

On laminated solar cells, we are able to measure the stress on 

large areas relative to a reference point. The mappings of a 

quarter laminated solar cell and of the area at the end of a 

busbar show the same trend as the results from a FEM 

simulation covering soldering and lamination. With both 

methods we measure a maximum compressive stress of about 

50 MPa in the laminated solar cell. 
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Fig. 6 Left: Raman area scan of the end of busbar. The color code represents the interconverted stress relative to the reference point 
indicated in Fig. 3. The black lines are the metallization fingers and busbar/ribbon, where no Raman spectra are measured. Right: Relative 
stress 1/2∙(σx+σy) from the FEM simulation of the same area.  Please note, that the metallization is not part of the FEM model.  

1 mm1 mm F
E

M
 r

e
la

ti
ve

 s
tr

e
s
s
   

 𝜎
x
+

𝜎
y
 

[M
P

a
]

80

60

40

0

-60

20

-20

-40

M
e

a
s
u
re

d
re

la
ti
ve

 s
tr

e
s
s
𝜎

[M
P

a
]80

60

40

0

-60

20

-20

-40

Figure 1.6: Raman area scan at the end of busbar on a silicon solar cell. The color
code represents the interconverted relative stress. The black lines are the metallization
fingers and busbar/ribbon, where no Raman spectra are measured [33].

Stoehr et al. and Kruger et al. applied a photoelasticity method to optically

measure the mechanical stresses and strains on silicon wafers [35; 36]. Photoelasticity

is based on birefringence caused by mechanical stress (or strain). It describes a stress-

dependent change in the indices of refraction of materials with loading direction.

During the test, a 1550 nm laser beam is used as the light source and transmits

through the silicon wafer (silicon is an IR transparent material). However, the method

is limited in some solar cell types like PERC and Al-back surface field (BSF) because

they have Al covering the back and Al is not IR transparent. With the additional

IR absorptance from the front glass in PV modules, this method is mainly limited to

silicon wafers.
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Due to the difficulty of experimentally probing the stress and deflection of encapsu-

lated solar cells, the correlation between these cracks and the underlying stresses that

originate them has mostly been determined by finite element analysis (FEA) [37; 38].

To generate stress maps of a PV module, FEA requires the material properties, mod-

ule process windows, and loading conditions. Figure 1.7 shows the strain/stress dis-

tribution for a laminated PV module and first principal stress of a 60-cell module

calculated by FEA [23]. The high-stress values at the four corners are introduced by

the material shrinkage during assembly. Once a model of the PV module is built, it

is convenient to test different encapsulants/temperatures/backsheets. However, FEA

often does not reflect real module stress conditions because it ignores the human error

and it is difficult to obtain accurate material properties (especially for polymers).

module, especially into the crystalline solar cells, which show
cracks frequently [1–3]. The cracks are mostly invisible for optical
inspection (naked eye) but can be identified using electrolumi-
nescence [4]. Thus they are often called micro-cracks even though
their dimension is on millimeter or even centimeter scale [5,6].
The cracks can lead to isolated cell areas, thus causing reduced
power output of the module [5,6].

According to IEC 61215 full scale PV modules are tested
mechanically by applying a uniform area load on the horizontally
mounted PV module. Typically after this mechanical load test the
cells of the PV modules show a characteristic crack pattern that
corresponds with observations on PV modules in the field, too.
These characteristic crack directions can be found for both mono-
crystalline and multi-crystalline cells [7].

The crack orientation in the cells and the spatial distribution of
cracks in the module varies over the cell position [7]. This
indicates a non-uniform stress distribution and different stress
directions in individual cells in the PV module under mechanical
loading. To analyze this in more detail some preliminary mechan-
ical considerations on the stress distribution in full scale PV
modules are discussed in Section 2.

To get more information about the mechanics of crack devel-
opment and crack growth in encapsulated solar cells, tests of
mini-modules under well-known boundary conditions are per-
formed. The loading conditions are derived from the stress
analysis in full scale PV modules.

The experimental approach and the test setup is described in
Section 3. Cracks after mechanical loading are investigated system-
atically and different types are identified in Section 4. They are
evaluated according to their relative frequency of occurrence in PV
modules and the fracture stress for different cell types is determined.
These results can be transferred to full scale PV modules by using
finite element analysis (FEA). Using this approach adjustments in
module mounting or module design can be made to reduce cell
cracks and to increase module reliability.

2. Stress conditions in full scale PV modules

The strain and stress distribution of the cross-section of a PV
laminate is depicted schematically in Fig. 1a for a uniaxial bending
around the y-axis. Compression stress at the top side of the glass
and tension stress at the bottom side is induced in the x-direction.
The cells are placed at the bottom side of the module. Thus tension
strain from the bottom side of the glass is transferred to the cells
via the encapsulant. The material properties of the encapsulant
have an influence on the transferred stress into the cells. This stress

is superimposed with the bending stress of the cell itself. The
highest tension stress occurs at the bottom side of the cells leading
to breakage of the silicon as shown by Dietrich et al. [8].

To analyze the stress distribution in full scale PV modules
under a uniform area load, a finite element simulation has been
set up that includes all relevant materials and layers. Due to the
symmetry, a simulation of a quarter of the module with appro-
priate boundary conditions meets the requirements. Fig. 1b
shows the first principal stress at the bottom side of the cells of
a standard PV module with an aluminum frame which is clamped
with four clamps at the long edges. Additionally, the representa-
tive direction for the first and the second principal stress for each
cell is depicted by arrows. The arrow size represents the stress
magnitude. With these information the characteristic crack pat-
tern of PV modules after mechanical load test can be explained
well in a qualitative way. Despite the large variety of crack
orientations classified by Köntges et al. [9], in the following it is
assumed that the crack orientations can be condensed to cracks
parallel, perpendicular and 451 to the busbars, because all other
classes are found to be combinations of these.

It is obvious that most of the cells show a biaxial stress
distribution and the first and second principal stresses are aligned
predominantly in the x- and y-directions. Here cracks either parallel
or perpendicular to the busbars can be observed, in which cracks
parallel to the busbars may lead to isolated areas and therefore to
power loss of the PV module [7,9]. In particular the four cells in the
corners of the module show a 451 stress direction and the highest
stress magnitude. This is the position where most of the PV modules
show cracks under 451 after mechanical loading [7].

The non-uniform stress distribution and different stress direc-
tions make it difficult to estimate the fracture stress for an
individual cell or to set up a reliability concept for the cells in a
PV module just by performing standard mechanical load tests on
module scale.

3. Experimental approach

To achieve an improvement in mechanical characterization of
encapsulated solar cells, a new experimental approach is chosen
that investigates cracks systematically according to their direction.
For first investigations the influence of stresses in the x- and y-
directions is analyzed. Fig. 2 shows schematically the experimental
approach for investigation of mechanical loading. For this purpose
test specimens on smaller scales (mini-modules) are exposed to
defined loads and are characterized by electroluminescence.
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Fig. 1. (a) Schematic strain and stress distribution for a PV laminate during bending around the y-axis [8]. (b) Standard PV module with a clamped aluminum frame under

5.4 kPa area load. The color code represents the magnitude of the first principal stress at the bottom side of the cells and the representative direction for the first and the

second principal stress is depicted by arrows. (For interpretation of references to color in this figure caption, the reader is referred to the web version of this article.)

M. Sander et al. / Solar Energy Materials & Solar Cells 111 (2013) 82–89 83

Figure 1.7: (a) Schematic of strain and stress distribution in a laminated PV module
when bent in Y direction; (b) FEA modeled stress in a standard PV module with a
clamped Al frame under 5.4 kPa area load. The color code represents the magnitude
of the first principal stress at the bottom of the cells and the representative direction
for the first and the second principal stress is depicted by arrows [23].
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Table 1.1: Summary of the deflection/stress determination methods discussed above.

Method Name Advantage Disadvantage

DIC fast sample modification

Optical Profilometry fast surface sensitivity

Raman Microscopy resolution surface sensitivity; heat; slow; no σ direction

Photoelasticity fast metal and glass block IR light

FEA large scale modeled results

1.4 Motivation and Goals

Although we are eager to access the stress of encapsulated silicon solar cells, there

is a lack of an effective, nondestructive cell characterization method. While EL is

useful to correlate underperforming regions to cracked cell areas using 2D maps, this

technique provides no information regarding the crack origin or stress states, nor the

ability to visualize defective cells before full assembly of the devices.

In an attempt to develop an efficient and non-destructive method of characterizing

stress/deflection on encapsulated silicon solar cells, this thesis presents a cell deflection

mapping method by X-ray topography. The theory of X-ray topography will be

introduced in Chapter 2. The experimental details, deflection calculation algorithm,

and validation method will be discussed in Chapter 3. Error and sensitivity analysis

will be discussed in Chapter 4.

In this work, the mechanical stress is calculated by the cell defleciton from XRT.

In Chapter 5, bending stresses are calculated through the application of Von Karman

plate theory, assuming solar cells are thin plates and under pure bending conditions.

To explore validity of using thin plate theory and its assumptions, a series of four-

point bending experiments followed by FEA calculations are shown in Chapter 6.
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As the speed of the module technology evolution is accelerating, new PV module

designs are developed and rolled into the market very quickly. While many of them

pass accelerated testing, their stress-related failure modues are widely unknown. In

this thesis, we argue that understanding the stress evolution for a given architecture

can be instrumental to select the optimized bill of materials and minimize the stress-

induced failure through the lifetime of the module. The glass/glass PV modules and

two novel PV module technologies named flex-circuit PV modules and PVMirror

modules will be analyzed and discussed in Chapter 5, Chapter 7, and Chapter 8,

respectively.
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Chapter 2

BACKGROUND ON X-RAY TOPOGRAPHY

X-ray topography (XRT) has been used in many applications, such as for inspect-

ing defects in various crystalline materials and monitoring crystal quality. It is able

to characterize residual strain, dislocations, surface damage and saw marks in sili-

con [39; 40]. X-rays are high-energy electromagnetic radiation that has wavelengths

ranging from 0.01 nm to 10 nm, which is equivalent to frequencies ranging from 3 ×

1016 Hz to 3 × 1019 Hz and energies ranging from 100 eV to 100 keV. Hard X-rays

(energy between 10 keV and 100 keV) are able to travel through objects without be-

ing absorbed or scattered, the main reason for being widely used in medical imaging

such as computed tomography (CT). Since X-rays have wavelengths comparable to

the crystal lattice dimensions in materials, they are also widely used for material re-

search purposes including X-ray microscopy and X-ray crystallography to determine

the structure and characterize defects. In this chapter, we introduce the background

of X-ray topography in preparation for visualizing cell deflection in Chapter 3.

2.1 X-Ray Source

X-rays are generated by three kinds of sources: X-ray tubes, rotating anodes,

and synchrotrons. Synchrotron light sources generate X-rays by bending high energy

electrons (GeV), which emits a tunable wavelength of X-rays. Although synchrotron

light sources offer much more brilliant (�1010 times, see Figure 2.1) and coherent X-

rays than laboratory X-ray sources [41], widespread implementation of synchrotron

radiation in industry would be nearly impossible due to their extremely high capital

and space requirements (1 Km ring).
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Figure 2.1: Historical evolution of the peak brilliance in various X-ray sources [41].

Laboratory X-ray sources produce X-rays using either an evacuated tube or a

rotating anode. Fundamentally, those X-rays are generated by bombarding a target

material with highly accelerated electrons. As free electrons are emitted from a

cathode and accelerated by an electrical field (40 kV to 60 kV), they collide with a

metal target made of a characteristic material (for example, Cu or Mo). These free

electrons excite core electrons near the nucleus of an atom. To fill the vacated state,

other electrons must release energy in the form of X-rays, producing (a) a continuous

spectrum consisting of Bremsstrahlung radiation and (b) emission lines characteristic

of electronic transitions in the anode material. The X-ray radiation spectrum by

Mo at 35kV is shown in Figure 2.2. The Kα1 and Kβ peaks represent the energy

transitions in a Mo atom from the L shell to the K shell and from the M shell to the

K shell, respectively. The intensity of the characteristic radiation is much higher than
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Bremsstrahlung radiation such that the characteristic radiation peaks, especially the

Kα peak can be isolated. The wavelengths of laboratory X-ray sources are not tunable

and are fixed by the anode material.

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/xrayc.html

Figure 2.2: Bremsstrahlung radiation and characteristic radiation from a molybde-
num target at 35 kV [42].

2.2 X-ray Topography Theory

XRT is an imaging technique based on Bragg diffraction. When X-rays strike a

material, they interact with the atoms and are scattered by some atoms in certain

crystal planes. When the incident angle, interplanar distance and the wavelength

of X-ray fulfill the Bragg condition, X-rays are diffracted and exit the crystal in the

direction differing from the direction of X-ray incidence by 2θ, as shown in Figure 2.3.

The Bragg condition is expressed as:

2dsin(θ) = nλ (2.1)
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where n is a positive integer, λ is the wavelength of the incident X-ray, θ is the

diffraction angle and d is the interplanar distance.

Incoming X-rays Diffracted X-rays

Crystal planes

𝜽𝒅 𝒅𝒔𝒊𝒏𝜽

Figure 2.3: Diagram of Bragg’s diffraction under normal condition.

Both white beam topography and Lang topography are widely used. A sketch of

white beam topography, which is mostly implemented with a synchrotron radiation

source [43], is shown in Figure 2.4. White beam topography is the simplest X-ray

imaging technique for crystals [44]. A wide, homogeneous, low divergent, high power

beam is applied to bulk crystals for defects or dislocation analysis. This topography

method does not require sample orientation and the diffraction signal of the whole

crystal is visible simultaneously, but it demands high-quality X-rays.

Figure 2.4: Sketch of white beam topography using synchrotron light source [45].

Lang topography, on the other hand, mostly uses laboratory X-ray sources. It

operates in two geometries: reflection geometry (Bragg case) when the X-ray beam
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enters and leaves through the same surface, and transmission geometry (Laue case)

when the beam enters and leaves through opposite surfaces of the sample. A sketch of

Lang topography using transmission geometry is demonstrated in Figure 2.5. The X-

rays travel through the tube, first slit, sample holder, stage, and second slit and then

reach the detector. The angle ω indicates the sample rotation in Y direction, with

the axis being perpendicular to the paper. The angle φ indicates the sample rotation

in Z direction, with the axis being perpendicular to the sample surface. The angles ω

and φ are perpendicular to each other. The first slit is used to restrict the radiation

field of the X-ray beam incident on the sample and control the horizontal divergence.

A width-limiting slit and a height-limiting slit can be configured depending on the

size of the sample. The second slit is used to reduce the effects of beam scattering

onto the image plate and to provide protection against direct exposure to X-ray

beams. Since the X-ray beam is vertical, the X-ray detector and the sample on the

stage simultaneously translate perpendicularly to the ω and φ rotation axes such

that the incoming X-ray beam can sweep the whole sample without interfering with

the X-ray diffraction angles. This is called extended X-ray imaging. Compared to

white beam topography, Lang topography requires extra time for angle alignment

and simultaneous translation. However, it does not necessarily need a synchrotron

light source.

2.3 Topography Contrast Imaging

Both X-ray films and semiconductor detectors are used to collect spatial X-ray

intensities. X-ray films typically contain silver halide crystal grains. When the film

is exposed to X-ray radiation, the halide is ionized and free electrons are trapped

in crystal defects. Silver ions are attracted to these defects and result in clusters

of Ag-”free” area [47]. Once the images are developed, areas with more Ag atom
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Figure 2.5: Sketch of Lang topography in transmission geometry (Laue case) using
a laboratory X-ray source, which is the XRT geometry used in this dissertation. Note
that this is a top view of the XRT setup [46]. An orthogonal cartesian coordinate
system is defined at the center of the sample holder and rotates/translates according
to the position of the sample.

appear dark. Semiconductor detectors can be divided into two categories. Direct

semiconductor detectors made of silicon or germanium (doped with lithium) detect

X-rays by X-ray generated electron-hole pairs. Indirect semiconductor detectors use

a scintillator to convert X-rays into visible light and a phosphor to convert visible

light into electrons. In general, semiconductor detectors have the advantage of fast

data acquisition over films but suffer from lower resolution.

Diffraction gives rise to the signal intensity in an XRT image. Unlike the CT

sweep, whose working principle is based on X-ray absorption contrast, XRT makes

use of the intensity profile of the diffracted X-ray signal. Unlike the traditional X-

ray diffraction (XRD) method, which collects diffraction intensity as a function of

diffraction angle, XRT collects a spatial map of the diffraction intensity (ideally the

whole sample).

Figure 2.6 illustrates the contrast mechanism of XRT imaging using the Lang

method. When a perfect crystal is illuminated by a homogeneous X-ray beam, the

XRT image has no contrast. Extinction image contrast arises when (a) the thickness
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of the sample changes over the image or/and (b) parts of the crystal are diffracting

X-ray with various intensities due to distortions in the crystal lattice by defects [48].

In case (a), the intensity of the diffracted beam increases as the thickness of the

sample increases. In case (b), the defects can be boundaries, dislocations, cracks or

clusters. Apart from the detector and setup geometry, the image quality also depends

on the nature of the defects. The contrast of the defect only increases when the local

orientation of the defect is different from the average orientation by more than the

Darwin width (full width at half-maximum of the total X-ray peak profile) of the

X-rays used [49; 50].

Incident X-ray

Transmitted X-ray after absorption 

Diffracted X-ray

Perfect Crystal

Incident X-ray

Transmitted X-ray after absorption 

Diffracted X-ray

Imperfect Crystal

(a)

(b)

“Contrast”

Figure 2.6: Sketch illustrating extinction contrast formation in XRT images from
(a) a perfect crystal and (b) a crystal with defect. The green area indicates the X-ray
intensity on the detector.
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As well as the extinction contract, orientation contrast also contributes to the

image contrast. Orientation contrast often affects the image when the crystal is

deformed or under a stress field. When a crystal contains parts with different lattice

orientations (wafer deflection, see Figure 2.7), the topography contrast increases: only

the elements of the crystal that meet Bragg’s condition will contrast in intensity from

the background of the image. No other elements will show up in the image.

𝒅𝒔𝒊𝒏𝜽

𝜽

Incoming X-rays Diffracted X-rays

Figure 2.7: Diagram of Bragg diffraction in distorted crystal lattices.

Due to energy level splitting in the L shell, the Kα peak splits into Kα1 and Kα2

components with wavelengths of 0.070 93 nm and 0.071 359 nm, respectively (Kα1 has

twice the intensity as Kα2). When no monochromator is used in the XRT system,

the incident X-ray source contains both the Kα1 and Kα2 wavelengths, as shown in

Figure 2.8(a). The Kα1 has a stronger signal (2:1) than Kα2 such that only Kα1

is aligned vertically for the diffraction conditions to achieve better contrast ratios

and only Kα1 should show up on the XRT image. However, if the sample is bent,

only parts of the sample can meet Bragg’s condition at the Kα1 wavelength and

appear on the XRT image due to other parts of the sample having different values of

d×sinθ. Additionally, a different part of the sample may meet Bragg condition at Kα2

wavelength and show up on the XRT image as well. Figure 2.8(b) shows a typical raw
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XRT image collected from a bent silicon solar cell. As we expected, a dark line and

a light line appear in the image, representing Kα1 and Kα2, respectively. The widths

of the lines and the distance between them are associated with the peak widths of

Kα1 and Kα2 in the X-ray spectrum and the curvature of the sample. The more the

solar cell is bent, the narrower the line width and the shorter the distance that will

be observed.

0.7093A

0.71359A

X-ray by Mo Source

Kα2 Kα1

(a) (b)

Figure 2.8: (a) X-ray spectrum of Mo source; (b) a typical raw XRT image from a
bent solar cell. Red dashed lines indicate the cell edges.

To further illustrate orientation contrast, a flat solar cell and a bent solar cell

as well as their raw XRT images are shown in Figure 2.9. Both images were taken

after the same alignment on Kα1. For the flat solar cell, since every spot meets Bragg

condition after initial alignment, the whole solar cell shows up on the image with a

very strong signal. For the bent solar cell, both Kα1 and Kα2 show up in the raw

XRT image, as previously described. Note that the glass and encapsulants, as the

packaging materials, attenuate X-ray signal and therefore reduce the contrast on XRT

images. The location of the X-ray signal is not affected. The XRT imaging technique
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is also capable of identifying cracks in the wafers, which show up as discontinuities in

the diffraction pattern. No cracks were observed in these particular samples.
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Figure 2.9: Photo and raw XRT image of (a) a bare, flat silicon solar cell and (b)
an encapsulated, bent solar cell.
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Chapter 3

VISUALIZING CELL DEFLECTION BY X-RAY TOPOGRAPHY

X-ray topography based technologies have been used in the past to character-

ize residual strain, dislocations, surface damage, and saw marks in thin films and

wafers [40; 51]. It has been demonstrated to be capable of measuring curvatures

(∼1 m-1) in thin films and silicon wafers with high sensitivity and accuracy [52]. Mc-

Nally et al. calculated the warpage of encapsulated silicon chip packages by using

synchrotron-based B-spline X-ray diffraction imaging technology and examined the

individual transmission section topography in the silicon die sweeps [53; 54]. They

were able to measure the silicon deflection in one direction but had difficulties in

mapping the deflection. More recently, Colli et al. demonstrated the possibility of

using synchrotron XRT technology to image cracks on encapsulated solar cells [55].

Synchrotron-based XRT has demonstrated faster data acquisition rates and sub-

micrometer resolution due to higher flux compared to regular in-house tools [56].

We expect that both acquisition rate and spatial resolution can be enhanced by at

least one order of magnitude at the state-of-the-art synchrotron beamlines.

However, it is neither necessary nor feasible to implement synchrotron-based XRT

in a PV module production line. Tippabhotla et al. calculated the residual stress

evolution near soldering joints on silicon solar cells by analyzing the crystal plane

misorientation angles with synchrotron X-ray micro-diffraction [38]. As the authors

stated, such experiments cannot be performed on a large scale because of the lim-

itations of time and resources (synchrotron X-ray source). We argue that full cell

deflection and stress mapping with high resolution can be achieved by utilizing a
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systematic sweeping and calculation method based on laboratory-based X-ray topog-

raphy. In this chapter, we leverage the throughput of our in-house XRT system to

visualize the deflection induced by various lamination profiles and materials.

3.1 Cell Deflection Calculation Model

For a fixed X-ray source and a flat sample in an XRT system, the wavelength

of incident X-ray, the interplanar distance, and the diffraction angle are set as con-

stants. However, that is not the case for curved samples. As discussed in Chapter 2,

when the measured solar cell is curved, only parts of the sample can meet the Bragg

condition and appear on the XRT image at different wavelengths (Kα1 and Kα2).

The reason why multiple wavelengths of X-rays are appearing at the same time is

because each wavelength is compensating the angular misalignment induced by the

curvature, assuming the interplanar distance remains constant. In other words, it is

possible to manually correct the angle misalignment while taking XRT images focus-

ing on X-rays of one wavelength (for example, Kα1 line). The angle misalignment

can be maneuvered by adjusting the angle ω (see Figure 2.5). By XRT imaging at

different ω values, every part of the curved solar cell can fulfill the Bragg condition.

The location of the XRT signal is associated with ω angles, which means a ω map

that contains the bending behavior of the whole solar cell can be obtained.

Here we discuss the calculation method to transform the above-mentioned ω map

into the actual deflection map experienced by the solar cell. Silicon has a face-centered

diamond-cubic crystal structure with a lattice constant of 0.5431 nm. A typical silicon

solar cell uses (001) silicon wafers since they are easy to texture (silicon (111) plane is

the favored KOH etching plane). Therefore, we describe the method for the particular

case of the (004) plane of silicon, but it can be readily adapted to other diffraction

planes.
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The Cartesian coordinate system used in this calculation is defined in Figure 3.1

with the center of the solar cell as the origin (reference). The deflection at this pixel

equals zero by definition, and the deflections of all other pixels in Z direction are

referenced to it (Figure 3.1). Next, we present our method to access the relative

deflection in Z direction, first between two neighboring pixels including the reference

point, and then between two neighboring pixels away from the reference point. The

coordinate system is fixed to the solar cell as the cell rotates from wafer position at ω0

to wafer position at ωm, and then to wafer position at ωm+1 (the coordinate system

rotates together with the wafer). Note that the glass rotates together with the wafer

but only the glass at wafer position ω0 is shown. The calculation relies on the precise

angular position variation of the experimental setup and geometric calculations. The

deflection calculation is performed subsequently for each pixel acquired on the X-ray

detector.

In Figure 3.1, the gray lines represent incident X-rays coming from the source and

diffracted X-rays leaving towards the X-ray detector. The brown curved solid line

represents the cross-section of the silicon wafer at ω0 and the corresponding brown

dashed line (Tangent 0) is the tangent at the reference point position P0. The ω

value when the sample meets the Bragg condition at the origin is denoted ω0. From

position P0, a diffracted spot is recorded on the X-ray detector at pixel P’0 if the

incoming X-ray and sample meet the Bragg condition. The brown double dashed line

is normal to Tangent 0.

As the sample rotates in ω counterclockwise towards the position ωm, the wafer

position where Bragg’s law is now met, shifts to Pm and the recorded diffraction spot

on X-ray detector shifts to P’m, with the green curved solid line indicating the new

wafer cross-section. The variable m is defined as the number of pixels on the X-ray

detector between P’0 and P’m. The green double dashed lines are perpendicular to
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Figure 3.1: Schematic of cross-sections of the same laminated silicon wafer at three
different rotation ω values: ω0, ωm, and ωm+1, illustrating the deflection calculation
method. Please note that P0 is the origin of the coordinate system and the center
of rotation. The X-ray beam (gray) coming from bottom of the figure is diffracted
to the top of the figure, reaching the X-ray detector perpendicularly. θ is the Bragg
diffraction angle (15° in this case). The coordinate system in the bottom-right corner
is bonded to the wafer as it rotates, fixing P0 as the origin.

the wafer at P0 and Pm, respectively. Those two lines meet each other at distant

point B. P0B crosses Tangent 0 at A forming a 90° angle. PmE is the tangent line at

Pm.

As the sample further rotates towards position ωm+1, the wafer position where

the Bragg condition is now met shifts to pixel position Pm+1, shown by the blue

curved solid line. Pm+1E is normal to P‘m+1E. Purple dashed lines are perpendicular

to the diffracted X-rays, intersecting at C, D, and F. It is apparent that ∠CP0A

= θ. β (purple font) represents the angle between PmPm+1 and P0F; Γ (red font)

represents the angle between Pm+1Pm and PmE; Q represents the pixel size on the

X-ray detector.
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We now consider the discrete the small distance between pixels given by the reso-

lution of the X-ray detector and approximate the distance between diffraction points

on the X-ray detector as Q×m. d represents the relative deflection from Pm to Pm+1

in Z direction, which is also Pm+1E.

Let us consider first the deflection from P0 to P1. Based on the assumption of

two neighboring pixels sharing the same curvature, we have P0B equals P1B. Then,

if we consider these three triangles: P0P1A, P0P1B and P0AB, we find the following

relation:

∠P0P1A =
ω1 − ω0

2
(3.1)

Using triangles P0CP1 and P0P1A that share the same side P0P1, we derive the

expression of the deflection P1A at position P1:

P1A =
Q× sin((ω1 − ω0)/2)

cos(θ − (ω1 − ω0)/2)
(3.2)

Now let’s consider two non-reference points, Pm and Pm+1, as shown in Figure

4.7. To determine the deflection d, we utilize the parallelism of PmC and Pm+1D and

the triangle PmPm+1F to get:

β = tan−1(
Pm+1F

Q
) = tan−1(

Pm+1D− PmC

Q
) (3.3)

For d, the deflection of Pm+1 with respect to Pm, we consider the triangles

PmPm+1E and PmPm+1F, where PmPm+1 is the common line:

d = PmPm+1 × sinσ = Q× sin(θ − β)

cosβ
(3.4)

Using these equations, we can determine the deflection d between the two points

defined by Q, the Bragg diffraction angle θ, and the experimentally rotated ω needed

to get Pm+1 into diffraction conditions from P0.

Through the above calculation method, the deflection between adjacent points can

be determined in the direction of ω rotation (X direction in this case). To construct
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a full deflection map, the deflection between adjacent points in the Y direction is also

needed. Thus, two sets of ω maps are required to fully obtain cell deflection. To

be specific, we first calculate the deflection at the vertical middle line of the wafer

using ω from the Y direction. Then we treat all the pixels on that middle line as

the reference points for all lines in the X direction and perform the transformation

calculation across the whole wafer using ω in X direction.

3.2 XRT Measurement Procedure

The XRT setup used for this study is a HITACHI Rigaku XRT-100. The tool is

capable of doing XRT measurements in both Laue case and Bragg case configurations.

The photo of the setup is shown in Figure 3.2.

Figure 3.2: Photo of a HITACHI Rigaku XRT-100 used in this dissertation.

This dissertation mainly focuses on the Laue case, which was previously introduced

in Figure 2.5. A Mo source (hυ = 17 481 eV) with a flux of ∼109 photons/s is used
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as the X-ray source. In this case, the X-ray source generates a vertical point-sourced

vertical beam with a cross-section of 1 mm × 100 mm. No monochromator is installed.

The sample is held between two Mylar-foils that are extended on a pair of holder

rings (10 cm in diameter). The holder is able to mount square-shaped solar cells up

to 7.5 cm×7.5 cm. The sample stage (4” circular holder in diameter) can do angular ω

and φ rotation as indicated in Figure 2.5 to align the sample with the Bragg condition.

A 2315 Varex Imaging Flat Panel X-ray Detector with a resolution of 75µm is used

as the X-ray detector.

The spatial resolution in the XRT image is limited by the resolution of the detector,

the experimental geometry, and the intrinsic diffraction effects. The spatial resolution

cannot be higher than the resolution of the detector. The geometric spatial resolution

of an XRT system is calculated by

x =
S

D
a (3.5)

where a is the distance between the sample and detector, D is the distance between the

sample and X-ray source, and S is the dimension of the X-ray source. The best spatial

resolution of any XRT system is achieved by a small X-ray source, a large sample

distance, and a small detector distance. The geometric spatial resolution of this

system (a = 80 mm, D = 1100 mm, S = 0.5 mm) is determined to be approximately

36µm, indicating the current resolution is limited by the XRT detector. The incident

X-ray is horizontally confined by the first slit width (1 mm by default), limiting the

horizontal divergence to 0.0521°; the incoming X-ray is vertically defined by the first

slit with a height of 100 mm, defining the vertical divergence as 5.72°.

There is a trade-off between the measurement time, X-ray signal-to-background

ratio, X-ray sweeping speed, and the number of ωsweep angles. Error and sensitivity

analysis of this XRT measurement will be discussed in Chapter 4.
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3.2.1 Measuring ≤ 3” Solar Cells

The HITACHI Rigaku XRT-100 tool used in this dissertation is primarily de-

signed for defects and dislocation inspection in flat crystalline materials. However,

our XRT measurement procedure mainly focuses on deflected silicon wafers/cells.

Due to the different demand in raw XRT images, the current XRT imaging system

sets constraints on our experiment and further limits the application of XRT in PV

applications in terms of sample size. The current XRT system limits the size of the

measured square solar cell to 3”. Also, the incident X-ray beam has the cross-section

of 100 mm × 1 mm, which also limits the vertical dimension of the sample to ≤ 10 cm.

When the solar cell is no larger than 3”, it will be held between two Mylar-

foils (default mounting option). The side view shown in Figure 3.3 illustrates the

interaction between the X-rays and the sample. Since most crystalline silicon solar

cells are made from (100) silicon wafers, the (004) crystal plane, which is perpendicular

to the sample surface, is chosen for this study. For silicon (004) plane, the lattice

constant is 0.5430 nm and the diffraction angle 2θ is 30.29°. Alignment is performed

by rotating ω and φ angles such that the incoming X-ray beam fulfills the Bragg

condition and a vertical X-ray beam of Kα1 appears on the X-ray detector.

For the setup, figure 1.

(100) Si 

wafer

(004) Crystal plane

X-ray

SIDE VIEW

Φ

ω

X-ray Detector

Figure 3.3: Sketch of side view of sample and X-ray detector in the XRT system.
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As mentioned earlier, the position of Kα1 X-ray signal on the raw image is a

function of ω angle. To map the Kα1 signal on the whole sample, a set of raw

XRT images showing Kα1 diffraction patterns was collected on the X-ray detector by

rotating the sample around ω (Figure 3.4) at discrete ωsweep values.

ωsweep,1 ωsweep,2 ωsweep,3

ωsweep,8 ωsweep,9 ωsweep,10

ωsweep, n = ωsweep,n-1 + Δωsweep 

Figure 3.4: A set of raw XRT images collected at different ωsweep values. The ωsweep

values are determined by total 4ω ÷ total number of raw XRT images.

For each image, the sample stage and X-ray detector (but not the second slit) move

together in a controlled translation to sweep X-rays through the whole sample. The

X-ray source is stationary. By default, 10 images were taken with the X-rays sweeping

in X direction and 8 images were taken with the X-rays sweeping in the Y direction

after φ rotation. A smaller number of images was used in the second set due to its less

contribution to the deflection calculation. The X-rays translational sweeping speed

is set as 2 mm/s and 2-6 number of sweeps are generally used depending on the test

subject (to be discussed in Chapter 3.3.1). Note that we are not sweeping 2θ as in a

standard XRD measurement. Next, the sample was rotated by 90° in φ, and another
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series of X-ray diffraction images was collected (by repeating the X-ray sweeping at

another series of ωsweep values). Two sets of XRT images were collected because each

set only contains the curvature information of the solar cell in the direction of X-ray

sweeping.

Note that the image of the solar cell on the detector is a projection thus the

dimensions differ according to the projection angle. Vertically, the projected image

of the solar cell is larger because of the point X-ray source. The projection angle

(correction ratio) is determined by the distance between the cell and X-ray source

and the vertical dimension of the cell. Horizontally, the projected image of the solar

cell is smaller because of the angle between the cell and the X-ray detector. Those

distortions can be easily corrected by scaling to the actual size of the solar cell.

Also, note that the cell in the XRT image shifts horizontally under ω rotations due

to different angles between the sample ( the rotating object) and the X-ray detector

(no rotation). Increasing the 4ωsweep value will shift the projected cell to the left

part of the solar cell. Since 4ωsweep is a constant value in a data set, the amount of

shift is also constant (linear approximation). Therefore, the effect can be corrected

during data processing.

3.2.2 Measuring 6” Solar Cells

Commercial solar panels contain solar cells with sizes of 6”. It is imperative to

explore and extend our XRT method to actual modules. In the case of the full-sized

6” solar cells, a 6” cell sample holder was designed to replace the current sample

holder. As shown in Figure 3.5(a), the 6” cell holder is a ring design with two sets of

bars perpendicular to each other that support one corner of the 6” cell modules (6”

solar cells are laminated with 8” front glass in this dissertation). The two bars can

shift through slots to accommodate PV modules in other sizes. The two handles on
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the bar ends are used to clamp the PV module to the ring. One corner of the 6” cell

module is imaged at a time and four measurements are required for a 6” cell.

(a) (b) (c)

Figure 3.5: (a) SolidWorks drawing of the 6” cell module holder for the existing
XRT system; (b) photo of a 3” cell module installed in the XRT system; (c) photo of
a 6” cell module installed in the XRT system using the holder fabricated according
by (a).

3.3 Data Processing

3.3.1 Kα1 Extraction Varied by Encapsulation

Those Kα1 lines were originally extracted out of the background (alignment is

based on Kα1) by a watershed technique. The process was carried out in ImageJ using

a watershed plugin with manual thresholding on each segment of Kα1 lines, which is

time inefficient. To speed up the process, Matlab is used to directly extract the Kα1

lines from raw XRT images. A series of morphological image processing procedures

are utilized to increase the signal-to-background contrast ratio on the raw image. A

flow chart summarizing the data processing flow using Matlab is shown in Figure 3.6.

Note that encapsulation plays an important role in the data process because the glass

thickness significantly reduces the contrast intensity (see Section 4.2.4). The data

process is categorized into two scenarios: with and without encapsulation.
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Figure 3.6: Flow chart for data processing of every XRT raw image using MatLab.

Solar Cells without Encapsulation

Thinning and skeletonizing are often used to extract a representative line out of

an area. In this case, we are trying to extract Kα1 lines (to represent the diffraction

signals at the wavelength of peak Kα1 intensity) out of the dark Kα1 areas in raw

XRT images. Figure 3.7 shows a comparison between them. Starting from the same

binary image, the skeletonizing is more sensitive to the edges than thinning. After

removing unnecessary spurs, the result from skeletonizing is obviously losing some of

the features of the original image. Therefore, thinning instead of skeletonizing is used

to fit the peak Kα1 signals.
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Figure 3.7: Process flow demonstrating the difference between skeletonizing and
thinning on binary images.

Figure 3.8 shows the data extraction process used on a silicon solar cell with-

out encapsulation [57]. From left to right, the raw XRT image goes through the

procedure of threshold and thinning. Thresholding extracts the shape of Kα1 areas;

thinning transforms the porfile of the Kα1 signal into a line. As we can see, the line

in Figure 3.8(c) well preserves the shape of Kα1.

Raw XRT Image Binary Image

(a) (b) (c)

Thinned Image

threshold bwmorph, ‘thin’

Figure 3.8: Process flow to extract Kα1 signals in raw XRT images taken on silicon
solar cells without encapsulation.
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Encapsulated Solar Cells

The data analysis gets complicated when the measured silicon solar cell is encapsu-

lated. The laboratory-based X-ray source has relatively low beam intensity such that

it is very sensitive to X-ray absorption and scattering in the glass and encapsulant.

The signal-to-background contrast ratio is much lower in the encapsulated solar cell

raw XRT images. Note that the signal originates from X-ray diffraction and the back-

ground originates from the transmitted X-ray through the second slit (see Figure 2.5

for geometry). To quantify that, the X-ray transmittance of different materials used

in PV modules is measured and shown in Table 3.1. High-quality low-iron B270 glass,

which is decent for PV modules, has the lowest X-ray transmittance among the tested

glasses. To maximize the X-ray signal reaching the detector, Borosilicate glasses are

used in all PV modules for XRT measurement. Although there are other options

such as acrylic sheets that could also serve as the front protector, their mechanical

properties are greatly different from rigid glass.

Table 3.1: X-ray transmittance through different PV components of various thick-
nesses.

Material thickness (mm) X-ray Transmittance(%)

Tempered glass 3.2 6.7

Borosilicate glass 3.2 17.3

B270 glass 3.2 3.1

Laminated EVA 0.4 95.9

Laminated backsheet 0.4 92.8

PERC solar cell 0.2 66.7

A different data process is used for analyzing encapsulated solar cells as shown in

Figure 3.9. If the raw images are processed in the same flow used for non-encapsulated
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cells as shown in Figure 3.9(a-c), net lines instead of a representative line would be

extracted. Those net lines may cause artifacts in the following interpolation process

and should be avoided at no cost. Therefore, extra steps including imclose (Fig-

ure 3.9(d)) and conv2 (Figure 3.9(e)) are added to the process flow. The imclose fills

the empty pixels between bright data points; the conv2 rounds up the boundaries

of the Kα1 area such that the following thinning process has minimum spurs input.

The thinned image in Figure 3.9(f) resulting from the new process represents better

results than Figure 3.9(c).
Add edge smoothing to the flow

Raw XRT Image Binary Image

Closed Image Image, Edge Smoothed Thinned Image

Thinned Image

(a) (b) (c)

(f)(e)(d)

threshold bwmorph, ‘thin’

conv2, ‘kernel’

imclose

bwmorph, ‘thin’

Figure 3.9: Process flow to extract Kα1 signals from raw XRT images taken on
encapsulated silicon solar cells.

Note that the conv2 is very sensitive to the line width of the X-ray signal. For

thin lines, aggressive conv2 will dilate the signal area and results in incorrect Kα1

lines. In fact, a narrow diffraction line (before the thinning process) requires a lower

level of edge smoothing. Therefore, a partial image thinning process is included in

the process flow. For that reason, parts of the lines on the closed images are taken out

and processed with conv2 at a different level, as shown on the right side Figure 3.6.
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3.3.2 Stacking Kα1 Signals and Interpolation

The above data extraction processes are applied to every single raw XRT image

such that a series of images with Kα1 lines at discrete ωsweep values is obtained (Fig-

ure 3.10(a)). Figure 3.10(b) shows the diffraction lines resulting from the overlay of

the lines extracted from individual images. Each diffraction line originates from the

spots on the cell that met the Bragg condition at a particular ωsweep angle; different

spots on the sample meet Bragg’s conditions at different ωsweep angles. As we can see

in Figure 3.10(b), the diffraction lines are curved and twisted in various directions.

Figure 3.10(c) shows the 3D ω map that is constructed by a thin-plate spline inter-

polation [58] that extracted Kα1 diffraction lines (shown as black lines) to the entire

area [46]. Each ω value inside the sample edge (gray dashed line) represents the an-

gular conditions where Bragg diffraction on the sample takes place in Figure 3.10(b).

Please note that Figure 3.10(b) and (c) show the same data with (b) showing the

measured ωsweep values and (c) showing the interpolated ω values. The ω map reveals

that the sample is significantly bent. Note that such ω maps do not show the sample’s

deflection in Cartesian coordinates but in angles.

(b)

X
 (

m
m

)

Y (mm)

ω
s
w

e
e
p

(°
)

(c)

ω
 (
°)

InterpolationStacking

(a)

Figure 3.10: (a) a series of images with extracted Kα1 lines; (b) processed ωsweep map
of stacked Bragg diffraction Kα1 lines; (c) interpolated 3D ω map. Gray dashed lines
indicate sample edges. The ω values outside of gray dashed lines are extrapolated
from the fitting process without physical meaning.
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3.3.3 ω Map to Deflection Map Varied by Tabbing

Solar Cells without Tabbing

As mentioned before, two ω maps are needed to calculate deflection such that

two sets of raw images were collected. The same process flow was applied to the

other set of XRT raw images that was obtained after 90° φ rotation. The diffraction

information of each set is processed into 2 separate ω maps for the 2 different φ

positions. Only from the combination of two ω maps from distinct φ angles, we can

reconstruct the full deflection using the deflection model described in Section 3.1.

Solar Cells with Tabbing

Metal ribbons are soldered on solar cells to facilitate photo-generated carrier ex-

traction. Due to the intensity limitation of the lab-based X-ray source, the metal rib-

bons absorb most of the incident X-ray and cannot be evaluated. Figure 3.11 shows

a clear example of this ribbon-blocking issue. On the EL image in Figure 3.11(a),

we can clearly identify the two ribbons as dark lines because they block the fluores-

cence signal illuminated from silicon. The same phenomenon takes place on the XRT

image in Figure 3.11(b) where the signals of both Kα1 and Kα2 lines are missing at

metal ribbon locations. As a result, the ω information under metal ribbons cannot

be captured for interpolation.

The ω values in the ribbon areas can be extrapolated using the same thin-plate

interpolation method. However, without the discrete ωsweep values, extrapolation

could easily increase the uncertainty and errors in the final deflection maps. For that

reason, the ribbon areas will be blanked and shown as no data.

It is challenging to develop the whole-cell deflection map without the ω values in

the ribbon area. In Chapter 3.1, we introduced the deflection calculation method of
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Cell Edges

Metal  Ribbons block X-ray

(a) (b)

Figure 3.11: (a) El image and (b) raw XRT image of a soldered and encapsulated
3” PERC silicon solar cell.

using the cell center as the reference point and calculating the deflection of each pixel

referencing to its neighbor pixel. Without the ribbon area serving as ’the bridge’

connecting the data on each side of ribbons, the cell deflection beyond ribbons can-

not be calculated. In this case, three approaches are developed to solve this issue:

Deflection-Full, Deflection-Global, and Deflection-Busbar.

Deflection-Full interpolates the ω values at the ribbon areas. The thin-plate spline

interpolation function performs surface interpolation on two criterions: matching

the developed surface with the input data values and lowest surface roughness. It

is observed that ω values on each side of the ribbon area differ dramatically due

to ribbon-induced mechanical stress. When the interpolation is performed in the

Deflection-Full approach, the spline function tends to smooth out the ω difference

(generate artifacts), which is crucial in extracting mechanical behaviors. This also

influences the sequential deflection values beyond the ribbon area.

Both Deflection-Global and Deflection-Busbar calculate the deflection of the sol-

dered solar cell as individual solar cells that are separated by the ribbons. In this

way, the interpolation artifacts can be completely avoided. The detailed process is

shown in Figure 3.12. Figure 3.12(a) demonstrates a ω map with the ribbon area
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blanked out. The left, middle, and right cells are designated with Cell-1, Cell-2, and

Cell-3. The three solar cells are then calculated independently using the ω values in

the designated areas. For example, Deflection-1’s reference point with 0 value in Z

direction is the center of cell-1 instead of the entire cell. Then the deflections of three

cells are combined as the deflection of the entire cell. Now that the new deflection

map has three reference points with 0 value in Z direction – the three cells need to

be aligned to one reference point.

1 2 3

Interpolated Omega Map  

Deflection-1 Deflection-2 Deflection-3

(a)

(b) (c) (d)

Figure 3.12: (a) Interpolated ω map of a soldered silicon solar cell; (b-d) three
deflection maps calculated by treating the whole cell as three separated solar cells.

The Deflection-Global approach aligns the three cells by referring to the values in

Deflection-Full map as shown in Figure 3.13. In this case, four deflection maps are

generated: Deflection-1, Deflection-2, Deflection-3 and Deflection-Full (Figure 3.13(a-

b)). The values of three reference points in the Deflection-Full maps are extracted

and used to shift the whole Deflection-1 and Deflection-3 maps in Z direction.
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Deflection-Global

Individual Deflection Maps

Deflection-Full

Reference Points

1 2 3

Omega-Full

(c)

(a) (b)

(d)

Figure 3.13: (a) Interpolated ω map of a soldered silicon solar cell with extrapolated
ω values under ribbons; (b) calculated deflection-full map from (a); (c) stack of three
deflection maps of individually treated cells; (d) calculated deflection-global map
using three reference points from Deflection-full map.

The Deflection-Busbar approach aligns three cells by assuming that the solar cells

under ribbons are flat and horizontal. In other words, the cell deflection values on

either side of ribbons are identical. In this case, the Deflection-1 and Deflection-3

maps are shifted in Z direction by the values of the triangles in Figure 3.14.

Apart from aligning in Z direction, a surface rotation is added for both Deflection-

1 and Deflection-3 maps. During the deflection calculation, the orientation of the

sample is set by the normal direction of the reference point. The three deflection

maps have three reference points such that they are calculated at three different

orientations. The surface rotation is carried out by referring to the corresponding ω

values on the Omega-Full map, as shown in Figure 3.13(a).
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Deflection-BusBarIndividual Deflection Maps

1 2 3

(a) (b)

Figure 3.14: (a) Stack of three deflection maps of individually treated cells; (b)
calculated deflection-BusBar map using reference points on either side of busbar.

Now we have to choose one of the three approaches. It is obvious that the

Deflection-Full approach has the most artifacts/errors because of the extrapolation

under ribbon areas and should not be considered. However, three deflections values

in the Deflection-Full map are used in the Deflection-Global approach. In order to

choose between Deflection-Busbar and Deflection-Global, a partially soldered silicon

solar cell was fabricated, measured with XRT and processed with all three processes.

A photo of the sample and a schematic of the side view of the module is shown in

Figure 3.15. The ribbons only cover a bottom portion of the front busbar and a top

portion of the back busbar. The middle portions of the front and back busbar are

not soldered such that its deflection on the Deflection-Full map is not susceptible to

extrapolation.

The calculated Deflection-Full, Deflection-Global and Deflection-Busbar maps are

shown in Figure 3.16(a-c). Visual inspection does not reveal the advantage of the

Deflection-Global approach and the Deflection-Busbar approach over each other. A

cross-section (purple dashed line) is investigated at the same location of the three

maps in ribbon-free areas and the deflection profile is shown in Figure 3.16(d). Note

that the curvatures of three curves differ the most in the vicinity of the busbars
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Only back ribbon

Only front ribbon

This area has no ribbon impact

Cell

Glass

(a) (b)

Figure 3.15: (a) Top view and (b) side view of a partially soldered and encapsulated
silicon solar cell.

because the probed Deflection-Full profile is still influenced by the ribbon interpo-

lation. For the Cell-1 area on the left, both the Deflection-Global map and the

Deflection-Busbar map are close to the Deflection-Full map. For the Cell-3 area, the

Deflection-Global map demonstrated more agreement to the Deflection-Full map than

the Deflection-Busbar map. Therefore, we consider the Deflection-Global approach

as the more accurate process with a maximum deviation of 0.02 mm with respect

to the Deflection-Full map. And the Deflection-Global approach will be applied to

all following deflection maps. For convenience, the Deflection-Global maps will be

named as Deflection maps.

3.4 Application Results and Discussion

The lamination process is crucial in determining the performance and reliability

of PV modules. The lamination quality is influenced by the following factors: (a)

lamination temperature, (b) lamination pressure, (c) lamination time and (d) lami-

nation stack. A well-controlled and optimized lamination process should lead to good
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Figure 3.16: (a) Deflection-Full map calculated from Figure 3.13(a); (b) calculated
deflection-Global map; (c) calculated deflection-BusBar map. Note that blue means
the solar cell is bent toward the front glass and red means the solar cell is bent away
from front glass. (d) cross-section of the deflection on the silicon solar cell as indicated
in (a-c) at Y = 37.5 mm.

electrical contact (no shunting), no cell cracks, minimum stresses on solar cells, and

low degradation rate (both in the field and accelerated tests) in finished modules [59].

When new PV module concepts are promoted, the lamination stack usually differen-

tiates from traditional ones. The lamination temperature and time are often adjusted

for acceptable quality (>80% gel content for EVA) in the encapsulant [59]. Alter-

ing those parameters may completely change solar cells’ surrounding environment,

resulting in different cell behaviors (deflection, stress, resistance, etc.). Though the

rest (e.g. resistance) can be readily characterized by techniques such as EL, the de-

flection and stress are difficult to measure due to the lack of testing methods. In this

section, we first validate our XRT calculation method with established experimental

methods. And then, with the help of XRT, we characterize the impact of varying
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(a) lamination temperature; (b) lamination stack and (c) accelerated testing on the

deflection of encapsulated silicon solar cells.

3.4.1 Example 1: Deflection Validation

In order to validate our deflection calculation, we characterized an intentionally

bent silicon wafer by profilometry and XRT analysis, following the above-mentioned

calculation method. As shown in Figure 3.17, the silicon wafer (31.8 mm × 31.8 mm ×

180µm) was mounted on a glass substrate (50.8 mm × 50.8 mm), with the solar cell’s

center elevated from the glass by multiple layers of tape of 0.3 mm in total. The cell’s

four corners were glued to the glass by epoxy, and two of the cell’s sides were pressed

toward the glass during epoxy solidification to purposely induce a two-dimensional

deflection.

1

Xiaodong Meng, Defense, 09/23/19

XRT Validation with Profilometer 
• XRT results compared with profilometry measurement.

X. Meng, et al., “Quantitative Mapping of Deflection and Stress on Encapsulated Silicon Solar Cells,” IEEE J. Photovolt., vol. 8, no. 1, pp. 189–195, 2018.

• XRT analyzed deflection matches the shape of profilometry data.

• XRT deflection deviates from profilometry data by 0.02mm due to error from interpolation.

Deflection map
Glass Epoxy

Tape

Wafer

Load Area
Figure 3.17: Scheme of the Sample used for validating the XRT deflection calcula-
tion method with profilometry measurement.

Both XRT and profilometry results are shown in Figure 3.18. As we can see

from the XRT analyzed deflection map (Figure 3.18(b)), the wafer has its minima

positions on the opposing sides depicted by the white ellipses in Figure 3.18(a), where

we intentionally applied pressure. Note that Figure 3.18(b) was measured from the
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front side of the glass, which means the incident X-rays go through the glass and

then to the silicon wafer. Blue means the wafer was bent toward the glass; red

means the wafer was bent away from the glass. The four corners have higher Z

values than these minima edge points due to the thickness of the epoxy between

the wafer and the glass. We performed profilometry measurements along three lines

A, B, and C as shown in red in Figure 3.18(a) and (b). We extracted the data

corresponding to the same lines from our reconstructed deflection map from XRT

in Figure 3.18(b). The reconstructed deflection from XRT matches well with the

measured one by profilometry in terms of depth and shape, showing a maximum

deviation of <0.025 mm. Errors from profilometry measurements and from XRT

analysis contribute to this difference. The relative error in C is larger than the other

two because of the shifted peak, which we attribute to the errors from interpolation.

Overall, this demonstrates that our XRT reconstruction method is able to reproduce

the deflection of the specimen indicating that XRT is a powerful way of inspecting

the deflection in a silicon wafer in a non-destructive way.

3.4.2 Example 2: Lamination Temperature

The lamination temperature is one of the most important parameters in determin-

ing the lamination quality of PV modules. Several failure modes such as delamination

are associated with the time-temperature and time-pressure profiles. Higher temper-

ature favors higher gel contents, but it may cause potential higher stresses on the

solar cell because of larger thermal expansion and shrinkage of the backsheet and

encapsulant due to different thermal materials properties. Three 5 cm×5 cm modules

following the traditional PV stack (glass/EVA/cell/EVA/ backsheet) were laminated

at three different temperatures (100°C, 145°C, 160°C) for XRT analysis and the data

are shown in Figure 3.19 [60]. The EVA encapsulant starts curing at 110°C [11]. As
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Figure 3.18: (a) Picture of an intentionally bent silicon wafer; (b) map of the cal-
culated deflection on the wafer; (c), (d), (e) are profilometry measured and analyzed
XRT data showing the wafer deflection along the marked as purple dash lines shown
in (a) and (b).

the temperature increases, the total deflection on the cell (maximum Z value minus

minimum Z value) increases; the corners of the cell are bent towards the front glass

while the center is bent toward the back.

Although intrinsic stress (e.g. stresses introduced by cell fabrication) could po-

tentially lead to deflection too, we attribute it here to the lamination process as the

pristine cells were not bent. We expect this bending feature to be a combination

of two effects: (i) the soften EVA was pressed out of the laminate because the ap-

plied pressure was higher at the module edges (edge pressing); (ii) the shrinkage of

backsheet put more compressive stress on the cell back, which pulls the cell corners

backward during solidification. The cause of the first item is due to the thickness

of the finished modules not being homogeneous – the corners are thinner than the
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center. A bowing behavior on the backsheet (concave towards the glass) is observed.

If the first item dominates, the cell corners will bend towards the glass, just like the

backsheet. The cause of the second item is due to the fact that the CTE of the

backsheet is ∼11 times larger than the glass [61]. If the second item is true, the cell

corners will bend towards the backsheet. The measured deflection results are in favor

of the first item, indicating that the edge pressing dominates and leads to this bowing

result. The total deflection of 100°C module is around 0.03 mm while the deflection of

145°C and 160°C modules are above 0.06 mm. A positive correlation between the total

deflection and lamination temperature (Figure 3.19(d)) is identified. This suggests

that the lamination induced deflection on the cell is associated with the temperature

– the higher temperature the more deflection on the cell.
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Figure 3.19: XRT analyzed deflection maps of three 5 cm×5 cm modules laminated
with EVA at three temperatures: (a) 100°C; (b) 145°C and (c) 160°C. The corners
are bent toward the glass. Bright means high and dark means low in the Z direction
(point in the plane of this paper). (d) Figure showing the total deflection as a function
of lamination temperature using the cell deflection from (a), (b) and (c).
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3.4.3 Example 3: Lamination Stack

The lamination stack is also an important factor when it comes to cell deflection

and analysis. Here we apply our XRT analysis method to quantitatively evaluate the

effect of different lamination stacks of the PVMirror stack and the standard stack on

cell deflection. PVMirror modules are newly developed module structure with extra

layers of encapsulant and polymeric film in the lamination stack, which will be dis-

cussed in Chapter 8. We characterized two 5 cm×5 cm modules following traditional

PV stack and PVMirror stack and the results are shown in Figure 3.20 [60]. From

visual inspection, both modules look flat. However, the XRT deflection maps of both

laminated cells reveal that they are actually bent, with the cell’s corners towards

the glass and cell’s center away from the glass. The cell inside Figure 3.20(a) shows

60µm total deflection from the corner to the center, while the value in Figure 3.20(b)

is 0.14 mm, i.e. 230% as large as in Figure 3.20(a). As discussed earlier, the edge
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Figure 3.20: Lamination stack, photos and deflection maps of 5 cm×5 cm PV module
fabricated with (a) traditional PV stack and (b) PVMirror stack, respectively.
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pressing dominates the cell bending in those 5 cm×5 cm modules. As more encapsu-

lant is used in the stack, more encapsulant is pressed out of the module, resulting

in increased deflection of the cell. It is interesting to isolate the edge pressing from

the result to see the effect of different CTE values in materials. A frame of different

height around the module and/or larger modules could be used to minimize the edge

pressing in future work.

3.4.4 Example 4: Accelerated Tests

Most of the modules that failed in the DH1000 test experience water ingression

and encapsulant degradation (e.g. adhesion loss) [16]. Replacing the encapsulant and

backsheet with materials of lower water vapor transmission rate and better chemical

bonding is often the solution. Here we tend to investigate the process through the

view of solar cells in terms of deflection. Figure 3.21(a) and (b) show the deflection

map of Figure 3.20(a) and (b) after damp heat (DH1000, 1000 hours of 85°C/85%

RH) test [60].

(a)

(b)

(c)

Figure 3.21: Deflection map of PV module following (a) a traditional stack and
(b) PVMirror stack post DH1000; (c) analyzed figure showing the total deflection
changes between PV stack and PVMirror stack, both before and after DH1000 test.
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The DH1000 test is designed to stress the PV module to reveal potential lamina-

tion problems such as delamination and corrosion. The total cell deflection compar-

ison before and after DH1000 (Figure 3.21(c)) indicates that there is no significant

change (<0.03 mm) in terms of total deflection. However, the deflection map of the

solar cell varies a lot, suggesting that the distribution of stresses acting on the cell

change through time. Both modules’ top half area on the deflection map show in-

creased Z values. The curing process is a thermal cross-linking process. Even the

optimized lamination recipe can hardly deliver 100% gel content in EVA; the left-

over uncured EVA can still soften at a temperature of 85°C [13]. Additionally, the

polymer’s shape changes under elevated temperature and humidity environment. All

of those factors contribute to the delamination in PV modules eventually [62].
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Chapter 4

ERROR AND SENSITIVITY ANALYSIS

In Chapter 3, we introduced a non-destructive method of using X-ray topogra-

phy to inspect cell deflection in encapsulated PV modules. The deflection mapping

method shows comparable results with profilometry measurement with a maximum

physical deviation of <0.025 mm and is able to quantitatively measure the amount

of cell deflection influenced by different lamination parameters. More importantly,

the statistical error, both from XRT measurement and data processing, should be

quantified such that the measured cell deflection can be trustworthy. Meanwhile,

the sensitivity analysis of important parameters should also be quantified to further

improve the speed and quality of this deflection mapping method.

In this Chapter, a 3” PERC silicon solar cell laminated with the traditional stack

(glass/EVA/cell/EVA/backsheet) was used as the reference module for error and

sensitivity analysis. The module was laminated at 145°C for 11.5 minutes (curing

time). By default, the XRT measurement takes 18 images (10 in the first set and 8 in

the second set with a 90° φ angle difference). Each image was taken under 8 X-rays

sweeps at a sweeping speed of 2 mm/s. Note that the error and sensitivity analysis

demonstrated in this chapter only applies for PV modules of this kind – the result

may vary depending on module configurations.

4.1 Error Estimation

A lower statistical error means lower variation in the deflection values from mul-

tiple measurements on the same sample. The statistical error of this XRT method

originates from the measurement and the data processing.
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4.1.1 Error from Measurement

The errors from the measurements originate from improper mounting, imprecise

motor behavior in angle rotation, incorrect discrete ωsweep values and incorrect trans-

lating range. Every angle rotation is performed according to the center of the sample

holder. If the sample is not placed at the holder center, both φ and ω values will

be off and a 90° φ rotation will not be reached. Incorrect discrete ωsweep values will

result in missing features in the deflection maps, especially in the high-stress areas.

Incorrect translation range will reduce the X-ray intensities or lose X-ray signals on

the left and right (in X direction) of the solar cell, resulting in incorrect deflection.

In this subsection, the reference module was measured four times by the default

conditions and processed using the same Matlab code. Note that the module was

demounted and remounted for each measurement. The four deflection maps are shown

in Figure 4.1. No significant visual deviations are identified. Note that the errors from

the mounting discussed here contain the errors from manual thresholding.

To quantify the mounting effect on the deflection measurement, the standard

deviations of the four maps are calculated on a pixel by pixel basis as shown in Fig-

ure 4.2(a). A maximum deviation of 0.016 mm is observed. The cross-sections of the

four deflection maps perpendicular to the busbars that are selected at the highest

deviation point are shown in Figure 4.2(b). The deviations on the right edge are

attributed to the combination of incorrect sweeping range, improper mounting, and

manual processing. The high deviation in the cell-2 region is attributed to the incor-

rect discrete ωsweep values. In conclusion, the statistical deviations from measuring

and processing the same sample are estimated to be within 0.016 mm.
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Figure 4.1: Four deflection maps (a-d) processed by the same Matlab code using
the four set of measured data from a 3” PERC soldered solar cells.

4.1.2 Error from Data Processing

Ideally, applying the same data process to the same data set should result in

the same deflection. In data processing, the statistical deviations come from manual

thresholding, thinning, and interpolation. The threshold value that is determined

manually varies from image to image because each image has different Kα1 X-ray

intensities. The thinning is dependent on the shape and edge roughness of the Kα1

signal on the binary image. Interpolation may introduce a certain amount of artifacts

in the ω maps due to the definition of surface fitting. In this case, the manual

thresholding process is determined to have the largest amount of deviations.
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Figure 4.2: (a) Standard deviation of the four deflection maps shown in Figure 4.1
on a pixel by pixel basis; (b) the cross-secitons of the four deflection maps at Y =
0 mm, as the purple dashed line indicated in (a).

In this subsection, the data set from a single complete XRT measurement using

default conditions was processed 4 times using the same Matlab code to investigate

the errors introduced by manual thresholding. The calculated deflection of the four

processes are shown in Figure 4.3. Visual inspection indicates that all four maps

are similar, except the bottom-left corner where the deflection is higher in the Data

Process-1 map and the Data Process-2 map. Visual inspection indicates that all four

maps have smaller variation than the maps in Figure 4.1. No significant features are

missing or added in any of the maps.

To quantify the deviations from manual thresholding, the standard deviations of

the four maps are calculated on a pixel by pixel basis as shown in Figure 4.4(a).

Most of the standard deviation values on the solar cell are under 0.006 mm, except

the bottom left corner with up to 0.01 mm. The deviation values are smaller than

the values in Figure 4.2(a) because they include the deviation from measurements.

The cross-sections of the four deflection maps that are selected at the highest devi-

ation point are shown in Figure 4.4(b). The deviations by manual thresholding are
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Figure 4.3: Four deflection maps (a-d) processed by the same Matlab code using
the same set of measured data from a 3” PERC soldered solar cells.

below 3.3%, considering the measured maximum deflection is about 0.4 mm and the

deflection on the bottom-left corner is about 0.3 mm.

4.2 Sensitivity Analysis

The most limiting factor of this deflection mapping method is the low data acqui-

sition. The Rigaku XRT-100 originally used an image plate for a higher resolution of

50µm (primarily for defect detection). The image plate requires 3-5 min to accumu-

late the X-ray signal, 4 min to develop the XRT image, and 3 min to erase the X-ray

signal. The XRT acquisition time could be 3 times longer if the PV module’s glass

dramatically decreases X-ray intensity.
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Figure 4.4: (a) Standard deviation of the four deflection maps shown in Figure 4.3
on a pixel by pixel basis; (b) the cross-secitons of the four deflection maps at Y =
78 mm, as the purple dashed line indicated in (a).

To facilitate the process, the semiconductor detector with a 75µm resolution is

used to replace the image plate (Figure 4.5(b)). Since the XRT deflection mapping

method focuses on the location of the X-ray signals instead of the intensities, the XRT

deflection method is less sensitive to resolution. Without developing and erasing the

image plate, an image can now be obtained within 5 min, which reduces the 6” cell

module imaging time down to 7-8 hours. However, this is still far too slow compared

to other module characterization methods, such as solar simulators and EL imaging.

Figure 4.5: Image of (a) the image plate that was installed in the XRT system by
default and (b) the succedaneous Dexela 1512 semiconductor detector.

60



Therefore, in this chapter, the sensitivity of important parameters XRT measurement

is investigated on the deflection results.

The data acquisition time of this XRT method is determined by the number of

XRT images × X-ray exposure time for each image. As mentioned earlier, it takes 18

images to process a 3” PERC solar cell and each image takes 8 X-ray sweeps at a speed

of 2 mm/s. Both the number of X-ray sweeps and sweeping speed contribute to the X-

ray exposure time for each image. The exposure time can influence the quality of the

thresholding and thinning process. A larger number of sweeps can increase the signal-

to-background ratio on raw XRT images such that a more consistent thresholding can

be achieved.

4.2.1 Number of X-ray Sweeps on Each XRT Image

In this case, we study the impact of the number of X-ray sweeps while keeping

the sweeping speed constant. The reference module was measured five times varying

the number of X-ray sweep from 1 to 10 while keeping other parameters constant.

Surprisingly, the quality of XRT images degrades as a function of operation time. The

signal-to-background ratio decreases from a morning measurement to an afternoon

measurement. Figure 4.6 shows the photos of the raw image taken with different

numbers of sweep in the order of measurement. In this case, the XRT image with

8 × sweep was taken first, followed by 1 × sweep and then 10 × sweep. The image

with 1 × sweep shows the lowest signal-to-background ratio due to low X-ray doses.

However, the image with 10 × sweep shows more noise than the image with 8 ×

sweep due to the decreased detector imaging quality. This degradation phenomenon

is attributed to the heat in the detector. This degradation also contributes to the

measurement deviation as we discussed in Chapter 4.1.2.
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Figure 4.6: Three raw XRT images taken with different number of X-ray sweeps in
the order of measurement sequence.

The corresponding deflection maps are shown in Figure 4.7. Visual inspection

indicates moderate deflection variation at cell corners (in red color). The deflection

maps taken with a smaller number of sweeps do not demonstrate a significant dif-

ference compared to the deflection maps taken with a larger number of sweeps. To

quantify the impact of sweeping number on the deflection maps, the mean absolute

Figure 4.7: Five deflection maps (a-e) processed using the raw XRT image measured
at different number of X-ray sweeps from a 3” PERC soldered solar cells.
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deviation of the deflection maps are calculated with respect to the deflection with 8

× sweep (Figure 4.7(d) is considered to be the most accurate result from the qual-

ity of raw XRT images), shown in Figure 4.8. The mean deviation values show a

mixed trend against the number of X-ray sweep, which is a combined result of heat

degrading the quality of raw images and more X-ray sweeps increasing the quality of

images.

Figure 4.8: Mean absolute deviation of the first four deflection maps in Figure 4.9
with respect to the last deflection map.The error bars are defined by the maximum
standard deviation observed in Figure 4.2(a).

4.2.2 Number of X-ray Raw Images

A larger number of XRT raw images increases the density of the X-ray signal

(the number of discrete ωsweep) on the stacking image (Figure 3.10(b)) and therefore

increases the accuracy of interpolation. Ideally, a finite number of images can provide

the discrete ωsweep on every pixel of the solar cell such that no interpolation is further

needed. However, due to the time limit of data acquisition, it is nearly impossible to

achieve. In fact, there should be an optimal number of XRT raw images that offers

enough X-ray signals and requires minimum measurement time.
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To study the impact of the XRT image number on XRT results, the reference

module was measured with 38 images (30 images in the first set and 8 images in the

second set) and processed into a deflection map. Meanwhile, a certain number (5, 6,

10, 15) of the 30 images in the first set were selected systematically and processed into

deflection maps. The 5 deflection maps are shown in Figure 4.9. Visual inspection

indicates that a larger number of images bring more consistency to the deflection

Figure 4.9: Six deflection maps (a-f) processed using different number of raw XRT
image measured from a 3” PERC soldered solar cells.
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map. The maps with large image numbers show very similar deflection maps; the

maps with small image numbers show large variation especially on the cell left.

To quantify the impact of the X-ray signal intensity on the deflection map, the

absolute mean deviation of every pixel on the first five maps, with respect to the

last image (Figure 4.9(f), is considered as the most accurate result) is calculated and

shown in Figure 4.10. The mean deviation decreases as the number of XRT images

increases. A mean deviation of 0.1 mm is observed at a low number of images. The

first data point of 3 is low because of coincidence. The curve flattens out when the

number of image numbers is higher than 10, indicating that the number of 10 is

an optimal value considering the least amount of deviation and the least number of

images (faster data acquisition).

Figure 4.10: Mean absolute deviation of the first five deflection maps in Figure 4.9
with respect to the last deflection map. The error bars are defined by the maximum
standard deviation observed in Figure 4.4(a).

4.2.3 Kα2 Diffraction Lines

Each raw XRT image has both Kα1 and Kα2 lines. Also, the Kα2 signal originates

from Bragg diffraction but at a different X-ray wavelength. Meaning, Kα2 lines also
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contain important information regarding the cell deflection. It is important to inves-

tigate the contribution of Kα2 lines to this deflection method and the possibility of

achieving the same deflection with less data acquisition time.

The ωsweep values of Kα2 need to be obtained in the raw XRT images because every

image was taken at the ωsweep value referring to Kα1. According to Bragg condition,

we have:

2dsin(θα1) = nλα1 (4.1)

2dsin(θα2) = nλα2 (4.2)

Where λα1 and λα2 are the wavelength of Kα1 and Kα2, θα1 and θα1 are their corre-

sponding diffraction angle. Both equations are true at the same time on each image.

By the definition of alignment, θα1 is the diffraction angle of 15.145° for silicon (004)

crystal planes. Combining Equation 4.1 and 4.2, θα2 can be calculated to be 15.2368°,

which is 0.0938° constantly larger than θα1. Therefore, the ωsweep values of Kα2 can

be readily obtained from the ωsweep values of Kα1. The 0.0938° can be confirmed

by two raw XRT images, as shown in Figure 4.11. Figure 4.11(a) was taken when

Figure 4.11: Raw XRT images taken at (a) ωsweep,3 and (b) ωsweep,4 using the same
sample.
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ωsweep = -0.13° and Figure 4.11(b) was taken when ωsweep = -0.02°. With the ∆ωsweep

value close to 0.0938°, the position and shape of Kα1 in the left image are close to the

position and shape of Kα2 in the right image.

The data set used in Figure 4.1(a) was selected to study the contribution of Kα2

on the deflection results. The ωsweep values for both Kα1 (obtained at measurement)

and Kα2 (obtained by the calculation discussed above) are shown in Table 4.1. In this

case, three deflection maps were processed using either only Kα1, only Kα2, or Kα1

+ Kα2. And the three deflection maps are compared with the 30 × Image deflection

map (considered to be the most accurate deflection map), as shown in Figure 4.12.

Figure 4.12: Three deflection maps processed using (a) only Kα1 lines, (b) only Kα2

lines and (c) both Kα1 and Kα2 signals in Table 4.1; (d) is the same deflection map
in Figure 4.9(a).

Since both Kα1 and Kα2 have the same ∆ωsweep value and it is very close to 0.0938°,

Figure 4.12(a) and (b) are very similar. For that reason, adding Kα2 to Kα1 should
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yield similar variations in the deflection maps (Figure 4.12(c)) compared to the Kα2

map and Kα1 map. This phenomenon is attributed to the overlapping of Kα1 and

Kα2 signals.

Table 4.1: List of ωsweep angles corresponding to Kα1 and Kα2 signals. Note that
NaN means no data.

X-rays ωsweep,1 ωsweep,2 ωsweep,3 ωsweep,4 ωsweep,5 ωsweep,6 ωsweep,7 ωsweep,8 ωsweep,9 ωsweep,10

Kα1 -0.35 -0.24 -0.13 -0.02 0.09 0.2 0.31 0.42 0.53 0.64

Kα2 NaN -0.1462 -0.0362 0.0738 0.1917 0.2938 0.4038 0.5138 0.6238 0.7328

The deflection map observation is later confirmed by mean deviation analysis. In

this case, the absolute mean deviation is calculated with respect to the 30 × Image

deflection map. All three deflection maps show the similar mean deviation value

around 0.035 mm. This result indicates that adding Kα2 to Kα1 is not improving the

accuracy of this XRT method. Therefore, this is not recommended when ∆ωsweep is

close to 0.0938°.

Figure 4.13: Mean absolute deviation of the three two deflection maps in Figure 4.12
with respect to the deflection map in Figure 4.9(a).

However, we argue that adding Kα2 to Kα1 should work when ∆ωsweep is much

larger or smaller than 0.0938°. For demonstration, the above data set is re-processed
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using half of the number of raw XRT images as interpolation input. For clarity,

the updated ωsweep values are shown in Table 4.2. In this case, the new ∆ωsweep is

doubled to be 0.22°. The deflection maps using the re-processed data set and the

30 × Image deflection map are shown in Figure 4.14. It is apparent that the three

maps have significant variations in the colors and shapes between each other. The

Kα1 deflection map has more red on the right side while the Kα1+Kα2 deflection map

has no red.

Figure 4.14: Three deflection maps processed using (a) only Kα1 lines, (b) only Kα2

lines and (c) both Kα1 and Kα2 signals in Table 4.2 ; (d) is the same deflection map
in Figure 4.9(a).

Again, the absolute mean deviations of the three deflection maps are calculated

with respect to the 30 × Image deflection map. Note that the same error bar is used

for all three deflection maps because the data process is less sensitive to the X-ray

exposure time (as long as the X-ray signals are distinguishable in the data processing,
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Table 4.2: List of ωsweep angles corresponding to Kα1 and Kα2 signals when processed
with only half of the measured images. Note that NaN means no data.

X-rays ωsweep,1 ωsweep,2 ωsweep,3 ωsweep,4 ωsweep,5 ωsweep,6 ωsweep,7 ωsweep,8 ωsweep,9 ωsweep,10

Kα1 NaN -0.24 NaN -0.02 NaN 0.2 NaN 0.42 NaN 0.64

Kα2 NaN -0.1462 NaN 0.0738 NaN 0.2938 NaN 0.5138 NaN 0.7338

as shown in Section 4.2.1). As expected, the deviations increased dramatically with

the fewer number of raw XRT images. The Kα1+Kα2 deflection map show the smallest

mean deviation of 0.045 mm. The Kα1 deflection map has a larger deviation than the

Kα2 map because the Kα2 signals covered the solar cell areas with important bending

profiles. Therefore, we conclude that Kα2 signals are beneficial in improving the

accuracy of the measurement when ∆ωsweep is much larger or smaller than 0.0938°.

Figure 4.15: Mean absolute deviation of the three two deflection maps in Figure 4.14
with respect to the deflection map in Figure 4.9(a).

4.2.4 Distance between Kα1 Lines and Kα2 Lines

As mentioned earlier, both Kα1 and Kα2 signals are present due to the absence of

monochromator. In this case, a raw XRT image of a one-dimensionally bent silicon

wafer (see Chapter 6 for more details) is shown in Figure 4.16(a) and the X-ray in-
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tensity of the red dashed line is shown in (b). Due to the high signal-to-background

contrast ratio being around 10, both Kα1 and Kα2 signals are identified. Note that the

XRT image is taken at one ωsweep value, referring to the Kα1 peak. In Figure 4.16(b),

the Kα1 is at 5.325 mm and the Kα2 is at 6.375 mm. At the same time, the ω values

between the two peaks are determined to be 0.1017°. Assuming a uniform curva-

ture, the curvature between the two points can be calculated as 1.69 m−1, using the

equation:

κ =
1

r
=

∆ω/2

∆d/2
(4.3)

where ∆ω is the ω difference between two pixels and ∆d is the distance between the

two pixels in the XRT image.

(a) (b)

Figure 4.16: (a) a XRT raw image of a silicon wafer and (b) a cross-section line
of both Kα1 and Kα2 signals. Red triangles are real data points and the dark line is
fitted result.

Therefore, it is possible to build a connection between curvature and X-ray inten-

sities in a single raw image and calculate the curvature without other images. This

brings another approach of calculating deflection maps of encapsulated solar cells.

However, a relationship between X-ray intensity and X-ray wavelength has to be es-
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tablished ahead of time and only the curvature in the direction of the two probed

points can be obtained. Additionally, this methodology can only be applied to the

pixels when the diffraction signal appears. Multiple images at different ωsweep angles

are still required.

Encapsulation brings difficulty to the above-mentioned method. Figure 4.17 shows

a raw XRT image of the encapsulated silicon solar cell with double glasses. Due to

the significant X-ray attenuation through two layers of glass, the signal-to-background

ratio is less than 2. Visually, both Kα1 and Kα2 lines can still be identified because

human eyes are very sensitive to image contrast. However, the computer program

will have a problem with identifying both lines. As shown in Figure 4.17, the X-ray

intensity is noisy such that no useful peak information can be extracted. Therefore,

the process introduced in Chapter 3.3 is recommended to process the XRT images of

encapsulated solar cells.

(a) (b)

Figure 4.17: (a) a XRT raw image of an encapsulated solar cell in a glass/glass
stack and (b) a cross-section line of both Kα1 and Kα2 signals. Red triangles are real
data points and the dark line is fitted result.
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Chapter 5

BENDING STRESS ANALYSIS ON ENCAPSULATED SOLAR CELLS

Soldering and lamination processes have previously been reported to introduce

stresses on the solar cells, especially around the ribbon areas [63]. It is reported that

50% of cell cracks are parallel to the metal ribbons and only 20% of them propagate

diagonally to the ribbons following the 〈111〉 family of directions [20]. The goal of

this section is to characterize the mechanical stress from different stressors such as

soldering and lamination stack. To make this possible, the Von Karman plate theory

is used to transform the deflection information into bending stresses.

Figure 5.1: Statistical analysis on the direction of cell cracks [20].

5.1 Thin Plate Bending Theory

After deflection maps are obtained, the next question is how to calculate stress

from deflection. The solar cell deflection is a combined result of the exerted stresses

from various sources, such as encapsulant shrinkage, lamination pressure, and tabbing.
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However, not every stressor causes cell deflection. Cell deflection only takes place

when the net stress is not zero. For example, Figure 5.2 illustrates a wafer having

positive stress (tensile) on the bottom surface and negative stress (compressive) on

the top surface, assuming a plate system with only plain stresses present. The net

stress is considered as the effect of the two. The tensile stresses stretch the crystal

lattice and compressive stresses push atomic arrangements closer together. As a

result, the silicon wafer will bend towards the top surface, showing a net deflection.

When compressive stresses, or tensile stresses, are present on both surfaces, the net

stress is the addition of the two. When equal stresses are present, no deflection will

occur.

Figure 5.2: Scheme of a silicon wafer cross-section showing stress values as a function
of horizontal and vertical distance. Positive stress values are tensile and nagative
stress values are compressive. Neutral surface is the plane of zero stress.

In this study, the bending stress values are calculated from the deflection. Instead

of absolute stresses exerted on the sample, the bending stresses are the relative stress

values between the top and bottom sample surface. The bending stress on the top

surface is defined as

σb =
σtop − σbottom

2
(5.1)

where σb is the bending stress value at the top surface on the probing point, σtop and
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σbottom are the absolute stress values of the top and bottom surface on the probing

point.

The bending stress tensors are calculated using Von Karman thin-plate theory.

The theory is a set of nonlinear partial differential equations describing large deflec-

tions of thin flat plates. The main assumptions are [64]:

1. The plate is thin (True: length/thickness >100 for solar cell).

2. The magnitude of the transverse deflection is of the same order as the thickness

of the solar cell (True: observed cell deflection in our case is 100∼250µm).

3. The gradient of in-plane displacement is small (True: when no cracks are

present).

4. The cell deflection is under pure bending condition (Not necessarily true. There-

fore, we focus only on the evaluation of bending stresses at this point). Note

that the bending stress values of the back and front surface have opposite stress

values of the same magnitude for equilibrium under pure pending conditions.

The neutral surface is located in the middle of the solar cell.

To further simplify our calculations, we further assume that:

1. The solar cell is under plane stress condition (True: length/thickness >100 for

solar cells). Hence, the 3D problem can be reduced to be a 2D problem, which

can be illustrated as: 
σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

⇒

σ11 σ12 0

σ21 σ22 0

0 0 0

 (5.2)

2. The thickness of the cell does not change (First order approximation, the wafer

thickness typically varies less than 15% [65]).
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3. The cell is isotropic and homogeneous (Not necessarily true. The silicon is

an anisotropic material and the solar cells contains multiple layers of different

materials).

The stress-strain relationship for an isotropic material can be described by Hooke’s

law:

σ11

σ22

σ33

σ23

σ13

σ12


=

E

(1− v − 2v2)
×



1− v v v 0 0 0

v 1− v v 0 0 0

v v 1− v 0 0 0

0 0 0 1− 2v 0 0

0 0 0 0 1− 2v 0

0 0 0 0 0 1− 2v


×



ε11

ε22

ε33

ε23

ε13

ε12


(5.3)

where E is the silicon’s isotropic Young’s modulus and υ is silicon’s isotropic Poisson’s

Ratio. However, during the alignment process of XRT measurement, the orientation

of the silicon solar cell was known (the (004) crystal planes are aligned to the vertical

X-ray beam). Therefore, an effective E of 130 GPa and an effective υ of 0.28 are used

in this dissertaion [66; 67].

Based on these delineated assumptions, the displacement of any point on the cell

is given by:

µ1 = −t∂z
∂x
, µ2 = −t∂z

∂y
, µ3 = 0 (5.4)

where µ is the displacement value and t is the distance value between the mid-plane

to the probing point on the cell. For example, t equals to half of the cell thickness

when evaluating surface deflection [64].

From the compatibility relations, the strains are given by:

ε11 =
∂µ1

∂x
= −t∂

2z

∂x2
(5.5)
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ε22 =
∂µ2

∂y
= −t∂

2z

∂y2
, (5.6)

ε12 =
∂µ1

∂x
+
∂µ2

∂y
= −2t

∂2z

∂y∂x
, (5.7)

ε33 = ε13 = ε23 = 0 (5.8)

Only ε11, ε22 and ε12 have non-zero values and all other stress components are

zero. From Hooke’s law, the expressions for the six stress tensor components are:

σ11 = − E

1− υ2
t(
∂2z

∂x2
+ υ

∂2z

∂y2
), (5.9)

σ22 = − E

1− υ2
t(
∂2z

∂y2
+ υ

∂2z

∂x2
), (5.10)

σ12 = − E

1 + υ
t
∂2z

∂y∂x
, (5.11)

σ33 = σ13 = σ23 = 0 (5.12)

This relation allows us to transform the previously measured deflection map into

bending stress maps. Following standard nomenclature, when the stress value is

higher than zero, the stress is tensile; when the stress value is negative, the stress is

compressive. The nature of plate theory assumes that the mid-plane of the specimen

is the neutral plane with zero stress. And the deflection map generated by XRT is the

defleciton at the mid-plane of the specimen. If one side of the plate has tensile stress,

the other side will have compressive stress. Note that the stresses we are covering in

this study are purely generated by the deflection of the solar cell.

5.2 Examples and Applications

Sample Preparation

Silicon heterojunction (SHJ) solar cells (6”) with wafer thicknesses of 200µm

were prepared at the Solar Power Lab at Arizona State University and laser-cut into
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2.5” coupons. Commercial PERC solar cells (6”) with wafer thicknesses of 200µm

and Al back surface field (BSF) solar cell (5”) with wafer thickness of 220µm were

laser-cut into 3” coupons and 2.5” coupons, respectively. The solar cell coupons were

soldered to standard solar cell interconnectors (solder surrounded copper ribbons with

a thickness of 0.15 mm and a width of 1.5 mm) and laminated into mini-modules.

The ribbons are soldered to the cell using a soldering gun at 450°C. Mini-modules

of encapsulated cells were built using heat-resistant borosilicate flat glass (3” × 3”)

following a standard PV module stack (Glass/EVA/Cell/EVA/Backsheet). A NPC

LM-110X161-S module laminator was used for module assembly. Six full-size 6”

PERC silicon solar cells with four bubars were soldered and encapsulated by DuPont,

following the stack demonstrated in Figure 5.3. Photos of the six modules are shown

in Figure 5.4. Note that all of the modules have front ribbons connected to the top

thicker ribbons, except the 2mmGGEVA module and the 3mmGBEVA module. A

list of modules used in this chapter are shown in Table 5.1.

2 mm glass

2 mm glass

EVA

EVA

PERC Cell

2 mm glass

2 mm glass

POE

POE

PERC Cell

2 mm glass

Backsheet

EVA

EVA

PERC Cell

2 mm glass

POE

POE

PERC Cell

3 mm glass

Backsheet

EVA

EVA

PERC Cell

3 mm glass

POE

POE

PERC Cell

2mmGGEVA 2mmGBEVA 3mmGBEVA

2mmGGPOE 2mmGBPOE 3mmGBPOE

(a) (b) (c)

(d) (e) (f)

Backsheet Backsheet

Figure 5.3: Lamination stacks of six full-size PERC PV modules: (a) 2mmGGEVA,
(b) 2mmGBEVA, (c) 3mmGBEVA, (d) 2mmGGPOE, (e) 2mmGBPOE and (f)
3mmGBPOE.
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2mm Glass/Backsheet 3mm Glass/Backsheet

(a) (b) (c)

(d) (e) (f)

Figure 5.4: Photos of six 6” PERC PV modules fabricated using the stack shown
in Figure 5.3.

Table 5.1: List of 3 mini-modules and 6 full-size modules used in this chapter for
bending stress analysis.

2.5” BSF cell 2.5” SHJ cell 3” PERC cell 6” PERC cell

BSF-S1 SHJ-S1 PERC-S1
2mmGGEVA, 2mmGBEVA, 3mmGBEVA
2mmGGPOE, 2mmGBPOE, 3mmGBPOE

5.2.1 Principal Stresses and Probability of Failure

Figure 5.5 shows the deflection map of module PERC-S1 with two metal ribbons

(both front and back). The bending stress components σ11, σ22 and σ12 are calculated

by Von Karman theory, as shown in Figure 5.5(b-d). The direction of each bending

stress component is shown in Figure 5.5(e). The ribbons are located in the middle of

the solar cell and are represented as white strips. The color bar indicates the value of

the stress on each pixel. Most of the pixels related to relatively high stress in all three

bending stress maps are in the vicinity of the ribbons. Since the solar cell is assumed

to be under plain stress, the directions of the stresses are all contained in the surface

plane. The σ11 is perpendicular to the ribbon (in X direction). The σ22 is parallel to
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the ribbon (in Y direction). The σ12 is the shear stress in the direction of turning the

element. The factors of ribbon thickness, ribbon width, solar cell thickness, soldering

uniformity, soldering temperature, pressing force, and lamination pressure contribute

to the stress values shown in the maps.

σ11σ11

σ22

σ22

σ12

(a) (e)

(b) (c) (d)

Figure 5.5: (a) Deflection and (b) σ11, (c) σ22 and (d) σ12 bending stress maps of
the front surface in a 3” PERC silicon solar cell (PERC-S1) in encapsulation; (e) the
direction of the three bending stress components.

Though the calculated bending stress components can provide information of the

stress state that the solar cell experiences, they give few information about the prob-

ability of failure or indicate crack initiation and propagation. In order to do that,

principal stresses are commonly used [23]. The principal stresses are calculated by

diagonalization of the stress tensor as shown in Equation 5.13:
σ11 σ12 0

σ21 σ22 0

0 0 0

⇒

σ11 0 0

0 σ2 0

0 0 0

 (5.13)

where σ1 and σ2 are the first and second principal stresses, respectively. The magni-

tude of the two principal stresses are the two eigenvalues of the new 2D stress tensor.
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σ1 is larger than σ2 by definition. Physically, they are the two normal stresses when

an element is rotated to a position where the shear stress is zero (Figure 5.6).

σ2

σ1

σ2

σ1

σ11σ11

σ22

σ22

σ12

(b)(a)

Figure 5.6: Diagram showing the direction of (a) three component stresses and (b)
corresponding two principal stresses.

The principal stresses of PERC-SI are calculated and presented in Figure 5.7.

Similar to the stress components, only the areas around the ribbons have high-stress

values. σ1 seems to be dominated by σ11, whereas σ2 seems to be dominated by

σ22. The highest stress value observed in this sample is ∼250 MPa. Those high stress

values are caused by the lamination pressure pressing on the metal ribbons and the

thermal effect from the soldering process. During soldering, the ribbons and the solar

cell were heated up to 450°C and then cooled down to room temperature. Since

the ribbons have a much larger CTE value than silicon (17× 10−6K-1 for copper and

2.56× 10−6K -1 for silicon at 20°C), the ribbons tend to contract more than the silicon

cell, causing a large concentration of tensile stress around those areas [61].

(a) (b)

σ
b

,1
 (M

P
a)

σ
b

,2
 (M

P
a)

Figure 5.7: σb,1 and σb,2 maps of mini-module PERC-S1 calculated from the stress
components in Figure 5.5. The black arrows in (a) indicate direction of σ1.
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The σ1 map gives a map of the highest stress value from which the probability of

failure can be calculated using a Weibull distribution function [23]. Actually, σ1 is

often compared to the fracture strength of a brittle material to evaluate the probability

of failure. The higher the σ1 value, the higher the probability of generating cracks [23].

The fracture strength of silicon solar cell is highly dependent on the structure of the

solar cell (defects, cell layout, etc.); the range of values have been reported to span

from 166 to 1000 MPa [68–70]. Figure 5.8 shows the histogram of pixel counts as a

function of σb,1 values in Figure 5.7(a). The highest σb,1 value is 238 MPa, which

is relatively small compared to the reported fracture strength. Most of the solar

cell areas (99.9%) have stress values under 200 MPa. Using the experimental data

from the Reference [23], the probability of failure was calculated as a function of σ1

and shown in Figure 5.8. Following the Weibull distribution, the probability values

are close to zero when σ1 is below 200 MPa and the highest observed value is 1.8%.

Assuming the bending stress is the only stress contribution to failure, 0.1% of the solar

cell areas have a significant probability of failure that contribute to critical failure and

should be reduced at all cost.
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Figure 5.8: Histogram of σb,1 values in PERC-S1 by pixel counts and its correspond-
ing probability of failure calculated by Weibull distribution using the experimental
data in Reference [23].
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To better illustrate the deflection and bending stress development around the

ribbons, deflection and stress cross-sections perpendicular to the busbars are drawn

and shown in Figure 5.9(b). The cell bending features around those two ribbons can

be easily identified. The solar cell is deflected away from the front glass around the

ribbons while on the cell edges and cell center are almost flat. This bending feature

is caused by the lamination process where the lamination pressure is exerted on the

cell from metal ribbons.

Cu Ribbon

Cell Back

Cell Front

(a)

(b)

σb,1 

σb,2 

Figure 5.9: (a) Deflection map of the module in Figure 5.5, the dashed line indicates
the position of cross-section; (b) the deflection, σb,1 and σb,2 values on the purple
dashed lines perpendicular to the ribbons, as shown in (a).

Both σb,1 and σb,2 curves are shown below the deflection curve. Most of the

cell areas have small stress values except the areas around the ribbons. Two high

tensile peaks on each side of the ribbons are identified. Those high tensile values are

introduced during the soldering and lamination process. The silicon directly below

or very close to the ribbons experience compressive stresses because the ribbon tends

to contract more than silicon when temperature is cooling down.
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5.2.2 Impact of Soldering, Lamination, and Damp Heat Testing

Now we have quantitatively demonstrated the deflection and stresses that the

silicon cell experiences after soldering and lamination. Those values are combined re-

sults from soldering and lamination such that their individual impact on the solar cell

is unknown. Additionally, how those stress values behave under accelerated testing

such as DH1000, is unknown. Therefore, the bending stress of sample SHJ-S1 (one

busbar) was evaluated after soldering, after lamination, and after DH1000 test.

Figure 5.10 shows the σb,1 maps of SHJ-S1 after each process. After soldering,

we can clearly see the high-stress areas at random spots around metal ribbons, which

are associated with the high-temperature soldering process. The reason why most of

the areas around ribbons have small σb,1 values is because the solar cell’s bottom and

top surface have nearly similar stress values. After lamination, the high-stress areas

expanded to the vicinity of entire ribbons, which could be attributed to the lamination

pressure exerted on ribbons. The high σb,1 areas re-distributed after DH1000 probably

due to the softness of encapsulant (EVA’s glass transition temperature is about 60°C).

10

2.5’’ Heterojunction solar cell

Soldered & LaminatedSoldered Post Damp Heat
(a) (b) (c)
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Figure 5.10: σb,1 stress maps of PERC-S1 measured and analyzed (a) after soldering,
(b) after lamination, and (c) after DH1000.

Figure 5.11 shows the maximum and top 0.1% of σb,1 values on SHJ-S1 after each

process. After soldering, the maximum stress reached 140 MPa while the top 0.1%

stress is close to 70 MPa, which is 50% of the maximum value. Both two probing

84



values showed an increasing trend after lamination, indicating that the lamination

process further introduced more stress on the solar cell. The maximum σb,1 increased

to 185 MPa (31% increase) and top 0.1% σb,1 increased to 135 MPa (93% increase).

Statistically, the soldering process is more influential on solar cells than the lamination

process. Surprisingly, the σb.1 values did not change significantly after damp heat test.

The movement in encapsulant (result from softening and curing) majorly changed the

stress distribution instead of stress magnitude in solar cell.

σ
b

,1
 (
M

P
a

)

Figure 5.11: Maximum and top 0.1% σb,1 stress values of SHJ-S1 measured and
analyzed after soldering, after lamination, and aftrr DH1000 test.

The above analysis on SHJ-S1 demonstrated a significant impact of soldering and

lamination on cell stress. The soldering-induced stress could be mitigated by using

lower soldering temperature; the lamination-induced stress could be mitigated by

using thinner metal ribbons. While accelerated testing is meant to degrade modules,

we did not observe significant variation in module stress values. However, more data

points are needed to conclude the above statement and other accelerated tests such

as TC100 should be considered for more trustworthy analysis.
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5.2.3 Stress-Electrical Performance Correlation

Cell cracking has a negative correlation with module performance – the more

cell cracks in a PV module the less power the module generates [21]. However, the

relationship between stress that causes cell cracking and module efficiency is unclear

due to the lack of experimental stress characterization method. Here we correlate the

bending stress values with the electrical performance on a pixel by pixel basis. In

this case, the series resistance (Rs) is chosen to be the performance indicator. The

hypothesis is that high stresses on solar cell influence the interfaces within the cell

structure and increase local Rs values.

Figure 5.12 shows the σb,1 maps, EL images and Rs maps of PERC-S1 and BSF-

S1. The Rs mapping method was described in the reference here [71]. Same as

previously discussed, high-stress values are in the vicinity of metal ribbons. No crack

or dark areas are observed on the EL images. BSF-S1 showed overall lower resistance

than PERC-S1 due to differences in cell structure. Rs values are much lower around

the busbars than the cell edges due to shorter distances of carrier extraction.

The top 0.1% percent of high-stresses values on both solar cells are plotted as a

function of Rs in Figure 5.13. Each experimental data point is taken from the same

spot in the σb,1 map and Rs map. A linear fit (red line) to all the experimental data

indicates a negative relationship between Rs and σb,1, which is inconsistent with our

hypothesis. In fact, σb,1 is higher and Rs is lower when the probing area is close to

the busbars – the Rs is dominated by the distribution of metalization such that the

impact of stress on Rs is convoluted. Other electrical performance indicators, such

as LBIC/LBIV, could be applied and will be explored in the future.
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Figure 5.12: σb,1 maps, EL images and series resistance maps of (a) PERC-S1 and
(b) BSF-S1.

(a) (b)

σb,1 (MPa) σb,1 (MPa)

Figure 5.13: Experimental and fitted Rs values as a function of σb,1. Note that only
the top 0.1% of the σb,1 values are included.

5.2.4 Impact of Stack, Encapsulant, and Glass Thickness

As the traditional mono-facial solar cell production line can be modified to fab-

ricate bifacial solar cells with minimum additional cost for improved performance,

glass/glass (GG) modules are becoming popular in the PV community to take advan-

tage of the bifacial solar cells [5]. Meantime, many PV companies such as Solarwatt
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are advertising GG modules as a robust solution to reduce cell cracks under mechan-

ical loading. They claim that due to the symmetrical structure in GG modules, the

neutral stress plane (the plane of zero stress) will locate at the solar cells instead of

glass upon mechanical loading (Figure 5.14), which dramatically reduces the stress

on solar cell and results in less cell cracks.

Figure 5.14: Stress distribution inside GB PV modules and GG PV modules.

However, we expect the stress values on solar cells to be higher in GG modules

after fabrication because: (1) the solar cells are not exactly symmetrical because

of front and back ribbons; (2) unlike flexible bakchseet, the rigid back glass cannot

mitigate the lamination pressure, which means more pressure will be exerted on the

solar cell through metal ribbons. To test our hypothesis, six full-size 6” PERC cells

were fabricated in different combinations of encapsulants and packaging solutions,

and analyzed using XRT (using the 6” sample holder). Note that four quaters of each

solar cell were measured separately and the analyzed stress maps were physically

attached together to show the information as a whole.

The σb,1 maps of the modules are shown in Figure 5.15. Note that the same color

bar is used for every σb,1 map. The GB modules have most of the high-stress values

around the ribbon areas. It can be imagined that those high σb,1 are caused by the

back ribbons pushing at the solar cell. Though an encapsulation layer and a flexible
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basksheet layer are positioned next to the back ribbons, the lamination pressure is

still exerted on the solar cells. For GG modules, in contrast, the high-stress values

are mostly located at the end of back ribbons, which corresponds to the bottom part

of module 2mmGGEVA and the upper part of module 2mmGGPOE. Similar to the

edge pressing phenomenon during GG module lamination, the solar cell at the end

of the back ribbons experiences more pressure than the rest, resulting in significant

higher stress values. We attribute this stress behavior to the flexible polymer layers

of backsheet that their mechanical properties change during the lamination process.

The backsheet conforms to the shape of the back ribbons that the back glass cannot

do. The high σb,1 in GG modules are mostly next to ribbons whereas the high σb,1

in GB modules are away from ribbons. Meanwhile, strips of compressive stresses are

observed between the ribbon and high σb,1 areas in all modules. The same stress

behavior is also observed in SHJ-S1 samples (Figure 5.10), which showed up after

lamination.

2mm Glass/Glass 2mm Glass/Backsheet 3mm Glass/Backsheet

E
V

A
P

O
E

(a) (b) (c)

(d) (e) (f)

Figure 5.15: σb,1 maps of six PERC 6” PV modules shown in Figure 5.4.
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As for EVA and POE comparison, we can clearly see that EVA modules experi-

ence higher σb,1 than POE modules, especially in the GG configuration. The EVA

modules have more high-stress areas than POE modules. We attribute this to the

higher stiffness coefficient in EVA material than POE. We do not observe a significant

correlation between glass thickness and σb,1 in Figure 5.15.

The histogram of the σb,1 (≥80 MPa) values are plotted as a function of pixel

counts with a bin size of 50 MPa (Figure 5.16). Note that the pixel size is 100µm

× 100µm. It is clear that higher σb,1 values have less pixel counts, following a

normal distribution. At the 100 MPa region, all modules have pixel counts over 10000

except module 2mmGBPOE and 3mmGBPOE. Meanwhile, the module 2mmGBEVA

is experiencing 50% more high-stress (around 100 MPa) counts than the 3mmGBEVA

module, indicating PV modules with thinner glasses are more susceptible to high cell

stresses.

Figure 5.16: Histogram of the stress values (≥100 MPa) of six 6” PERC modules
as a function of pixel counts.

The top 0.1% values of six σb,1 maps in Figure 5.15 are extracted and shown

in Figure 5.17. Within those values, the maximum, mean and minimum σb,1 are
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Figure 5.17: Distribution of the top 0.1% σb,1 values in six 6” PERC modules.

marked in the figure and shown in Table 5.2. Initial inspection shows that the σb,1

values in GG modules are much higher than those in GB modules, which supports

our hypothesis. GB modules have σb,1 as high as ∼129 MPa whereas GG modules

have σb,1 as high as ∼651 MPa. Considering the max σb,1 maybe outliers and may not

represent the real trend, the mean σb,1 values are used for stress analysis. GG modules

have 190-320% higher cell stress values than 2mm GB modules. EVA modules put

50-100% more stress on cells than POE modules. The 2mm glass GB modules and

Table 5.2: Maximum, mean and minimum of the top 0.1% σb,1 values of six PERC
modules shown in Figure 5.17.

Module List Max σb,1 (MPa) Mean σb,1 (MPa) Min σb,1 (MPa)

2mmGGEVA 651.15 432.26 323.41

2mmGGPOE 319.93 218.51 177.52

2mmGBEVA 129.04 99.97 90.79

2mmGBPOE 112.28 76.23 63.93

3mmGBEVA 116.07 93.07 84.17

3mmGBPOE 121.11 80.175 64.887
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3mm glass GB modules have mixed results and do not show a strong correlation in

σb,1 magnitudes.

The σb,2 maps of six 6” modules are shown in Figure 5.18. Similar to σb,1, most of

the non zero σb,2 are located at the end of busbars. The GB modules have significantly

more pixels of compressive stresses than GG modules next to the ribbon areas due

to the backsheet. Since compressive stress is not the direct cause of cell cracks, it is

less important than tensile stress.
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Figure 5.18: σb,2 maps of six PERC 6” PV modules shown in Figure 5.4.
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Chapter 6

FROM BENDING STRESS TO ABSOLUTE STRESS

In Chapter 5, the method of calculating bending stresses from XRT calculated

cell deflection was demonstrated and applied to multiple applications. The method

made a major assumption that the solar cell is under pure bending conditions, which

is not necessarily true for solar cells. Firstly, most of the solar cells do not have a

symmetrical structure. Secondly, the tabbing and lamination processes often put both

mechanical and thermal stresses on cells. Therefore, it is important to understand

the nature of bending stresses on the solar cells and evaluate the errors from the

assumption. In this chapter, we perform stress analysis on bare silicon wafers using

four-point bending. The XRT analyzed stress values will be compared with finite

element analysis (FEA) simulated stress values. The σb,1 values will be compared with

FEA σ1 as a function of technique, bending distance, and thicknesses of sputtered

Al.

6.1 Four-Point Bending Theory

A four-point bending test is an important method of quantitatively introducing

areas of uniform stress on subjects. It is often used in evaluating brittle materials

(Si for instance), where the flexible strength and crack initiation are highly related to

the maximum stresses. A diagram of four-point bending is shown in Figure 6.1. In

principle, two bars are positioned on the top to push the sample downwards and two

bars are positioned on the back with a larger span to provide fixed support. When

the inner span is half of outer span, the σb,1 values on the bottom surface can be

93



expressed by:

σ1 =
3PL

4bd2
(6.1)

where P is the applied force, L is the outer span distance, b and d are the width and

thickness of the sample.
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Figure 6.1: Scheme of a four-point bending setup and the expected stress field of
the measured wafer across the bending direction [72].

In contrast to three-point bending, four-point bending test provides an area of uni-

form bending stress along the central part of the sample, as shown in Figure 6.1 [72].

The friction from loading bars also contribute to the measured results. The impact

of friction stress can be expressed as

σf

σb

=
4df

3L
(6.2)

where f is the friction coefficient between the bars and sample. Considering the

value of d/L (0.00188) is very small, the contribution of friction stress is ignored in

the following discussion.

6.2 Setup Design and Modeling

6.2.1 In-situ Four-Point Bending Setup

An in-site four-point bending setup was designed for XRT measurement while sys-

tematically bending the sample. As shown in Figure 6.2, the setup consists of two Al

plates with two bars bolted on each of them. To reduce the friction between contact,
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each bar was rounded and polished. The two plates are connected by four pins with

bearings. The distance between two plates (bending distance) is determined by the

four screws next to the pins. To precisely control the bending distance, four Al hollow

pins of the same length are fabricated and positioned between two plates. If the plate

distance is D at zero bending position, the physical length of the pins are determined

by D-0.28 mm, D-0.5 mm, D-0.75 mm. Note that the bending distance 0.75 mm de-

fines the largest deflection that the XRT setup can detect (ω rotation: ±3.5°). The

sample holder is designed to bend 88 mm × 88 mm silicon wafers. Note that only the

sample area between inner span (45 mm × 88 mm) is imaged and analyzed.

(a)

(b) (c)

Figure 6.2: (a) SolidWorks drawing of the designed in-situ XRT four-point bending
holder; (b) back and (c) front view of the bending holder mounted on XRT tool with
a silicon wafer.
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For pure bending conditions, four silicon wafers were etched and chemically pol-

ished down to around 150µm by HF/Nitric Acid (HNA). The list of sample thickness

can be found in Table 6.1. Figure 6.3 shows the photo of a polished Si sample and

the diagram of the four-point bending setup referring to the incident X-rays. In this

case, the inner span is 50 mm and the outer span is 80 mm. The side of Si wafer facing

incident X-rays is assigned to the front-side. An Al layer of 17µm was sputtered on

the front-side of four Si wafer (Si → Si/Al) to displace the neutral plane toward the

front-side. Another Al layer of 34µm was sputter on the back-side of four Si wafer

(Si/Al→ Al/Si/Al) to displace the neutral plane toward the back-side. Each sputter-

ing process was followed by an XRT measurement. A total of 36 XRT measurements

were carried out on 12 samples (Si×4, Si/Al×4, Al/Si/Al×4) using three bending

distances (0.28, 0.5, 0.75 mm).

50mm

80mm

(a)

(b)

Si, 141-154µm

One layer

Incident X-rays

F F

Compression

Tension Neutral plane

(c)

Figure 6.3: (a) Photo of a Si sample, (b) diagram and (c) stress field of the Si sample
mounted on the four-point bending holder.

Table 6.1: List of thickness values of four silicon wafer and sputtered Al used in this
chapter.

Si1 Si2 Si3 Si4 Front-side Al Back-side Al

Thickness (µm) 154 150 141 151 17 34
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Figure 6.4 shows an exemplary XRT deflection map, σb,1 map, and σb,2 map of a

four-point bending measurement using the 0.75 mm hollow pins. Instead of a uniform

bending distribution in X direction across the whole silicon wafer, the deflection

values at the top and bottom regions are smaller than the values in the middle.

We attribute this phenomenon to the deflection of wafer edges in Y direction. The

unusual deflection distribution at the top and bottom areas is explained by the σb,2

in Figure 6.4(c), where compressive stresses instead of tensile stresses are observed.

In this case, the σb,2 is dominated by the component stress in Y direction and caused

the sample bending toward -Z direction. In contrast, the middle part of the Si wafer

shows a uniform/homogeneous bending profile, which corresponds to the plateau area

in the bending stress curve in Figure 6.1. For this reason, the average σb,1 value inside

the dashed purple rectangular in Figure 6.4(c) is used and noted as ”Von Karman

Stress”.

Figure 6.4: (a)Four-point bending diagram highlighting the blue areas as imaged
area; (b) Deflection, (c) σb,1 and (d) σb,2 maps of sample Si1 measured and analyzed
by XRT using 0.75 mm distance pins.
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6.2.2 Finite Element Analysis

The deflection and σb,1 map of each XRT measurement is simulated by ANSYS.

The SolidWorks drawing of the four-point bending setup (Figure 6.2(a)) is directly

imported into ANSYS as the geometry. The Si material used an anisotropic elasticity:

166000 64000 64000 0 0 0

64000 166000 64000 0 0 0

64000 64000 166000 0 0 0

0 0 0 80000 0 0

0 0 0 0 80000 0

0 0 0 0 0 80000


(MPa) (6.3)

The sputtered Al used an isotropic Young’s modules of 71 000 MPa and Poisson’s ratio

of 0.33. The contacts between four bars and each sample are defined as no-separation

(allowing slide but no separation). The contact between Si and Al is defined as

bonded. For each solution, fix supports are applied to the outer bars and different

amounts of deformation in -Z direction are applied to the inner bars.

The simulated deflection maps of Si1 using the set of 0.75 mm hollow pins are

shown in Figure 6.5. The left map was simulated without boundary conditions (0 de-

formations in Y direction) on the sample’s edges while the right map was simulated

with boundary conditions on the sample’s edges. Figure 6.5(a) shares the same con-

tour as Figure 6.4(b) while the Figure 6.5(b) shows the ideal deflection map resulting

from the four-point bending. This further explains the unusual deflection distribution

at the top and bottom regions in Figure 6.4(c). For more accurate results, all FEA

in this chapter are calculated with the boundary conditions.

The simulated σb,1 map of Figure 6.5(b) is shown in Figure 6.6(a). The cross-

section curve matches the anticipated stress field in Figure 6.1, indicating a well-
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(a) (b)

Figure 6.5: FEA simulated deflection maps of the sample Si1 (a) without and (b)
with boundary conditions on the top/bottom edges. The white dashed lines indicate
the position of inner bars during measurement.

defined four-point bending model. To compare the FEA σ1 results with XRT, the

σb,1 value at the plateau area is used and noted as ”FEA stress”.

(a) (b)

Figure 6.6: Simulated σb,1 map of the sample Si1 by FEA and (b) the σb,1 values
on the red dashed line in (a).

6.2.3 Bending Distance Correction

Tightening the screws results in larger bending distance, which means the actual

bending distance of inner bars in -Z direction is larger than the bending distance set
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by four Al pins. To correct the bending distance, the cross-section of XRT analyzed

deflection in the sample Si1 using 0.75 mm pins is shown in Figure 6.7. In addition,

the deflection cross-sections of the bending distances from 0.85 mm to 1.25 mm are

simulated by FEA and displayed in the same figure. As we can see, the XRT deflection

using 0.75 mm pins matches the FEA deflection of 1 mm bending distance. That

means a 0.25 mm should be added. Therefore, the bending distance of 0.28, 0.5, and

0.75 mm using pins are now reassigned as 0.53, 0.75, and 1 mm.
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Figure 6.7: Deflection cross-sections of the sample Si1 by XRT and FEA at various
bending distances.

6.3 Results and Discussion

6.3.1 One-layer System: Bare Silicon Wafer

The results of Von Karman stresses and FEA stresses of bare Si wafers at three

bending distances are listed in Table 6.2. In this case, the Si wafers are under pure

bending conditions. By definition, Von Karman stress is defined by (σF-σB)/2, and
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the FEA stress is σF. That means that the Von Karman stress should be the same

value as the FEA stress. As shown in Table 6.2, the analyzed Von Karman stress

values showed 0.5-3% deviations from the FEA simulated stress, which is expected.

The relatively small deviations in stress are attributed to different amounts of forces

used in positioning the two bending bars.

Table 6.2: List of FEA simulated and Von Karman σ1 values of four Si samples at
three bending distances.

Bending (mm) Technique Si1 Si2 Si3 Si4 Mean

0.53
VK 13.770 13.519 11.775 12.73 12.9485

FEA 12.818 12.485 12.485 12.484 12.5680

0.75
VK 17.903 17.750 17.597 17.511 17.6903

FEA 18.137 17.667 17.668 17.665 17.7843

1.00
VK 24.297 24.126 22.162 23.448 23.5083

FEA 24.185 23.556 23.558 23.554 23.7133

Figure 6.8: σ1 values of four Si samples as a function of bending distance and
technique. Rectangles indicate XRT results and triangles indicate FEA results.
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Since the four-point bending is a linear model, the measured and simulated σ1

values are also expected to be linear as a function of bending distance. The σ1 values

in Table 6.2 are plotted in Figure 6.8 as a function of bending distance. Both the Von

Karman stress and FEA stress form a straight line, which indicates good consistency

in Von Karman stress analysis.

6.3.2 Two-layer System: Silicon/Aluminum

The Al layer of 17µm was sputtered on the front-side of the silicon wafers to

shift the neutral plane away from the mid-plane. Figure 6.9 shows the photo of a

sputtered Si/Al sample and the position of the sample referring to incident X-rays

during loading. Note that the Al is in contact with the outer bars and the sputtered

Al layers is porous. Also, note that the Si/Al samples contain a bowing effect from

the sputtering process. The bowing effect was realized by transforming the thermal

stress into bending stress.

50mm

80mm

(a)

(b)

two layer

Al, 17µm

Incident X-rays

Si, 141-154µm

F F

Compression

Tension Neutral plane

(c)

Figure 6.9: (a) Photo of a Si/Al sample, (b) diagram and (c) stress field of the Si/Al
sample mounted on the four-point bending holder.

In this case, the Von Karman stress values of the four samples have larger devia-

tions from the FEA stress values up to 18.3%, as shown in Table 6.3 and Figure 6.10.
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The increased deviations are attributed to the definition of different types of stresses.

The Von Karman stress probes the difference between σF and σB, while FEA stress

probes only the σF. As the neutral plane was displaced towards the front-side of

silicon wafers, the σF values decrease and σB increase at the same bending distance.

As a result, the FEA stresses decrease and deviations are larger than pure Si wafers.

Table 6.3: List of FEA simulated and Von Karman σ1 values of four Si/Al samples
at three bending distances.

Bending (mm) Technique Si/Al1 Si/Al2 Si/Al3 Si/Al4 Mean

0.53
VK 14.613 113.394 12.500 13.689 13.5490

FEA 11.960 11.626 10.878 11.626 11.5225

0.75
VK 20.054 19.115 17.570 19.177 18.9790

FEA 16.925 16.453 15.393 16.453 16.3063

1.00
VK 26.614 26.621 23.987 25.615 25.7093

FEA 22.567 21.937 20.524 21.937 21.7413

Figure 6.10: σ1 values of four Si/Al samples as a function of bending distance and
technique. Rectangles indicate XRT results and triangles indicate FEA results.
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Now we consider the bending stress value in FEA results of SiAl1 at the bending

distance of 1 mm. The σF is 22.614 MPa and the σB is −25.902 MPa. By the definition

in Equation 5.1, the bending stress in FEA results is calculated to be 24.258 MPa,

which is higher than the bending stress of 24.185 MPa in Table 6.2. If we only focus

on the bending stress, both Von Karman stress and FEA stress increased after Al

sputtering.

6.3.3 Three-layer System: Aluminum/Silicon/Aluminum

Another Al layer of 34µm was sputtered on the other side of SiAl samples to shift

the neutral plane away from the mid-plane. Figure 6.11 shows the photo of a sputtered

Al/Si/Al sample on the back-side and the position of the sample during loading. Note,

the Al/Si/Al samples also contain the bowing effect from the sputtering process.

However, the bowing effect in the Al/Si/Al samples was realized by transforming the

only part of the thermal stress into bending stress – the rest of thermal stress will be

present during the following bending test.

50mm

80mm

(a)

(b)

three layer

Al, 17µm

Incident X-rays

Si, 141-154µm

F F

Al, 34µm

(c)

Compression

Tension Neutral plane

Figure 6.11: (a) Photo of a Al/Si/Al sample, (b) diagram and (c) stress field of of
the Al/Si/Al sample mounted on the four-point bending holder referring to X-rays.
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Both Von Karman stress and FEA stress values increased after sputtering another

Al layer, as shown in Table 6.4 and Figure 6.12. In contrast to the previous data set,

the deviations between two stress values in Al/Si/Al samples decreased to a maximum

value of 5.4%. This phenomenon is attributed to the increased σF and decreased σB,

which are results from the neutral plane shifting towards the back-side of silicon

wafers. Note that thermal uniform stresses that were induced by the sputtering

process also contribute to the deviations here.

Table 6.4: List of FEA simulated and Von Karman σ1 values of four Al/Si samples
at three bending distances.

Bending (mm) Technique Al/Si/Al1 Al/Si/Al2 Al/Si/Al3 Al/Si/Al4 Mean

0.53
VK 14.223 14.494 13.141 13.843 13.9253

FEA 13.690 13.359 12.615 13.442 13.2765

0.75
VK 20.500 20.826 18.011 19.872 19.8023

FEA 19.372 18.904 17.852 19.021 18.7873

1.00
VK 27.155 26.558 24.270 25.614 25.9060

FEA 25.83 25.206 23.802 25.362 25.0500

Figure 6.12: σ1 values of four Al/Si/Al samples as a function of bending distance
and technique. Rectangles indicate XRT results and triangles indicate FEA results.
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Figure 6.13 shows the Von Karman stress and FEA stress values as a function of

samples and techniques. It is clear that the Von Karman stresses show the smallest

deviation of≤3% with the FEA stresses in bare Si wafers, which is exactly the assump-

tion of Von Karman bending stress calculation. However, pure bending conditions are

rarely seen in actual solar cells. The Al/Si/Al samples, which best represent actual

solar cells with metal layers on the back-side, demonstrated deviations of ≤5.4%.

These series of four-point bending test offers preliminary errors by assuming pure

bending conditions in solar cells. Additionally, this analysis only focuses on bend-

ing stresses and ignores the thermal stress induced by the soldering and lamination

process.

Figure 6.13: Mean σ1 values of four silicon wafers as a function of bending distance
and number of Al layers. Rectangles indicate XRT results and triangles indicate FEA
results.

106



Chapter 7

FLEX-CIRCUIT: MONOLITHIC SI MODULE WITH ALUMINUM FOIL

The PV industry currently uses approximately 10% of annual worldwide Ag pro-

duction [26]. Metallization, mainly Ag, on solar cells represents a significant part of

PV modules production cost. Studies have shown that the median usage of Ag was

0.1g per cell in 2017 [5]. According to ITRPV, the average Ag price of $533 /kg results

in the cost of 4.5 cents/cell, which is 20% of the cost of a mc-Si PERC cell. To reduce

the amount of Ag used in PV modules, alternative cell structures, and metal options

have been explored such as Cu conductive backsheets with electrically conductive

adhesive (ECA) interconnects and Cu-plated grids on solar cells [73]. Though Cu-

plated grids have reached series resistance comparable to Ag, reliability issues such as

copper contamination in silicon and poor finger adhesion are still a challenge [74]. Cu

backsheets with ECA are still expensive because of the cost of Cu and Ag content in

ECA. Al is generally a third the price of Cu with 60% the conductivity of Cu, which

makes it a potential substitute for Cu backsheet replacement.

Meanwhile, the metal ribbons on solar cells put large quantities of stress on solar

cells and play an important role in generating cracks and reduce the yield of PV

modules. The stress could be higher if metal ribbons on each side of the solar cell

are not symmetrical. For example, larger than 600 MPa σ1 values are observed at the

vicinity of the end of the back ribbons in glass/glass packaging.

7.1 Introduction of Flex-Circuit Concept

A new module concept called flex-circuit is proposed as an alternative to reduce the

Ag usage on solar cells as well as improve reliability through replacing regular metal
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Figure 7.1: Predicted Ag usage per solar cell in the next ten years, taken from
ITRPV [5].

ribbons with perforated Al foils. The concept uses an interdigitated back contact

(IBC) based silicon solar cell fabricated at ISC Konstanz (Zebra cells), as shown in

Figure 7.2 [75]. The Zebra cells use 156 × 156 mm n-type Cz wafer and have an

average efficiency of 21-22%. The Zebra cells’ front side are similar to the SunPower

IBC cells with anti-reflection coating and no metal on top surface, but Zebra cells’

back-side use four pairs of Ag busbars (each pair has one positive busbar and one

negative busbar) and parallel Ag fingers instead of Ag grids and soldering pads in

SunPower IBC cells. As shown in Figure 7.2, the Zebra cells have three different Ag

usage configurations from standard busbar with industry-standard amount of Ag to

no Ag busbar at all. A 3 mm wide isolation layer on each busbar is applied to isolate

the busbar from fingers of opposite polarization. Among the three configurations,

thin busbar cells and no busbar cells are used in this thesis.
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Figure 7.2: The front and back side of Zebra IBC solar cells from ISC Konstanz in
three Ag configurations: standard busbar, thin busbar and no busbar.

The flex-circuit concept chooses IBC solar cells for its unique module stack because

the Al electrodes cannot be positioned in front of the solar cell. A traditional PV stack

and the flex-circuit PV stack using IBC solar cells are shown in Figure 7.3. Compared

to traditional PV modules (Figure 7.3(a)), the flex-circuit PV module highlights a

double glass module configuration with Al foil electrodes as interconnection on cell

back. The whole Al foil is isolated into two parts for positive and negative termi-

nals and extends out of the laminate for electrical connection. The glass thickness

is reduced to 2 mm for cost reduction and weight management. Polyolefin based en-

capsulant (TPO/POE) is primarily used as it has lower moisture ingress rate and no

acetate acid production compared to commonly used EVA, which theoretically could

cause delamination and corrosion as module failure [73]. But for research and devel-

opment purposes, EVA is also used because it is the most widely used encapsulant in

modules.
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3.2 mm glass

BackSheet

EVA

EVA

Solder Ribbon

22% IBC Cells with lots of Ag

2 mm glass
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Encapsulant

Encapsulant

22% Zebra Cells with less or no Ag

Perforated Al foils

Interconnection & Isolation

Traditional PV stack Flex-circuit PV Stack

(a) (b)

Ag

Figure 7.3: Schematic of (a) the traditional PV lamination stack and (b) flex-circuit
PV module stack in a double glass format.

The key challenge of this concept lies in the interconnection between the solar

cells and the Al electrode. On one hand, the Al electrode must have low electrical

resistivity with the Ag on the busbar areas (busbars or fingers). On the other hand,

the Al electrode must be isolated from the Ag fingers located other than the busbar

area to avoid shunting.

7.2 Module Fabrication

A NPC LM-110X161-S module laminator was used for module assembly. Tem-

pered glasses (textured on one side) and 2 mm boronsilicate glasses are used for flex-

circuit modules. Ultra-high vacuum Al foils in three thicknesses from All Foilsare

tested and to make the electrodes: 12.5, 45, and 70µm. Encapsulants used in this

section include Ethyl Vinyl Acetate, EVA9100 from 3M (EVA) and Polyolefin Elas-

tomer from Cybrid (POE).

The reference fabrication of single-cell flex-circuit PV modules include two lam-

ination cycles, one embossing, and one laser isolation. The sequence of each step is

shown in Figure 7.4 [73]. Al foil sheets were cut to 240 mm × 156 mm, and 600µm
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tall busbars were embossed into the foil using a 2-sided die. The pattern in the die

is the same as the busbar pattern on the cells. Embossed foils were laminated to the

back glass of the module with the female side of the die left in place during the lam-

ination so that the raised areas filled with encapsulants. The positive and negative

terminals were then separated using a 532 nm laser. Photos of the embossed Al foil

with the pattern matching the Zebra cells and laser isolated Al electrodes are shown

in Figure 7.5(a) and (b), respectively.

2mm back Glass Back encapsulant

2mm front glass Non busbar Zebra cellsLamination Front encapsulant

Laser isolation45 µm embossed Al foil Lamination with female 

embossing die on foil

2 mm glass

2 mm glass

Encapsulant

Encapsulant

Zebra Cell

Figure 7.4: Schematic a reference flex-circuit lamination process featuring two lam-
ination cycles, a laser isolation, and a embossing process.

After laser isolation, encapsulant was cut by hand to cover the flat areas of the

electrode but not the embossed busbars (such that the encapsulant does not block

the contact between the cell and the Al foil). The cells were aligned to the electrode

simply by lining up the edge of the cell with the edge of the foil. Front encapsulant

and glass were added before laminating modules at 145°C for 11.5 min (curing time)
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(a)
(b)

Back side of Zebra cells with thin busbar 

Embossed Al foil with busbar bumps

(c)

Figure 7.5: Photos of (a) an embossed Al foil matching the busbar pattern on Zebra
cell, (b) a laser isolated Al electrode, and (c) a finished flex-circuit module.

for modules with EVA and 160°C for 12 min (curing time) for modules containing

POE. A photo of the finished single-cell flex-circuit module is shown in Figure 7.5(c).

Note that the electrical contact between the Al electrode and the solar cell is achieved

by lamination pressure pushing the Al foil onto the cell.

Initial module lamination has shown great results in both EL and IV measure-

ments using thin busbar Zebra cells. No cracks and shunts are observed in the EL

image (Figure 7.6(a) and (d)), indicating the lamination process results in full contact

between the Al foil and the solar cell. The solar cell shows a slightly darker area in

the center, indicating higher resistance. Note that the crack on the cell bottom was

present in the PL image before lamination.

After lamination, the module with thin busbars was subjected to IEC standard

thermocycling (TC) (85°C to -40°C at 1160°C/min with 10 min soak at minimum

and maximum temperatures). TC100 (100 cycles) is often used to test the thermal

stability of interconnections in PV modules. Each cycle takes approximately 4 hours.

Failure modes such as cell breakages, metal ribbon detachment, and delamination are

often observed during TC tests. The above flex-circuit PV module was put through

a TC200 test and its EL and IV curves were measured after TC100 and after TC200.

The results are shown in Figure 7.6(b) and (c). After TC100, severe delamination
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Figure 7.6: EL images of a flex-circuit PV module (thin busbar cell) taken (a) after
lamination, (b) after TC100, (c) after TC200, and (e) re-laminated. (d) are their
corresponding IV curves.

occurs in the center of the module, as indicated by those dark areas. The delamination

behavior becomes even worse after TC200. The center part of the cell goes almost

dark while several corners and edge areas still hold the contact. The delamination

phenomenon is further confirmed by the IV measurement, where the fill factor (FF)

of the PV module dropped from 76.5% to 52.5% and then to 39.7%. Surprisingly

re-laminated the flex-circuit module results in restoring most of the interconnection

degradation, suggesting that the delamination is caused by the Al foil losing pressure

contact with the cell.

Apart from the increased contact resistance in the EL images, wrinkles on the Al

foil were also observed as shown in Figure 7.7. Those wrinkles are located perpendic-
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ular to the laser isolation trenches and busbars. The wrinkles could be the cause of

losing electrical contact as shown in the EL images.
Shrinkage Optimization

Figure 7.7: Photo of a flex-circuit module after TC100 test featuring wrinkles on
the Al foil.

To have a better understanding of the interconnection degradation, polished cross-

sections of the module on contact areas were imaged by optical microscope and SEM

as shown in Figure 7.8. For comparison, Figure 7.8(a) shows images from a healthy

busbar (bright area on EL image) and Figure 7.8(b) shows the images from a degraded

busbar (dark area on EL image). The images of the healthy busbar show that the Al

electrode has physical contact with Ag; the images of the degraded busbar show that

the Al electrode has no physical contact with Ag. It is confirmed that the increased

series resistance after TC testing is caused by the Al electrode detaching from the Ag

on the solar cell.

7.3 Reliability Characterization and Lamination Optimization

As the TC cools down and heats up the test subjects with a 125°C temperature

difference, delamination may be caused by the different thermal properties in the
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Figure 7.8: Optical and SEM images of the cross-sections of (a) healthy busbar area
with low series resistance and (b) degraded busbar area with high series resistance.

encapsulant and Al. The encapsulant, EVA, for example, has a coefficient of thermal

expansion (CTE) of 280µm/m°C according to the product manual. Al, alternatively,

has CTE of 21-25µm/m°C, which is an order of magnitude smaller than the encap-

sulant. The encapsulant contracts and expands much more than the Al foil during

temperature ramps. When the stress caused by the movement of encapsulant is larger

than the adhesion strength between the foil and Ag, which is likely to take place under

elevated temperature, delamination occurs. Furthermore, the fact that the delamina-

tion starts from the cell center leads the cause of delamination to the uneven pressure

on the laminate during the lamination process. The silicone membrane puts more

force on the glass corners and edges than the center (from edge pressing), resulting in
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higher pressure (better contact) on the cell edges and lower pressure (poor contact)

in the cell center area than cell center.

Based on the discussion, we hypothesize the delamination could be explained by

the following: (1) processed-induced stress on the foil from laser isolation and/or

embossing; (2) different CTEs in the encapsulant and the foil; (3) edge pressing

during glass-glass module lamination.

To test the first hypothesis, three electrodes following the stack of Al foil / EVA

/ glass were fabricated, tested through TC100 test and visually inspected. For com-

parison, one electrode was processed only with the laser isolation (Figure 7.9(a)), one

electrode was processed only with embossing (Figure 7.9(b)) and one electrode was

processed with both (Figure 7.9(c)). All three electrodes exhibit a similar amount

of wrinkles after the same amount of TC stress testing, indicating that neither laser

isolation nor embossing is the cause of wrinkling.
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Figure 7.9: Photo of 20 cm×20 cm Al electrodes before and after the TC test. The
electrodes were fabricated with the stack shown on the right and processed by (a)
laser isolation, (b) embossing and (c) laser isolation + embossing.
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If the second hypothesis is true, one could reduce the plane stress by choosing

the encapsulant and Al foil in different thicknesses and properties. With the same

amount of shear force present, a thicker foil should experience a smaller amount of

stress. Six samples following the stack of glass/encapsulant/Al foil/encapsulant/glass

were fabricated and characterized by the TC test. Three encapsulants (EVA, POE,

ION) and three foil thicknesses (12.5, 45, and 70µm) were tested. The foil statuses

were recorded before and after TC, as shown in Figure 7.10. Samples (a), (b) and

(c) are compared for different encapsulants. Those three encapsulants have slightly

different CTE, Young’s modulus values and different thicknesses. As shown in the

Figure 7.10, the three encapsulants have little impact on the wrinkles. Samples (a),

(d) and (e) are compared for different foil thicknesses. The 12.5µm sample shows

some wrinkles at a smaller scale and the 70µm one shows no wrinkles at all. It is

(a) (b) (c) (d) (e)
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Figure 7.10: Photos of 5 cm×5 cm Al electrodes before and after the TC test. The
electrodes were fabricated with different encapsulants and foils, following the stack
shown on the top. No laser isolation and embossing were applied.
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confirmed that the wrinkle comes from different CTEs in the materials and thicker

foil can eliminate wrinkles.

Next, we focused on the third hypothesis by mitigating edge pressing by placing

glass substrates with the same thickness of the laminate around it, serving as a

lamination frame (see Figure 7.11). In this way, the uneven pressure transferred to

the frame. To test this hypothesis, three modules were fabricated: one without the

frame using a 45µm foil as a reference, and two with the frame using 45 and 70µm

foils. Note that no-busbar Zebra cells from the same batch were used in this case

to raise the difficulty of making electrical contact and the 70µm Al foil was used to

reduce wrinkles. Figure 7.11(a) shows an example of edge-press induced high contact

resistance (non-busbar cell) laminated without frame.
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Figure 7.11: PL and EL of flex-circuit PV modules fabricated with (a) 45µm foil
without frame, (b) 45µm foil with frame, and (c) 70µm with frame; (d) photo of a
flex-circuit laminate with frame sitting on the laminator bench; (d) IV curve of the
three flex-circuit modules.

With the assistance of the frame, both (b) and (c) showed reduced contact resis-

tance and more homogeneous EL distribution. The result is further confirmed by the

IV curve where FF of 77 and 74.6% are measured compared to the value of 67.7% in
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the reference module, showing that the lamination frame is able to mitigate the edge

pressing. On another note, the module (c) with thicker Al foil that demonstrated

no wrinkling in the previous experiment, produced a lower FF than module (b). We

attribute this FF drop to the thicker foil not being able to conform to the shape of

the embossing die.

The above three modules were again subjected to the TC200 test. Unfortunately,

all three failed due to increased contact resistance. Neither a lamination frame nor

70µm Al foil is able to eliminate delamination in stress flex-circuit modules. Still,

the reference lamination process needs to be modified to mitigate this loss of contact

resistance. Since delamination is a result of the Al electrode losing electrical contact

to the solar cell, three approaches are developed to increase interfacial adhesion in

order to improve contact resistance.

The first approach adds a laser welding process to the end of module fabrication.

The laser can provide local heat directly to the busbar areas on Al foil through the

back glass and weld Al foil to Ag. By precisely controlling the laser power and pulse

speed, the amount of heat could melt Al foil and possibly Ag, without damaging

the other cell layers under Ag (confirmed by SEM cross-section images, not shown).

This laser welding process works well with Zebra cells with busbars where the laser

alignment can be readily carried out. However, it is challenging to laser wield on Ag

fingers of no busbar Zebra cells.

In the second approach, a thin layer of adhesives is applied to the contact areas

before lamination. Although the epoxy is not conductive, when the thickness of the

epoxy is smaller than 30µm, the rough surfaces (both surfaces have spikes) of Al

foil and Ag are able to poke through the epoxy layer and make electrical contact to

Ag (confirmed by X-ray tomography images). A deposition process using a paste

dispenser was developed to achieve a uniform thin epoxy layer. By controlling the
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Figure 7.12: Fabrication process of flex-circuit modules using Approach 1 featuring
a laser wielding process after lamination.

pressure, needle height, needle speed, and viscosity of epoxy, a thin epoxy layer of

30µm can be successfully placed on the busbar areas.

In the final approach, to further promote interface adhesion and reduce process

steps, the embossing step is taken out and a uniform thin epoxy layer (30µm) is

applied on the whole Al foil instead of just on the busbar areas (as used in approach

2). Full epoxy coverage should provide a lower chance of delamination. However,

without embossing the Al foil and inner layer of encapsulant, the Al foil has full

physical contact with the Zebra cell, both on the busbar areas as well as non-busbar

areas through fingers. To provide electrical isolation on the non-busbar areas, the

Zebra cells have full isolation paint/paste covering those areas.
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Figure 7.13: Fabrication process of flex-circuit module using Approach 2 featuring
the isolation paste on selected Al foil areas.

The effectiveness of the approaches was evaluated again by IV and EL measure-

ments through the TC200 test. Four flex-circuit modules following the reference

method and Approach 1, 2 and 3 were fabricated and tested, as shown in Figure 7.15.

Without adhesion strengthening, the center area of the solar cell is dark in the EL

image shown in Figure 7.15, as expected. The module efficiency dropped by 19%

(relative efficiency). On the contrary, modules fabricated with Approach 1, 2 and 3

demonstrated notably improved results after the TC200 test. The module with Ap-

proach 1 and 2 barely showed any change after TC200 in the EL images, indicating

that less delamination occurred compared to previous approaches. The module effi-

ciency dropped by 1.5 and 3%, respectively. The module fabricated with Approach 3

showed a shunted finger on the post lamination image, resulting in a module efficiency

of 16.5%. The shunt could be caused by inhomogeneous isolation paste. However, the
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Figure 7.14: Fabrication process of flex-circuit module using Approach 3 featuring
the isolation paste on the whole Al foil and no Al embossing.

shunt was ”cured” in the post-TC200 EL image, which could be a result of isolation

paint movement/redistribution during the TC test. With the shunt elimination, that

module’s efficiency increased to 19.5%. Thus, all modules fabricated with the pro-

posed approaches passed the TC qualification test of less than 5% efficiency decrease,

demonstrating the effectiveness of the approaches.

7.4 Stress of Different Module Configurations

As discussed in Chapter 5, traditional metal ribbons put stresses on the solar cell

such that the solar cells have a higher chance of generating cracks in the future and

eventually fail within the warranty period. This further motivates the use of this

flex-circuit concept which reduces the stress values on solar cells. The fabrication
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Figure 7.15: EL images of modules fabricated using (a) the reference, (b) Approach
1, (c) Approach 2, and (d) Approach 3.

of flex-circuit modules does not involve a high-temperature process (≥160°C), which

means theoretically the solar cells in the flex-circuit module should have less stress

than traditionally soldered modules. It is interesting to apply our newly developed

XRT method to investigate the stress distribution on Zebra solar cells inside flex-

circuit modules and compare the stress values to those in traditional PV modules.

Four PV modules following the PV stacks shown in Figure 7.16 were fabricated in

glass/glass configuration and measured by XRT, using the methodology demonstrated

in Chapter 3. Module Epoxy-a and Epoxy-b were fabricated using Approach 2 and

Approach 3, representing two major configurations used in the flex-circuit concept

(Approach 1 and 2 are expected to have similar stress distribution). Since Approach

2 has embossed Al pushing towards the solar cell, it is expected that module Epoxy-a

has higher stress than module Epoxy-b, especially at the embossed areas. Module

reference-Zebra used a Zebra cell but the cell was soldered with traditional metal

ribbons on the back at ISC Konstanz. To counter the bowing effect introduced by

the soldering process, a curved surface (curvature was calculated to eliminate bowing
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effect by soldering such that the soldered Zebra cell stays flat) was used during the

soldering process. Module reference-PERC used a commercial PERC solar cell with

ribbons on both sides to represent traditional PV modules.

2 mm glass

2 mm glass

Encapsulant

Encapsulant

Zebra Cell

Epoxy

Epoxy-a

2 mm glass

2 mm glass

Encapsulant

Encapsulant

Zebra Cell

Isolation Paste

Epoxy-b

2 mm glass

2 mm glass

Encapsulant

Encapsulant

Zebra Cell

Metal Ribbon

Reference-Zebra

2 mm glass

2 mm glass

Encapsulant

Encapsulant

PERC Cell

Reference-PERC

Metal Ribbon

(a)

(b)

(c) (d)

Figure 7.16: Lamination stack of (a) module Epoxy-a, (b) module Epoxy-b, (c)
module reference-Zebra, and (d) module reference-PERC.

The deflections of the bottom-right corners of the four modules are shown in

Figure 7.17. In this case, the bottom half of the right two sets of busbars will be

displayed. In module Epoxy-a, the embossed busbars indeed push the Zebra cell

toward the glass (blue areas in Figure 7.17(a)). The right set of busbars has smaller

deflection values than the left set of busbars, indicating higher contact pressures by

lamination. Since a flat Al electrode is used in module Epoxy-b (Figure 7.17(b)), no

significant features associated with the busbars are identified compared to module

Epoxy-a. The deflection of the module reference -Zebra has the most homogeneous
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deflection among all samples. The module reference-PERC, as discussed in Chapter

5.3, has most of the high deflection values at the end of busbars, which was caused

by the lamination pressure pressing on the end of the back ribbons.

Figure 7.17: Deflection map of the bottom-right corner of (a) module Epoxy-a, (b)
module Epoxy-b, (c) module reference-Zebra, and (d) module reference-PERC. Note
that the solar cell areas between each pair of busbars in (c) are not displayed.

The σb,1 values of the bottom-right corners of the four modules are calculated using

the thin-plate theory discussed in Chapter 5 and shown in Figure 7.18. As mentioned

earlier, σb,1 demonstrates the highest stress values on each pixel which is positively

correlated to the probability of failure. Module Epoxy-a has most of the high-stress

values around the embossed busbar areas. Note that the σb,1 on the right busbar is
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Figure 7.18: σb,1 maps of the bottom-right corner of (a) module Epoxy-a, (b) module
Epoxy-b, (c) module reference-Zebra, and (d) module reference-PERC. Note that the
solar cell areas between each pair of busbars in (c) are not displayed.

higher than the σb,1 on the left busbar, which is clearly a result of edge pressing. The

module Epoxy-b, which used a flat Al foil, also shows high-stress values at random

areas. We attribute them to the inhomogeneities in the isolation paste on the solar

cell. That means the process of applying isolation paste needs to be improved. Since

the metal ribbons in module reference-Zebra are soldered on the back-side of the cell,

the σb,1 on it is expected to be the largest among all. Surprisingly, thanks to the

special soldering process with a curved surface, module reference-Zebra shows the

lowest stress values among all four modules in Figure 7.17(b). Using wider (2 mm)

and thinner metal ribbons also contributes to this low-stress status. Red areas are
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observed at the left side of busbars, which is the same ribbon-press feature observed

in module reference-PERC (discussed in Chapter 5). This is mostly introduced by

the lamination instead of soldering.

The histogram of pixel counts on solar cells as a function of σb,1 values (≥80 MPa)

is shown in Figure 7.19. Higher pixel counts in higher σb,1 values indicate a higher

probability of failure. In this case, the PERC cell with ribbons shows the largest

amounts of bending stress values, followed by Zebra cell with embossed Al, Zebra cell

with flat Al, and lastly Zebra cell with ribbons. The soldering process on the curved

surface indeed significantly reduces the amounts of bending stresses on solar cells.

Our proposed XRT method has successfully demonstrated the capability of analyzing

the stress status of newly developed PV module concepts.

Figure 7.19: Histogram of the σb,1 values shown in Figure 7.18.
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Chapter 8

PVMIRROR: CURVED PV MODULES WITH STORAGE CAPABILITY

Due to the intermittency of electricity generation, solar energy, as the most promis-

ing renewable energy source, is facing obstacles in replacing fossil energy. The effi-

ciency is the major cost-driving factor for a PV system for decades, but the existence

of the duck curve is promoting the indispensable demand for dispatchable electric-

ity [76]. Utility-scale energy storage integrated with PV has been employed to in-

crease PV’s penetration into the grid. However, currently, most storage options like

Lithium-ion batteries are still far from affordable. In this chapter, we introduce a

novel PV/concentrating solar power (CSP) tandem system named PVMirror that

combines the high efficiency of PV and storage capability of CSP using a dichroic

film.

8.1 Introduction of PVMirror Concept

PVMirror enables a way of hybridizing PV and CSP technologies that can deliver

50% more power for only 30% more cost [77]. PV uses both diffused and direct

incident light and converts solar energy into electricity; CSP only uses the direct

normal irradiance (DNI) and converts solar energy into thermal energy. A PVMirror

system is a CSP and PV hybrid tandem system. As shown in Figure 8.1, the system

consists of a thermal receiver, a reflective mirror (PVMirror module) and a solar

tracker, just like a normal CSP system. Instead of using Ag as the reflective mirror,

PVMirror uses a band-pass dichroic film that reflects and transmits light of certain

wavelengths. Note that the PV cells are working with no concentration and the film

is located between the glass and solar cells instead of in front of the glass.
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Figure 8.1: Schematic of the PVMirror system on a solar tracker including the
thermal receiver and a PVMirror.

PVMirrors are designed on the basis of the spectral efficiency of silicon PV and

CSP with respect to the AM1.5G spectrum, as shown in Figure 8.2. Spectral efficiency

describes the solar energy conversion efficiency resolved by wavelength [78]. Silicon

PV has higher spectral efficiency than CSP at wavelengths close to the bandgap of

the cells. If both PV and CSP can work together at the wavelengths where they

‘excel’, a combined solar power system with storage capability that offers higher

efficiency than CSP can be achieved. By tuning the cutoff wavelengths of the dichroic

film, the PV/CSP split (the fraction of energy directed to either part of the system)

can be tuned. Higher PV/CSP split brings higher system efficiency but decreased

dispatchable electricity.

The dichroic film is the key component to realize the tandem function in PVMirror.

This film, fabricated by 3M, is mostly made of PET and acrylic. It is a band-pass
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Figure 8.2: Spectral efficiency of IBC and SHJ solar cells with respect to global
insolation and the wavelength-agnostic CSP efficiency with respect to DNI.

filter designed to transmit light between 700 to 1100 nm and reflects the remaining

wavelengths (see Figure 8.3). As a comparison, the Ag (used in CSP trough) is a

broadband reflector with an average reflectance of 94%. The film is positioned in

front of the solar cells such that the reflected light will be collected by the thermal

receiver as dispatchable thermal energy and stored in a steam tank, and the non-

reflected light will be transmitted to the solar cells for DC output, where the solar

cells have a better spectral efficiency than CSP [78]. The PVMirror system is expected

to provide storage through a CSP system and hours of dispatchable electricity for peak

hour usage [79]. By tuning the PV/CSP split (the fraction of AC power output that

comes from the PV cells), a PVMirror system can vary its dispatchable electricity.

The higher the PV/CSP split, the less dispatchable electricity is available. The reason

why the dichroic film has a 700 nm and 1100 nm cut-off wavelength is to achieve a

system efficiency (approximate 55% PV/CSP split) close to a pure PV system while

retaining the same total dispatchable electricity capacity of pure CSP.
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Figure 8.3: Transmittance and reflectance of the dichroic film and reflectance of Ag.

The PVMirror is designed with a north-south axis tracking system and the dichroic

film is sensitive to the angle of incidence, particularly at grazing angles. At a low angle

of incidence (winter), the system efficiency may be impacted. The reflectance and

transmittance of a coupon (Glass/EVA/Film) is measured as a function of wavelength

and angle of incidence, as shown in Figure 8.4 . The film absorbs most of the UV

light (6380 nm) to protect the encapsulant. It has an absorptance (1-transmittance-

reflectance) loss of approximately 0–3% through most of the remaining spectrum. The

cutoff wavelengths of the film present a blue shift as the angle of incidence increases.

From 0° to 60°, the shifts can be as large as ∼120 nm (700 nm at 0°) and ∼210 nm

(1130 nm at 60°) and the cutoff wavelength gap shrinks from 430 nm to 340 nm. A

higher angle of incidence will cause a lower PV/CSP split and thus more CSP output.
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Figure 8.4: (a) Reflectance and (b) transmittance of dichroic film coupon
(glass/EVA/film) as a function of light wavelength and angle of incidence.

8.2 Module Fabrication

Material Characterization

Although PET has been reported to be chemically stable below 150°C, its glass

transition temperature (79°C) or crystallization temperature (149.86°C) can cause

changes in its optical properties by lamination at 130–150°C [80; 81]. To characterize

the thermal shrinkage of the film, ten identical pieces of film (400 mm×400 mm) were

laminated using the same lamination profile (16 min and 105 Pa) but at 10 different

temperatures ranging from 60°C to 150°C at a 10°C interval. Using the same profile

at 130°C, a piece of film (400 mm×400 mm) was laminated sequentially for 3 lamina-

tion cycles. The area of the film was measured before and after each lamination. The

shrinkage of the film was determined by taking the area ratio (1 − Aafter ÷ Abefore).

Figure 8.5 shows the shrinkage of the dichroic film as a function of lamination tem-

perature and the number of lamination cycles. When the lamination temperature is

kept below 80°C, no shrinkage occurs. At 80°C, the film starts shrinking isotropically
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at a rate of 0.06%/°C such that at 150°C the film is 4% smaller in area. Repeating the

lamination cycle at 130°C, the resulting sample showed little additional shrinkage, as

shown on the right side of Figure 8.5, indicating that shrinkage is more a function

of temperature than of the number of lamination cycles. Film shrinkage can cause

movement and stress in adjacent EVA layers and solar cells, which is potentially re-

sponsible for system failure modes such as cell cracking and delamination [62; 82].

An optimized lamination recipe that minimizes film shrinkage would therefore deliver

enough energy to cure the encapsulant (≥ 80% gel content for EVA) at a relatively

low temperature.
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Figure 8.5: Dichroic film’s shrinkage (% in area) as a function of lamination tem-
perature and lamination cycle (at 130°C temperature).

Apart from physically shrinking the film, high lamination temperatures may in-

duce compositional changes in the material, which would show up as new or reduced

vibrational modes (peaks) in a Raman spectrum and/or changes in optical absorp-

tance. A Renishaw Confocal InVia Raman Spectrometer was used to characterize

any new/missing vibration mode in the film caused by lamination. Reflectance and
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transmittance of the film were measured by a PerkinElmer Lambda 950 S spectropho-

tometer. Raman and optical measurements performed on a piece of film before and

after lamination at 145°C and 105 Pa for ∼16 min are shown in Figure 8.6. As ex-

pected, all signature peaks in the Raman spectrum match up with the known peaks

of PET [83–85]. No change is observable in the Raman spectra after lamination. In

the optical spectrum, a 3.5% absolute absorptance increase in the IR region between

1600–2000 nm is observed which is consistent with the film’s crystallization behavior

at elevated temperatures [80]. It should be noted that since the IR region contains

only 2.6% of the total solar energy flux, the increased IR absorption has a negli-

gible impact on electrical cell performance and on the thermal performance of the

PVMirror.
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Figure 8.6: (a) Raman spectrum of the dichroic film before and after lamination
offseted by 105 counts for clarity; (b) absorptance and reflectance of the dichroic film
before and after lamination.

After confirming that lamination does not significantly degrade the film, a proper

encapsulant has to be selected for best compatibility and integration. The adhesion

strength between the encapsulant and the film is considered to be the major selec-

tion criterion [16; 62]. To determine the best encapsulant to use with the film, the
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adhesion strength between the film and different encapsulants was measured through

a 180° peel test on a customized 180° peel setup with a 0.5 kN Instron load cell. In

a standard peel test, the free end of the film is mounted to the actuator and then

peeled off from the encapsulant at a speed of 5 mm/min following the ASTM (D3330

/ D3330M - 04(2010)) standard [86]. Encapsulants tested in this study were: Ethyl

Vinyl Acetate, EVA9100 from 3M (EVA), Polyolefin Elastomer, PO8100N from 3M

(POE) and ionomer, PV5400 from DuPont (ION). Eighteen 180° peel test samples

(peel width: 2.5 mm) were prepared following the stack: glass/encapsulant/film.

Each encapsulant (EVA, POE and ION) was tested at two different lamination tem-

peratures (130°C and 150°C for EVA and ION, 130°C and 160°C for POE), while

using the same time (5 min vacuum time and 11 min press time) and pressure profile

(105 Pa). Figure 8.7 shows the force required to separate the dichroic film from either

EVA, POE, or ION processed at different lamination temperatures. ION does not

adhere well to the film at either lamination temperature. This poor adhesion can

be attributed to its thermoplastic bonding characteristics; thermoplastic interfaces

rely on ionic, hydrogen, and/or Van der Waals forces for adhesion [13]. EVA and

POE, which are cross-linking based encapsulants, have much higher peel strengths,

around 10 N/mm. These values are consistent with previously reported values of

10–11 N/mm for encapsulant/glass interfaces [86].

Curved Lamination

To make curved laminates, an aluminum mold with the same radius of curvature

as the curved glass was fabricated to support it during lamination and to conduct

heat from the heating plate. Because of the curved nature of the mold, the center

of a 450 mm× 450 mm mold (used with 450 mm× 450 mm curved glasses) is thicker

than the edges (15.9 mm vs. 2 mm). This thickness variation across the mold could
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Figure 8.7: Maximum, mean and minimum of three 180° peel tests between the
dichroic film and different encapsulants at two lamination temperatures.

cause an inhomogeneous temperature profile across the laminate resulting in different

degrees of cross-linking across the encapsulant [27].

To quantify the temperature distribution across the laminate, one thermocouple

was placed inside a flat laminate (no mold required) and two thermocouples, at the

center and edge, were placed inside a curved laminate (Al mold required). The lam-

inates were then processed together in the same lamination cycle (130°C lamination

temperature, 5 min vacuum time and 11 min press time) and the measurement from

each thermocouple is shown in Figure 8.8.

From Figure 8.8 one can observe that the temperature gradient across the mold,

Tcurved-center−Tcurved-edge, is ∼ 4°C. Note that the temperature lag between the curved

module and the flat one, especially during the vacuum step (0–5 min), is consistent

with the heat transfer across the aluminum mold. As pressure is deployed on the

laminates during the curing step, the temperature gap between the flat and curved

laminate decreases and both Tcurved-center and Tcurved-edge are able to reach the target
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temperature. Possible solutions to compensate for the temperature lag induced by

the mold are: (i) to preheat the mold on the flat-bed laminator before lamination

starts (ii) to increase the heating rate and/or the lamination time/temperature – the

latter would require fine-tuning to avoid overheating the polymers. Based on the peel

test data shown in Figure 8.7, we selected EVA as the encapsulant in all PVMirror

constructions, with a lamination temperature of 130°C (default temperature) for flat

configurations and 150°C for curved modules (+20°C to compensate for the temper-

ature lag during lamination, as shown in Figure 8.8).

Experimental Details

Five flat PVMirror modules for visual inspection, eight curved PVMirror modules

for shape error measurement, and one utility-scale (144 cells) curved PVMirror mod-

ule were fabricated with the stack shown in Fig. 8.9(b) and the lamination approaches

shown in Table 8.1. Both 125 mm× 125 mm interdigitated back contacted (IBC) and
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156 mm × 156 mm silicon heterojunction (SHJ) solar cells were used in the flat and

curved PVMirror modules. The IBC cells were purchased from SunPower and SHJ

cells were fabricated with the structure described in Ref. [87–93]. Flat PVMirror

modules were laminated at 130°C and curved PVMirror modules were laminated at

150°C. Each lamination process has the vacuum time of 5 min and the press time of

11 min. More details regarding the difference of each approach will be discussed in

Section 8.3. Flat modules were made with pieces of 400 mm × 400 mm, as-received,

low iron B270 glass. To make curved PVMirror modules, pieces of 450 mm× 450 mm

(for 4-SHJ and 9-IBC modules) and 1600 mm× 1600 mm (for 144-IBC modules) low

iron B270 glass were slumped to parabolic shape with 1.7 m radius of curvature. All

the lamination processes in this study were performed using a NPC LM-110X161-S

module laminator except module U2, which was laminated using a commercial scale

laminator at D2 solar. Note that no bubble formation was observed in any of the

finished modules.

GLASS

ENCAPSULANT

ENCAPSULANT

BACKSHEET

CELL

GLASS

ENCAPSULANT

ENCAPSULANT

ENCAPSULANT

FILM

CELL

BACKSHEET

(a) (b)

Figure 8.9: (a) Lamination stack of traditional modules and (b) a reference PVMir-
ror PV module.

8.3 Optical Characterization and Lamination Optimization

As reported in Ref. [94], the curvature of the PVMirror is given by the CSP mirror

requirements. The reflection from a PVMirror is required to be specular in order to

reflect light to a thermal receiver at the focal point. During a standard lamination
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Table 8.1: List of 5 flat and 9 curved PVMirror modules fabricated using different
lamination approaches. Note that the flat modules have both IBC and SHJ cells in
the same sample.

Approaches Flat Curved,9-IBC Curved,4-SHJ Curved,144-IBC

1 Reference F0 I0 S0

2 Preheated film F1

3 Two lamination cycles F2 I2 S2 U2

4 Thicker EVA on film F3 I3 S3

5 No EVA on glass F4 I4 S4

process, the entire module experiences an isostatic pressure from the laminator. At

the same time, the EVA softens at temperatures above 80°C, causing the dichroic film

to deform conformally over the tabbing ribbons and edges of the cells, as illustrated

in Figure 8.10. Severe film deformation can change the specularity of the PVMirror

surface, resulting in optical losses at the line focus. Figure 8.10 shows a flat PVMirror

(F0) that was fabricated using the reference PVMirror approach (see Table 8.1).

Film deformation can be identified as the distortion of the image reflected from a

flat PVMirror module. For example, the red box on the photograph in Figure 8.10

indicates film deformation caused by the cell edges while the yellow box indicates film

deformation caused by the metal ribbon.

The reference PVMirror approach was modified in four ways to eliminate film de-

formation and minimize optical losses. Figure 8.11(a) shows the first approach where

the film is preheated at the lamination temperature and pressure before being incor-

porated into the module. Our preliminary experiments suggested that film shrinkage

should be greatly reduced in a second lamination cycle at the same temperature (see

Figure 8.5), however, the finished F1 module (in Figure 8.11(a)) shows a considerable

amount of film wrinkling compared to the F0 reference module in Figure 8.10. In the

F0 module, shrinkage during lamination causes the film to be under tension. In the
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Figure 8.10: A schematic of the reference PVMirror lamination approach (top)
highlighting film deformation induced by metal ribbons and cell edges (red arrows
indicate light reflected by the film) and the photo of a flat PVMirror F0 (bottom).

F1 module laminate, the film was under tension during preheating and so is effectively

”free-floating” between two layers of EVA during lamination. This shows that film

shrinkage is actually beneficial but not sufficient to eliminate film deformation.

The second approach employs two lamination cycles. The first cycle laminates

the front of the stack (glass/EVA/film/EVA), and the second cycle laminates the

entire stack. Note that the front portion of the stack is laminated twice, as shown in

Figure 8.11(b). The dichroic film is fixed to the glass between adjacent cured EVA

layers in the first cycle, such that film deformation is minimal in the second cycle. The

effectiveness of the approach relies on the lamination quality of the EVA in the first

cycle, and the assumption that cross-linked EVA does not significantly softens when

heated during a second cycle. The F2 PVMirror module made with Approach 2 in

Figure 8.11(b) shows little edge deformation (red box) but some ribbon deformation

(yellow box).

To reduce film deformation using only one lamination cycle, the thickness of the

EVA between the film and cells is increased in Approach 3, as shown in Figure 8.11(c).
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Figure 8.11: Diagram of the lamination stack (top) and photo of the corresponding
flat PVMirror module (bottom) of different lamination approaches: (a) preheated
film, (b) two lamination cycles, (c) thicker EVA layer between cells and film, (d) no
EVA layer between glass and film.

Placing multiple layers of 400 µm thick EVA between the film and the cells showed that

three or more layers can fully remove the deformation – the module in Figure 8.11(c)

includes three EVA layers between the cells and the film.

Finally, Approach 4 consisted on eliminating the need for an EVA layer between

the glass and the dichroic film by using a modified version of the film with holes or

strips cut out of it, as shown in Figure 8.11(d). The cut-outs in the film, which take
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10% of the film area, allows the EVA between the film and cells to adhere to the

glass in a regularly spaced pattern across the module. Thanks to the high viscosity

of the softened EVA, the EVA does not overflow between the film and glass. By

removing the EVA layer on the glass side of the film, the film can accommodate no

further deformation upon lamination. As a result, no film deformation is observed in

Figure 8.11(d). This approach does not require a second lamination cycle and only

uses a total of 2 layers of EVA.

Visual inspection in Figure 8.11 demonstrates that Approach 2, 3 and 4 reduce film

deformation, but does not allow us to quantify the effectiveness of each approach. Here

we use the Hartmann test [95] to quantify the optical performance of each approach

against the reference PVMirror stack. Figure 8.12(a) demonstrates the methodology

of the Hartmann test. A laser source is placed a known distance away from the sample,

and a measurement screen is positioned (close-to-axis) where the light reflected off

of the sample comes to a line focus. A measurement screen is set up to map the

shape error (angular deviation from nominal) of the sample from transverse ray error

at the image plane. Light from the screen is captured using a CCD camera close to

the axis. The resulting images show the extent of transverse ray aberration at the

image plane, which is mapped to shape error through grid lines on the measurement

screen. If a perfectly smooth parabolic surface is measured, an extremely narrow line

focus is observed in the image. Conversely, the line focus at the image plane can be

spread out due to imperfections in the shape of the reflecting surface (e.g. bumps

from lamination).

Figure 8.12(b) shows a typical image reflected on the measurement screen by a

PVMirror module. The image is intentionally saturated to show details. To quantify

the distribution of reflected light across the measurement screen, the image is trans-

lated into an intensity graph by summing the pixel intensities in each column in the
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Figure 8.12: (a) Schematic of Hartmann test measuring the shape error of a PVMir-
ror module; (b) image collected on the measurement screen from a PVMirror module;
(c) normalized pixel intensity as a function of shape error, highlighting a shape error
percentage of 8.7% in dash orange areas.

image and plotting the resulting sum as a function of the angle on the screen – see

Figure 8.12(c). The blue dotted lines at ±3 mrad in Figure 8.12(b) and 8.12(c) corre-

sponds to the shape error specification required for commercial CSP troughs, which

is determined by the position and size of the thermal receiver [96]. The average shape

error in actual systems is about 3.4 mrad [97]. We use this metric to determine how

much of the incident light is lost by expressing the amount of light falling outside of

the ±3 mrad spec as a percentage of the total, which in the case of Figure 8.12 is

8.7%.

In this study, eight curved PVMirror modules were prepared using two types of

silicon cells (see Table8.1) and four different lamination approaches: the reference and

Approach 2–4 (see Table 8.1). The curved glass used in each module and the finished

143



laminates were measured using the Hartmann test described above. Note that the

shape of the initial pieces of curved glass varies considerably. The effectiveness of each

lamination approach is therefore quantified by calculating the increase of shape error

percentage from glass to module, as shown in Figure 8.13. For the reference samples,

the shape error percentage increases 8.3% (from 0.4% to 8.7%) for modules with IBC

cells and 5.2% (from 0.4% to 5.6%) for modules with SHJ cells. All PVMirror modules

made with Approach 2, 3 and 4 demonstrate a much smaller difference between the

shape error of the glass and the module, indicating improvement in the lamination

quality. Among them, S2 demonstrates the lowest shape error percentage increase of

just 0.4%.
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Figure 8.13: Shape error percentage (using ±3 mrad specification as indicated with
blue dashed lines) of eight curved pieces of glass (Glass) measured before laminating
them into modules and eight PVMirror modules (Module) with IBC and SHJ solar
cells.

The increases in shape error of the curved PVMirror modules calculated as a

function of shape error specification are shown in Figure 8.14. These values for SHJ

cells are 0.59% higher on average than for IBC cells due to deformation from the front

metal ribbons. The reference lamination approach has the highest shape error values

in each cell category (module S0 and I0).
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Figure 8.14: Shape error increase as a function of shape error specification for 8
curved PVMirror modules, ranging from ±1 mrad to ±5 mrad.

The proposed encapsulation approaches have been proven to effectively reduce

the film deformation and thus increase the thermal output of PVMirror modules.

However, one additional layer of EVA between the film and the cell in Approach

2 and 3 (one layer of EVA is considered essential) could cause potential parasitic

absorption. To quantify this, the reflectance and transmittance of four mini-modules

(stack: glass/EVA/dichroic film/EVA) were measured. Figure 8.15(a) and (b) show

the absorptance spectra a and Figure 8.15(c) shows the effect that EVA thickness

between the film and the cell has on the transmission of AM1.5G spectrum. The

ratio of AM1.5G× (1-a) and the AM1.5G integrated over the wavelength 700–1100 nm

indicates that each layer of EVA caused about 1% transmission reduction. However, it

is not necessarily true that the best module has the lowest absorptance. For example,

the PVMirror module with one layer of EVA between the film and the cell (I0 in Table

1) has an absorption of 3.5% and a shape error increase of 8.3% (Figure 8.13(a)). On

the other hand, the PVMirror module with three layers of EVA between the film
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and cell (I3 in Table 1) has an absorption of 5.3% and a shape error increase of

only 0.9% (Figure 8.13(c)). Compared with the S0 module, the S2 module has 1.8%

less transmittance to the cells but 7.4% more light reflects to the thermal receiver.

Considering the effect from different EVA layers and shape errors, approach 2 seems

to be the best approach with the lowest optical losses.

8.4 Electrical Performance and Upscaling Capability

After optimizing the lamination process by the Hartmann test, the optimum

PVMirror module (I2 replica) was fabricated using Approach 2 and measured out-

door. Its performance is directly compared to an AgMirror (silver coated curved

glass). The PVMirror and AgMirror are shown in Figure 8.16. 99.9% of the reflected

light from the AgMirror is within the ±3 mrad specification, indicating the AgMirror

is fabricated to standard. Though the image reflected from the PVMirror appears

rough on the screen, 99.7% of the reflected light is within the ±3 mrad specification.
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Thus, we assume that 100% of the reflected light from both AgMirror and PVMirror

is within the ±3 mrad specification in the following discussion.

Figure 8.16: (a) Photo of a AgMirror and a PVMirror (I2 replica) on solar tracker;
the reflected light on the Hartmann test screen from (b) the AgMirror and (c) the
PVMirror; normalized pixel density as a function of transverse ray aberration of (d)
the AgMirror and (e) PVMirror.

Outdoor measurement of the mirrors was carried out at the University of Arizona

on 2-axis trackers with calorimeters mounted at the focus. The calorimeters were first

calibrated against each other using two AgMirrors of known reflectance, shape error

and area. The diffuse and DNI components of the incident irradiance were determined
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by the Observed Atmospheric and Solar Information System (OASIS), where the data

was recorded 260 m west of the testing facility [98]. One of the AgMirrors was then

replaced with the PVMirror and the two mirrors were measured at the same time

in order to calculate the thermal efficiency of the PVMirror. The PVMirror thermal

efficiency, with respect to the DNI, was calculated from the thermal measurement of

the calorimeter and the OASIS measurement of the irradiance. The DC output of the

PVMirror was measured at the same time by a Keithley source-measure unit (SMU)

using a four-terminal measurement.

The outdoor measurement results of I2 replica and AgMirror are shown in Fig-

ure 8.17 as a function of measurement time. Based on their reflectivity, the thermal

efficiencies of the AgMirror and I2 replica are 94% and 54.4% respectively, assuming

all reflected light hits the thermal receiver. The PVMirror thermal output ranges

from 412 to 517 W/m2 and the average efficiency with respect to DNI is determined

to be 50.3%, which is 4.1% lower than what was modeled potentially due to im-

proper module mounting. The highest DC output of 134 W/m2 was measured at

10:26 and the lowest output of 127.7 W/m2 at 13:30. The modeled PVMirror DC

efficiency of 12.9% is calculated by the external quantum efficiency (EQE), average

on-sun FF and temperature-corrected Voc, which is very close to the measured value

of 12.6% to 13.4%. The DC efficiency decrease over time is caused by the voltage

drop at elevated temperature. Overall, the measured performance of PVMirror has

a good agreement with the modeled values with relative error within 7.5% (thermal)

and 3.8% (DC), indicating that the measurement methodology can also be used to

measure the performance of utility-scale PVMirrors.

To experimentally demonstrate the scalability of the PVMirror concept to utility-

scale, larger 1.6 m x 1.6 m PVMirrors U2 were fabricated and measured outdoor on

a solar tracker as shown in Figure 8.18(a). The 144 IBC cells are tabbed into two
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Figure 8.17: Modeled and outdoor measured (a) output and (b) efficiency of the
PVMirror and AgMirror modules in Figure 8.16. The DC went online at 10:25 and
the thermal went online at 10:30. Dashed lines are modeled.

separate strings. Indoor IV measurement shows that String-1 has a FF of 70.2% with

139 W maximum power (Pmp) and String-2 has a FF of 76.3% with 152 W Pmp.

The low FF in the second string was caused by improper soldering and isolated solar

cells, which is later confirmed by the EL images in Figure 8.18(b).

The outdoor performance of this PVMirror is carried out between 14:00 to 16:00

on a sunny day with an average air temperature of 39.3°C. The PV component is
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Figure 8.18: (a) Photo of the 144-IBC U2 PVMirror module mounted on a two-axis
tracker; (b) EL image of the U2 PVMirror module.

measured with the two strings connected in series and a typical IV curve is shown in

Figure 8.19. Due to the elevated air temperature and above-mentioned fabrication

issues, the PV component delivers a FF of 73.3% with 253.8 W Pmp. The “kink”

at 67V on the IV curve is caused by the current mismatch between two strings and

the activation of reverse diodes. The average thermal efficiency of this PVMirror is

57.5%, which is relatively 5.6% higher than the modeled value.
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Figure 8.19: Electrical performance of the 144-cell U2 PVMirror module.
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To determine the performance of the PVMirror concept at utility-scale, a detailed

power plant farm model using 50 MW turbine is developed. The model determines

the annual AC output from a PVMirror power plant with the option of tuning the

thermal storage fraction as shown schematically in Figure 8.20(a). The model has

four inputs: a radiation model, the dichroic film’s measured optical properties, the PV

cell’s measured one-sun performance and a CSP thermal loss model. The PVMirror

plant is designed with a north-south axis tracking system, which is similar to commer-

cial CSP systems and simplifies the 3D radiation model into 2D. The radiance model

takes hourly irradiance data from TMY326 data sets in Phoenix. The TMY3 are data

sets of hourly values of solar radiation in the geographical location for a one-year pe-

riod. The solar irradiance reaching the cell is calculated by the following steps: (1)

divide the whole PVMirror (2.876m length) into flat segments of the size similar to

IBC solar cell (0.127m length) while taking into account the rig angle effect (typical

trough configuration) [99]; (2) determine the angle of incidence (AOI) between the

sun and each flat segment of mirror surface using the method described here [100];

(3) generate AOI-corrected spectrum data from the “simple model of the atmospheric

radiative transfer of sunshine” (SMARTS) [101]; (4) multiply the spectrum by the

angular-dependent transmittance and reflectance of the dichroic film (Figure 8.4).

The PV output is calculated by the solar irradiance transmitted through the film,

EQE of the cell, average on-sun FF and temperature-corrected Voc. The cell model

includes a 95% DC/AC conversion efficiency. The CSP output is calculated by the

solar irradiance reflected by the film, and the measured thermal efficiency. The CPS

model includes 14% tracking loss, 7% optical loss, 5% reflection loss, 8% radiation

loss, 12% convection loss and 9% storage loss [77].

This model can be used to compare a PVMirror system with a PV only and a

CSP only system, as shown in Figure 8.20(b). The PV only and CSP only system’s
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Figure 8.20: (a) Model of a PVMirror power plant system; (b) system efficiency of
a PVMirror tandem system using I2-replica data, a PVMirror tandem system using
U2 data, a CSP only system, and a PV only system as a function of the CSP storage
fraction based on (a).

efficiencies are calculated by removing the dichroic film and using a broadband reflec-

tor (Ag), respectively. A PV only system will have an efficiency of 19.8% but zero

dispatchable output as shown by the red square. The modeled annual AC output

of the CSP only system is 1066.9 kW/m at 0% storage fraction and 970.9 kWh/m at

100% storage fraction. Storing all collected heat energy results in a 1.2% absolute

system efficiency loss in the CSP only system as shown in the blue curve.

Scaling up the PVMirror from 9 cells to 144 cells caused a 0.5% absolute system

efficiency decrease, as shown by the black and gray curves. We believe that proper

R&D could effectively shrink that value close to zero. Using the on-sun performance

measured on the I3 module (ie: assuming the issues we encountered at scale-up could

be solved), the modeled annual AC output of the PVMirror plant is 728.7 kW/m

from the PV side and 624.0 kWh/m at 0% storage fraction and 567.8 kWh/m at 100%

storage fraction from the CSP side. Changing the storage fraction from 0% to 100%

causes a 0.7% absolute system efficiency loss and the PV/CSP split to change from

55.3% to 57.6%. For a PVMirror system, the dispatchable energy is the combination

of CSP storage fraction, PV/CSP slit and total DC energy output. A CSP only system
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with roughly 33% storage fraction (typical CSP power plant like Solana operates 12

hours a day and stores 6 hours of storage) will operate at 13.2% efficiency and have

a 341.6 kWh/m annual dispatchable output based on the model. To match the same

dispatchable annual output of the CSP only system, the PVMirror can work at 57%

storage fraction with a much higher efficiency of 16.9%.
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Chapter 9

CONCLUSIONS

The main goal of this dissertation is to develop a non-destructive method for

mapping the deflection and stress in laminated solar cells based on X-ray topography.

The cell deflection mapping is achieved by taking XRT images on the solar cells at

different cell positions, followed by a reconstruction algorithm created in house. Error

analysis has shown a maximum deviation of 3.3% from data processing and a 4.4%

error induced by mounting. Currently, the main limiting factor of this method is the

slow data acquisition rate. Though multiple approaches have been investigated in

this dissertation, measuring a 6” silicon solar cell still takes approximately 8 hours.

At this stage of development, this method is more suitable for R&D purposes than for

a characterization tool in a production line. To further faciliate the data acquisition,

the current XRT setup could be modified in the following ways: (1) larger first slit

opening for bigger X-ray beam (expose X-rays to the whole sample); (2) larger sample

holder that can natively hold and rotate 6” solar cell (reduce four measurements

down to one); (3) larger X-ray detector enabled by a ≥ 6” scintillator. The above

modifications could lead to a ≥ 80% reduction in measurement time. Meanwhile,

a machine-learning assisted automatic thresholding could contribute to faster data

processing.

Stress mapping is enabled by using Von Karman plate theory on the deflection

maps. The theory is a combination of non-linear equations that calculate the bending

stresses while assuming the solar cells are under pure bending and plane stress condi-

tions. The effective mechanical properties instead of the isotropic properties are used
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because the sample’s crystal orientation is known during the XRT measurement. In

order to quantify the errors from those assumptions, in-situ four-point bending tests

on Si wafers with layer(s) of sputtered Al are conducted. In those particular sam-

ples, deviations ≤18.3% between Von Karman stress and FEA simulated stress were

observed, which are highly dependent on the position of the neutral plane. How-

ever, those four-point bending tests do not reflect the behavior of a real silicon solar

cell, because: (1) thermal-induced uniform stresses on the samples are transferred

into bending stresses during sample preparation (bowing effect) and the Von Karman

bending stresses cannot be measured when the samples are flat; (2) the solar cells have

more complex architectures than the samples used in the four-point bending test; (3)

the sputtered Al is porous instead of solid (an effective media approach should be used

to calculate the properties). For those reasons, further tests are needed to focus on the

thermal-induced stress effect and extracting the effective mechanical properties. For

example, a force measurement component such as a piezoelectric transducer can be

added to the in-situ four-point bending setup, which can measure the bending force

during each XRT measurement. Combining the bending stress with bending force at

different bending distances, the effective Young’s modulus and Possion’s ratio of the

sample can be obtained. In addition, temperature-dependent XRT experiments could

be carried out on PV modules (for example, 0°C, 25°C, 60°C) to anlayze the effect of

the viscoelasticity of each encapsulant on the silicon solar cell’s stress behavior.

The deflection and bending stress mapping method was used to investigate PV

modules of different architectures. This method is able to quantify the impact of

lamination parameters, soldering, and packaging solutions on the mechanical prop-

erties of solar cells. For example, we found that glass/glass packaging introduces

190-320% more bending stress on the cells than traditional glass/backsheet packag-

ing. This method is also able to characterize next-generation PV modules such as
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Flex-circuit modules and PVMirror modules. However, the measured Von Karman

stresses can only probe the relative stress values in the solar cell. When the cell’s top

and bottom surfaces have the same stress value, the Von Karman stress will be zero.

This phenomenon is likely to take place during the soldering process where equal

amounts of stress are introduced on both sides of the solar cell. This is considered

to be the intrinsic limitation of this Von Karman stress calculation. In addition, the

shear stresses are also important in cases including the soldering process. Equally,

the shear stresses in the system dominates delamination. Reconstruction of the full

stress tensor by FEA using a viscoelastical model is at the center of the needed work

to move this technology forward.
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[31] U. Eitner, M. Köntges, and R. Brendel, “Use of digital image correlation tech-
nique to determine thermomechanical deformations in photovoltaic laminates:
Measurements and accuracy,” Solar Energy Materials and Solar Cells, vol. 94,
no. 8, pp. 1346–1351, 2010.

[32] R. Meier, F. Kraemer, S. Wiese, K. J. Wolter, and J. Bagdahn, “Reliability
of copper-ribbons in photovoltaic modules under thermo-mechanical loading,”
Conference Record of the IEEE Photovoltaic Specialists Conference, pp. 1283–
1288, 2010.

159



[33] A. J. Beinert, A. Buchler, P. Romer, M. Heinrich, M. C. Schubert, J. Aktaa, and
U. Eitner, “Stress Mapping by Confocal Raman Spectroscopy on Solar Cells
and Modules,” in 2018 IEEE 7th World Conference on Photovoltaic Energy
Conversion (WCPEC) (A Joint Conference of 45th IEEE PVSC, 28th PVSEC
& 34th EU PVSEC), pp. 3613–3617, IEEE, jun 2018.
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