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Section I provides a detailed design comparison showing that the integrated back contact design of 
SunPower Maxeon® solar cells makes them inherently more robust than conventional cells in real-world 
conditions.  Standard accelerated testing shows that they are almost impervious to the dominant failure 
modes (moisture, thermal cycling, and mechanical loading) that degrade conventional cells.   

In Section II, fundamental reliability physics research is reviewed.  SunPower has identified key 
degradation modes which have been rigorously studied and modeled.  Individual degradation 
mechanisms have been validated with accelerated laboratory testing and field monitoring.  This effort has 
led to the development of PVLife, a multi-stress fully-coupled thermal-electrical dynamic model of module 
performance, degradation and failure.  The results of this model are compared to a recent fleet-wide 
degradation study and the details are discussed, with references to recently-published articles in industry 
conference proceedings for additional detail.  Using PVLife, SunPower is able to predict, with a high 
degree of confidence, the degradation rate and failure probability of SunPower modules and systems.    

Section III describes how SunPower continues to enhancing the reliability of its modules via systematic 
advances addressing each major degradation and failure mode.  SunPower’s current generation of 
modules is compared it to the previous generation in numerous side-by-side accelerated tests.  Several 
key degradation stresses are applied, showing that SunPower’s current generation is indeed even more 
reliable, and is expected to have an even lower degradation rate.  SunPower’s physics model, when 
incorporating lab results from these accelerated tests, predicts a system degradation rate of 0.17% per 
year ± 0.12% per year in a typical hot/dry climate power-plant application at 90% confidence.  This 
represents the highest degradation environment. 

Specific conclusions of this report are: 

• The Maxeon cell design is fundamentally more robust against real-world stresses, resulting in 
modules that have fewer failure modes and degrade at a lower rate than Conventional Modules1.  

• SunPower has conducted years of fundamental research and can accurately predict module 
degradation rates using PVLife. 

• An average system degradation rate of <0.25% per year for SunPower’s current technology 
accounts for different climates and deployment conditions.  
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Figure 1: Actual field data compared to SunPower's physics-based degradation model, PVLife.  PVLife 
modeling shows the current generation of SunPower modules exhibit 60% less degradation, a rate of less 
than 0.25% per year. 
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PV has become an increasingly reliable technology thanks to long-term investment by numerous 
research organizations and governments.  For example, a series of five “block buys” were conducted by 
NASA’s Jet Propulsion Laboratory from 1975-1981, each with successively more stringent qualification 
criteria, resulting in early failure rate reduction from 45% in Block I, to 0.1% in Block V.  Significant efforts 
by the Joint Research Center of the European Commission [1], and adaptation of accelerated stress tests 
originating from the semiconductor industry, such as damp heat [2], have also contributed substantially.  
A key theme in these studies has been that failure rates are generally lower when modules pass more 
stringent tests.  Understanding how module manufacturers qualify their materials is a strong indicator for 
long term reliability. 

These efforts ultimately resulted in the creation of certification standards, tests a module must pass in 
order to be sold.  Examples include IEC61215 and U1703.  However, many manufacturers assume that 
this certification testing is sufficient for qualification; however, the goal of these tests is not to determine 
lifetime reliability, rather, it is to identify short-term issues [3] [4].  In other words, certification tests are 
designed to ensure a nominal level of safety and design quality, and not to indicate whether or not a 
product will last for its warranted lifetime.  Despite this, many module manufacturers continue to struggle 
to meet these basic requirements (Figure 2). 

 

Figure 2: Certification test failure rate for c-Si modules.  Each color corresponds to a different range of 
production years.  Despite increasing capacity over the sample years, products continue to fail basic 
certification tests [3].  

Despite the establishment of certification standards, substantial percentages of module populations do fail 
well before their 25-year warranty. A team associated with the National Institute of Advanced Industrial 
Science and Technology, (AIST, Japan) recently conducted a performance and reliability audit of 483 
residential rooftop installations in Japan commissioned between 1993 and 2006 [5].  They found that up 
to 16% of installations had experienced partial or whole replacement of the modules.  The study cites a 
dominant failure pathway for Conventional Modules in Japan manufactured in the 1990’s and early 
2000’s: (1) cell interconnects become more resistive, apparently due either to corrosion or fatigue of the 
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interconnect ribbons or solder connections; (2) interconnects resistively heat, which increases the severity 
of temperature cycling and leads to even higher resistive heating (3) interconnect overheat or breakage 
leads to backsheet blackening, power loss, or other failure events.   

Similarly, a study at the National Renewable Energy Lab (NREL) [6] found that the primary underlying 
causes of module failures in the field were due to cell/interconnect breakage (40.7%), and corrosion 
(45.3%) (Figure 3) [7].    

 

 

Figure 3: Underlying causes of module failures in the field.  SunPower’s design mitigates 86% of the typical 
module failures which affect standard efficiency cells [7] 

Real world data is consistent with these studies.  SunPower is in the unique position of having purchased 
two companies which deployed Conventional Modules.  PowerLight was a project development company 
which installed 240 MW of modules from 20 different manufacturers before it was bought by SunPower.  
This fleet has an average age of 6.7 years, and has a failure rate of 8,700 warrantable returns per million 
modules installed – nearly 1%.  SunPower also purchased a relatively high quality European 
Conventional Module manufacturer which had installed over 500 MW.  This fleet has an average age of 
4.6 years and has a failure rate of 1,450 returns per million or 0.14%.   

SunPower’s current generation module has a rate of only 27 returns per million modules built.  This 
includes all post-site-commissioning world-wide warranty returns of E-Series modules (Jan 2006 through 
July-2012, 6.5 million modules).  With a fleet size of 2 GW, this difference immediately begs the question: 
from where does this reliability advantage come?     

In addition to failure rate, power degradation is a critical module behavior.  While outright module failure 
can abruptly cause downtime and increase operational burdens, a failed module is relatively easy to 
detect and, once replaced, theoretically restores the site to its expected level of production.  However, a 
power degradation of a few percent has a direct effect on production over a module’s lifetime and such a 
small percent drop would not justify a claim under most module warranties.  Further, power degradation 
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typically occurs fairly uniformly across modules of the same design and manufacturing pedigree, so 
power degradation will generally occur across entire installation. 

Various field studies have measured the degradation rate of conventional crystalline modules at between 
0.6% per year to 1.5% per year, so a reasonable assessment is 1.0% per year [8], [9], [10], [11], [12] 
(Figure 4).  These studies are discussed further in Appendix A.  

 

Figure 4: Various studies show annual degradation rates of c-Si modules range from 0.7% per year to nearly 
1.5% per year.  Module ages range from two to twenty two years. 

In order to perform a more robust assessment, SunPower recently completed its own fleet-wide system 
level degradation study of 445 systems within the SunPower operating fleet.  The study included 266 
systems (86 MW) using the previous generation of SunPower modules as old as 3.5 years, and 179 
systems (42 MW), using Conventional Modules as old as 6 years.  Data spanning back to the site 
commissioning date were used to determine fleet-wide degradation rates, representing 3.2 million 
module-years of monitored data.  The study [13], and a review by independent engineering firm Black and 
Veatch, are available upon request.   



 

Page 8 
 

A key result from this study is shown graphically below in Figure 5. The annual system power degradation 
rate (including inverter) for SunPower systems with the previous generation of modules was found to be -
0.32 ±0.32 % (95% confidence) per year, while non-SunPower conventional systems were found to 
degrade at -1.25 ±0.25% (95% confidence) per year, and in both cases were shown to be linear with time.   
Experimental and field data are continuing to be collected on SunPower’s current generation of module, 
which will be discussed more in Section III.  

\  

Figure 5: Fleet degradation of previous generation SunPower systems (orange) and non-SunPower systems 
(grey).  SunPower systems show an average -0.32% per year degradation rate, compared with -1.25% per 
year for non-SunPower systems. 

Why do SunPower modules have a degradation rate that’s so much lower than Conventional Modules?  
SunPower’s back-contact Maxeon cells have important design differences from conventional cells: the 
key differences in the thick tin-plated high-density copper foundation on the backside of the cell and the 
use of strain-relieved interconnects offer much higher corrosion resistance and a dramatic reduction of 
mechanical stress and fatigue at the cell interconnects.  This design has been refined through 
SunPower’s stringent internal qualification criteria, which require passing much longer durations than 
those prescribed for the IEC standard certification test, as well as additional tests not prescribed by IEC.   

This section focuses on why SunPower’s cell and module design leads to lower degradation rates than 
Conventional Module designs.   
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Conventional cells are made of various grades of monocrystalline or multicrystalline p-type silicon.  The 
front surface is typically textured to enhance light scattering and thus increase absorption lengths within 
the cell; it is also treated with an anti-reflection coating.  The front-surface is also an n-type emitter, 
typically doped with phosphorus; the back is typically a p-type emitter doped with boron.  When the 
conventional cell is illuminated, electron-hole pairs are formed within the cell, and they are collected at 
these doped regions and transferred into metal conductors.  On the front (sunny/top) side of the cell, 
metal contacts are typically formed by screen-printing a silver paste into relatively thin and narrow lines in 
order to maximize the exposed silicon.  On the rear, light exposure is not relevant, so the entire surface is 
coated.  A less expensive screen-printed aluminum paste (aluminum mixed with glass frit) is normally 
used. Once fired, these pastes form a porous and granular structure which does not have strength or 
ductility.   

 

Figure 6: A cross-section representing a conventional cell (left) and a SunPower back-contact cell (right).  
Images are not to scale. 

SunPower’s back-contact cells are made of high grade monocrystalline n-type silicon. The front surface is 
textured and anti-refection coated for maximum light harvesting.  Metallization is completely different from 
the conventional cell.  Instead of using granular metal pastes, interdigitated copper fingers are 
electroplated onto the rear of the silicon, providing strongly adhered solid foundation of ductile metal 
conductors; these are then electroplated with tin.   

Although it is widely understood in the solar industry that SunPower’s solid electroplated backside 
conductors have lower series resistance than metal pastes, it is often overlooked that they also 
dramatically enhance reliability because they (a) form a stronger bond with the silicon (b) reinforce the 
cell with solid metal, creating a flexible, crack-resistant, and resilient cell, and (c) have a non-porous 
structure with tin coating, which is corrosion-resistant.  
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To create a module, cells have to be interconnected.  From a reliability perspective, these interconnects 
are crucial, since failure to maintain electrical contact between cells results in total failure of the module to 
perform, and in the worst-case scenario could potentially result in an arc-fault failure. 

Conventional Module manufacturers typically rely on tin-coated copper ribbons, which are soldered along 
the length of the cell to printed grid lines (Figure 7).  Soldering metal and crystalline materials together is 
considered “state of the art” and still leads to reliability challenges from manufacturing induced micro-
cracks and stress from differences in thermal expansion [14].  The cells are connected by “daisy chaining” 
ribbons that alternate from the front of one cell to the back of the next.  As modules heat and cool, the 
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gaps between cells expand and contract, kneading these ribbons back and forth [15]. A recent NREL 
study [16] has shown that as a result of thermal expansion, they are much more likely to fail within 25 
years if not properly strain relieved (in the tabbing ribbon where it traverses between cells, Figure 7). 

 

Figure 7: A 3D (exploded) rendering of ribbon interconnections for conventional cells [17]. 

In contrast, the SunPower cell interconnection is an engineered tab (Figure 8).  Instead of bonding 
ribbons along the entire length of the cell, a stamped metal interconnect is soldered to the edges of the 
cell.  This technique is designed to minimize the effects of thermal stresses in four ways.  First, it is 
attached to the cell using standard solder pads where are part of the copper plated foundation.  The 
soldering of tin-plated copper elements is something that has been widely used in electronics 
manufacturing for decades due to its proven robustness.  Second, they have cut-outs which allow 
expansion and contraction as the cells grow and shrink with temperature, providing strain relief.  Third, 
there are three solder pads on each side of the interconnect, providing redundancy.  In the case a solder 
joint ever fails, current is rerouted through the remaining pads onto the cell surface, which also has 
parallel bus-bars to distribute current as necessary.  Finally, when there is a “hot cell” due to shading or 
local soiling, the solder joint does not get as hot because the thick copper interconnect efficiently draws 
heat away from the hot cell [18], keeping the solder pads cooler.  In short, the main failure mechanisms 
from silicon-metal bonding have been designed out of the cell. 

 

Figure 8: SunPower’s cell-to-cell interconnect is designed with strain relief.  CAD drawing of the 
interconnection (left).  A string of cells after soldering the interconnect (right).  The interconnect is soldered 
at 3 tabs on the upstream cell and 3 tabs on the downstream cell. 
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To summarize, SunPower’s cell architecture and interconnects are significantly different from 
Conventional Modules.  The differences are visually summarized below in Figure 9. 

 

 

Figure 9: Top: typical conventional cells post-stringing.  Bottom: SunPower cells post-stringing.  
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Figure 10 shows a cross-section of a SunPower module compared with a typical Conventional Module. 

 

Figure 10: Diagram (not to scale) of a laminate stack cross-section, for a typical Conventional Module (top) 
and a SunPower module (bottom).  Note that a SunPower module also has a thin material above the 
interconnect which is the same color as the backsheet, so the interconnect does not show on the front of a 
SunPower module. 

The design does not look very different to the casual observer – both have cells encapsulated in a 
polymer encapsulant that is bonded both to the front side glass and a polymer backsheet.  However, the 
materials and their quality can vary widely and their specific properties can have important impacts on 
performance.   

Materials and suppliers for other laminate components, such as glass, encapsulant, and backsheet, vary 
between manufacturers, and their specific properties can have important ramifications for long-term 
reliability.  It is beyond the scope of this white paper to do exhaustive comparisons, but SunPower’s 
materials qualification processes have identified a wide variation in quality for these materials. 
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SunPower has produced high efficiency cells for decades.  The original cell design was intended for use 
in concentrating applications; however, in the mid-2000s, non-concentrated flat plate modules came into 
widespread production.  The generations of these SunPower modules can be put into three categories: 

- Previous generation: 2005-2011.  These modules required positive grounding.  One version:   
o Gen 2 Maxeon cells.  Module efficiencies up to 18%.   

- Current generation: 2011 onward.  No positive grounding required.  Two versions: 
o E series: Gen 2 Maxeon cells.  Module efficiencies up to 20%. 
o X series: Gen 3 Maxeon cells.  Module efficiencies up to 22% and better shade tolerance. 
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As shown in the previous section, SunPower’s patented back-contact design is substantially different from 
the designs used by Conventional Module manufacturers.  In this section we present comparisons stress-
by-stress, and show how these design decisions lead to better reliability performance. 
 
��
���
��	�� ��!�"����
���

�

Humidity and moisture have a significant impact on metal corrosion and hydrolysis of plastics. As water 
vapor diffuses through a typical module’s backsheet and into the EVA (ethylene vinyl acetate) 
encapsulant, acetic acid is formed.  This has the effect of weakening the bonds of the front-side silver 
contacts and rear-side aluminum metallization.  This, in turn, decreases the ability to carry charge 
carriers, ultimately reducing module performance.  It also can accelerate corrosion of the metal, 
increasing series resistance and reducing efficiency [19].  Finally, although water does not readily diffuse 
into silicon, it can create local interstitial defects and change the surface recombination rate.   

The industry-standard (and IEC 61215 certification standard) test for moisture and humidity effects is the 
Damp Heat 1000 (DH1000) test, which places the product in an environmental chamber at 85!C and 85% 
relative humidity (RH) for 1000 hours.  At the time of its introduction as a certification test under IEC 
61215 (Ed. 1) in 1993, DH1000 was understood to roughly represent 20 years’ exposure in Miami, FL [1].  
However, Kempe more recently suggested [20] that 2000-3000 hours may be more appropriate for 
hot/humid climates such as Miami, FL or Bangkok, Thailand.   

(Figure 11, left) shows a side-by-side comparison of electroluminescence (EL) images of a conventional 
multicrystalline silicon module after DH1000 (IEC certification level) and DH3000 (Kempe’s expectation 
for 20 years in a humid environment).  The Conventional Module shows a 28% power loss.  This 
degradation is evidence of water vapor diffusion through the backsheet and around the edges of the cells.  
This weakens the bonds and corrodes the silver grid lines, resulting in a substantial loss in the ability to 
carry current.  In contrast, the SunPower module (Figure 11, right) appears virtually unchanged.  The 
current carrying copper layer is much more substantial than required to carry the current, proving a large 
design safety factor.  Also it is coated with tin plating, providing a high level of corrosion resistance.  The 
reader will note that the image at far right is not after DH3000, but after DH7750, where it experienced a 
power loss of 2.7%.  
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Figure 11: Electroluminescent images after exposure to damp heat for 1000 hours (standard efficiency 
multicrystalline, left) [21].  The new black areas show cells/regions of power loss.  In contrast, the SunPower 
cell shows virtually no change after 7750 hours of damp 

Figure 11 gives a more quantitative assessment.  The plot shows data a Fraunhofer Institute study [22] 
for a group of modules from seven (unnamed) Conventional Module manufacturers with at least 100 MW 
of production per year in 2010.  The plot shows performance after increasing hours of exposure to damp 
heat – well beyond basic industry certifications.  Although well-built Conventional Modules fare well up to 
DH2000, shortly thereafter their power output (normalized by initial output) degrades significantly.   

For comparison, SunPower performed testing in the same standard DH conditions (note SunPower’s 
Reliability lab is certified by UL to carry out its own testing to UL standards).  Results from two SunPower 
modules are shown; the first (gray) line is SunPower’s previous generation of modules.  These show less 
than 5% degradation after DH3000, while most Conventional Modules show more than 10% degradation 
and two show more than 50% degradation.  The black line shows SunPower’s current generation of 
modules, with less than 3% degradation after DH7500. SunPower’s linear degradation indicates that the 
stress causes steady wear-out, as opposed to abrupt catastrophic failure.  This is just one benefit from a 
series of reliability improvements integrated into the current generation; these improvements will be 
explained in more detail in Section III of this document. 
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Figure 12: Damp heat testing of seven Conventional Modules and SunPower’s previous and current modules.  
The Conventional Modules show a sharp power drop starting after 2000 hours, while SunPower products 
remain relatively unaffected beyond 7000 hours. 
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Wind, snow, and the weight of an installer who steps on his modules are real-world stresses that modules 
should be considered.  The primary concern in any of these scenarios is that the module flexes, allowing 
the brittle silicon wafers to crack, which can impact power production in three ways.  First, if the crack 
breaks electrical connections within the cell, then the disconnected portion cannot pass charge carriers 
out of the cell, causing a “dead zone”.  Second, a crack can reduce shunt resistance, a measure of the 
resistance between the front and the back of a cell.  Low shunt resistance provides an alternate current 
path for the carriers, reducing the amount flowing to the emitters and out of the cell.  Thirdly, cracks 
create traps and defects throughout the thickness of the cell, increasing recombination rates and lowering 
efficiency.  
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How a cell fractures and what it takes to fracture a cell depend on how the cell is built.  In conventional 
cells, the silicon crystal itself provides the mechanical strength of the cell.  The metallization paste is 
comprised of metallic powders carried in volatile solvents.  Wafer firing burns off the solvents, leaving a 
porous metallic layer which exists for electrical purposes and is not intended to provide structural support.   
In contrast, SunPower Maxeon cells have thick ductile copper metallization on the back of each cell that 
provides both high electrical and thermal conductivity, and structural support.  The rear of the silicon 
crystal is plated with solid copper, rather than the porous metal paste applied by conventional 
manufacturers.  SunPower’s electroplating process yields consistent, strong, and low stress bonding. 

 

 

Figure 13: Electroluminescent images flash test data after 1000 cycles of dynamic loading to 2400Pa 
(equivalent to 130mph (209kph) wind), conducted at SunPower.  The Conventional Module (left) suffered from 
power loss while the SunPower module (right) was not significantly affected. 

Part of SunPower’s design qualification includes a dynamic load test (DLT).  In this test, a force of 
2400Pa is repeatedly applied to the front and back of the module, deflecting it back and forth.   This is 
equivalent to 50 lb/ft² (244 kg/m²) load or a sustained wind speed of 90mph (145kph) – equivalent to a 
category one hurricane.  This test is designed to ensure that a product can withstand a lifetime of 
shipping, installation, and environmental stresses and that there are no unfavorable characteristics 
inherent in the design. 

A side-by-side comparison of a conventional multicrystalline silicon module and a SunPower module in 
this dynamic load test is shown in Figure 13.  After 1000 cycles, the standard efficiency module shows 
several broken cells in the center, and a power loss of nearly 4%.   The shunt resistance of this module 
has dropped by more than 20%, which results in parasitic yield losses at lower irradiance levels [23].  Low 
shunt resistance can also push cells into reverse bias which leads to more frequent diode activation and 
yield loss.  If the shunt resistance is low enough, or if the diode fails, the cell may form a catastrophic 
hotspot [24].   The SunPower module, on the other hand, shows no broken cells and no power loss; the 
shunt resistance appears to have risen slightly but this is within the tolerance of flash testing accuracy.  
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It is true that 2400Pa of stress corresponds to extreme winds (130 mph, 209 kph) or snow loads (about 
3m deep, assuming 80 kg/m3 snow density) that are unlikely to be observed in real life at most, but not all, 
installations.  Nonetheless a basic tenet of design qualification testing is that larger “safety factors” are 
generally better, since real-world stresses can come from unexpected events.  For example, stresses 
occur during shipping and installation.  An installer weighing 80 kg (175 lbs) stepping on a module with a 
boot that has a contact area of roughly 3” x 10” (0.019 m2) induces local normal stress on the surface of 
the glass of about 41,000 Pa.  Fortunately, the glass spreads this stress over a larger area (it bows 
relatively smoothly), reducing the strain on the cells; but, it is not as forgiving as a uniform pressure 
applied over the entire surface.   
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SunPower’s engineered interconnect design, electroplated cells, and higher efficiency lead to better 
performance under thermal cycling stress.  Thermal cycling occurs at least one time per day in the life of 
a module.  In cloudy areas where irradiance can vary dramatically throughout the day, a module can 
experience tens of thousands of thermal cycles throughout its lifetime. 

Thermal cycling primarily affects areas where there are mismatches in the Coefficient of Thermal 
Expansion (CTE).  As materials grow and shrink by different amounts, areas where they are bonded to 
each other become stressed.  Since there is a four-fold difference between the CTE of a silicon cell and 
the metal ribbon used conventional cells [14], the ribbon bond must be carefully designed and 
manufactured to ensure a reliable module.  Some examples of solder bond failure for Conventional 
Modules are shown in Figure 13. 

Figure 14: (left) Hotspots on a fielded Conventional Module caused by manufacturing defects [5].  (right) Dark 
areas indicate ribbon detachment on a Conventional Module after TC400 [21].      

 

Figure 14: (left) Hotspots on a fielded Conventional Module caused by manufacturing defects [5].  (right) Dark 
areas indicate ribbon detachment on a Conventional Module after TC400 [21].      

The ribbon on conventional cells is soldered along the cell length (Figure 7).  Soldering along a long 
length creates opportunity for stress to be “manufactured in” to the cell, as the ribbon must be connected 
to the cell at elevated temperatures.  When the cell cools back to ambient temperatures, the CTE 
mismatch between the materials imparts built-in stress to the ribbon-cell interface (Figure 15).  This 
process must be performed within tight parameters, as bonding can cause thermally induced micro cracks 
to form under the ribbon.  Further, the bond between the ribbon and printed grid line is susceptible to 
thermal stresses in the laboratory and field, which can result in dead zones [14] (Figure 14, right).   

Joining metal and crystalline materials in this way is a relatively new technology, the other use being 
cutting edge MEMS devices [25].  Despite this, a large and diversified group of cell manufacturers and 
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cell types has evolved in recent years.  Subtle variations between cells, such as cell thickness, can have 
very large impacts to mechanical stability and reliability [26].  As a result, manufacturers who use different 
cell suppliers must constantly adapt their manufacturing parameters to ensure this sensitive process is 
performed correctly. 
 

 

Figure 15: Ribbons contract after solder bake operation.  The contraction top of silicon bends cells due to 
CTE mismatch (left).  Finite element analysis indicates built-in stress can be over 100MPa after cooling 
(right).  Blue rectangles indicate locations of solder bonds [27].  

In addition to the cell-to-ribbon bond, the treatment of the ribbon between cells is another manufacturing 
characteristic critical to the reliability of Conventional Modules.  A recent study by Bosco [16] at NREL 
concluded that the lifetime of solder ribbons on conventional cells is significantly dependent on thermal 
cycling, and highly dependent on the details of strain relief.  Figure 16 shows two cases: a solder joint 
with no strain relief and another with an unsoldered length at the end of the cell and additional ribbon 
which allows for some strain relief.  The strain-relieved situation, which may be difficult to ensure during 
manufacturing, has an approximately 2.5x longer life. 

 

Figure 16: Shows cross section of module (inset from Figure 10).  Stringing process on left leaves no strain 
relief while process on right leaves a strain relief curve.  This small detail has a significant impact on 
reliability under thermal cycling. 

In contrast to the ribbon-bond design, SunPower uses a fundamentally different cell connection system:  
a stamped plated copper interconnect with three cell connections per side and integrated strain relief 
between cells (see Figure 8).  Multiple solder junctions provide redundancy if there is ever an issue with a 
solder joint, while the strain relief provides robust resistance to thermal cycling.  Additionally, long solder 
joints are avoided through the use of simple solder pads on cell edges, similar to the solder pads used in 
the integrated circuit industry for decades. 

Relative resistance of designs against thermal cycling stress is generally tested through the IEC Thermal 
Cycling test, which subjects modules to periodic cycles from -40°C to 85°C.  The current IEC standard for 
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the certification of solar modules requires only 200 cycles (TC200).  However, the acceleration factor for 
thermal cycling notoriously is difficult to correlate directly to years of performance.  For instance, 
Wohlgemuth reported  [28] that early studies showed “modules that survived 50 thermal cycles [the 
current standard at the time] began failing after 3-5 years due to broken interconnects and/or broken cells 
that resulted in total loss of module power.”  The acceleration factor for thermal cycling is even less clear 
in partly-cloudy locations, where there can be several strong irradiance fluctuations per day.  Cell and 
interconnect breaks are dominated by temperature cycling or high-temperature soak failure modes [4].  
 
Figure X shows EL images of Conventional Modules after 200 thermal cycles (left) and SunPower 
modules after 2500 thermal cycles.  After TC200, the Conventional Module degraded by 6.2% due to 
printed finger detachment in the dark zones.  The SunPower module degraded less than a tenth of a 
percent at TC200 and at TC2500, SunPower degraded less than 2%. 
 

 

Figure 17: Conventional and SunPower modules in thermal cycling.  The Conventional Module degrades over 
6% after 200 cycles [29], while the SunPower module degradates less than 2% after 2100 cycles. 

SunPower conducted another comparison using internal test data and data for several major unnamed 
conventional manufacturers who produced more than 100 MW per year in 2010, performed by TÜV and 
Fraunhöfer Institute, and published by Koehl [22] (Figure 18).  The results for the conventional 
manufacturers vary substantially, indicative of the sensitivity of manufacturing process parameters.  Many 
manufacturers perform quite well for the period of testing; only degrading a few percent even at TC800.  
However, one product is down 10% by TC400, and down >25% by TC500; two other products are down 
8%-9% by TC800.  Note that all of these products pass the standard IEC certification standard of TC200.  
In contrast, SunPower’s current and previous technologies fare exceptionally well in the test, exhibiting 
only 2% degradation at TC2000, ten times the duration of the IEC certification standard. 
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Figure 18: Thermal cycle testing of seven Conventional Modules and SunPower’s previous and current 
modules.  The Conventional Modules start to degrade steadily after 200 cycles, while SunPower products 
remain practically unaffected beyond 2000 cycles. 
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Solar cells in a module are essentially current sources connected in series. When their current flow isn’t 
perfectly matched, mismatch losses occur and the “weakest” cells can operate in reverse bias.  When a 
cell is in reverse bias it essentially consumes power from neighboring cells and converts it into heat, as 
opposed to absorbing light and converting it to electricity. 

This causes wasted power and potentially damaging heat dissipation in the affected cell.  The most 
common cause of mismatch and reverse bias is due to partial shading, which can occur in a wide range 
of applications.  In residential rooftop applications, common sources are chimneys, dormers, other rooftop 
protrusions, trees, or utility poles.  Leaves commonly fall onto roofs from nearby trees and wet weather 
promotes their adhesion.   Birds may leave droppings across an array, which can also create enough 
shading to cause reverse bias.  In agricultural areas, airborne dust settles on modules and sticks due to 
the morning dew; if the dew and dust preferentially collects at one end or corner of the module, the partial 
shading can also cause reverse bias.  Finally, cell manufacturing defects can also push cells into 
permanent reverse bias. 

Cell design heavily influences how cells react under these conditions.  Once again, SunPower’s back-
contact design performs differently than a conventional cell, due to fundamental design differences.  In 
the conventional cell, heavily doped layers (regions rich with charge carriers) are separated by bulk 
silicon, which is lightly doped, creating space between heavily p-doped and n-doped areas on the front 
and back (see Figure 6, left).  When the cell is in reverse bias, the separation between the heavily doped 
areas creates a high reverse bias voltage. 

SunPower’s back contact design has steep doping profiles on the backside of the cell, which can be seen 
where the p-doped and n-doped areas are immediately adjacent (Figure 6, right).  These regions are rich 
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in charge carriers, so when a cell is in reverse bias, current flows more easily, resulting in a lower 
reverse-bias voltage.    

As a result, a typical conventional cell has a breakdown voltage of approximately -15V to -20V [30], 
whereas the SunPower cell’s breakdown voltage is only about -5.5V for its second generation Maxeon 
cells (E-Series modules) and -2.5V for its third generation Maxeon cells (X-Series modules).  With a lower 
reverse bias voltage there is less power, and therefore less heat, to dissipate.  Table 1 shows a side-by-
side comparison of the heat dissipation between the two designs.   

Table 1: Illustrative comparison of estimated cell power dissipation in reverse bias 
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The power dissipation is not the most pertinent issue; rather, the maximum heat density that can occur, 
since high heat is what damages the cell, module encapsulant, and backsheet.  On conventional cells the 
breakdown, and subsequent heating, occurs non-uniformly at the weakest points of the cells.  These 
points occur in areas with uneven doping, crystalline defects, trace processing contaminants, etch sites, 
or edge effects [31].  The heat dissipated through these points can reach temperatures high enough to 
destroy the module [32] , necessitating the use of bypass diodes as a means of protection.  In contrast, 
the SunPower Maxeon cell has a stable reverse-biased breakdown that happens uniformly across the 
back of the cell, so the additional energy is dissipated evenly across the full area of the cell and 
temperatures remain relatively low.  As a result, SunPower does not require bypass diodes for reliability. 
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Figure 19: IR images of arrays of Conventional (left) and SunPower (right) modules at approximately 840 
W/m² and 24°C ambient temperature with shade over a cell and diodes removed.  The Conventional Cell 
exhibits an edge hotspot of more than 150°C within five minutes, while the SunPower cell exhibits relatively 
uniform heating, even after more than two hours.  This occurs due to SunPower’s low reverse bias voltage. 

Manufacturers generally install diodes across substrings within the module (Figure 20).  These substrings 
almost always divide the module into thirds (20 cells in a 60-cell Conventional Module or 24 cells in a 72-
cell Conventional Module).  When a conventional cell is shaded, the voltage drop across the cell is limited 
to the voltage produced by the other cells within its sub-string, and a large fraction of the current is 
shunted through the bypass diode, deactivating the substring.   

 

Figure 20: Substrings within a Conventional Module operating normally (left) and with an activated bypass 
diode (right).  The module with the activated bypass produces two thirds of the power of the module without 
diode activation. 
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It might seem counterintuitive that a higher reverse bias voltage is generally a desired trait for 
Conventional Module manufacturers, since it raises the temperature of a cell in reverse bias.  However, a 
higher reverse bias voltage ensures a bypass diode will activate at lower threshold, making the module 
more sensitive to reverse bias conditions, such as partial shading or cell defects.  While this module 
design initially protects against thermal breakdown, there are two potential side effects – production and 
long term reliability. 

A lower threshold for bypass diode activation means partial shading or soiling are more likely to activate 
the diode.  When the bypass diode activates, the voltage contribution from that substring is eliminated, 
reducing power proportionally.  In a typical Conventional Module, a single cell perpetually in reverse bias 
will effectively reduce a 240W module into a 160W module.   

Further, an activated diode runs at an elevated temperature reducing the remaining life of the diode.  All 
diodes will eventually fail; and, the life depends on temperature as well as several other factors, including 
module design, diode quality, junction box heat transfer, and module installation.  Depending on how a 
diode fails, it can either permanently remove a substring from that module’s production or allow a shaded 
cell to run in reverse bias unmitigated, causing high heating in areas of a conventional cell which allow 
current to flow, generally causing backsheet damage.  �

SunPower cells operate in reverse bias with uniform breakdown across the cell, resulting in much lower 
temperatures, so bypass diodes are not required to ensure long term reliability.   SunPower does include 
diodes in its J-boxes, but the diodes do not turn on when only one cell is shaded.  The voltage drop 
across a single reverse-biased cell is not sufficient to drive significant current through the diode.  
SunPower includes diodes only to increase the production of the system in the case that several cells in 
the same substring go into reverse bias.  In this case, the diodes limit the total amount of power that can 
be dissipated by reverse-biased cells. 
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Light-induced degradation (LID) is a very fast degradation mechanism which drives an efficiency loss of 
1-4% in p-type silicon within hours of exposure [33], [34], [35].  It was first discovered in 1972 by R. L. 
Crabb [36], and since then, the mechanisms have been comprehensively studied, culminating with a 
model and strong evidence for boron-oxygen complex formation by Schmidt [34] and Glunz [37].  The fact 
that it occurs only in p-type, and specifically boron-doped silicon (e.g. gallium-doped Si does not exhibit 
LID) leads to an obvious advantage for Maxeon cells, which are n-doped both on the front surface and in 
the bulk.  This mechanism has been covered in numerous journal articles and trade publications. 
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SunPower modules have several intrinsic differences over Conventional Modules which result in superior 
resistance against real world stresses.  The use of n-type silicon prevents early degradation due to LID.  
The thickly plated, tin coated copper foundation of the Maxeon cell is highly resistant against the forces of 
moisture and oxidation.  This metal foundation allows for thinner, more flexible silicon, resulting in a cell 
which can withstand repeated snow and wind loading and can crack without significant power loss.  
Electroplating the metal directly onto the cell ensures a strong and uniform bond with low residual 
stresses.  Solder pads and an interconnect that allows for thermal expansion are used to connect the 
cells instead of a process intensive copper ribbon solder bond.  This gives the cell extreme robustness 
against thermal cycling.  Finally, the low breakdown voltage permits more cells to be shaded before diode 
activation and each cell has built-in diode protection so the reverse-bias breakdown is not damaging and 
is uniform across the cell, which prevents thermal runaway, regardless of diode health.  SunPower’s X 
series modules, which make up an increasing portion of the product mix, has even better reverse bias 
characteristics, resulting in an even more shade tolerant module. 

Table 2: A summary of cell design differences and impacts on reliability 
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SunPower has developed a physical model based on extensive research that addresses SunPower’s 
degradation mechanisms. However, models quantifing Conventional Module degradation is not included, 
since data and research is, for obvious reasons, primarily focused on the SunPower design.  The ability to 
quantify degradation rate has been vital to SunPower in order to securely offer its current industry-leading 
twenty five year warranty.  Degradation rates cannot be determined through industry standard certification 
tests such as thermal cycling, damp heat, humidity-freeze, and mechanical load.  These tests have been 
identified as important in assessing reliability [38]; however, they are not designed to estimate useful 
lifetime because they do not show a strong correlation with field performance and degradation.  Instead, 
these tests are designed to ensure safety and identify infant mortality issues due to basic manufacturing 
quality [28] [21]. 

Therefore, SunPower engages in basic fundamental research, supported by both accelerated testing and 
field data.  Research on all key degradation modes are integrated into a cell-by-cell, hour-by-hour 
performance model that has been validated and published in scientific conference proceedings [39], [40], 
[41].  Understanding the fundamental physics of failure leads to rapid identification and optimization of 
design and manufacturing process variables which affect degradation and failure.  This section will 
present key findings from research on the primary degradation modes for SunPower modules:  

• Cell damage induced by ultraviolet (UV) radiation 
• Photo-thermal encapsulant browning 
• Polarization and high-voltage degradation, a.k.a. potential-induced degradation (PID) 

This section will also address two key failure modes that likely govern the life of modules: 

• Backsheet cracking due to relative humidity (RH) and hydrolysis 
• Solder-joint failure due to temperature cycling 

Additional degradation and failure modes are also modeled; but, are not discussed because they do not 
have a significant impact on the degradation or failure rate.  These include:  

• Soiling 
• Reverse-bias cell degradation 
• Humidity degradation 
• Cell cracks 
• Metal corrosion 
• Ion migration. 
• Encapsulation adhesion failure 
• Diode failure. 

 

Bypass diode failure from temperature soaking has been studied, but is not considered a key failure 
mode due to the passive reverse bias protection in SunPower cells (see Table 1).   �
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All of the degradation modes are integrated into SunPower’s proprietary performance degradation model, 
known as “PVLife”, which is described here in detail.  As a result of this model, SunPower is able to 
estimate its “degradation budget”, that is, how much degradation is due to various degradation modes.  
As shown below in Figure 21, SunPower’s previous generation of modules degraded primarily due to 
encapsulant browning, then polarization, and then cell UV degradation.  Its current generation has made 
tremendous advances by essentially eliminating polarization and substantially reducing encapsulant 
browning, but allowing for slightly more cell UV degradation.  SunPower’s reliability research and resulting 
PVLife model allows us to rationally design modules to optimize performance while still improving 
reliability by quantifying these tradeoffs. 

    

Figure 21: Module degradation budget for previous and current generation in typical environments generated 
by PVLife.  
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PVLife is primarily a physical model, not a statistical or “reliability block-diagram” model.  The intent is to 
solve for a specific system/array’s degradation rate, given the module used, its electrical and physical 
configuration, its mounting, and the weather and irradiance expected.   PVLife solves the coupled electro-
thermal equations that predict module performance for a given set of weather conditions in order to obtain 
cell temperature and electrical condition; at each hour of the (simulated) day for every day of the system’s 
life.  It independently computes the incident spectrum, electrical operating point, and temperature of each 
individual cell.  PVLife uses this electrical and thermal solution as input to physical sub-models for the key 
degradation and failure modes and computes incremental degradation and chance for failure during each 
time-step in the simulation.  Also, different modes are coupled via the electro-thermal solver.  For 
example the model captures a scenario such as a “weak” cell (due to a certain degradation mode or non-
uniform soiling) that gets warmer than its neighbors due to mismatch, which then causes accelerated 
encapsulant yellowing, which exacerbates the mismatch and causes a run-away situation because of the 
interdependence of those failure modes.  

PVLife predictions compare well with laboratory accelerated testing data as well as field data obtained 
from various SunPower product monitoring efforts.  These results serve to validate the electro-thermal 
model, degradation sub-models, and increase the understanding of the coupled effects of degradation.  In 
this way, PVLife is a useful tool in SunPower’s Design for Reliability program.    

The analyzed field data of the previous generation of SunPower modules compares very well with the 
PVLife simulations as shown in Figure 22. 
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Figure 22: Comparison of PVLife and analyzed field data from the previous generation of SunPower modules.  
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The one-diode approach to the system modeling used by PVLife is documented thoroughly in PV 
textbooks.  A single solar cell is modeled using the equivalent circuit below (Figure 23).  It consists of a 
photo-generated current source in parallel with a diode and a shunt resistor, all in series with another 
resistor.  Parameters are obtained by fitting actual cell and module performance data to this reduced 
model. 

 

Figure 23: A one-diode model of a solar cell.  

A module substring is modeled by solving for all of the one-diode parameters and voltages of all of the 
cells in the substring and the current through the substring, subject to the constraints of Kirchoff’s Laws. A 
module is modeled by combining substrings and bypass diodes to solve for the system. PV systems are 
modeled in the same way.  The solution at a given time-step in the life of the system yields the voltage, 
current, and temperature for every cell and diode. Module J-box bypass diodes are modeled by the 
Shockley equation and the expression for avalanche breakdown current in reverse bias, and are 
incorporated into the module circuit using Kirchoff’s Laws. 

Radiation and convection from the module surface above and behind the cell can be grouped together in 
a Newton cooling law expression and the delta between ambient temperature and the module surface 
temperature.  Measurements were used to determine the value of the loss coefficient empirically. An 
expression for the temperature difference between a cell and the module surface, based on the module 




