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ABSTRACT

Although the production and utilization of photdaid (PV) modules continue to grow monotonicalhe tong-
term reliability of these modules still remains@ncern due to untimely failure. The breakdown efriodule is induced
by thermo-mechanical fatigue loading caused by &atpre cycling as well as transients associatetth wassing clouds.
This paper evaluates the failure mechanism of PUuleoassembly in operation with a particular foarsthe assessment
of the mechanics of failure of its integral computse It discusses the failure mode of solar cefericonnections,
packaging materials and other components with av\te presenting ways of improving the assemblyntioemechanical
reliability. Based on the evaluation of thermal layg tests and field failures of some modules, s$tisly found that solder
joint failure is the most critical. Further analgsiof the structure of PV solder joints reveals tha growth of the
intermetallic compound (IMC) in the solder jointrthg the operation of the PV module contributes#igantly to the
failure of the module. Therefore an in-depth untierding of the formation of IMC in solder jointngcessary. Also, the
inclusion of IMC in the model employed to simukatel analyze the module failure mode offers potetaigroviding vital
information which when utilized can result in thamafacture of systems with increased thermo-mechareliability and

mean-time-to-failure (MTTF).
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INTRODUCTION

The increase in acceptance, adoption, and use abytitaic (PV) modules to generate electric powas
boosted the availability of electrical energy talespread applications. Such applications are faumdir homes, offices,
and environments. In these places, electrical gnieagn PV modules is used to power water pumpshtrights, clocks,
communications, and weather monitoring equipmextglites and space vehicles as well as a varietgher applications
[5]. These applications have resulted in their hdgmands and have initiated consistent growth im#®dule production.
If the growth continues as projected, by around02@Be world annual production of PV cells will beound 100GW
(W,, is peak power produced under standard test ¢onsljt[6]. In order to further encourage the admptnd utilization

of PV modules, it is essential that their religlils improved.

Mc Cluskey [7] and Kato [8] have reported that P@dules are failing to continually perform up to ¥€ars of

their design life span during field operations doeuntimely failure of some module components. Tadure to
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16 M. T. Zarmai

continually generate electricity by the PV moduleghe field is a concern [9-12] because of sudlufa may lead to
catastrophic consequences. The enhancement dfiligfiaavailability, and durability of module coropents is now more
critical, especially for mission-critical systemi&e generation of electricity from PV modules depem local weather
which also affects their lifetime. For instancanadule in desert weather is expected to have aeshidetime compared
to the one in either a tropical or temperate weatHan, et al. [9] have reported similar observatidigher temperatures
in the desert cause faster degradation of the reo@tludies by Jeong et al. [9], Sakamoto et al.[1@bng et al. [14],
Skoczek et al. [15] and Granata, et al. [16] intlidikat diurnal cycle of temperature imparts on Rvemodules during
field operations causing degradation which evehtuakult in failure of the PV module. Irrespectiwkeweather condition,
PV modules undergo degradation whenever they gresexi to daily sunlight due to thermal loadingatidition, Betts
[13] reported that in the majority of situationgsging clouds often cause more tharf@Q@emperature variation multiple
times during the day, while the diurnal cycle cauisethe range of 1ZC variation once over a 24 hour period. The effects
of these variations cause IMC to form and growhe interconnection whilst the assembly experierthesmal cycling
which leads to thermo-mechanical fatigue loadingcts loading degrades the device and caused comp@meh

subsequently module failure.

The foregoing situation cause the failure of sokll interconnections, packaging materials androtbenponents
of the PV modules. Therefore, this study is conedicio produce vital information for the improvemenitthermo-

mechanical reliability of PV module assembly thgrebabling greater availability and longer lifespan
Thermo-Mechanical Failure Mechanism of PV Modules

To attempt to characterize the reliability and dhility of PV modules, the fundamental mechanisméctvitause
failure need to be considered[17]. The reliabitifythe complete PV module system depends on tieitly of each of
its component parts. The most critical constitueritthe crystalline silicon (Si) PV module in termEreliability involve
solar cells interconnects comprising solder jog#ll interconnection ribbon, and busbar. The irdanections provide
electrical, mechanical and thermal contact forgblar cells. Other critical components include skeniconductor device
and packaging materials. This paper presents awieveof the dominant failure modes due to thermeehanical loading
in crystalline silicon PV module components. Thamfacus of this study is the reliability concermssociated with daily

thermo-mechanical loading of the PV cell intercartae

Structurally, crystalline silicon PV module consistf several components which are subjected tomibrer
mechanical loading during service operations. Theure structure highlighting the relationship o€le@omponent to the
other is presented in Figures. 1 to 4. Figures & typical multi-crystalline solar cell. It consiof a cover plate (glass),
encapsulant, solder coated ribbon, antireflectoagiog, the semiconductor device (silicon waferJ back sheet. Solder is
used to connect conducting ribbon to the solar lwed-bar (front contact) such that the solder gjmtovide electrical,
mechanical and thermal interconnection betweersilfen wafer and the conducting ribbon which imntinterconnects
the front surface of one cell to the rear surfaca neighboring cell [4, 6, 14, 18-20]. Figure. €pitts crystalline silicon
solar cells interconnected in series with tabbiiidpon while Figure. 3 portrays a schematic of solidéerconnection
between ribbons of wafer-based crystalline silismtar cells. The schematic of a cross-section tfpacal crystalline
silicon solar cell is presented in Figure. 4. Ae thaterial composition of each module componertifferent, when
subjected to the same thermo-mechanical load, thdules show a significant difference in their felumode and

mechanism. In the crystalline silicon module showkigure. 2b, it is easy to observe that the gaonraf copper ribbon
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will pose stress ser issues in the interconnection. The degreeefzhshape formed between the cells depends o
thickness of the silicon cells. Consequerthe geometric analysis of module assembly is critinabbtaining informatiol

necessary to improve theigdility of the systen

Figure 1: Typical Crystalline Silicon Solar Cell

Cwstalhne silicon solar cell

Copper tabbing ribbon

Figure 2: Crystalline Silicon Solar Cells Interconnecte:in Series with Tabbing Ribbon Plan

View and Side View

wWww.iaset.us editor@aset.us



18 M. T. Zarmai

i ﬁg EFI oxy
..5-|::-| der Interconnection
F: |t| |:| O '|_.'|.,-i re

P

Si Solar Cell

Figure 3: Schematic of Solder Interconnection betweeRibbon Wires and Wafer-Based

Crystalline Silicon Solar Cells [8]
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Figure 4: Schematic of Cros-Section of a TypicalLaminated Crystalline Si Solar Cel

Presented in Table 1 are typical component maseusgd in laminated crystalline PV silicon modwsswell as
material thickness and coefficients of thermal egian (CTE). As the Table shows, the CTE of ribbawider, busb;,
and Si cell are differanThe range of CTEs for module component is fraBx2C%K for monocrystalline silicon cell t
30x10%K for Tedlar back sheeThis indicates a range of CTEs of magnitude moag th0 time from components with
the least value of CTE to the one withe highest value of CTE. The variation causes largemmatch in the thermi

expansion and contraction thatdocur during module operations and which inducehaeical stresses in the moc[4].
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Table 1: Typical Component Materials used in Laminaed Crystalline Silicon
PV Modules [2, 5, 7, 15,16,18]

Component Typical Material Thickness (pum) CTE (10%K)
Solar cell Mono crystalline silicon 160-240 2.6
Cover plate (llluminated side) Glass 3000-4000 10
Encapsulant EVA 460-500 15
Anti-reflective coating (ARC) Titanium Oxide (TKD 0.05-1.54 8-10
Solder 96.5Sn/3.5Ag 0.5-50 20.2-21.7

95.5Sn/3.8Ag/0.7Cu 0.5-50 17.6-23.2

Ribbon Copper (Cu) 75-200 16.5-17
Busbar (Front contact) Silver (Ag) 25-50 18
Rear contact Aluminium/Silver (Al/Ag) 15-40 11.9
Back sheet Tedlar 100-190 30

Thermo-mechanical stresses degrade PV modules gddigtd operations and ultimately lead to failure.
McCluskey [7] reported that Wohlgemuth conductesthivey of field returns of BP Solar modules andhfibthat stressors
such as thermal expansion or contraction causéddrcéhterconnect break; this failure type accodnter 40.7% of all
failures observed. TamizhMani and Kuitche [19] doeamted failure modes in PV modules resulting frdrmarino-
mechanical fatigue to include broken interconnduteken cells, solder bond failures, junction bok@sion and module
connection open circuits. Additionally, thermal liyg facilitates several other potential failure s in the module. This
indicates that thermo-mechanical fatigue is a mdg@lure mechanism which affects several module moments.
In section 3, failure of PV module interconnectackaging materials and other components are disdusih regards to

thermo-mechanical fatigue.
Failure of PV Module Interconnects

Thermo-mechanical stressing of PV module intercotneauses fatigue in the solder joints, ribbon lamsbar.
The fatigue eventually results in their failure. ighsection discusses the failures of these interects in three

sub-sections.
Failure of Solder Joint in PV Module Interconnect

In Figure.3, it can be observed that solders agel as interconnect material between ribbon ancbsilivafer via
busbar. For many years of crystalline silicon saklt production, lead-based solders were usedh®rinterconnection.
However, lead (Pb) based solder is hazardous tihhdéence the need for a transition from Pb-bas®der to Pb-free
solder as interconnection material. Some typicadl{free solders used in industry for PV module potidn are listed in
Table 1. During field operations, PV modules arpased to daily thermal cycling which may eventuddlsgd to solder
joints failure. This failure mechanism is causedféiygue loading of the joint and it is time-depent An illustration is
shown in Figure. 5. It is an SEM image of fatigasége in solder interconnection which has beerestdy to long-term
field operations. Fatigue degradation in soldegricinnects is caused by repeated operational amdemental elevated
temperature excursions [4]. These excursions ingdyckes of stress in the joint. The induced stegtse is occasioned by
the differences in CTE of the bonded materials thincludes ribbon, busbar, and solder materialerdrare many

observable phenomena associated with this typeaafimg. The interconnection could experience nesglegation, grain
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boundary coarsening/cracking, increased seriesta@sie and heating. These observations causeflossection [7, 21]
which has been classified as a type of failure mo@lkis situation is worse when the solder bond @rp
Thus, proper solder bond need be made especialiyledd-free solders which have about@®igher melting point than
lead-based solders [21].

Fatigue Semiconductor
Damage
in Solder

"1,-#'_-—7-1':- S~ T —
P T RN T,
Figure 5: SEM Image of Snpb Solder PV Cells Subjedb Long-Term
Field Exposure Showing Significant Solder Fatigue Bmage [4]

Improving the number of cycles to failure of thddew joint is desirable for reliable module perf@mee.
As recommended by Wohlgemuth, et al [22], the dsaudtiple solder bonds on each tabbing ribbon a# as the use of
softer ribbon and provision for stress relief arays for alleviating solder bond failures. Soldeinjs in PV modules
should be designed for reliability by careful calesation of reliability issues at every stage @& thodule development

and control of manufacturing processes to ensuaéitg@assurance.
Failure of Ribbon in PV Module Interconnect

Ribbons are used for interconnecting solar celledoh other and one another. They are commonly roade
copper. Figure 6 depicts a schematic of a typicaldbup of a standard crystalline PV module in whiolar cells are
interconnected with “z” shape form ribbons. Thbhbn and other module components are encapsulatedavilexible
layer of EVA. The assembly is covered with a glsisset. During operations, the assembly is subjactegclic thermal

loading which causes expansion and contractiohefriterconnection.

Owing to differences in the magnitude of CTE of thiferent bonded materials in the interconnectioneven
expansion and contraction occurs in the joint. Tusurrence sets up thermo-mechanical stress ijothis between the
encapsulant, ribbon, solder, busbar, and the sileafer. Mechanical stress in the joint could cadisplacement of solar
cells and loading of solar cell interconnectorb@tween [23]. The magnitude of this stress dependsoth the material
used in making the ribbon and the geometry of thbon[24]. During the temperature cycling and & tbwest dwell
regions, the ribbon contracts to induce maximumirston the sections of the ribbon with “z” shapée process, in turn,

induces maximum stress at the same location.

Thermo-mechanical stressing of the copper ribboregees a region of hardened material which acelerthe

damage of the interconnection. Majority of the feraf damage is nucleation of micro-cracks that damio form large
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crack which subsequently propagates as the tenypereycling progresses. At prolonged operation pitogagating crack
may traverse the cross-section of the ribbon cgudirctile fatigue fracture of the interconnecti@2][ This observation is

represented in Figure. 7 which shows ductile crrcipagation through a copper ribbon.

glass
B EVA

cell stnng

Figure 6: Schematic of a Typical Build-Up of a Crytalline PV Module (the Red Ellipses Indicate
the Critical Areas for the Ribbons) [22]

Figure 7: Ductile Crack Propagates through a CoppeRibbon [22]
the Critical Areas for the Ribbons) [22]

Crack initiation and propagation is not the only daoof failure of ribbon in the PV module interconohe
associated with discontinuity in the interconnettiDiscontinuity is also reported to be caused &pmhination of copper
ribbon. Such delamination causes loss of physical electrical contact between the ribbon and thieosi wafer.
This mode of failure is identified by an increaseseries resistance of the joint usually measusedléctrical devices.

The phenomenon is critical in modules which havakiaterconnect bond strength due to poor solddéihg

The improvement of the service lifetime of the vhbin the PV module can be achieved through theaofise
materials that can withstand higher thermo-meclsdniand fatigue stresses than existing copper ribbon
Material parameters to consider and control in degelopment of such material are coefficient ofritied expansion
(CTE), mechanical properties (yield strength, eldman, Young's Modulus), a melting point of thedssl and soldering
temperature, as well as thickness and profile ef ¢bhating [25]. Also, the optimum geometry of ribbfor which

elongation and contraction have minimal effecttsrservice lifetime should be developed and usedarPV module.
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Failure of Busbar in PV Module Interconnect

Busbar consists of silver paste. It makes phystbakmal and electrical contact with silicon. Whaactricity is
generated in the silicon wafer, it passes through busbar which delivers it to the ribbon via thedsr joint.
Owing to differences in CTE of busbar, silicon wafend solder, the continuous bonding of busbahéninterconnection
is an issue when the module has operated for atioreg Thermal resistance is created during satdefithe busbar is not
flat or smooth. At higher soldering temperatureesildissolves in the busbar which accelerates neodegradation [3].

A failure mode due to high edges and non-uniforrhitgbar topology is presented in Figure. 8.

Figure 8: Failure Mode Due to High Edges and Non-Uiformity Busbar Topology [3]

Module degradation is also accelerated by resisinats developed in the busbar paste during fpnogess[26].
It is found that busbar performance and its themawhanical reliability can be improved by determigniand using
suitable busbar topology as well as optimizingrfisimum amount of silver paste used for the bugBarimproving the
formulation and chemistry of busbar paste has ttergial of enhancing its strength and improvirsgrésponse to residual

stress and thus provide good adhesion [26].
Failure of Other Module Components

The failure of the semiconductor device and paciggiaterials are considered in this section.
Semiconductor Device

Crystalline silicon is used to make semiconductvice in crystalline PV modules. There are two sypdich
are monocrystalline and multi-crystalline solarl&eThe main difference between them is the crystalcture of the
silicon wafer used in making the cell. As their r@nimply, monocrystalline silicon is made of singtgstal silicon while
multi-crystalline silicon is made of multiple crgss silicon. The monocrystalline and multi-crystal silicon is produced
in wafer form and then processed into solar cdllmough monocrystalline silicon solar cells perfobetter than their
multi-crystalline counterpart, their mechanical agldctrical properties are similar. Under the sahermo-mechanical
loading, there is no significant difference in thbehavior. Degradation of crystalline silicon sotzll is an observed
failure mechanism [7] which evolved from cell crak During soldering and fabrication, cells expade strain from
which micro-cracks develop and propagate acrossrigs-section. As silicon wafers are made thinmeiability concern
increases [27, 28] because the thinner the waler,ntore susceptible it becomes to crack initiatod propagation.
Presented in Figure. 9 is an image of a PV moditle evacked cells. The cells will not be efficidntpower generation

due to the cracks and this will impact on its powetput during field operations. To reduce the &may of cells to crack,
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consideration should be given to its manufactugnacesses. Spot soldering is a promising technahatfythe capability
to limit damage to a small area. The process Higies the stresses over a larger area more e&8jlyThis technique will
reduce the thermal load on the wafer as well asmize the formation of micro-cracks.
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Figure 9: An Image of a PV Module with Cracked Cel$ [2]

Packaging Materials

Thermo-mechanical loading affects PV module packggnaterials. The materials are used to laminate an
support the solar cells assembly. These materibishainclude encapsulant, back sheet, and glassricmvare shown in
Figure. 10 for a typical packaging of crystallinkcen PV module.

fraMe el Wafers

encapsila .

nackshegt

electrical leads / ooy

Figure 10: Typical Packaging of Crystalline SiliconPV Module [1]

An encapsulant is used to enclose the solar cetlsirterconnects as well as to affix the solarscaisembly to
the cover glass and the back encapsulating matditiely are also used to provide a shield to reswsture and also
electrical isolation. Under thermal exposure, thea@sulant undergoes accelerated degradation @mgl ddpis occurrence
changes the color of encapsulant and reduces mbditeefficiency and performance [7, 29]. EVA iseof the foremost
encapsulants used in the manufacture of PV modittelmng-term exposure to short-wavelength ulimiti (UV) sunlight
and the service operations of the module at teryres near 501odule at temperatures nration such that it becomes
“brownish” or “yellowish”.King et al [32] repoted that specific prominence has been given byarekers and
manufacturers to reduce the discoloration effeased by thermal exposure. It is also necessarynthaufacturers of poor
quality EVA improve and adequately test their folations to ensure it remains as transparent astpesnd with high
durability throughout the service life of the PV dute [29].
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Delamination is another challenge experienced byr®dules during service operations mostly in hat aamid
climates. Humidity in conjunction with heat enabthse formation of water vapor which converts to stimie when the
temperature reduces to an appropriate level. Whaisture penetrates into the interface between mticapsulant and the
front surface of the solar cells in the modulew@akens the interfacial adhesive bond resultinthair separation. The
effects of delamination include increased numbéiagress paths for moisture accumulation, perfaroealoss due to the
optical separation of the encapsulant from the aell corrosion of metallic contacts such as sojderts [32]. The
combination of these effects on PV modules resultsubstantial losses in performance. During mastufang, proper
lamination of all components enclosed in the modslevital to avoid moisture penetration and enstive proper

functioning of the components.

The back sheet layer of a PV module provides supabthe backside of the module as well as addition
insulation and moisture protection for the lamidatV components. Under thermal cycling the backesHheyer is
subjected to degradation stresses which cause #gngby affecting its durability. The degradatoam lead to back sheet
cracking[30] and detaching due to weakened interfaands. Cracked or detached back sheet providessato moisture
into the module encapsulated components. The rissufiually module damage. Thus, it is essenti ahhighly durable

back sheet is utilized in a PV module for improveliability.

Glass is used as a cover plate and for transmittisigle solar radiation into the PV module. Thasyl used in
modules has low iron content, is ultra-clear ansl d&igh transmittance rate to extract as much solergy from the sun
as possible. It is made of tempered glass which besh through a rapid heating and cooling processnhance its
strength. Although the glass is strengthened,jlitsstffers a significant amount of breakage. Itedkage occurs during
vandalism and handling. It can be broken by wirad|ohailstones, snow slides, as well as thermassttUnder thermal
loading by solar radiation, the glass can absolarge amount of invisible solar infrared energy amcur significant
tensile stress which can ultimately result in faaetand breakage [31]. In order to ensure morehilityaand reliability,
the glass could be designed to withstand highentakloading. Adequate care should be taken dutiegempering heat

treatment process and heat strengthening to awwadl s1clusions in float glass which can cause glagakage.
ANALYSIS AND DISCUSSIONS

This section comprises two sub-sections. In sedidnthe general discussion on thermo-mechandiairés of
PV modules is presented while attempts are madmatyzing the failures. In section 5.2, the authpmesent suggested

paradigm and techniques to improve the reliabditgolder joints in PV modules.
General Discussion on Thermo-Mechanical Failures

PV module components have varied thermo-mechafadate rates. Kontges et al [35] investigated thiéure
rates of 2000 IEC 61215 certification projectsdtandard testing of PV modules from 2007 to 201®2the results of the
failure rate for each year are presented in Figlite The figure shows that the highest failure rat80% and it occurred
in the year 2008. It also shows that the lowest mtl0% and it occurred in the years 2011 and 20&k& reduction in

failure rate can be attributed to improvement i dluality of modules produced in the later years.
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Figure 11: Failure Rates of 2000 Certification Projects for IEC 6121¢

Kontges et al [35] also investigatethe distribution of failed tests vehicles of 174BCl projects and th
information obtained is presented in ure 12. This figure shows that the highest PV modaileire occurs at 200 cycle
during the thermatycling test which accounted for 18% of total fadls. It can also be observed that focyclesthermal
cycling test, only 4% of the modules failed. Thiglicates that as the number of thermal cyclingiteseases, PV modu
failure rate increasesh& main purpose of the thermal cycling test isinoutate thermal stresses on materials particu
solder interconnections inside the PV module laminate. réfoee, thermal cycling failures suggest failurdssolder

interconnections.

Percentage of failure rate

Type of test carried out

Figure 12: Distribution of Failed Tests of 1740 IEC Project
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The comparison of results of PV module certificatiests and field failures observed provides ewderhich
further validateshe certification tests. The result is represeias in figure 13 which depicts types of PV module fit
failures observed in two separate investigationdMmhlgemuth [36] and DeGraaff et al [37], respesiiv Wohlgemutt
studied about 2,000,000 modsilgvhict failed between 1994 and 2005 while DeGraaff ettaflied modules from 2
manufacturers whiclfailed between 2003 and 2011. Figure 13 shows in Wohlgemuth'’s study, the highest but ¢
failure is 40.7%. This percentage consists of cell or aarnect break. In DeGraaff study, the highest failwas 36%
comprising laminate and internal electrical circuitithough the PV modules studied were produceddifferent
manufacturers, the failure path is similar. Thus, it can be inferred fr the results of thermal cycling tests as we

observations from field failures that solder jdaiture is the most critical reliability issue o¥/Fmodule assembl
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Figure 13: Types of PV Module Field Failures Observed

Proper understanding of solder joints failure in Pdgdules is necessary fthe development of high integrit
solder joints to ensure thernrmoechanical reliability in the modu King et al [31] reported that a PV system ages,
gradual increases in the cumulative series resistaesul in power output declining to a median rate of 0.5/%n
monocrystalline silicon modules. Tt further reported the use of thermal infrareshging to identify locations in tt
modules which havenusually high series resistance. Thus, soldetgaine identified aa definite source of increased
series resistance in some fielde module Further,microscopic investigation of solder jointross sections provides a
better understanding of impactstwfth thermal fatigue and manufacturing processesotder joints integrity. As sold
joints become aged due to continuous thermal aydiiuring modules field operations, expansion contraction cause
solder fatigue. The joints become more brittle #tr@lmembers disassociate from one anc These phenomena make the
solder joints vulnerable to crack as they becomeemesistive with ag When thermal mismatches in solder joints

large, temperature changes increase mechanicasstrén the joints which eventually lead to fatifaikire.
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Tarr [38] presented a relationship which could be used topcbenthermal mismatch in solder joints. T
relationship is presented in Eq. (1):
AU =Ae X L X AT (1)
Where:AU is thermal mismatch ppm.
Ae is the difference in CTE between materialppm/fC,
» Lis the longest dimension of the component (oftendiagonal) in n
« AT is the temperature change°C.

To illustrate the effect of thermal mismatch indsl joint, consider 95.5Sn/3.8Ag/0.7Cu with a CTE28.2
ppmPC bonded to a copper ribbon with a CTE of 17 (°C as presented in Table 1. If the longest dimensfdhe solde
joint in a PV module is A5003m and temperature changes are 10, 20, 3604and 6°C, then the thermal mismatch 1
each temperature change can be computed using. The results obtained are plotted inure.14. The plot could be
used to illustrate the effect of thermal mismatcthe solder joint. The figure shows that as temperatti@nge increase

thermal mismatch in solder joint increases. Thati@hship between the two is line

60

50 //
40 /

30 -
Sent
10 /

C

(ppm.m)

‘Thermal mismatch m solder joints

0 10 20 30 43 50 60 70

Change in temp crature ("C)

Figure 14: Effect of Thermal Mismatch in Solder Joint

To further understand the failure mode of soldértfinthe PV module, a closer look at the failure mecharsc
needed. It is well known that wheSn-Ag-Cu alloy solder is soldered to a substrate Cu pagymetallic (IMC)
compounds are formduetween the solder interface and Cu[39-41]. Similarly,in a PV module, IMCs are formed at 1
soldereopper ribbon interface during the soldering predor interconnection of solar cells. These IMCs pagrucial
role in solder joint deformation where inhomogereand local strains develop at the interface. Quthe field service
life of PV modules, the IMC contingdo grow and increase in thickngg2]. When the IMC thickness reaches a crit
threshold, failure of the solder joint occurs. law of this, it is crucial that the presence anovgh of IMC are taken into

considerationn designing high integrity PV modu
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Suggested Paradigmand Techniques t« Improve the Reliability of Solder Joints in PV Modules

The authors propose furthetudy o1 thermomechanical reliability of solder interconnectioms RV modules
which will include IMCs in the geometric model dsos/n in Ficure. 15. Andysis of the effects of IMCs will provid

insight into the degradation of the solder joirtisTwill facilitate a robust design of the jointria longer lifespan.

Glass

Sold
B Ereeesuant "N ERibbon )
l [ Anti-reflective coating _1BuSbar
] ¥
Silicon wafer
s Rearcontact LBl

- Encapsulant -
Back sheet

Figure 15

Solder Layer (SAC)

IMC laver (CuszSn, CusSn)

IMC layer (Cu3Sn, CusSn)

IMC layer (AgsSn)

Figure 16

Furthermore, the authors are of the view tthe optimization of the parameter tings of the solder joints
involved in themanufacture of these modules will definitely impeate reliability of PV module assemt In addition,
Finite Element Modelling (FEM)can be employed ie #arly design stage of PV moc solder interconnectiobecause it
has the potential to predict the response of thdesgoint to cyclic therm-mechanical stresses and strains. It could als
used to determine the contribution of the formation presence of IMC to the reliability of soldeinis. This wll enable
the determination of an optimal parameter settifhthe solder joint to improve the therr-mechanical reliability of PV
module assembly.
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CONCLUSIONS

This paper presented and discussed an assessnfeiiiref modes of PV module subjected to thermo+medal
loading. The evaluation extends to component failmechanisms while dwelling on interconnect failoharacteristics.
Module interconnection consisting of solder jointdybon, and busbar is found to be the most valoler part to
degradation and failure. Evaluation analysis revehht differences in CTE among these bonded na#geand long
repeated temperature cycling induce thermo-mechhmsitain and stress in the joint. These factoesl &0 module

untimely failure which becomes aggravated in paddesr bonding between ribbon and silver busbar.

An evaluation of failures from the thermal cyclitgsts and that observed from field test vehicleswshthat
solder interconnection failures are the most peatompared with failures of other components\innfodule assembly.
It was also found that solder joint failure is thest critical of interconnection failure. Its faié results in non-delivery of
any generated electricity in the module becausaedtrical discontinuity with the ribbon strip. Houer analysis of solder
joint failure mode revealed that the formation agyrdwth of IMC at the copper/solder interface affscider joint
reliability. The authors propose that the presesfddIC should be taken into consideration duringiga and analysis of
the response of solder joint in the PV module teirenmental thermo-mechanical loads. The practidefacilitate the
manufacture of high integrity solder joints in tA¥ module assembly for improved module operatioagébility as well

as increased lifespan.
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