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a b s t r a c t
A critical impediment to the adoption and sustained deployment of crystalline silicon photovoltaic modules (c-Si PVMs) in the tropical climate is the accelerated degradation of their
interconnections. At 40.7% c-Si PVM interconnect failure rate worldwide and signiﬁcantly
higher in the tropics. A review of impact of elevated ambient temperature operations on
accelerated interconnection degradation is critical to achieving the system’s sustainability and reliability up to the 25-year design lifespan. This study reviews critical module’s
operational parameters to advise on the future facing creation of robust module for the
tropical region. Key areas reviewed include manufacturing process, solar cell eﬃciency, interconnection technology and R&D parameters. The review discusses the state-of-the-art
in c-Si PVM interconnection technologies and propose back-junction-back-contact (BJ-BC)
cell technology for adoption in the manufacture of the next generation of robust c-Si PVM
for the tropics. The review ﬁndings provide insight into the future facing the robust c-Si
PVM technology that is useful to the module design engineers.
© 2020 Published by Elsevier B.V. on behalf of African Institute of Mathematical Sciences
/ Next Einstein Initiative.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
The warranty period of c-Si solar photovoltaic (SPV) modules has increased rapidly and signiﬁcantly in recent years. At
present, the goal of the PV industry is to develop photovoltaic system that can attain a thirty-year service life [60,75,76,132].
Realisation of this length of service is possible when the rate of power degradation of the modules per year is between 0.5%
and 1.0% maximum. However, [38,63,126] have reported that installed modules experience annual power degradation rate of
about 0.5% to 10%. A number of factors cause c-Si SPV installed in the ﬁeld to degrade. A key factor is the exposure to a range
of cyclic temperatures coupled with elevated temperature operations. Cyclic thermal loading induces thermo-mechanical fatigue damage in the solder joints in c-Si SPV module interconnects. Operations under a range of currents and voltages play
a signiﬁcant role in accumulating power degradation in the SPV modules. The band-gap of ultra violet (UV) light incident
on the SPV cells impacts on the degradation rate. Huge variation in weather conditions also signiﬁcantly increase the degra✩
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dation rate. The cumulative contributions of these factors on the degradation of SPV operating in tropical climate is critical.
Macben et al. [89] demonstrated that the degradation and failure mechanisms of SPV are location dependent. Other factors associated with packaging material, interconnection, solder joint, adhesion, delamination, moisture accumulation and
semiconductor device thermal challenges degrade module performance and reduce its power output, which increase SPV
reliability concerns.
PV modules installed in hot and humid climate experience signiﬁcant increase in moisture accumulation. Moisture is
found to diffuse into the module via backsheets and the encapsulant that is ethylene vinyl acetate (EVA). Moisture penetration weakens the adhesive bonds within the laminated interfaces. The occurrence leads to delamination and loss of
passivation [95]. Moisture intrusion corrodes the solder joints in c-Si PV module [37,54,105]. Investigations by Köntges et al.
[74] show that signiﬁcant losses in PV module performance are caused by corrosion of cell from the Si-Nx anti-reﬂection
coating (ARC), or the corrosion of metallic materials such as solder bonds and Silver ﬁngers. Presently, there are no industry
standard methods to determine long-term photovoltaic module performance in the ﬁeld. However, infant mortality failures
of PV modules can be determined using industry standard certiﬁcation tests as suggested in [61,135]. This is a useful tool
to identify critical module design and manufacture parameters. The IEC 61215 thermal cycling test standard requires that
PV modules are subjected to 200 cycles from -40 °C to 85 °CC. Modules that record above 5% relative power degradation
is deemed to have failed the test. As reported by Meydbray et al. [92], PV modules cannot be subjected to 30 year outdoor
tests for every design iteration. Therefore, accelerated laboratory test to failure testing (TFT) on identiﬁed failure mechanisms must be used to assess long-term effect on module output power. There is considerable activity right now in the PV
industry [11,45,128,133] to develop various methodologies and models to predict the service life of installed SPV modules.
Understanding degradation mechanisms in PV modules is a crucial step in attempting to mitigate degradation rate. King
et al. [70] reported that ﬁeld modules experience temperature swings of about 60 °C (maximum) each day. The temperature swings culminate in initiation and development of fatigue cracks in the solder interconnection. This is occasioned
by mismatch of the co-eﬃcients of thermal expansion (CTE) of silicon, glass, copper and solder bonded together. The CTE
mismatch can be local and global. Kardjilov et al. [26] explained that global CTE mismatch results when solder joints are
stresssed and deformed to accommodate the effect of CTE mismatch from surrounding component materials which include
cells, glass and interconnect. Similarly, local CTE mismatch results when the expansion of solder material is restricted or
enhanced by the material it is soldered to. One effect of solder joint degradation is the formation of micro-cracks. Crack
may propagate across the entire joint area - resulting in an open circuit. An open circuit increases the electrical resistance
across the solder joint. In turn, this phonomenon signiﬁcantly impact on c-Si PVM output power. High current PV modules
are largely affected because power loss is associated with increasing series resistance (Rs ) in the form I2 Rs [2,136].
Solder creeps when its temperature increases. The creep response is signiﬁcant at high homologous temperatures that
characterise tropical climate [130]. Creep in solder is associated with grain boundary sliding (GBS) and matrix creep (MC).
The latter has been observed to have a more damaging creep mechanism which leads to a shorter joint life. Kardjilov et al.
[26] also observed that creep mechanism is both temperature and stress dependent and increases with increase in strain
rate/deformation. A consequence of soldered tin-containing interconnection in c-Si PVM is formation of brittle intermetallic
compound (IMC) layer. The IMC layer are formed between the solder and the copper ribbon interface on one side and the
solder and silver ﬁngers on the other side. The IMC is basically Cu3 Sn5 or Ag3 Sn grains suspended in a solder matrix. During
thermal cycling of the PV module, the resulting thermo-mechanical stress leads to a change in the microstructure of the IMC
layer in the solder joint (coarsening and thickening). This layer is therefore subseptible to crack initiation and propagation.
The effect is critical for elevated temperature operations.
In solar PV systems, the incident radiations outside the useful bandgap which is not converted into electrical energy is
transformed into thermal energy. The generated thermal energy increases the temperature of the PV module which accelerates the thermo-mechanical degradation of the interconnection. The life of a PV module largely depends on the reliability
of the interconnection technology used in its design and manufacture [141]. To ensure reliable supply of energy, these properties must be maintained during the entire service life of the PV module. Thus, management of the thermal energy is very
important to realise the c-Si SPV module 25-year designed life-span for tropical operations.
A robust c-Si PVM for the tropical climate can be realised through critical review of factors affecting module performace in elevated temperature climates. These factors are associated with solar cell power conversion eﬃciency and thermomechanical reliability of solder joint interconnections in the module. The review will provide new kowledge on thermal
effects of these factors for improved c-Si PV module design.

Manufacturing, interconnection technology and reliability of c-Si PVM
Eﬃcient design of robust c-Si PVM for the tropics demands that effective manufacturing technique and process be
adopted. It is also imperative that factors affecting solar cell eﬃciency and power output be designed for. The integrity
of solder interconnection in c-Si PVM impacts both the power conversion eﬃciency (PCE) and power output (PO). Therefore,
the knowledge of the operations of silicon solar cell and thermo-mechanical response of the interconnection are vital in its
effective design. This section presents and discusses the manufacturing processes, eﬃciency, interconnection technology and
reliability.
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Fig. 1. The assembly process ﬂow of c-Si PV-module.

Assembly and manufacturing processes
Fig. 1 shows an assembly process of c-Si PV module. Sorted cells of deﬁned eﬃciency band are stacked to minimise
mismatch issues. The cells are usually of the same colour class. Quality check is performed to identify front and back visual
defects. Cells are interconnected in a stringing and tabbing process per power requirement. The stringed cells are checked
to ensure there is no cell breakage or chipping. A further check is conducted to ensure that cell to cell gap and the pull
strength (>2 Newton) of ribbons on front and back bus bars are implemented. A backsheet of appropriate dimension with
no contamination on either side is cut as well as the front and back Ethylene Vinyl Acetate (EVA) encapsulant. The strings
are connected using string connectors and ﬁxed EVA tapes.
The correct position of the EVA ﬁxing tape and the right placement and directions of strings are ensured. Generally, the
layup sequence involves: Glass-Front EVA – connected strings – Back EVA – Back Sheet. Dark current-voltage (IV) characteristic curves are taken to correct faults at interconnections before lamination. An electroluminescence (EL) of the cell strings
are also veriﬁed in the process. Defects associated with this assembly process include: black cell, dry solder, broken cell,
shorted string and wrong interconnection.
Lamination process is the main crystallizing step in the PV-module assembly. Lamination protects the module from the
harsh environmental conditions. It is expected to endure throughout the module’s service life. Thus, a reliable module lamination is critical in ensuring that cells attain their designed life. The lamination process is proceeded by a gel test - performed to determine the insoluble fraction of curved EVA. The gel test is expected to yield 75% of cross linked material. A
peel test of over 40 N magnitude between Glass to EVA and EVA to back sheet is conducted. Poor lamination could lead to
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Fig 2. c-Si PV module lamination process.

Fig. 3. Best research solar cell eﬃciencies reported by NREL (© NREL 2015).

delamination of EVA from edges or inside the module. Delamination leads to corrosion of the cells during exposure to the
environment. Poor lamination traps air bubbles inside the module. The occurrence leads to cell corrosion. Poor gel content
(<75% of cross linked material) leads to gradual seepage of moisture into the module which culminates in cell corrosion.
The lamination process consists of three main steps. These are shown in Fig. 2. After lamination, excess EVA and backsheet
protruding from the glass is trimmed before module is framed. Framing process involves pressing silicone ﬁlled short and
long frames with all sides of the laminated edges such that the laminate is uniformly covered. The junction box is then
ﬁxed and the module is ready for electrical safety testing.
Modules are tested for safety before it becomes market ready. The tests include: insulation, high pot (test for high voltage
insulation), wet leakage and ground continuity. Flash test is performed to check the current-voltage (IV) characteristics of
the module. A ﬁnal quality assurance of EL (Electroluminescence) test - for identiﬁcation of any defects (cracks in the cells)
is performed to certify the module for packaging and dispatch.
The production of c-Si PV module spans over half a century – accounting for its largest production share. It has up to
90% production share of all solar cell produced [115,116]. Silicon material is abundant in nature and represents over 26%
of the Earth’s crustal material with very negligible environmental impact [116]. Silicon solar cells remain dominant in the
PV industry. Fig. 3 presents ‘Best research solar cell eﬃciencies as reported by NREL’. The Figure shows that c-Si cells provide
high-energy conversion eﬃciencies compared to other commercial solar cells and modules. Its eﬃciency is about 27.6%.
Signiﬁcant increase in installation of solar PV in the tropical ambient is projected by the year 2020.
The c-Si PV cell is poised as the most viable option to meet this demand because it is the most suitable for large scale
production [112].
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Fig. 4. Exploded view of a typical solar PV-module.

In general, solar cells are manufactured from thin wafer discs with thickness of about 200 μm [71]. The various manufacturing steps involved in the production of silicon cells include; etching, coating, screen printing and ﬁring. Conventional
solar cells have metallization grid on the front side, which collects the light generated charge. This grid is connected to
busbars. Current is transferred through the PV-module from one cell to another by means of ﬂat copper ribbons soldered
to the busbars. The copper ribbons provide a conduit for current transfer from one cell to a neighbouring cell in a series
interconnection referred to a strings. A typical solar PV-module is made up of a transparent cover glass with anti-reﬂective
coating (ARC), an encapsulant made from ethylene vinyl acetate (EVA), a rear support layer of tedlar material, a frame and
a junction box with connecting cables as schematically represented in Fig. 4. The module provides mechanical support to
the crystalline silicon solar cell as well as protection to the electrical interconnections from harsh environmental conditions.
The PV-module is heamatically sealed to prevent water or water vapour from corroding the electrical contacts.
Various components of the PV module play important and unique roles during the module manufacturing as well as
operation in the ﬁeld. A solar cell should possess good solderable pads with no printing defects or micro-cracks. The EVA
encapsulant must be optically transparent (360 nm minimum) with low thermal resistance. It must also offer a ﬁrm adhesion between solar cells. The tedlar backsheet should exhibit high thermal resistance and low moisture permeability. The
glass cover (with ARC) must not trap air bubbles or have chipping at the edges. The junction box (JB) houses the by-pass
diodes and connecting cables. A typical JB can take any of the following conﬁgurations (IP X(Y));
• IP 65- total protection against dust ingress, low pressure water jets from any direction permitting a limited ingress of
water.
• IP 67- total protection against dust ingress, short periods of water exposure.
A 1.6 × 0.23 mm ribbon and a 5 × 0.22 mm string bus connector are the two main types of interconnect ribbons used
in assembling solar cells. A connecting ribbon has a copper core with solder coating on the top and bottom side. A typical
PV solder coating thickness is approximately (25 ± 10) μm. The backbone of the module structure consists of short and
long anodized Aluminum frames. The frames have perforations (holes). Each perforation has speciﬁc functionality. There are
installation holes used for ﬁxing modules to various structures. It contains drain holes used to drain water from rain and
melting snow. There are also ground symbols with holes, which is for grounding the module. It has holes in the hollow part
of the frame which primarily provide ventilation to keep module at uniform temperature.
Interconnection technology and reliability
The performance of a PV module is hugely affected by the interconnection technology used to connect the cells. In
response to the miniaturization manufacturing trend, coupled with the drive for cheaper PV module, there has been steady
reduction in the thickness of silicon wafers in solar PV module.
Recently wafer thickness of below 200 micron are being used in the manufacture of solar cells [71]. The reduction in
wafer thickness is expected to continue to values below 100 μm [94,117,118]. [44] have argued that thinner cells may lead
to cost reduction and increased module performance. However, the reliability of such fragile cells remains a major concern
[117]. Currently, cell interconnection technique commonly used in the industry involves IR (infrared) soldering of copper
ribbons to form strings of interconnection between separate cells. This procedure usually leads to formation of micro-cracks
on the wafer (especially for long strings of thin cells). This is a challenging reliability concern for PV modules. The IR
soldering technique, which produces a continuous line of solder, induces a high mechanical stress in the soldered joint
resulting in accelerated fatigue damage in the soldered joint. A selective laser soldering technique where a number of single
solder spots [7-8 spots evenly distributed on each busbar (Fig. 5)] are applied on the copper ribbons mitigates the situation.
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Fig. 5. Selective laser soldering of a 3-busbar solar cell [143].

Selective laser soldering has been reported to induce minimal mechanical damage to the soldered joint, with a potential to
improve production yield [143].
Simultaneous stringing and tabbing process where soldering is done on the front and back metallization of the cell
results in a single thermal cycle. The resulting balancing effect of the front and back surfaces reduces the bow experienced
by the wafer. Reducing shadowing losses by reducing the width of the copper ribbons remains a research concern. With
reduced wafer thickness, wafer breakage during stringing and tabbing process is also expected to rise. Usually, a reliable
solder joint is achieved with good solder wettability of the surface. Good substrate wettability ensures good adhesion to the
soldered component [123]. For solar cells, the soldered components consist of two metals (Silver (Ag) from the cell busbar
and Copper (Cu) from interconnection). Theoretically, solder joint failure is registered in three main locations. These are
at the copper interconnect/solder; at the silver busbar/solder and within the solder itself. It is reported that the dominant
failure sites are the Ag/solder interface as well as within the solder itself [28,62]. The main cause of failure at these sites are
the mismatch of coeﬃcient of thermal expansion (CTE) of the bonded materials. The inﬂuence of interconnection technology
on the performance and long-term power degradation is very critical in PV module design. Interconnects are expected to
be designed to minimize global CTE mismatch induced stress on the solder joint while keeping electrical resistance at the
minimum [16]. The next section discusses various cell interconnection technologies currently used in the manufacture of
SPV modules.
State-of-the-art in c-Si PV module interconnection technologies
Several interconnection technologies are employed in the design and manufacture of c-Si PV module. In this section, two
key technologies (conventional front-to-back cell and back-contact solar cell interconnections) are presented and discussed.
The section presents further information on the conﬁgurations of back-contact solar cell design.
Conventional front-to-back cell interconnection technology
Fig. 6 displays schematically the architecture of conventional front-to-back cell interconnection technology.
The conﬁguration consists of a front metal electrode and back contacts on the cell material. A solder-coated copper
ribbon with high electrical conductivity is connected along the top face of a cell and soldered to the back of a neighbouring
cell. This interconnection ensures current transfer across respective cells in a series connection [71]. The conﬁguration has
metallization which enables it to interface with two different materials - the Si wafer and the solder-coated Cu ribbon. In
solar cells electrons are generated and transferred from the Si wafer to the Ag metal ﬁngers. The contact between silicon
wafer and the silver ﬁnger must therefore be of a higher integrity for eﬃcient electron transfer [31]. Silver ﬁngers are
deposited on the silicon wafer by a screen printing technique that generates an unbroken H-pattern of narrow and tall
ﬁngers connected by wider busbars. In order to minimise optical losses, the Ag metal ﬁngers must have a large aspect ratio
(narrow and tall). This also maximizes the cross-sectional area for increased conductivity [24,97].
Front side screen-printing results in unbroken H-pattern of narrow ﬁngers connected by wider busbars. This process enables optimized system production. This process is succeeded by baking out the solvent and then ﬁring the cell at elevated
temperatures of about 4800 °C - forming both front and rear contacts simultaneously [31]. The conventional front-to-back
interconnection geometry introduces a kink in the copper ribbons as they connect the back to the front side. This geometric
distortion induces stresses in the copper ribbons during manufacture, which is aggravated further by high thermal loading
during operation in tropical ambient temperatures. The ﬁndings from degradation studies of many ﬁeld-aged PV modules
with this interconnect technology [7,21,41,131] report the claim. The cell interconnection technology remains dominant in
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Fig. 6. Conventional front-to-back cell interconnection technology.

Fig. 7. Schematic drawing of a cell for shingled cells interconnection.

the PV industry. However, new interconnection schemes are emerging which show signiﬁcant departure from the conventional structure. Current research reports of interconnection based on parallel Cu wires known as the Smartwire [42] or
Multibusbars approaches [15] where a conventional full area Al BSF and standard screen printing for the front contact have
been used for a 6" Cz-Si multi-busbar solar cells and eﬃciencies of up to 19.5% recorded. The interconnection technique
is gaining a lot of attention because they enable higher cell eﬃciency (through lower shading) and lower cost as a result
of lower Ag consumption for the ﬁngers which can be very thin. Eﬃcient mini-modules with little silver consumption and
with or without copper based metallization has been demonstrated by Faes et al. [1]. The new mini-modules continues to
show promising results.
An emerging interconnection technique known as ‘shingled cell interconnection’ (shown in Fig 7), where narrow cells
are arranged in a manner that each cell overlaps a little with the other is currently under research and development. In this
architecture, the busbars are connected back-to-front through a joint material. This structure yields high eﬃcient modules
because there are no shading losses due to busbars or ribbons, and the active area is close to 100% of the total area [8].
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Fig. 8. Schematic cross section of the EWT solar cell.

Back-contact (BC) solar cell interconnection technologies
The back-contact (BC) solar cells require unique interconnection design. In a conventional interdigitated back-contacted
solar cells (IBC), the rear sides of neighbouring cells are joined. This contrasts with conventional solar cells that the front
sides are joined with the rear sides of neighbouring cells. The BC interconnect design has gridless front surface which
improves light trapping and passivation. Charge recombination losses are also eliminated since all contacts appear at the
rear of the cell.
There are several conﬁgurations of BC cells which include the following:
i
ii
iii
iv
v
vi
vii
viii

EWT (Emitter Wrap Through).
Metallization Wrap Through (MWT).
Back-Junction back-contact (BJBC).
Alternate p-and n-type.
Pin-up modules (PUM).
Silver solar cells.
Spherical solar cell.
Cells with electrode wire grid (Day 4 Electrode).
The subsequent sub-sections present and discuss the various BC architectures listed above.

Emitter Wrapped Through (EWT) cell interconnection
The architecture of EWT cell is such that it allows photocurrent to be collected by both the front and back surface
connected in parallel by a multiplicity of small-area interconnection paths [67]. The conﬁguration enables the performance
of EWT cell to be over a wide range and nearly independent of the cell thickness to diffusion length ratio [82].The vias are
formed by photolithographic patterning and etching indentations that do not penetrate [84] or barely penetrate [53] through
the wafer. The prevailing front surface diffusion reduces any limitation posed by contact size and spacing up to the levels
attained in screen-printing. However, according to Eikelboom et al. [39], theoretically deduced optimal pattern is diﬃcult to
achieve within the accuracy of screen printed technology. Gee et al. [46] therefore propose the buried contact cell technology
for EWT cell design since formation of the groves and vias can be done in a single step which in-turn ensures a good
alignment. It is reported that the technology has recorded cell eﬃciencies up to 21.4% on small areas (6 cm2 ) [124]. EWT
cells has relatively low diffusion length to cell thickness ratio. However, screen-printed large EWT cells have high series
resistance which limits the size factor. The schematic cross-section of the EWT solar cell technology is shown in Fig. 8.
The metallization involved in creating cell interconnection of EWT show a linear pattern of metal ﬁngers. Induced stresses
from manufacturing of these metal ﬁngers are generally low compared with front-to-back cell interconnection. Additionally,
the metallization is somewhat ‘shielded’ from direct incidence of thermal radiation due to her position in the cell architecture. EWT cell interconnects are therefore expected to register relatively lower induced thermo-mechanical stresses from
elevated ambient temperatures.
Metallization Wrap Through (MWT) cell interconnection
The metallization wrap through (MWT) back-contact cell interconnection is achieved by the use of a ﬂexible printed
circuit board (PCB). The respective cells are interconnected only at the back sides since the terminals for both base and
emitter are placed on the back sides by design. The interconnection which is a ﬂexible PCB therefore replaces the copper
ribbons in the traditional assembly.
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Fig. 9. MWT cell interconnection.

The ﬂexible PCB interconnect is less susceptible to induced thermo-mechanical damage from elevated temperatures compared with the conventional H-patterned interconnect. This is because the interconnect technique involved in connecting the
respective cells yields a comparatively lower manufacturing induced stress. This cell design does not eliminate front shading
losses since there is presence of a metal grid on the front surface in combination with interconnection pads for both polarities on the rear surface [67]. However, by placing the interconnection pads and solder strips at the rear, these losses are
reduced signiﬁcantly. Conventional H-pattern solar cells with screen printed contacts typically show approximately 7% front
side shading. By applying the MWT concept, this value is reduced to 4.1% as no busbars are present on the front side [129].
Unlike EWT the surface termination of the space charge region in MWT cells are limited in length. This situation can be
mitigated by restricting the emitter to the front surface and the metal contact separated from the silicon by a thick metal
insulator on its way to and on the rear surface as shown in Fig 9. The Fig 9 presents the schematic of cross section of MWT
cell interconnection.
According to Kerschaver and Beaucarne [67], the rear surface pads can optimally be combined with extended contacted
emitter region at the rear of the cell. In such conﬁguration, the rear pads are not restricted to interconnection as their
only functionality. Lamers et al. [83] reported of some MWT solar cells that have initial superior energy yield compared
with conventional solar cells. Cell eﬃciencies higher than 17% from c-Si [58] and higher than 20% for cz-Si [86] has been
achieved. The performance increase is obtained by reducing the front shadowing as a result of the back connection of the
electrical contacts. This particular contact scheme ensures also the reduction of the production process costs by a reduction
of the silver mass per cell [56]. The presence of vias in the junction of MWT cell structure renders it sensitive to reverse
bias current. The ‘through’ hole metallization pattern has also been observed to promote the formation of hot spots on cell
surface.

Back-Junction back-contact (BJBC) interconnection
The back-junction and back-contact (BJBC) solar cell architecture features an interdigitated ﬁnger structure and busbar
that collects the current from individual ﬁngers [125]. The p+ and n+ junctions are situated on the rear side of the device.
Metallization pattern on the front surface is virtually absent and therefore there is no feature present on the surface to
shadow the incident photon ﬂux [67]. In addition, a low series resistance of the metal pattern is achieved as the metallization can cover about one half of the back surface. Unlike front-contacted cells, current conduction in BJBC cells is not
through the emitter and therefore there is no trade-off between grid shading and series resistance losses. Thus, the rear
function can be optimized in terms of the lowest saturation current only [91]. Research simulation and measurements reported show that the busbar regions of BJBC solar cells reduce the ﬁll factor and short circuit current density [125]. Fig 10
shows a schematic drawing of n-type BJ-BC silicon solar cell.
The photogenerated carriers are near the surface and are expected to travel across the bulk region to the backside metal
contacts to be collected. A high lifetime is thus required since, unlike EWT and MWT, there are no vias present. The lifetime
measures the average distance carriers can travel to reach the backside region before recombination. The diffusion length
covered by carriers in BJBC cells should be longer than the thickness of the silicon wafer in order to ensure an optimum
performance of the cell. The use of a thinner wafer is therefore an advantage for a BJBC solar cell structure [52]. BJBC cells
have coplanar cell interconnect geometry that ensure uniform linear expansion of metal contacts at elevated temperatures.
At elevated temperatures, induced excess thermo-mechanical strain from expansion of metal contacts due to differences in
their CTEs are thus minimised.
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Fig. 10. Schematic n-type BJ-BC silicon solar cell.

Fig. 11. (a) Conventional module interconnection: each cell backside is connected with the front side of the subsequent solar cell (b) Innovative interconnection using alternating p-type and n-type solar cells [16].

Alternate p-and n-type solar cell interconnection
Bifacial screen-printed cells are used in the construction of alternate p- and n-type silicon solar cells. The design deploys
alternating p- and n-type semiconductors arranged in a manner to permit interconnection of equivalent sides on front-tofront and back-to-back of cells next to each other [16]. Investigations from Kopecek et al. [79,80] reveal that, in contrast to
the p-type, the n-type is not prone to boron oxygen related light induced degradation. The schematic of the technology is
shown in Fig 11.
The two solar cells have a Plasma Enhanced Chemical Vapour Deposition (PECVD) of SiNx on top of a phosphorus diffused
region that serves as emitter in the case of the p-type and as a front surface ﬁeld (FSF) in the n-type cell [78]. The main
distinguishing feature between the p-type and n-type is the Ag-Al pad at the rear side. On the p-type interconnection
the pad is directly printed on the substrate whereas on the n-type it is printed either on the p+ -region or on top of Al
rear contact to avoid shunting of cells [78]. The alternate p-and n-type solar cell interconnection method has a number of
advantages over conventional PV-modules. These include: simpler interconnection procedure, closer assembly of cells (for
aesthetic appearance) and higher yield during module fabrication. In addition to these advantages, the technology (using
the bifacial cells) leads to an increase in power output as compared to standard mono-facial modules [78]. The elegant
interconnect geometry that reveals a straight horizontal short-spanned connection in the alternate front-to-front and backto-back lay-up ensures a uniform horizontal expansion of the interconnection. The arrangement eliminates any potentially
high bending stresses as may be registered in the conventional H-patterned cell interconnect.
Pin-Up Modules (PUM) interconnection
The pin-up module (PUM) is a type of back-contact solar cells designed with a structured interconnecting back foil and
limited number of holes in the wafer [145]. The holes form vias and contain pins which serve as interconnection material
at the rear [17,19]. The cell has a similar geometry as a conventional cell with metallization at both front and rear sides.
The only distinguishing feature with the standard cell is the presence of vias and the conﬁguration of the interconnection.
Apart from being visually more appealing than conventional modules PUM offers several performance improvements such
as: reduction in shadowing losses due to the absence of busbars, reduction in resistance losses as current is collected at
holes equally spaced over the wafer and good alignment during screen printing of metal contacts [138]. The schematic of
PUM cell interconnection is shown in Fig 12.
The interconnection is achieved by means of a metal foil produced to speciﬁcation [20]. There are several interconnection
methods utilised in PUM. They include: manual soldering, localised infrared soldering, ultrasonic bonding, dispensing of
conductive adhesives and thermal arc spraying [19]. The two most popular methods of this technology are the localised
infrared soldering and the thermal arc spraying technique. Usually, the localised infrared soldering is preferred over the
other as the soldering area at the front of the cell is relatively small. In thermal arc spraying a metal powder is sprayed
onto the surface of a foil and subsequently into vias in the cell. The interconnection realised is further laminated with
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Fig. 12. Schematic of Pin-UP module cell interconnection.

Fig. 13. Interconnection for a PUM one cell laminate.

Fig. 14. Current innovations in PUM development [138].

plastic. Thermal arc spraying has the potential of forming a good connection but the mechanical strength generated by this
interconnection method is not fully qualiﬁed. In principle, a thin foil can be used. However, since metal foil of such thickness
is not readily available, a 50 μm thick foil is usually used [18] (Fig. 13).
The regular method for interconnection of PUM Cells involves the use of standard localised soldering technique to solder
the pins to the front side of the silicon wafer. This is due to the relatively small soldering area available at the front of the
cell. This soldering technique ensures that thermal stresses on the cells are minimised. Induced damage from the manufacture of the soldered joint from localised soldering is minimised. Also, this interconnection is not expected to be highly
stressed at elevated temperatures as compared with the standard H-patterned interconnection. Some innovations in PUM
development are shown in Fig 14.
The busbar (denoted by red) is located at the centroid of the geometry. The busbar extends from the centroid through the
cell to the rear of the cell where all the interconnections are made. Generall, the circular-shaped PUM are expected to yield
slightly high eﬃciencies compared with square-shaped PUMs. This is because for circular cells, the distance of the farthest
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Fig. 15. Schematic drawing of Silver cells.

point from the busbar is shorter and that leads to relatively lower resistive losses [138]. Eﬃciency range of (13-14%) has so
far been achieved for the new PUM interconnects. The innovative designs below were achieved by Topology Optimization.
Silver solar cells
Silver cells are made up of very thin monocrystalline silicon solar cell. The manufacturing technology involved in the
production of silver cells allows for economic usage of silicon processed per module; with a reported 90–95% reduction
by Franklin et al. [43]. The main step in forming the silvers is by micro machining deep and narrow grooves through the
thick silicon wafers. The completed cells are subsequently removed and rotated through 90° for the larger area to form
the sun-facing surface of the cell [137]. The metal contacts used for interconnection are located on the side of the silver
- occupying a small fraction of the total surface of the cells. This arrangement eliminates shading due to metallization.
Furthermore, doping below the contact could be made heavy resulting in excellent, low resistivity contacts with minimized
recombination losses [34]. Fig 15 presents the schematic of solar silver cells.
Silver cells by design are very thin (around 50 μm) with emitter diffusions on both the front and rear surfaces. This
arrangement offers a very high internal quantum eﬃciencies. High open-circuit voltages are possible with only relatively
small minority carrier diffusion lengths in the bulk of the cell. This is an added advantage since the distance between sliver
cell terminals is large enough (circa 10 0 0 μm) for majority carrier drift in the bulk region. Such drift contribute signiﬁcantly
to series resistance losses unless low resistivity substrates (which have reduced diffusion length) are used [43]. Distributed
series resistance losses present a major loss mechanism for the silver cell interconnect. Wider cells or cell operating under
concentrated illumination are particularly affected. A closely related loss mechanism is attributed to a region of heavily
compensated silicon which arises due to the overlap of the phosphorus sidewall emitter diffusion with sliver cell edge boron
diffusion. The resulting loss is manifested in a reduced ﬁll-factor and open-circuit voltage, corresponding to a distinct nonideal recombination component. Current research is aimed at innovating a simpliﬁed cost effective manufacturing process
capable of delivering cell eﬃciencies beyond 20% with superior energy yield.
Spherical silicon solar cell interconnection
The spherical (Sphelar) cell has a wrapped-up single-crystalline p-n junction reception surface that has enabled threedimensional light capture and large reduction of silicon usage per meter2 of module. The Sphelar solar cell employs a special
manufacturing process technology which takes place under space-like conditions of microgravity. The process involves dripping molten silicon into a drop tube. As the molten silicon drops in a free-fall, it moulds into spheres due to the surface
tension of the droplets. This process results in economic usage of silicon and the energy used in silicon cell production as
compared with conventional technologies. According to Taira et al [127], the basic concept of Spherical cells is that a spherical sunlight reception surface can capture sunlight 3-dimensionally. This operation improves the power generation capacity
to a maximum potential. Sphelar cells have comparatively higher eﬃciency than conventional cells having only one planar
surface to capitalize upon sunlight. The schematic of spherical cell technology is presented in Fig 16.
The cell interconnection - consisting of small silver and aluminium electrodes on top and bottom of the spheres - is
formed to produce a link between the emitter and base. The electrode arrangement enables an even distribution of generated current. Serial and or parallel cell interconnections can easily be facilitated [127]. If one outﬁtted the underside of the
cell with a reﬂective material, the yield could be signiﬁcantly enhanced [12]. The resulting interconnect geometry created
by low temperature ECAs exhibits less induced stresses in the interconnect material. At elevated ambient temperature operation, the interconnection is likely to experience relatively lower thermal stresses. A Novel mono dispersed spherical TiO2
aggregate with a diameter of 100 nm (SP100), which is the smallest TiO2 spheres (or beads) reported thus far, has been
prepared by a controlled hydrolysis and hydro thermal reaction. SP100 exhibits photovoltaic conversion eﬃciency of 18.41%
with JSC of 22.91 mA/cm2 , VOC of 1049 mV and FF of 0.759 [144] (Fig. 17).
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Fig. 16. Schematic of Spherical cell.

Fig. 17. SP100 Fabrication Process [144].

Fig. 18. Schematic of Day 4 Electrode.

Solar cells with ﬂexible electrode wire grid (Day4 Electrode)
The solar cells with ﬂexible electrode wire grid are also known as Day4TM Electrode. The solar cell technology is realized
from a transparent compound of an adhesive and polymeric ﬁlm with an embedded copper wire grid. The adhesive provides
a dual functionality. It provides support as a housing for wires during the production of the electrode while providing the
adhesion ﬁxation on the solar cell through a standard lamination step with very low breaking yield [114]. The technology is
shown in Fig 18.
The ﬂexible nature of the electrode wire ensures a reliable cell interconnection. The design conﬁguration ensures a stable
ﬁll-factor with almost no losses with reference to cell-level ﬁll factor. The reduction of metallization area on the front
and larger BSF passivation at the rear side of the Day4 solar cells increases Voc strongly. Though there appear to be a
slightly higher shading from cells in 1-side lay-up using a 4-mm gap, it is compensated by an increase in encapsulation
current. Rubin and Schneider [114] reported 0.1% increase in eﬃciency for Day4 cells in 1-side lay-up when compared with
standard reference cells. They also reported 50% reduction in the amount of wires used for a 2-side lay-up which resulted
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in a reduction of cell shading (down to less than 6%) and with ﬁll factor still at a higher level compared with standard
cells. Day4 solar cells contacting architecture provides more than 20 0 0 contacting points on the front side of the solar
cell when compared with only two busing lines from standard solar cells. This unique contacting scheme secures a high
interconnection redundancy against cell breakage. Experimental results from Rubin and Schneider [114] show only a small
or no loss in cell power from cell breakage. At elevated temperatures, the induced thermal stresses are taken up by the
narrow- sectioned wires, resulting in a nearly negligible thermal expansion and therefore a stable interconnection.
R&D challenges and interconnection technologies evaluation of c-Si PV module for tropical climate suitability
In this section, the factors affecting cell interconnection technologies such as cell interconnect technique, interconnect
peel and residual strengths, average ﬁll factor (FF), shading losses and power conversion eﬃciency (PCE) are reviewed. Furthermore, these factors are evaluated for their suitability for application in a tropical ambient.
The cell interconnect techniques
The standard soldering process, often by means of infrared heating, causes the complete tab-cell-tab package to be heated
to a required soldering temperature for interconnection to be established. However, upon cooling, induced shear stress levels
increase within the solder joint.
Subsequently, micro-cracks develop at the interface between the silicon cell and the silver-solder alloy. Propagation of
the micro-cracks lead to lift-off and untimely failure of the interconnection. In addition to the standard soldering process,
ﬁve different cell interconnection techniques are used for the realization of the various cell interconnection technologies.
These techniques include: Infrared reﬂow (IR) soldering, laser spot soldering, electrically conductive adhesive (ECA), thermal
arc spraying and ultrasonic welding.
In IR reﬂow soldering, a solder paste (a sticky mixture of powdered solder and ﬂux) is used to temporarily attach the
cell interconnectors. The entire assembly is subsequently subjected to controlled heat which melts the solder [142]. The IR
reﬂow soldering allows minimum time above the liquidous solder temperature to reduce solder grain growth resulting in a
more durable solder joint [10].
A laser spot soldering process where the power of the laser beam is controlled accurately to the desired spot lowers the
temperature at which the joint is formed. The absorbed energy then heats the solder to its melting temperature, leading
to soldering of the contact upon cooling. This completely eliminates any mechanical contact [110]. This soldering technique
is desirable to minimize induces stress level [33]. Laser soldering usually uses a liquid state solder to wet the materials to
be joined and provide mechanically and electrically stable connection when solidiﬁed [99]. Laser spot soldering, previously
described in Section 2.3 Fig 6, delivers single solder spots amounting to 7-8 per busbar. The spot is evenly distributed over
the busbar [143]. Such distribution impacts minimum mechanical damage on the soldered joint.
Electrically conductive Adhesives (ECA) are metal ﬁlled silicon-based adhesives that help create a reliable interconnection of solar cells–yielding high conductivity and ﬂexibility while potentially reducing material costs ([27]. Accessed: 2017
January 14). Generally, a good conductive adhesive is not only determined by the electrical and mechanical properties after
curing, but also depends on the curing characteristics [32,85]. The mechanical strength of the conductive adhesives is usually speciﬁed in terms of its shear strength and it is a function of size and materials of the test vehicles [32]. ECA offers
increased ﬂexibility and durability that improve the overall stability of PV module under thermal stress.
Thermal arc spraying involves heating metal powder with a thermal arc and spraying on the surfaces to be joined. This
process leads to the realization of a very durable mechanical adhesion on the metal contacts whilst ensuring that cell and
interconnecting material are kept at a lower temperature [17]. Ultrasonic welding employs a combination of friction and
cold pressure welding applied at overlapped surfaces of interconnects to be welded together [47]. The process assumes an
existing contact pressure during the welding. Contact forces and ultrasonic energy are applied simultaneously in such a
manner that the required forces and the developing deformation of the parts being welded are greatly reduced. The key
beneﬁt of this interconnect technique is a reduction in induced mechanical stress build-up in the joint. Fig 19 presents the
ranking of various interconnect technique in terms of induced mechanical stress magnitude.
From Fig. 19, IR soldering induces the highest stress in the interconnection. This is followed closely by spot soldering
and ultrasonic welding. Mechanical clamping on the other hand, results in the lowest induced stress of the joint but the
durability of the joint so formed remains a concern.
Interconnect peel strength
Peel strength of solar cell interconnect is the average load per unit width of bond line required to separate bonded interconnect ribbons where the angle of separation is 180° ([4] January 10). Peel strength is deﬁned as the average force per unit
width of bonded interconnect materials. Peel strength is part of the solar cell testing standard DINEN50461 and offers a very
simple and quicker approach to measure the strength of adhesion of interconnector ribbons to solar cell metallization [40].
Table 2 present the peel strengths of various cell interconnect techniques discussed in Section 4.1. It can be observed from
Table 2 that IR reﬂow soldering delivers interconnect with the highest peel strength (2-16) N. However, as shown in Fig 19,
IR soldering introduces the highest induced mechanical stress in the interconnection. Mechanical clamping with unknown
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Fig. 19. Ranking of possible interconnection techniques in terms of induced mechanical stress.
Table 1
Comparison of interconnection techniques [104].
Ribbon interconnection

Clamped

Soldered

Glued(ECA)

Long term stability
Mechanical stability

−
+

+
0

+
+

peel strength delivers a relatively lower induced mechanical stress in the interconnection, which impacts favourably on the
durability of the joint formed. At elevated PV module operating temperatures, characteristic of tropical climates, the joints
formed are expected to be further subjected to induce thermo-mechanical stress.
The challenge therefore is to have an interconnect technique that can maintain the integrity of the joints formed under
this harsh ambient condition. Table 1 summarizes the results of investigation from Pingel et al. [104]. The results show
that soldering does induce stress to the cell which increases if thicker ribbons are used. In terms of long term reliability,
soldering demonstrates better stability as interconnection technique than clamping. The use of ECA could be a compromise
between higher power degradation compared to soldering but with less mechanical stress. A reduced ribbon thickness can
also be adapted to reduce the stress introduced in cells during soldering. It will be a case of minimizing the overall costs
keeping in mind the higher encapsulation losses for thinner ribbons.
Average Fill Factor (FF)
The ﬁll factor (FF) is the ratio of the maximum power of the PV module to the virtual power (PT) that would result if
Vmpp would be the open-circuit voltage and Impp would be the short-circuit current. FF is a performance indicator that
measures the quality of the solar cell or PV module [76]. Although it cannot be practically achieved, an ideal PV module
technology would produce a perfectly rectangular I-V curve in which the maximum power point coincided with (Isc, Voc)
[120]. The FF can be interpreted graphically as the ratio of the area of the blue rectangle to the area of the green rectangle
shown in Fig. 20.
Shading losses
Losses from shadow effect (optical losses) are caused by the presence of metal on the top surface of the solar cell which
prevents light from penetrating the cell [6]. Shading losses are quantiﬁed as the fraction of the top surface of the cell covered
by metal grid. It is determined by the transparency of the top surface which is caused by the width of the metal lines on
the surface and the spacing of the metal lines [109]. Table 1 presents a tabular evaluation of the various interconnection
technologies.
From Table 2, the IR soldering technique in conventional front-to-back, alternate p- and n-type, PUM and BJ-BC interconnections result in very high interconnect residual stress of (49-355) MPa. Furthermore, the thermal stress induced in these
interconnections at elevated tropical ambient temperatures is likely to accelerate interconnect failure. The laser soldering
on the other hand generates virtually no residual stresses on the EWT and MWT interconnections. Thus, induced thermal
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Table 2
Comparison of cell interconnect technologies for c-Si solar cells in PV modules
Cell interconnect
technology

Interconnect technique

Interconnect peel
strength (N)

Interconnect residual
stress (MPa)

Average FF (%)

Shading losses (%
of front cell area)

PCE (Maximum) (%)
Module
Lab.

1. Conventional
Front-to-Back (Hpatterned cell)
2. Emitter
Wrapped Through
(EWT)
3. Metallization
Wrap Through
4. BJ-BC
5. Alternate p- and
n-type cell
6. HoneyComb
Design (HD)
7. PUM cell

8. Silver solar cells
9. Spherical solar
cells
10. Cell with
ﬂexible electrode
wire

IR soldering/ Laser spot
soldering
(Ribbon-front-to-back)
Laser soldering/
Electrical Conductive
Adhesive (ECA) (Edge
Tab - back contact)
Laser soldering/ ECA
(conductive foil
/ribbon)
IR soldering (ribbon back contact)
IR soldering
(Ribbon-equivalent
sides)
IR soldering/ ECA
(Ribbon/Adhesive)
IR soldering/ Thermal
arc Spraying (foils with
patterned conductors)
Solder bump (substrate
support bond)
Ultrasonic welding
(substrate support
bond)
ECA (Day4 electrode
wire)

Commercial

(2-16) [81] (1-5)
[121,122]

49-355 [98] N/A

71.8-75.4
[20,138]

7 [129]

18 [49]

(1-5) [121,122]
(0.3-1) [9]

N/A 15 - 19.5 [55]

80 - 81 [68,82]

3

21.6 [68]

(1-5) [121,122]
(0.3-1) [9]

N/A 15 - 19.5 [55]

76.6-78.4
[86,129]

4.1[63]

17.8 [83,143]

17 [83]

(2-16) [81]

49- 355 [98]

80.5 [125]

0 [125]

24 [49]

22 [125]

(2-16) [81]

49- 355 [98]

71.5 - 82.1
[13,16,78]

1.6 - [113]

21.8 [113]

(2-16) [81]
(0.3-1) [9]
(2-16) [81] N/A

49 -355 [98] 15 19.5 [55]
49-355 [98] N/A

68 [59]

0 [59]

19.8 [146]

16.6 [59]

72-74.8
[20,138]

6.5 [20]

16.7 [91]

13.8 [78]

(1–5) [121,122]

N/A

81 [43]

0 [43]

20 [43]

18.5 [43]

(2 -5) [113]

N/A

77.4-77.9 [12]

0 [12]

23.54 [12]

—–

——

(0.3-1) [9]

15 - 19.5 [55]

79 [114]

6 [114]

17 [114]

——

——

23.4 [125]

12.2 [78]
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Fig 20. shows a schematic I-V curve of an illuminated PV module.

stresses resulting from elevated tropical ambient temperatures are unlikely to accelerate interconnect failure. In general, the
interconnect peel strength resulting from IR soldering (2-16) N is relatively higher than that from laser soldering (1-5) N.
However, the interconnect peel strength generated from the laser soldering is adequate to maintain the mechanical contact
established by the joint during the soldering process.
A study of the average ﬁll factors (FF) and shading losses of the interconnect technologies show that the BJ-BC interconnect offers the best combination of 80.5% (FF) and zero shading losses (0%). The EWT follow closely with a combination of
(80-81% (FF)) and 3% shading losses. Finally, the power conversion eﬃciency (PCE) ratings for the various interconnection
technologies reveal that the BJ-BC outputs the highest PCE of 24% at the cell level with the EWT following closely with a
PCE of 21.6%.
Effect of tropical climate on interconnection degradation factors on reliability of c-Si PV module
Tropical climates are characterised by average daily ambient temperature of 26 °C. The solar cell temperature rises to an
average high of about 80 °C at mid-day and average low of about 15 °C at mid-night. Tropical climates also experiences high
rainfall with occasional high winds and thunderstorms. An average relative humidity of about 85% is usually recorded. The
above conditions incraeses the rate of degradation of interconnects of installed solar PV modules operating in the region.
This section presents and discusses four factors accelerating the degradation of solder joints in crystalline silicon (c-Si) PV
modules operating in tropical climates. The section presents the review in four sub-headings.
Corrosion of solder joints and electrical contacts by diffusion of water vapour ingress into the encapsulant
Corrosion may be deﬁned as a process of deterioration of materials due to chemical, physical or electrochemical reactions
with the environment. The corrosion of metals typically proceeds as an electrochemical reaction since electrons may migrate
in the metal and ions can be released to the environment [102]. The tropical climates are best described as hot and humid.
The weather situation facilitates moisture intrusion into cells within the PV-module. When moisture permeates through the
PV-module back-sheet or through edges of module laminates, it leads to cell corrosion that results to increase in leakage
currents. EVA has relatively high diffusivity compared to most polymers and this makes it easier for moisture to enter the
PV modules.
According to Kempe et al. [6], variation of diffusivities of polymers are by orders of magnitude. Signiﬁcant reductions
in water intrusion of cells is therefore feasible from different encapsulant materials Keeping a module completely dry for
the PV module warranty period of 25 years may require low diffusivity materials such as Aclar (Polychlorotriﬂuoroethylene).
However, most low diffusivity materials (including Aclar) have chllenges associated with adhesion. The use of such encapsulants could result in unacceptable delamination under enviromental exposure which would allow water to difuse into the
module easier. Presence of water in PV module enhances corrosion process [101]. Corrosion signiﬁcantly impacts negatively
on the resistance properties of solder joints, cell metallization, cell interconnect bus-bars and junction-box terminations
[101,139]. In turn, the effect reduces power produced by cells - leading to a drop in performance of the PV module. One
other key functions of the encapsulant is to provide mechanical support to protect cells against breakage causes by impact
during manufacture. Unfortunetly, materials with high mechanical strength such as PET and Aclar generally have low glass
transition temperature (Tg ) [29]. The property makes Aclar and PET unsuitable for use as encapsulant materials [30]. Materials with low Tg have porous atomic structures and exhibits signiﬁcant mobility. The porous structure tends to produce high
diffusivities. Thus, the presence of low-modulus and low-Tg is in conﬂict with low diffusivity. This situation severely limits
potential beneﬁts from materials that have low diffusivities which are potential substitutes for EVA. Even with impermeable
front and back-sheets, moisture is still able to penerate the system and reach the centre of PV module in about two years
due to the high diffusivity of EVA [66]. There is a growing interest in research focusing on water vapour limiting encapsulants capable of outperforming EVA in this regards. This is mainly due to the relatively high susceptibility of thin-ﬁlm PV
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modules to water vapour [69]. Kim and Han [69] identify ionomer and PVB as potential candidates offering higher protection from environmental exposure for thin-ﬁlm than EVA. Edge seal materials with low-diffusivity and dessicant are being
investigated by several manufacturers [65]. These materials are capable of preventing moisture ingress over the lifetime of
a module. Polyisobutylene (PIB) uniquely provides a very low moisture- permeability and diffusivity, as well as a low glass
transition temperature [14,87]. Other edge seal materials (e.g. epoxies) can have very low diffusivities but they are hard and
brittle and could easily crack or delaminate in a large module [65].
Though moisture is able to reach the centre of a module with impermeable front and back-sheets, it does not account for
moisture-induced performance loss. However, moisture can saturate the outer few centimeters in a few months, enhancing
corrosive process that can short out entire cells [50]. Super saturation of water around the edges of modules also accelerates delamination. The oxidative degradation of EVA may decrease the diffusivity of water, but it will increase the solubility
of water by introduction of more polar groups leading to greater amount of water ingress [119]. Alternative encapsulants
with superior adhesional strength and lower diffusivities could offer a better protection against hydrolytic reactions in the
module. Although it has been experimentally demonstrated by Kempe et al. [65] that even a typical PV module will still approach equilibrium with the outside environment over 20 to 30-year lifetime of the module, the volume of water necessary
to accelerate corrosion processes varies with the PV technology.
Induced thermo-mechanical stress on solder joints occasioned by ambient temperature cycling
Tropical climatic conditions induce thermo-mechanical stresses in PV-modules due to ambient temperature cycling.
Abrupt weather change represent a major long term reliability concerns in the PV-industry. Stresses are easily transferred
from one cell to the adjacent interconnected cell as well as to the interconnectors. Locally induced stresses partly results
from module temperature change. The induced stresses are caused majorly by the mismatch in the magnitude of the coeﬃcients of thermal expansion (CTE) of the different materilas which include glass, interconnection, silicon wafer and Ag
ﬁngers that are bonded together in a PV module.
According to Gonzalez et al. [48], the higher CTE of glass relative to the cells makes the cells separate from each other
occasioned by increase in temperature during the day. This causes a tensile stress in the interconnection. Gonzalez et al.
[48] further observed that cells are pushed to each other upon cooling at night to temperatures lower than the stress
free temperature condition, which causes compressive stress in the interconnection. The compressive stresses could lead to
mechanical instability in the interconnection due to its thickness (-10 μm). PV module design is trending towards larger cells
with shorter cell-to-cell interconnections. The challenge with this new designs is that large cells tend to exhibit signiﬁcant
relative displacements between cells. Owing to the shorter gap between cells, the capacity of modules to accommodate
the deformation is jeopardised. The thermal cycling load for natural weathering caused by the alternation between day and
night in the tropical climatic region is expected to be much lower compared with the IEC test conditions for thermal cycling
at 125 K. The maximum temperature gradients observed for roof mounting in the region lie in the neighbourhood of 60 K.
The highest yearly average of 37 K has also been reported. In this regard, the 125 K temperature gradient stipulated by IEC
61215 entails a much higher load on the materials due to thermomechanical stress. However, the larger number of cycles in
long-term operation (approximately 90 0 0 cycles for 25 years) at relatively lower temperature gradients may yield different
material fatigue characteristics.
Intermetallic compound Compound (IMC) growth in solder interconnects in PV module caused by ambient temperature
thermal soaking and aging
Two types of IMC: Cu6 Sn5 (η) and Cu3 Sn (ε ) are generally formed from the reaction between Sn and Cu in solar PV
interconnection soldering [25,90,106]. A number of researchers including [35,134] explain that the Cu6 Sn5 phase is typically
formed above the melting point of the solder, while Cu3 Sn phase is generally produced during low-temperature thermal
aging (100 °C to 175 °C) by diffusion between Cu and Cu6 Sn5 .
The size (thickness) of an IMC layer greatly affects the reliability of the soldered joint. Pratt et al. [107] and Protsenko
et al. [108] observed in their studies that a thin layer of IMC between the solder and Cu substrate improves bonding between
solder and substrate but thicker IMC may have adverse impact on the toughness of the solder joints and interconnections.
Several researchers have investigated the impact of IMC on the shear behaviour of solder/Cu joints. According to Alam
and Co-authors [3,22,93,100], increasing thermal aging time or aging temperature leads to an increase in the thickness of
the IMC layer. Deng et al. [36] further explains that the growth of intermetallic phases in the joint, both during soldering
and lifetime, affects the quality of the joint and its reliability in terms of the mechanical response to applied loads. From
research, isothermal aging severely affects several important material properties of solders such as; stiffness (modulus), yield
stress, ultimate strength, and strain to failure. In their study, Ma et al. [88] observed a sharp change in the creep response
of lead free solders, recording a 100 times increase in the steady state (secondary) creep strain rate (creep compliance) of
Sn-Ag-Cu solders that were simply aged at room temperature.
In tropical climates, ambient temperatures are persistently above room temperature with an average daily high of 45 °C
and an average of eight hours of continuous sunshine. Thus, the thermal soaking and aging of solder interconnects in PV
modules is likely to occur through continuous exposure of modules over long periods of elevated tropical temperature.
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The mechanical properties of the IMC layer at the solder interconnections in the module deteriorates. The change is
expected to adversely affect the strength of the solder interconnections.
Presence of micro-cracks in PV module caused by vibrations resulting from hail storms and high winds
Micro cracks can develop in cell of PV module during manufacturing, transportation or exposure in service. Repeated climatic events such as snow loads, hailstorms or strong winds increases the crack size and cause its propagation [5,73,77,103].
Tropical climates are characterized by occasional hailstorms and high winds which can trigger cracks in the front glass and
in the cell of the PV-module. Wind loads are highly dynamic and thus triggers oscillations. Dynamic loads are known to
induce fatigue loads on the materials - especially on PV-cells and connecting wires [140]. When cracks develop in the interconnection circuit of cells, they may create potential locations for heating if both interconnects of a cell are affected by
material fatigue. In the worst case, arcing may occur if the conditions for arc ignition are fulﬁlled [57,111]. Defects from
micro-cracks coupled with poor electrical contacts tend to reduce the lifetime of the PV-module in the ﬁeld [23].
The orientation of a crack could have varied impact on the power delivery of a PV module. According to Grunow et al.
[51,75], a single crack which is oriented in a way that leads to an electrical separation of a relevant part of the cell could
severely affect the power delivery of a PV module. In contrast, cracks that do not lead to an interconnection brake marginally
affect the performance of a PV module. A detailed complementary study on crack formation after the mechanical load test
also demonstrated that many cracks, about 50%, were found parallel to the busbars, thus causing maximum degradation in
cell and overall module performance [64]. These cracks may lead to the disconnection of cell parts and thus power loss
[96]. High winds causes dynamic loading on PV-cells and can create contact problems from bad soldering of cell interconnection. This could result in increased power losses from PV-modules. Investigations from Koch et al. [72] reveal that
dynamic mechanical loading affects the mechanical robustness of solder contacts in PV-modules and could lead to a total
interconnection failure.
Summary
Interconnection technologies employed in the manufacture of crystalline silicon photovoltiac (c-Si PV) module are reviewed for application in the manufacture of robust module for increased thermo-mechnical reliability during operations in
tropical climate. The factors accelerating degradation of solder joints in c-Si PV interconnection operating in tropical regions
are also reviewed and discussed. The review identiﬁed back-contacted solar cells (BC) design as the architecture that potentially eliminates recombination losses. Similalry, the EWT cell architecture is found to record higher cell eﬃciencies up
to 21.6% while the MWT cell design demonstrates initial superior energy yield compared with conventional solar cells. It
is found that the alternate p- and n- type interconnections offers a simpler interconnection procedure and a higher yield
during module fabrication while the Honeycomb design produces excellent packing density that reduces the ‘double bounce’
effect.
The review revealed that the amount of water necessary to accelerate corrosion process in PV modules is yet to be quantiﬁed. It identiﬁed that the temperature cycling load from natural weathering in the tropical ambient is lower than the load
from IEC 61215 test conditions. However, the larger number of cycles produced by natural weathering test conditions within
the region may culminate in different material fatigue yield characteristics. The research ﬁndings reveal that isothermal
aging leads to about 50% reductions in several key material properties including stiffness, yield stress and ultimate strength.
It is identiﬁied that signiﬁcant amount and intensity of hail storms and high winds that characterise the region make
micro-cracks to develep in the cells and cause untimely module failure. The phonomenon excessively incresases the dynamic loads on the modules and negatively impacts on module mechanical integrity and reliability. The elevated ambient
temperatures increases the rate of IMC growth in the interconnection of modules – leading the modules operating in the
region to increasing interconnection failure.
More review results show that BJ-BC interconnect technology has the highest PCE of 23.4% at commercial level while
spherical solar cells demonstrtaes potential of generating a relatively higher PCE of 23.54% at cell and laboratory level. The
use of electrical conductive adhesives (ECA) for cell interconnection is found to produce module with relative lower residual
stresses of 15-195 MPa. The challenge to the adoption of ECAs is that the usage results to low interconnect peel strength in
the range of 0.3-1.0 MPa - which could further deteriorate during module operation in elevated tropical ambient temperature. It is found that infra-red reﬂow soldering induces high mechanical stress in the solder joints of the module which
will have nagetive effect at elevated temperature operation. Selective laser soldering technique is found to be capable of
reducing the impact of induced thermo-mechanical stress on PV cell interconnection. Considering the results of the review,
the authors propose a BJ-BC interconnection technology with selective laser soldering technique as the architecture and
technology poised to yield robust c-Si PV module for application in tropical ambient.
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