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Photovoltaic Module Terminology
• Start with c-Si solar cells

• PV module (also PV panel, solar panel) 
 many solar cells are electrically 
connected together

• PV array  consists of several solar 
panels, e.g. one strings of two PV 
panels each, where string means that 
these panels are connected in series

Source: textbook
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Series and Parallel Connections
• Solar cells can connected in a series  voltages add 

• If Voc of one cell = 0.6 V  string of 3 cells has Voc = 1.8 V 

• For c-Si solar cells with a classical front metal grid 
 series connection realised by tabbing that connects 
busbars on front with back contact of neighbouring cell

• Total current in string of
solar cells is equal to 
smallest current generated 
by any single solar cell 

Source: textbook

busbartabbing
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Series and Parallel Connections
• Solar cells can also be connected in parallel  voltage is 

same over all solar cells, while currents of solar cells add up

• Demonstrated graphically: I-V curve of solar cells 
connected:
- in series
- in parallel

Source: textbook
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Series and Parallel Connections
• Change solar cell connections to vary voltage and current 

• Classical PV module had 36 series-connected solar cells, 
e.g. if Isc = 5 A and Voc = 0.6 V  PV module has output of 
Voc = 36 × 0.6 V = 21.6 V and  Isc = 5 A

• Alternative: two strings of 18 series-
connected cells are then in parallel 
 PV module has output of Voc = 
18 × 0.6 V = 10.8 V and Isc = 10 A

• Today, PV modules contain 60 – 144 
cells  all in series to 
i) keep currents low  minimise

resistive losses (P I2R)
ii) higher voltages enable more 

efficient inverter operation 
Source: textbook
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PV Module Parameters
• In general, I-V characteristics of PV module consist of 

m identical cells in series and n identical strings in parallel

• Most common parameters are Voc, Isc and FF

• Total module area = aperture area + dead area

“Dead area” consists of space 
in between solar cells and 
around edges of PV module

“Aperture area” is the 
area of the solar cells
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• “Packing density”  area of PV module that is covered with 
solar cells compared to that which is blank  affects output 
power of module as well as operating temperature

• Depends on the shape of solar cells used, 
e.g. c-Si solar cells are typically semi-square, 
mc-Si wafers are always square

PV Module Parameters

Source: http://pveducation.org/pvcdrom/modules/packing-density

mc-Si                c-Si new c-Si old
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PV Module Parameters
• Ideal world  perfectly-matched solar cells  no losses 
  and FF same at both cell and module level to be same…

… but not the case in real life:

1) the interconnects between cells incur further resistive losses

2) there are small mismatches between interconnected cells 

• When m × n cells are interconnected  cell with lowest current 
in a string of m cells in series determines the module current

• Mismatch between individual cells caused by slight variations 
in production process

• In practice, PV modules perform slightly worse than one would 
expect from ideally matched and interconnected solar cells, i.e. 
PV module  lower by 2-3% absolute compared to cell 
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PV Module Parameters
• Often, differences between cell and module performance are 

not mentioned in datasheets (nor module ) 

• Datasheet of Sanyo HIT-N240SE10 PV module states this 
 cell level  of 21.6%, but a PV module level  of only 19.0%

(actually most PV module data sheets do not quote at all!)

Source: textbook
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PV Module Parameters

Source: http://www.solaruk.com/pdf/DS%20-%20HIT235%20-%20HIT%20235%20SE10%20-%20datasheet.pdf
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PV Module Parameters

Source: http://www.solaruk.com/pdf/DS%20-%20HIT235%20-%20HIT%20235%20SE10%20-%20datasheet.pdf
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• Bifacial  two faces  PV module designed to accept light 
from both front and rear 

• Both front & rear must be optically transparent 
 typically glass-glass structure

• ~10-25% gain via albedo – light reflected from ground an onto 
rear side of PV module

Bifacial PV Modules

Source: https://www.trace-software.com/blog/bifacial-solar-panels-characteristics-and-advantages/



13

Bypass Diodes
• PV modules also have bypass diodes integrated 

• Necessary as in real-life conditions PV modules can be 
partially shaded, e.g. from a leaf, tree, chimney or building

• Shading has significant consequences on output of PV module

14

Partially Shaded PV Modules
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Bypass Diodes
• Consider situation where one solar cell in a 6-cell module 

is shaded (assuming all 6 cells are connected in series)

• This means that the current generated in shaded cell is 
significantly reduced 

• Reminder: in series connection, current flow is limited by cell 
that generates the lowest current  this poorly performing cell 
dictates maximum current flowing through PV module

Source: textbook
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• Shaded solar cell generates
much less photocurrent

• 5 unshaded cells  acts like reverse bias on shaded solar cell 

• When a cell is reverse biased  cannot generate full amount 
of energy  rest dissipated as heat

• Effect of reverse bias estimated 
graphically by reflecting I-V 
curve of unshaded cells 
through the V = 0 axis 

• Shaded solar cell is operating at 
intersection of its I-V curve and 
the reflected curve

Bypass Diodes

Source: textbook
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• Temperature can increase to critical levels 
 can cause glass to crack or wear on other materials 

• Remember: higher temperatures also lead to decreased PV 
performance

• Large reverse bias  induce breakdown of junction  can 
permanently damage solar cell

Bypass Diodes
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Bypass Diodes

Source: https://www.pveducation.org/pvcdrom/modules-and-arrays/hot-spot-heating
https://pv-magazine-usa.com/2017/08/22/hot-spots-causes-and-effects/
https://www.ilumen.be/en/which-types-of-solar-panel-degradation-exist
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• Partial shading problem
prevented by including 
bypass diodes

• If no cell is shaded 
 no current flows through bypass diodes

• If 1 cell partially shaded  bypass diode conducts due to 
biasing from other cells  current flows around shaded cell 
 module still produces current equal to that of unshaded cells

• In real PV modules, not every solar cell is equipped with a 
bypass diode due to cost and space requirements, 

• E.g. a 60-cell module typically contains 3 bypass diodes 
 each diode shared by a string of 20 cells

Bypass Diodes

Source: textbook
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Bypass Diodes: Tutorial

• Step-by-step tutorial taken from PV Education considering the 
partial shading of 1 solar cell in a string of 10

• Without bypass diodes:

• With bypass diodes:
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial



29
Source:  http://pveducation.org/pvcdrom/modules/bypass-diodes

Bypass Diodes: Tutorial
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• PV module must have a lifetime of  25 years

• Module must be built of well-chosen and trusted components 

• Components of a typical c-Si PV module:

• Glass

• Encapsulant

• Solar cells

• Back layers

• Aluminium
frame

• Junction box

Fabrication of PV Modules

Source: textbook
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• Glass: 

• Soda-lime glass  same as 
window glass but with lower 
iron content  higher transmission

• Thickness of ~3mm 
 provides mechanical stability while remaining transparent 

• Glass is “tempered” in order to increase its resistance to 
impacts  tempering is a controlled thermal/chemical 
treatment to increase strength of glass  puts outer surfaces 
into compression and inner surfaces into tension 

Fabrication of PV Modules

Source: textbook
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• Encapsulant: 

• Solar cells sandwiched 
in-between two layers of 
polymer encapsulant

• Most common material is ethylene-vinyl-acetate (EVA), 
a thermoplastic polymer  best combination of properties 
(mechanical, thermal, optical, chemical) and price

• Other encapsulants include:

• polyvinyl butyral (PVB) – used in car windscreens

• silicone – most transparent, but often too expensive

Fabrication of PV Modules

Source: textbook
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• Back Layer: acts as barrier 
against humidity and oxygen

• Sometimes glass used
(e.g. bifacial modules) but 
doubles weight of module

• More common is composite 
polymer sheet, e.g. PVF-PET-PVF

• PVF = polyvinyl fluoride (“Tedlar”)  low permeability for 
water vapour plus very resistive against weathering

• PET = polyethylene terephthalate  electrical insulation 

Fabrication of PV Modules

Source: textbook
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• Lamination:

• Most important step during 
PV module production –
described below for EVA

• The whole stack (front glass, encapsulants, interconnected 
solar cells, back layer - just not frame and junction box) is 
placed in laminator

Fabrication of PV Modules

Source: textbook
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• Lamination:

• Heat above melting point of 
EVA (~120 °C) in a vacuum 
 no moisture or air bubbles
present

• After few minutes, EVA is 
molten, pressure is applied 
and temperature increased 
to ~150 °C

• During this step, a curing agent present in EVA starts to 
cross-link EVA polymer chains  leads to transverse bonds 
between the EVA molecules forming  gives EVA rubber-like 
properties

Fabrication of PV Modules

Source: https://www.researchgate.net/publication/259494471
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• Frame (aluminium): 
put around whole module 
to enhance the mechanical 
stability

• Junction box (weatherproof): 
placed on rear of module –
contains electrical connections 
to connect PV module to other 
components of PV system 
(also contains bypass diodes)

Fabrication of PV Modules

Sources: textbook
https://www.electricaltechnology.org/2019/10/blocking-bypass-diode-solar-panel-junction-box.html
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• Typical lifetime of PV systems is about 25 years

• Very little maintenance should be required on PV modules 
 essentially maintenance-free

• Manufacturers typically 
guarantee a power between 
80% and 90% of the initial 
rated power after 25 years

• E.g. here Sanyo c-Si PV 
module has 3-step guarantee:
- 5 years on workmanship
(classical guarantee)

- 10 years on 90% power
- 25 years on 80% power

PV Module Lifetime Testing

Source: http://www.solaruk.com/pdf/DS%20-%20HIT235%20-%20HIT%20235%20SE10%20-%20datasheet.pdf
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• During 25 year lifetime, PV modules are exposed 
to wide range of external stresses:

• Temperature changes between night and day as well as 
between winter and summer;

• Mechanical stress for example from wind, snow and hail;

• Stress by agents transported via the atmosphere, e.g. dust, 
sand, and salty mist

• Humidity originating from the atmosphere;

• Moisture originating from rain, dew, frost, snow, ice

• Irradiance from the Sun, both direct and indirect  high energy 
UV radiation is challenging for many materials, especially 
organic ones, e.g. EVA encapsulant contains UV absorbers

PV Module Lifetime Testing
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• Modules are qualified according to international standards:
IEC 61215 for modules based on c-Si silicon solar cells

• Aim of standards testing  evaluate (within reasonable time 
and cost) whether PV module suited for long-term operation

• Can’t test a module for 25
years!  perform accelerated 
stress testing:

1) Thermal cycles – study 
whether thermal stress 
leads to broken cell 
interconnects, broken cells, 
electrical bond failure, or 
adhesion of junction box

PV Module Lifetime Testing

Source: IEC 61215 standard

50 cycles

40

2) Humidity–freeze tests for 
i) delamination of module;
ii) adhesion of junction box

PV Module Lifetime 
Testing

Source: IEC 61215 standard
https://review.solar/solar-panel-delamination/

Temperature range 
similar to before, 
but now relative 
humidity also 
present (up to RH 
= 85%)  10 cycles
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3) Damp heat – test if modules suffer from corrosion, 
delamination, loss of adhesion/elasticity of the encapsulant

• 85C at 85% RH for 1000 hours (constant – no cycling)

• Often regarded as toughest PV module environmental test 

4) UV testing – UV light can lead to:
i) loss of adhesion and/or 
elasticity in encapsulant 
 delamination, 

ii) discolouration of 
encapsulant and back layer 
 turn yellow or brown 
 reduces light transmission

PV Module Lifetime Testing

Source: https://review.solar/solar-panel-discolouration/
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Briefly:

5) Mechanical loads – test whether strong winds or 
heavy snow loads lead to structural failures, 
broken glass, broken interconnect ribbons or broken cells

6) Hot spot testing – check if hot spots are present – due to 
shunts in cells or inadequate bypass diode protection 

7) Bypass diode – thermal testing to check if diode overheating 
could degrade encapsulant, back sheet or junction box

PV Module Lifetime Testing

Source: https://www.youtube.com/watch?v=QMR_GpsrIzM
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8) Hail testing – check whether PV module can handle the 
mechanical stress induced by hail

• Compressed air-driven ice canon  ø25mm hail stones 
 23m/s velocity (83km/h)

PV Module Lifetime Testing

Source: https://www.youtube.com/watch?v=QMR_GpsrIzM
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• Meeting the IEC standard test is not a 25 year guarantee

• Actual lifetime not only determined by module design but also 
i) climate (e.g. hot-dry or warm high-humidity) and 
ii) final application (e.g. roof-integrated or free-standing)

• Other relevant standards:

• IEC 61646 – very similar to IEC61215 but for thin-film PV 
modules and includes a “light soaking” step (5.5 kWh/m2)

• IEC 61730 – Hazards from handling module (Electrical, 
mechanical, thermal) and fire resistance 

• IEC 61701 – salt corrosion testing, e.g. lighthouse PV panels

• Qualification tests carried out by independent organizations 
 TÜV Rheinland in Germany.

PV Module Lifetime Testing

Source: IEC 61215 standard
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• Warranty covers most failures occurring in infancy and midlife

PV Module Lifetime

Source: https://www.aleo-solar.com/quality-solar-panels-still-relevant/

46

• PV module performance degradation rates are typically 
0.5% (relative) p.a. for c-Si and CdTe

• mc-Si, CIGS and a-Si exhibit slightly worse degradation over 
time

• Degradation rates of all 
PV modules improving 
with time

• A third party “reinsurance 
company” ensures these 
warranties are valid in 
case manufacturer 
goes bankrupt

PV Module Lifetime
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Source:  Li, Cai, Schäfer, Richards, Applied Energy, 253 (2019): 113524 
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• Reminder:  PV modules do not suddenly stop working after 
25 years  they are just no longer covered under warranty

• SunPower expects its PV modules to have a useful life of 
>40 years, defined as 99% of modules producing at least 
70% of their rated power

PV Modules

Source:  https://us.sunpower.com/sites/default/files/media-library/white-papers/wp-sunpower-module-40-year-useful-life.pdf
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• Indeed, there are c-Si PV modules that are 
>40 years old and still working, e.g.: 

• 1959 Hoffman solar radio (also built first 
solar-powered space satellite)

• 1980 Arco Solar 
c-Si PV panel –
initial rating 33W –
similar when 
tested again 
outdoors in 2010 
(not under STC)

PV Modules

Source:  https://en.wikipedia.org/wiki/Les_Hoffman
https://www.greenbuildingadvisor.com/article/testing-a-thirty-year-old-photovoltaic-module
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• Thin-film PV module manufacture very different to c-Si 

• For c-Si, cells and modules are two distinct steps

• For thin-film PV technology, producing cells and modules 
cannot be separated from each other

• When we covered inorganic solar cells we did not deal with 
interconnection of cells

• Cannot have 1m2 “thin film solar cell”  300 A at 1 V  all 
current has to be transported via front and back electrodes 
very thin and not so conductive  resistive losses in device 
would be huge

• Therefore, we need a way of dividing the module up into solar 
cells  reduce current and build voltage 

Thin-Film PV Modules
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• Thin-film PV module  consists of strips of many narrow cells 
of ~0.5 – 1 cm width and length being equal to module length

• Cells are connected in series across the width of module

• Metallic busbars on left and right of module collect the current 
and conduct it to bottom to connect to external cables

• Busbar shown here for CIGS module

Thin-Film PV Modules

Source: https://www.4micro.de/en/solutions/bus-bar-exposure/

Series-connected 
solar cells 

Busbar

Glass substrate
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• Series connection established via laser scribing

• In total, three laser scribes are required to separate the cells 
and establish a series connection 

• First laser scribe (P1) performed after TCO is deposited

• Laser wavelength chosen such that laser is absorbed by TCO 
 material is evaporated leaving a gap in front contact

• Then photoactive layers are deposited onto TCO and into gaps

Thin-Film PV Modules

Source: textbook
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• Second laser scribe (P2) is performed – now using 
a laser wavelength such that it is primarily absorbed 
by absorber layer and not TCO

• E.g. for a-Si:H solar cell a 532nm green laser often used

• P2 scribe leaves a gap in the absorber layer

Thin-Film PV Modules

Source: textbook
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• Next step is deposition of metallic back contact that also fills 
the P2 gap

• Third laser scribe (P3) is performed – again with laser  chosen 
such that it is neither absorbed in TCO nor absorber layer, e.g. 
1064 nm stack

• P3 step places a scribe into back contact

Thin-Film PV Modules

Source: textbook

54

• Understanding scribes P1, P2, P3

• P1 scribe filled with absorber material 
 forms barrier since absorber is 
orders of magnitudes less conductive 
than TCO

• Similarly, P3 scribe forms insulating 
gap in metallic back contact

• However, P2 scribe that is filled with metal forms a highly 
conducting connection between the front and back contacts 
 achieves series connection

Thin-Film PV Modules

Source: textbook


P1


P2


P3
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Step 1: Glass substrate (window glass ~3 mm thick)

Glass

Source:  Powalla, ZSW

CIGS Thin Film PV Modules:
Step-by-Step Tutorial
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Step 2: DC sputtering of molybdenum back contact

Glass

Mo

Source:  Powalla, ZSW

CIGS Thin Film PV Modules
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Step 3: Laser structuring (P1)

P1Glass

Mo

Source:  Powalla, ZSW

CIGS Thin Film PV Modules

58

Step 4: Evaporation of Cu(In,Ga)Se2

P1Glass

Mo

CIGS

Source:  Powalla, ZSW

CIGS Thin Film PV Modules
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Step 5: Chemical bath deposition of CdS

P1Glass

Mo

CIGS

CdS

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Step 6: RF sputtering of i-ZnO

P1Glass

Mo

CIGS

CdS
i-ZnO

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Step 7: Mechanical structuring (P2)

P1 P2G1Glass

Mo

CIGS

CdS
i-ZnO

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Step 8: Sputtering of ZnO:Al (TCO)

P1 P2G1Glass

Mo

CIGS

CdS
i-ZnO

ZnO:Al

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Step 9: Mechanical structuring (P3)

P1 P2G1 P3G2Glass

Mo

CIGS

CdS
i-ZnO

ZnO:Al

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Step 10: Encapsulation with polymer foil and glass

P1 P2G1 P3G2Glass

Mo

CIGS

CdS
i-ZnO

ZnO:Al

EVA

Glass

CIGS Thin Film PV Modules

Source:  Powalla, ZSW
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Flow of current in monolithically-connected thin-film PV module

Glass

Mo

CIGS

P1

CdS
i-ZnO

P2

ZnO:Al

P3

EVA

Glass

Cell n Cell n+1

Series connection

Thin Film PV Modules

Source:  Powalla, ZSW
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• Requirements of laser for good interconnect performance

• P2 scribe has to be highly conductive  wide enough plus no 
barrier at interface between the TCO and metal

• P1 and P3 scribes must form good barriers to effectively 
separate cells from each other

• Region between P1 and P3 scribes does not contribute to the 
photocurrent generated by the module  “dead area”  Thus 
ratio between this width and the total cell width (including the 
scribes) should be as small as possible 

• Also, three laser scribes are performed in different steps of 
production and thus with different machines  alignment in all 
the production steps is extremely important for manufacturing 
high quality thin-film PV modules

Thin-Film PV Modules
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P1 P2G1 P3G2 P1 P2G1 P3G2 Glass

Mo

CIGS

CdS
i-ZnO

Zn:Al

active
area

CIGS PV modules

Source:  Powalla, ZSW

Busbar

dead
area

dead
area

(not to scale)
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CIGS PV modules

Source:  https://www.nrel.gov/docs/fy11osti/49411.pdf

• For CIGS R&D devices, dead region ~400m wide

• Total cell typically 3 – 5mm wide  thus dead region ~10%

• Similar to ~8% shading from front contacts in c-Si solar cells
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• Four best PV modules from different technologies today

• Note  between record cells (last lecture) – esp. for CIGS

Examples of PV Modules

Source: adapted from textbook

Technology c-Si CdTe CIGS a-Si:H / mc-Si:H

Manufacturer / model SunPower 
X21-470-COM

(USA)

First Solar 
FS-6450

(USA)

Avancis
PowerMax 4.6

(Germany)

Kaneka
U-EA-120
(Japan)

Rated power PMPP (W) 470 450 160 120

Rated power (%) +5 / 0 +5 / 0 +5 / 0 +10 / -5

Rated current IMPP (A) 6.06 2.41 1.96 2.18

Rate voltage VMPP (V) 77.6 186.8 72.2 55.0

Short-circuit current ISC (A) 6.45 2.57 2.46 2.60

Open-circuit voltage VOC (V) 91.5 221.1 90.5 71.0

Dimensions d (m) 2.07 × 1.05 2.01 × 1.23 1.59 × 0.66 1.21 × 1.01

Max warranty on PMPP (y) 25 25 25 25

Area A (m2) 2.17 2.47 1.01 1.21

Efficiency (%) 21.7 18.2 15.2 9.9

70 Photos: CIGS (Manz), a-Si (Schott Solar), CdTe (First Solar), c-Si (Sunpower Corp.)

Examples of PV Modules

CIGS
CdTe

a-Si

c-Si

(with black 
backing 
layer)

c-Si

(with white 
backing 
layer)



71 Source: https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels

Examples of PV Modules

CIGSa-Si

72 Source: https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels

Examples of PV Modules

CIGSa-Si

• Both cell number and module size keeps growing!
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• Why connect solar cells in series rather than parallel?

• Why are there differences between cell  and module 

• Effect of partial shading in a c-Si PV module

• Role of bypass diodes in a c-Si PV module

• Potential gains from bifacial PV modules

• Construction of c-Si PV modules

• Role of each laser scribe (P1, P2, P3) in a thin-film PV module

• Why is accelerated testing of PV modules performed?

• Read chapter 15 of textbook

Homework: Knowledge Test


