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q Energetic context

q Solar cells: Operating principle

q Comparison crystalline/amorphous silicon cells

q Photovoltaic industries

Summary
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Energetic context
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World energy consumption Dominated 
by fossil energies Strong increase still 

1950 

Energetic context (I)

World primary energy consumption 2016
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Electricity production strongly 
influenced by national policies 

(2010)

Energetic context (II)
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Solar photovoltaics: a potentially unlimited resource

EPIA, 2010 

Energetic context (III)
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Solar Flux at Earth Surface (kWh/m2/y, 2009)

Solar irradiance is of fundamental importance and is deemed good to excellent 

between 10 and 40 , South or North 

Solar photovoltaics: a potentially unlimited resource

Energetic context (IV)
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• Corsica, French riviera and south Alpes : > 50% 

than northern areas 
• Mistral wind influence 

• Microclimate on Atlantic coast 

The French Case

Recoverable solar radiation on the French territory is 

200 times the total energy consumption of the country 
(solar radiation: 4 kWh/m2/year)

The only equipment half of the roof would cover 100% of the electricity needs 

(2,000 km2 less than 0.4% of the territory)

Energy needs for a family of 4: 10-25 m2 of solar panels.

Main characteristics of Solar energy : 

• Dilute (about 100 W/m2 usable with mainstream technology)… 
• Intermittent (for terrestrial applications) _requires progress in storage technology and /or grid 

management (smart grids) 

Energetic context (V)
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The French Case: real-time data publication

Energetic context (VI)
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Solar energy technologies

Energetic context (VII)
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Solar Cells: 

Operating principle
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Effect of altitude:

Need large areas of conversion

Solar spectrum

• AM2: inclination of 60 relative to

the zenith

• AM1: sun zenith (absorptions in the

UV and IR)

• AM0: solar spectrum outside the

atmosphere (near blackbody 5800 K):

space applications

Good approximation: AM 1.5 (844 W/m2) tilt 45 

Operating principle (I)
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Conventional p-n junction photovoltaic cell

Operating principle (II)
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Equivalent circuit diagram
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In dark condition

Without illumination

§ Diode electrical characteristic

Operating principle (III)
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Equivalent circuit diagram
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Light absorption

§ Energy of light > Eg of active layer

§ Light absorption
§ Electron-hole pair (EHP) generation

Operating principle (IV)
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Equivalent circuit diagram
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Carrier diffusion & Charge extraction

Diffusion current generation

§ Due to the photo-generated carriers
§ JVcurve shift and power generation
§ The greater the light intensity, the greater the

amount of shift

Iphoto-generated

Operating principle (V)



Le Solaire Photovoltaïque, Y. Bonnassieux, 2018 diapo 17

Equivalent circuit diagram
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VO C  : Open circuit voltage

JSC  : Short circuit current
FF : Fill factor
PCE : Power conversion efficiency

Shunt resistance (Rsh)

§ Leakage current through the edge
§ Defect of solar cells

Series resistance (Rs)
§ Contact resistance between active layer and metal

electrode
§ Active layer thickness

Operating principle (VI)
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Operating principle (VII)

Efficiency limits

Shockley-Queisser limit
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Difficult realization with c-Si, easy with amorphous

multispectral cells

Efficiency increase:

Eg1 = 1.56 eV Eg2 = 0.94 eV                             : h = 50 % (C = 1000)

Eg1 = 1.75 eV        Eg2 = 1.18 eV     Eg3 =  0.75 eV : h = 56 % (C = 1000)

Low gain beyond three materials

Operating principle (VIII)
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Example of c-Si solar cell

• Need an anti-reflective layer 

(semiconductor reflectivity of the order 
25% in the visible rang)

• Need a transparent conductive layer 

TCO (Transparent Conductive Oxide)

• Need metallic stripe and fingers to 

collect carriers.

Operating principle (IX)
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Transparent Conductive Oxide TCO

q Must be simultaneously conductive(<10Ω ) and transparent to solar spectra

q Requirements met by large bandgap layers (>3eV) with degenerate N-type doping (Fermi 
level in the conduction band)

ZnO:Al transmission

q matériaux actif

q TCO

q Réflecteur arrière
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q Applications other than photovoltaic:

§ flat panel display

§ architectural glass for thermal insulation

Operating principle (X)
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Best efficiency for c-Si cells

0.696V, 42 mA/cm2, FF= 0.836, h = 24.4%

Optical trapping: ex c-Si (texturing the front contact)

• Absorption is strongly dependent on the

wavelength

• high reflexion (n= 3-4 dans les SC)

• Use of complex structures to increase the 

optical path in the solar cell (diffraction 
gratings ...)

Operating principle (XI)
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Textured TCO

Depostion technic

q Sputtering

q MOCVD

q LPCVD

Technology Cell types benefits / drawback

Indium Tin 

Oxide (ITO)

HIT cells, a-Si:H 

(rear reflector)

High efficiency

Indium=costly

Non-textured

Tin Oxide

(SnO2:F)

a-Si:H, CdTe Low cost

Textured during deposition

High temperature

Zinc Oxide 

(ZnO:Al)

a/µc-Si:H, CIGS Low cost

Resistant to H2 plasma

Textured in/ex-situ

Deposition process difficult 

to control

q Can appear naturally during 
deposition(SnO2) ou créée après 
dépôt (ZnO)

Operating principle (XII)
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Amorphous & Crystalline 

Silicon solar cells
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High mobility TFTs

PolySi ~ 300 cm2/V.s 

n and p type

Low mobility TFTs

~ 1 cm2/V.s

n type

Amorphous & Crystalline cells (I)
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a-Si:H cell is not a PN junction

Negligible diffusion effects in a-Si: H (low mobility). The charge collection is only made in the space

charge zone: need to extend this area..

Parameters C-Si a-Si:H

Atomic arrangement Order disorder

Band gap (eV) 1.12 1.6 -1.8

Absorption coeff Low Very high

Diffusion length (um) 10 to 200 0.1 to 2

Electron mobility (cm2/V/s) 500 to 1000 0.05 to 1

Conductivity (S/cm) 10-4 to 104 10-13 to 102

PN junction Rectifier ohmic

Cell thickness (um) 100 to 400 0.4 to 1

Amorphous & Crystalline cells (II)
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P-I-N junction

Technological problem:

• Blue photon absorption

(penetration depth : 12-20 nm)

• Red photon absorption

(depth limited by width of space charge zone: 

0.5 - 1 µm)
PIN band diagram

a-Si:H cells

Depletion zone thickness:

a-Si:H  I       W ≤ 1µm

a-Si:H P-N   W ~10-20 nm
The P and N regions are used to determine the 

Internal electrical field but do not contribute
To carrier collection.

Amorphous & Crystalline cells (III)
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Despite the decrease in conversion efficiency, the use of a-Si:H allows a reduction in the cost of energy 

produced.

Amorphous & Crystalline cells (IV)
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Ability to vary the gap between 1.0 and 2.2 eV, from a gaseous mixture (plasma deposition).

Amorphous alloys

Amorphous & Crystalline cells (V)
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Amorphous & Crystalline cells (VI)
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Amorphous & Crystalline cells (VII)
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q Easy to make thin film solar modules

§ A solar cell gives about 0.5 volt

§ Many cells connected together make a solar module

§ Thin film solar cells are interconnected during the fabrication of the thin layers -

no handling of individual cells as in the conventional techniques

§ Encapsulation needed to protect the solar cells

Crystalline Si module Thin film module

Amorphous & Crystalline cells (VIII)
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Photovoltaic industries
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Photovoltaic technology classification by generation

Photovoltaic industries (I)

2015 IDTechEx
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Photovoltaic industries (II)

Crystalline silicon

2015 IDTechEx
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Photovoltaic industries (III)

Gallium Arsenide

2015 IDTechEx
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Photovoltaic industries (IV)

Hydrogenated Amorphous silicon

2015 IDTechEx
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Photovoltaic industries (V)

Cadmium Telluride

2015 IDTechEx
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Photovoltaic industries (VI)

Copper Indium Gallium Selenide

2015 IDTechEx
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Photovoltaic industries (VII)

Organic photovoltaic

2015 IDTechEx
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Photovoltaic industries (VIII)

Hybrid Perovskite

2015 IDTechEx
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Photovoltaic industries (IX)
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Fast decrease of the cost of electricity mostly due to the evolution of Silicon cost

Photovoltaic industries (X)
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Photovoltaic industries (XI)

https://www.nrel.gov/pv/assets/images/efficiency-chart.png
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Photovoltaic industries (XII)
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