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Photovoltaics:

DIRECT conversion
of solar energy to electrical energy





PV annual installations

2023: 510 GW



REN21, 2022

PV global capacity

2023: > 1500 GW



Energy & Strategy Group, Politecnico di Milano, 2014

PV price reduction
- example: turnkey PV installations in Italy -

2010-2013:
Price reduction of PV installation of  2 €/W



PV price reduction
- example: rooftop PV installations in Germany -



Breyer C, Gerlach A. Global overview on grid parity
Progress in photovoltaic: research and applications 2012. John Wiley & Sons, Ltd. DOI 10.1002/pip.1254

Grid parity



PHOTOVOLTAICS - HISTORY

Fermeglia, Lughi, Massi Pavan, MRS Energy and Sustainability 2020, doi:10.1557/mre.2020.36



2010-2013:
Price reduction of PV modules: 

1 €/W

Price reduction of PV modules
- «learning curve» - the effect of the economies of scale -



Price reduction of PV modules
- «learning curve» - the effect of the economies of scale -

International Technology Roadmap of PV 2023



Germany

Role of Balance of System
- The cost of BoS today is comparable with that of the modules -

BOS (including inverter)

Modules



iSupply Corp., 2011

USA

Role of Balance of System
The cost of BoS today is comparable with that of the modules

(or less – the case of USA) 



The role of BoS
- In BoS, overall there is more margin for cost reduction -

Typical price of a 
4kWp turnkey

domestic PV plant





Growing Energy Demand in Developing Countries

What kind of energy?



What kind of energy?

What role for photovoltaics?

What role for new  technologies?



Portable power
The portable power market is just starting and needs new technology



X. Wang and A. Barnett, Appl. Sci. 2019, 9(6), 1227



-+

Absorber’s Requirements:
•Bandgap matched with solar spectrum ( 1.5 eV)
•Good transport properties
• Full absorption within absorber’s thickness

Need for asymmetry

Basic Solar Cell Concept
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Absorption of

solar radiation

Creation of

free carriers

2.

Free carrier

extraction

Electrical energy

Photovoltaic Effect
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p-n junction: cell asymmetry
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p-n junction



Absorption and generation



Interband absorption



Absorption



x

I0

Legge di Lambert – Beer

: coeff. di assorbimentoI = I0 exp (- x)



Absorption: thickness engineering
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Interband absorption: generation rate



Interband absorption: generation rate



Interband absorption: generation rate



Interband absorption: generation rate



Interband absorption: generation rate



Absorption: thickness engineering
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Doping and mobility

Doping beyond a certain value:
• Increases the number of carriers
• Reduces mobiliy and diffusion – but less than the increase of carrier concentration

Drift current is favored (and diffusion current is disfavored)
The emitter must be doped as much as possible!



Doping and diffusion length

Scelta ottimale del drogaggio della base per ottenere massima efficienza



p-n junction



p-n junction
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p-n junction
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p = pp0 ≈ NA

n = nn0 ≈ ND

n = np0 ≈ ni
2/NA

p = pn0 ≈ ni
2/ND

p-n junction at equilibrium



Dark Characteristic (Diode)
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Illuminated Characteristic
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Illuminated Characteristic



IV characteristics and equivalent circuit
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Local generation
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Charge collection probability

Probabilità che una carica fotogenerata ha di 
contribuire alla corrente di corto circuito
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Photogenerated current

This volume should be reduced as much as possible!



Quantum efficiency



Figures of merit

•Corrente di corto circuito Isc, efficienza quantica QE, risposta spettrale SR

•Tensione di circuito aperto

•Rendimento
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Efficiency under concentration
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Solar cell efficiency



Thermodynamic limits

%951 −=
S

A
Carnot

T

T
 TA : cell temperature at room temperature

TS : temperature of Sun
Carnot Limit

Landsberg Limit  93.3% (86.8%, series of black bodies as converter)

Schokley – Queisser (SQ) Limit:
Converter is one single semiconductor
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Thermodynamic limits



Electric losses

Rs: Resistenza di serie

Rp: Resistenza di shunt (parallela)



Losses

• Termalizzazione di 
fotoni energetici

• Perdite alla giunzione
• Resistenze parassite
• Perdite ai contatti

• Ricombinazione 
(radiativa, SRH, Auger, 
superficie)

• Ombreggiamento dei contatti
• Riflessione

• Trasmissione  
(mancato assorbimento)

• Trasporto



Losses



Effect on temperature
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multijunction

crystalline silicon

thin films

emerging technologies



Photovoltaic technologies:
state of the art

1. Commercial technologies



Crystalline silicon modules

Average Commercial Module Efficiency



Silicon PV moduli are made of silicon solar cells



Standard Silicon PV Technology

Now this architecture is old, but it’s 
good to start learning!



Where are we with silicon solar cells?

Green et al.: Solar Cell Efficiency Tables (Version 59), Progress in PV: Research and Applications 2022



New technologies
PERC – Passivated Emitter and Rear Contact PERT – Passivated Emitter Rear Totally Diffused

PERL – Passivated Emitter Local Back Diffused



multijunction

crystalline silicon

thin films

emerging technologies
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Technical evolution and growth potential
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Crystalline silicon modules
- Techno-economic positioning -



Current Pricing

https://www.pv-magazine.com/2023/10/18/downward-trend-for-pv-module-prices-losing-momentum/

German PV magazine, October 18th, 2023

https://www.pv-magazine.com/2023/10/18/downward-trend-for-pv-module-prices-losing-momentum/


Manufacturing of solar PV modules



Manufacturing of silicon single crystal wafers



Silicon single crystal manufacturing

https://youtu.be/skRmyhSOu28

Credit CHRISTIAN KOCH, MICROCHEMICALS / SCIENCE PHOTO LIBRARY

Czochralski Process Silicon Ingot Wafer Cutting

https://youtu.be/skRmyhSOu28


Semiconductor solar cell manufacturing



PV Module Construction

Resources, Conservation & Recycling 187 (2022) 106612



Half-Cell Modules Standard

Half-cell

Advantages:

- Lower currents → lower resistive losses

- Improved low-light and shading performance

- Defect statistics



PV – Current technologies



PV Module Construction

Solar Energy Materials and Solar Cells 248 (2022) 111976



PV Module Construction

Resources, Conservation & Recycling 187 (2022) 106612



PV Modules Failure Modes



PV Modules Failure
Modes



PV Modules Failure Modes

Causes of panel failure, PVE module scorecard



PV Module Recycling
Potential

IEA - IRENA Report "End-of-Life Management - Solar Photovoltaic Panels", 2016



PV Modules Recycling

Solar Energy Materials and Solar 
Cells 248 (2022) 111976



PV Modules Recycling – Delamination Processes

Resources, Conservation & 
Recycling 187 (2022) 106612



PV Modules Recycling – More on Hot Knife

https://www.pv-magazine.com/2023/08/17/advancing-circular-economy-in-
photovoltaics-the-hot-knife-pv-module-recycling-method/

https://iea-pvps.org/key-topics/life-cycle-assessment-of-crystalline-silicon-
photovoltaic-module-delamination-with-hot-knife-technology/



PV Modules Recycling – Sorting Processes

Resources, Conservation & 
Recycling 187 (2022) 106612



PV Modules Recycling: Industrial Example
frame separator

glass separator

J-Box separator

https://www.npcgroup.net/eng/solarpower/reuse-recycle/recycle-service



PV Modules Recycling

Take-home messages:
- Recycling is technically feasible (worst case scenario: downcycling).

Examples of industrial-scale businesses are starting to emerge (e.g. Veolia France, NPC Inc., …)

- The bottleneck is no longer low yield of a single material. Instead, it is more urgent to improve the cost-
effectiveness of value-recovery processing systemically

- Economic viability is expected at higher volumes of PV modules at end-of-life
(current viability expected at a recycling cost of 4-500$/ton; at this time it is about 1000 $/ton)

- Social acceptability needs to be taken into account

- Recycling is a great business opportunity for the future

- Regulatory framework is needed

- Consider secondary markets

- Design for recycle



JA Solar, inc.

New silicon-based commercial technologies: «Black» silicon

€/kWh reduction driver: higher efficiency at constant cost



bSolar, inc.

€/kWh reduction driver: higher collection area at constant cost

New silicon-based commercial technologies:

Bifacial technology



Canadian Solar, inc.

Standard module
Module based on MWT

Both electrical contacts in the back

€/kWh reduction driver: lower manufacturing cost at constant efficiency

New silicon-based commercial technologies:

MWT Metal Wrap-Through



One new frontier: flexible solar modules



PV – Current technologies

German PV Magazine, August 17th, 2023 
https://www.pv-magazine.com/2023/08/17/wafer-formats-continue-to-evolve/

Size advantages
Module efficiency
Lower BOS costs
→ Lower LCOE

Drivers for dimensions:
- Initially, vertically integrated 
companies with wafer production 
capacity adjusted wafer formats to 
achieve the highest module output. 
Henceforth, the combination of 
“rectangular wafers” and “high-density 
encapsulation” became a focus of the 
industry for future development.

- Later module makers came to realize 
that the original format did not fully 
utilize shipping containers.

https://www.pv-magazine.com/2023/08/17/wafer-formats-continue-to-evolve/


PV – Current technologies - lookout

International Technology Roadmap of PV 2023



PV – Current technologies

https://www.nature.com/articles/s41578-022-00423-2#change-history

https://www.nature.com/articles/s41578-022-00423-2#change-history


PV – Current technologies (the key: contact passivation!)



PV – Current technologies - Fabrication



PV – Current technologies

Efficiency: 21-23%



PV – Current technologies - Fabrication



PV – Current technologies

Efficiency: 21-23%



PV – modern n-type cells

Unit: GW

Advantages of n-type cells

• n-type wafers are doped with “phosphorus 
elements”

• No boron-oxygen pairs

• Negligible light-induced attenuation

• Carrier lifetime one order of magnitude 
higher than in p-type wafers

• Voc, Isc, efficiency are improved



PV – Current technologies



PV – Current technologies



PV – Current technologies - Fabrication



PV – Current technologies: TOPCon

TOPCon advantages:

• Increased cell efficiency

• Low temperature coefficients

• Reduced linear degradation 
and extended performance 
guarantee

• Best performance with low 
irradiation

• Low cost

Expected market share:
- 2023: 25%
- 2025: 54%



PV - TOPCon



PV – TOPCon – key mechanism

Yousuf, H.; Khokhar, M.Q.; Zahid, M.A.; Rabelo, M.; Kim, S.; Pham, D.P.; Kim, Y.; Yi, J. Tunnel Oxide 
Deposition Techniques and Their Parametric Influence on Nano-Scaled SiOx Layer of TOPCon Solar Cell: A 
Review. Energies 2022, 15, 5753. https://doi.org/10.3390/en15155753



Selective contacts

Macco et al., Atomic Layer Deposition for High Efficiency 
Crystalline Silicon Solar Cells, in Atomic Layer Deposition in Energy 
Conversion Applications, J. Bachmann, Editor. 2016, Willey.



Band alignment of thin film oxides with silicon

Stradins, P. et al., “Passivated Tunneling Contacts to N-Type Wafer Silicon and Their 
Implementation into High Performance Solar Cells“, WCPEC-6 proceedings, 2014



PV – iTOPCon Fabrication



PV – current technologies



PV – n-type vs p-type



PV – n-type vs p-type



PV – cell manufacturing (PERC)



PV



PV – module manufacturing (PERC modules)



PV



PV – fabrication cost



PV – Current technologies



Silicon use:
1.5 – 3 kgSi/kWpwww.pvcdrom.pveducation.org
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Downsides of Si-based
modules



Energy cost is high!

Silicon costs money and energy

Incidence of silicon cost
on the module energy

and monetary cost:
> 50%
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Thin film technology
- Based on materials with better light absorption properties-



Thin film technology: CIGS, 
a-SI, CdTe

1 - 8 µm

CIGS:
• Solar Frontier, inc.
• Solibro, GmbH
• Miasolé, ltd.
• ... (several global companies)…

CdTe:
• First Solar, inc.

a-Si
• Sharp, inc.
• Sunerg, srl





Thin film technology:
aesthetics, building integration, reduction of installation cost



Thin film technology: CIGS, a-SI, CdTe
- cost comparison with silicon-based modules -



multijunction

crystalline silicon

thin films

emerging technologies
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Technical evolution and growth potential
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Thin film PV modules
- Techno-economic positioning -



Impact of Thin Film Technology is Dropping





1.

Absorption

of solar radiation

Generation

of electrical charges

2.

Extraction

of electrical charges

Electrical energy
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Basic working principle of a PV cell
- an electron’s perspective -



Multijunction («tandem») cells
- A more efficient use of the solar radiation -



multijunction

crystalline silicon

thin films

emerging technologies
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Multijunction cells
- Techno-economic positioning -

Multijunction



PV – moduli commeciali



Photovoltaic technologies:
state of the art

2. Frontier technologies



Dye Sensitized Solar Cell - DSSC



Fotosintesi



Fotosintesi artificiale

Thiol Porphyrin C60 Methil Viologen (MV2+)

•Quantum yield: 0.5%

•Lifetime 0.77 s

•Loose packaging on the surface

• Coppie porfirine – fullereni

assemblate su substrati



Fotosintesi artificiale
Assemblaggio gerarchico per un migliore assorbimento

C60
Porphirine

H. Imahori et al., Adv. Func. Materials 14, 525 (2004)



Dye Sensitized Solar Cell (DSSC)

Graetzel Cell



Dye Sensitized Solar Cell (DSSC)

Graetzel Cell



Organic photovoltaics - OPV



Why Organic Cells? 

•Low cost

•High thoughput production

•Flexibility



multijunction

crystalline silicon

thin films

emerging technologies



Voc = (LUMOA – HOMOD) – 0.3 eV
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Physics of Organic Solar Cells
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Bulk Heterojunction Solar Cells

+
-

P3HT
(electron donor)

PCBM
(electron acceptor)



multijunction

crystalline silicon

thin films

emerging technologies
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- Techno-economic positioning -

Multijunction

OPV

DSSC



Photovoltaic technologies:
state of the art

3. Beyond the frontier - nanotechnology



Nanotechnology and PV: Why?

• Morphologic advantages: nanometric

structures have a lot of surface area           

(e.g. DSSC)

• The optoelectronic properties of materials are 

dominated by phenomena occurring at the 

nanoscale → we need to engineer the 

nanostructure of materials

• Nanoscale phenomena are governed by 

quantum mechanics → nanomaterials can 

exploit untapped physics at the macroscale

(e.g. intermediate band)
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Thermalization of electrons: wasted energy!



Using Nanoheterostructures



Lu Liu, Adel Najar, Kai Wang, Minyong Du, and 
Shengzhong (Frank) Liu, "Perovskite Quantum 
Dots in Solar Cells", Adv. Sci. 2022, 9, 2104577



Quantum dot solar cells

• Mostly perovskite QD sensitized

• Other concepts: MEG, IB, Hot 
extraction)



Why using nanostructures?

• High theoretical efficiency potential

• “Natural” scale

• Quantum physics and emerging 
properties

• Morphological advantages

• Potential for low-cost processes



Quantum dots in photovoltaics

Key concepts and main kinds of devices (“proper” QD solar cells)

Graham H. Carey, Ahmed L. Abdelhady, Zhijun Ning§, Susanna M. Thon, Osman M. Bakr, and Edward H. Sargent, 
"Colloidal Quantum Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732–12763

Shottky junction QDSC

Depleted 
heterojunction QDSC

Bulk heterojunction 
with nanowires



Quantum dots in photovoltaics

Graham H. Carey, Ahmed L. Abdelhady, Zhijun Ning§, Susanna M. 
Thon, Osman M. Bakr, and Edward H. Sargent, "Colloidal Quantum 
Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732–12763

Key concepts and main kinds of devices (“proper” QD solar cells)

Bilayer 
Heterojunction

Bulk 
Heterojunction



Quantum dots in photovoltaics

Graham H. Carey, Ahmed L. Abdelhady, Zhijun Ning§, Susanna M. Thon, Osman M. Bakr, and Edward H. Sargent, 
"Colloidal Quantum Dot Solar Cells", Chem. Rev. 2015, 115, 23, 12732–12763

Key concepts and main kinds of devices (“proper” QD solar cells)

Graded QDSC



Quantum dots in photovoltaics (or in any device!)
Need for assembling nanoparticles!

M.A. Boles, M. Engel, D.V. Talapin, "Self-Assembly of Colloidal Nanocrystals: From Intricate Structures to 
Functional Materials", Chem. Rev. 2016, 116, 18, 11220-11289



Other ways of using quantum dots
in photovoltaics
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Photovoltaic Effect
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Thermalization of electrons: wasted energy!



Wasted energy!

Exploiting
high-energy

photons

Limiting efficiency: 45%

Nanoparticles in Photovoltaics
- Better use of high-energy photons: MEG (Multiple Exciton Generation) -

Quantum dots favor the generation of 
more than one electron per photon

A. Nozik, M. Beard, NREL



PV Kamat, Nature Chemistry 2 p809 (2010)
A. Pandey, P. Guyot-Sionnest*,J. Phys. Chem. Lett. 1 p45–47 (2010)
JA McGuire et al., ACS Nano 4, p6087 (2010)

Nanoparticles in Photovoltaics
- Better use of high-energy photons: Hot Electron Extraction -
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Low energy photons are lost
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Intermediate Band Materials



Conduction Band Valence Band

Intermediate 

Band

Intermediate Band Materials: How To…



Multiphase Nanostructured Films (via MBE)

Luque et al., J. App. Phys. 99, 094503 (2006)

Luque, APL 2005
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Concept is demonstrated, however:
• High cost
• Limited ability of tuning the structure (and therefore the properties)

Luque et al., Nature Photonics  6, 146 (2012)
Okada et al., IEICE Elect. Expr. 10, 2012007 (2013)
Ramiro et al., IEEE J Photov. 4, 736 (2014)

Intermediate Band Materials: State of the Art





IB-Based Solar Cell Architectures

UpconverterEnhanced Absorber



Upconversion (traces of…) via intermediate band

EA Slejko, V Lughi, "Upconversion photoluminescence in colloidal CdSe/CdS
nanocrystal-based solid films, Nanostr. Nano-obj. 26 (2021) 100742

No intermediate 
band

Intermediate 
band
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New generation
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Next-generation solar cells
- Techno-economic positioning -

Multijunction

OPV

DSSC



The latest frontier:
Perovskite-based solar cells

• Most promising thin film technology
(high efficiency)

• Cheap, high-throughput manufacturing
• BUT: chemically unstable

CH3NH3PbX3 perovskites 
(X=I, Br and/or Cl)



The latest frontier:
Perowskite-based solar cells



Perovskite – Band structure engineering

Bandgap tuning Doping tuning Advanced Engineering



multijunction

crystalline silicon

thin films

emerging technologies



Multijunction («tandem») cells
- A more efficient use of the solar radiation -



Perovskite – Silicon Tandem Cells



multijunction
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multijunction

crystalline silicon

thin films

emerging technologies



Raw Materials for Key Technologies in Strategic Sectors

Carrara, S., Bobba, S., Blagoeva, D., Alves Dias, P., Cavalli, A., Georgitzikis, K., Grohol, M., Itul, A., Kuzov, T., Latunussa, 
C., Lyons, L., Malano, G., Maury, T., Prior Arce, Á., Somers, J., Telsnig, T., Veeh, C., Wittmer, D., Black, C., Pennington, 
D., Christou, M., Supply chain analysis and material demand forecast in strategic technologies and sectors in the EU –
A foresight study, Publications Office of the European Union, Luxembourg, 2023, doi:10.2760/386650, JRC132889.
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Supply Chain Risk

*Red bubble: high vulnerability of the corresponding supply chain step (EU perspective)

*Percentage indicates the EU share in the global production for the corresponding 
supply chain step

*Bubble size: complexity of the supply chain step



Supply Chain in Photovoltaics



Semiconductor criticalities in the Energy Transition



(Critical and Strategic) Materials in Photovoltaics



Supply Chain Risk in Photovoltaics



Scaling up photovoltaics

Energy Environ. Sci., 2021, 14, 5147



Scaling up photovoltaics

Energy Environ. Sci., 2021, 14, 5147



Scaling up photovoltaics

Energy Environ. Sci., 2021, 14, 5147



Module Degradation

https://www.sciencedirect.com/science/article/pii/S1364032122000880 https://www.sciencedirect.com/science/article/pii/S136403212200510X

https://www.sciencedirect.com/science/article/pii/S1364032122000880
https://www.sciencedirect.com/science/article/pii/S136403212200510X


Concluding Remarks

• The cost reduction of the PV-kWh enabled attainment of grid parity in many
Countries

• Most of the cost reduction has been driven by the economies of scale

• Nevertheless, technological innovation and breakthroughs are still important

• Current technologies have shown incremental, marginal improvements

• «Emerging» technologies such as Organic PV and DSSC need to prove robustness. 
They will hardly play a role in power generation

• The newest technologies (perovskites, quantum dot-based) have the chance to 
be a real breakthrough by combining high efficiency and extremely low cost


