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The photovoltaic effect

A.E. Becquerel, 1820-1891

The photovoltaic effect was first observed in 1839. 

Exposing materials to light produced an electric current. 

This is now the basis of operation for solar cells



The photovoltaic effect

A.E. Becquerel, 1820-1891

The photovoltaic effect was first observed in 1839. Exposing
materials to light produced an electric current. This is now the basis 
of operation for solar cells

Classical Photoelectric effect experiment
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• Solid is illuminated with an external field 
present in circuit.

• For low frequency radiation there is no 
current.

• As the photon energy increases, a current 
proportional to photon flux is measured.

Note: The experiment is not useful for energy conversion for converting 
photons to electric power as an external field is needed.

Semiconductor devices allow internal field to be established.



Solar cell production dominated by silicon solar cell technologies of mono-Si, poly-Si and 
a-Si which amount to around 90% of the market

Types of solar cell materials

In addition to the established crystalline silicon cell technologies, there are advanced thin 
film technologies of cadmium Telluride (CdTe), copper indium diselenide (CIS), 
amorphous silicon (a-Si) and thin film silicon (thin film-Si). In these processes the active 
material is grown directly on the substrate which simplifies the process and reduces cost

Amorphous silicon is in commercial production but the other thin film technologies are at 
the research stage – however, due to reduced manufacturing costs are expected to gain 
more market share in future.



Types of solar cell materials



PV systems are based on PV module units and rated on the power output under Standard 
Testing Conditions (STC) of 1kW/m2 of AM1.5 irradiance and cell temperature of 25ºC.

The PV module output under STC is expressed as “peak Watt” or Wp nominal capacity.

Photovoltaic module systems
PV cells are largely based on semiconducting silicon materials such as monocrystalline 
silicon (mono-Si), polycrystalline Si (poly-Si) and amorphous Si (a-Si).

The silicon wafers are fabricated into solar cells using semiconductor industry processes 
and multiple identical cells are connected and encapsulated together to form a module.

Crystalline silicon 64 cell 
PV module 

Example of crystalline 
silicon solar cell Multiple module PV array 





Photovoltaic technology status and prospects



Example BOS for off-grid domestic power

PV modules are then combined with other components (dependent on specific 
application) to constitute the “balance of systems” or BOS.

BOS components are categorized as:

PV installation components

• Solar Cell – for conversion of solar radiation into 
electrical power

• Batteries – as energy storage to meet demand at 
night or on overcast days

• Inverters – required to convert DC to AC power

• Controllers – to manage energy storage to battery 
and deliver power to the load

• Structure – required to mount or install the PV 
modules and other components

Note: Not all systems require all these components, e.g., 
on-grid systems do not require batteries as the grid acts 
as energy storage medium

PV systems



Grid-Connected PV Systems

These include large scale PV power plants

Example: 20 MW peak DC power station in Beneixaxa, 
Spain

Consists of 100,000 polycrystalline solar cells covering 
an area of 500,000 sqm

154 MW Swan Hill plant in Australia

Also include widely distributed roof top mounted PV systems for municipal and domestic 
building applications

PV systems



PV systems

Off-grid PV Systems

Broad range of application and size

Example systems 
a) International Space Station powered by 110 kW array, 

and smaller scale applications as 
b) parking meter 
c) navigation buoy 
d) telemetry system



Solar PV manufacturing capacity















Energy consumption of solar PV manufacturing







Emissions from solar PV manufacturing











Investments for solar PV manufacturing













Conversion efficiency and price



Conversion efficiency

Typical conversion efficiency (solar energy to electrical energy) for silicon solar cells are 
between 11 – 15%.

Efficiency >30% demonstrated in laboratory tests – however, commercial modules only 
demonstrate ~ half that efficiency 

This is due to differences in production procedure between lab and industry



Commercial module efficiencies (actual and expected)



General technology target





Past modules prices and projection to 2035 based on learning curve





Global growth of PV capacity



Growth in solar PV systems

Cumulative PV capacity by end 2015

Global PV market in 2015



Operation and maintenance
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Operation and maintenance



Decommissioning and recycling







Fundamentals of photovoltaic



Band Model in Semiconductors
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Pure or Intrinsic semiconductor – e.g. Silicon

Quantum theory – electron energy 
must fall within strict bands

Conduction band – next highest band 
and separated from valence band by 
forbidden region called the band gap

Valence band – electrons involved in 
forming bonds

Electrons in the full valence band cannot move to conduct electricity and therefore a pure 
semiconductor is an insulator

Electrical properties of semiconductors

The electrical properties of semiconductors can be explained using the band model



Valence band

Conductance band 

n-type doped semiconductor – negative majority charge 
carriers

Charge carriers introduced 
into conduction band by 
addition of impurity – doping

For example a Group V 
element like Phosphorus (P) 
with 5 outer electrons

Extra electron can be 
promoted to the conduction 
band and be free to move so 
P acts as donor impurity
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Electrical Properties of Semiconductors

Impurities in Semiconductors



Valence band

Conductance band 

p-type doped semiconductor – positive charge carriers

Charge carriers introduced 
into valence band by addition 
of impurity – doping

For example a Group III 
element like Boron (B) with 3 
outer electrons

The boron atoms can accept 
electrons from the valence 
band effectively creating a 
positive hole and acts as an 
acceptor impurity

h+

acceptor level

Electrical Properties of Semiconductors

Impurities in Semiconductors



p-type n-type

Fermi level
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P-N Junctions

A p-n junction is formed at the interface 
between a p-type and an n-type materials

When joined, holes diffuse from the p-type 
material and electrons from the n-type 
material to form a charge carrier depleted 
region at the interface

As a result an electric field is established 
across the depletion region and at 
equilibrium a build-in potential of Vbi will be 
formed

NB: At equilibrium there is no net current 
flow across the junction 

When separate - Fermi levels within the n and 
p-type semiconductors are not equivalent 



P-N Junctions – External voltage
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On application of a voltage V, the built in 
potential reduces to Vbi – V and the current 
increases exponentially with voltage, as in the 
Ideal Diode Law:

(1)

where Io is the dark current, k is the 
Boltzmann constant, T is the absolute 
temperature and q is the electronic charge

NB

• Io increases as T increases

• Io decreases as material quality increases 

The value of Io is many times smaller than the 
current under forward bias and typically is of 
the order 10-14 A/m2

For an actual diode, Eq. (1) becomes
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where n is an ideality number, with value 
between 1 and 2. The value typically 
increases as current increases



P-N Junctions – Diode Behaviour

Reverse Forward

Illustration of typical current-voltage diode 
behaviour under external voltage

The Diode I-V characteristics (Source: 
Markvart, 2000)

Forward bias

Reverse bias
Opposite occurs under reverse bias -
barrier height is increased

This has little effect on the current 
through the device

Forward bias (positive voltage applied to 
the p-type material) reduces height of the 
potential barrier. This dramatically 
increases the current



P-N Junctions – Diode Behaviour
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P-N Junctions – Diode Behaviour

Reverse Forward

Illustration of typical current-voltage diode 
behaviour under external voltage

The Diode I-V characteristics (Source: 
Markvart, 2000)

Forward bias

Reverse bias
Opposite occurs under reverse bias -
barrier height is increased

This has little effect on the current 
through the device

Forward bias (positive voltage applied to 
the p-type material) reduces height of the 
potential barrier. This dramatically 
increases the current



Semiconductors – Effect of illumination

Light generates electron-hole pairs on both sides of the 
junction

The electric field at the junction sweeps electrons to the n-type 
side and the holes to the p-type side of the junction. 

A current is produced.

This migration of minority charge carriers then produces an electric current across the device

Not all electron-hole pairs are collected. The closer the point of generation to the junction the 
greater chance of collection



The I-V characteristics of a solar cell (Source: 
Markvart 2000)
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Illumination of the cell increases the current above 
the dark diode current. 

The output current of the cell I is the difference 
between the light-generated current IL and the dark 
diode current

I-V curves under illumination

(3)



Short circuit current (ISC) This is 
the maximum current when V = 0, 
hence IL = ISC

Open circuit voltage (VOC)  This is 
the maximum voltage when I = 0, 
hence V = VOC  and
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The maximum power point (Pmp) is when product I x V is at a maximum (I = Imp, V = Vmp)

Another important parameter to characterise junction quality and cell resistance is the fill 
factor (FF), where

hence

Solar Cells – Operating Parameters

scocIFFVP =max

For a given irradiance and operating temperature, the limiting parameters for solar cells are:

(4)

(5)



Solar cells – Effect of temperature

The cell operating temperature (T) has a small effect on the dark current (Io) and short 
circuit current (ISC); both increase with T. 

However, increasing T for silicon cells reduces VOC, FF and cell output

The maximum power point (Pmp) 
is inversely proportional to T, 
and described by
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Effect of Temperature on solar cell I-V Behaviour

The Nominal Operating Cell 
Temperature (NOCT) will be 
quoted for a solar cell



Ideal Solar Cell Performance

So far we have considered ideal solar cell behaviour

This assumes: 

• Every incoming photon of light 
will produce an electron-hole pair

• Each electron-hole pair result 
in one electron flowing through 
the external circuit 

NB: There are several reasons 
for reduced efficiency in solar 
cells

These can result in relatively low 
solar energy conversion 
efficiencies

Ideal short circuit flow and collection of electrons and holes 
within a solar cell



Optical Loss Mechanisms
Optical losses occur due to: 

• Blocking of incoming radiation by the top contacts
(minimise top contact area – but avoid significant increase in resistance)

• Surface reflection of incoming light
(possible to use anti-reflective coatings (ARC) on top layer of cell or surface texturing)

• Reflection of light from rear contact

Top contact design in solar cells
Optical loss methods. (1) Blocking by top contact. 
(2) Surface reflection (3) Rear contact reflection



Recombination Loss Mechanisms
Efficiency can be reduced by the recombination of electron-hole pairs before they are 
collected and useful current produced. Recombination mechanisms include: 

• Radiative recombination – relaxation of excited electrons by emission of light. This 
process is utilized in LEDs and semiconductor lasers but not desirable in solar cells

• Auger recombination – electron-hole recombination and release of energy. Particularly 
with highly doped materials

• Recombination at trap sites – occurs at impurities in the semiconductor material or at 
interface and surface sites which give rise to energy levels within the band gap

Types of recombination losses in solar cells Effect of recombination losses on spectral response. 

EQE, the external quantum efficiency - the ratio of number 
of electrons produced to number of incident photons



Above bandgapBelow 
bandgap

Below Band Gap Losses
Efficiency is limited to photons with energy in excess of the band gap. This limits the 
achievable efficiency to ~44%. 

Effect of below band gap losses on spectral absorptivity

Valence band

(full)

Conductance band 
(empty)

Energy gap, Eg
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Optimal use of incoming radiation can only occur 
in materials with band gap in the range 1.0-1.6eV. 

The band gaps of silicon and other commonly 
used semiconductors lie in this range.

Material Energy gap 
(eV)

Energy gap 
(J)

Crystalline Si 1.12 1.79 x 10-19

Amorphous Si ~1.75 2.80 x 10-19

CuInSe2 1.05 1.68 x 10-19

CdTe 1.45 2.32 x 10-19

GaAs 1.42 2.28 x 10-19

Material Energy gap 
(eV)

Energy gap 
(J)

Crystalline Si 1.12 1.79 x 10-19

Amorphous Si ~1.75 2.80 x 10-19

CuInSe2 1.05 1.68 x 10-19

CdTe 1.45 2.32 x 10-19

GaAs 1.42 2.28 x 10-19



Above Band Gap Losses
If photons with energy (Eph) in excess of the band gap (Eg) are absorbed then this excess 
energy is quickly dissipated as heat 

Heat generation by above band gap photon absorption

The spectral responsivity (SR), the amperes of 
current generated per watt of incident light, is 
calculated as follows: 
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This is the maximum with photon energy close to 
that of the band gap. As the wavelength 
decreases, the cells cannot use all photon energy 
and progressively more is lost as heat.

(6)



Environmental Impact of Photovoltaics

Emissions from Photovoltaics

During operation no pollutants are produced – particularly no CO2.  However, during 
production some hazardous materials are used (e.g. Cd and As) but these are in small 
quantities.  Energy is required in manufacture and this will have associated CO2
emissions. 

Solar panels only need to operate for 4-8 months to offset their manufacturing emissions.

Continuous innovation led by China has halved the emissions intensity of solar PV 
manufacturing since 2011.

Nonetheless, solar PV manufacturing represented only 0.15% of energy-related global 
CO2 emissions in 2021. As power systems across the world decarbonise, the carbon 
footprint of PV manufacturing should shrink accordingly. Transporting PV products 
accounts for only 3% of total PV emissions.

This payback period compares with the average solar panel lifetime of around 35-30 years.

PV systems have no moving parts and so cause no noise pollution

They are also generally not visually intrusive – being mounted on rooftops 

Other Environmental Factors


