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What You will Learn Today

How to convert thermal energy into electricity   
         through thermoelectric generation

An overview of some applications needing energy harvesting

The amount of energy available from the sun  
         at different points on the planet

How photovoltaic solar cells generate electricity

How can we maximise PV electricity generation efficiency

What is the optimum absorption wavelength



Energy Harvesting Applications

Cars: replace alternator

Temperature control 
for CO2 sequestration

Battery free autonomous 
sensors: ECG, blood pressure, etc.

Trains: Vibrations 
powering sensors

Solar powered 
road signs



Energy Harvesting for Remote Sensing

Flood sensors

Battery free autonomous 
sensors: ECG, blood pressure, etc.

Weather monitoring

Visionary Companions: FET flagship 
“Guardian Angels” aims to interlink 
future energy efficient technologies 

for a smarter life 
The project “Guardian Angels for a Smarter Life” assembles 

a pan-European network under the leadership of EPF 

Lausanne and ETH Zurich to create intelligent and 

autonomous systems serving society. Assisting people in all 

sorts of complex situations, it will meet the technological 

challenge of weaving together energy efficient information 

processing, sensing, communication and energy harvesting. 

Currently, high energy consumption and the short lifespan of 

batteries are obstructing further progress in Information and 

Communication Technologies. The “Guardian Angels” (GA) 

are envisioned as intelligent, non-intrusive and autonomous 

devices featuring sensing, computation and communication. 

They are intended to watch out for us, providing assistance 

from infancy to old age. A key feature will be their zero power 

requirements as they will scavenge for energy, a technology 

that will benefit from bio-inspired concepts. 

Multiple applications for smart 
personal companions 

> Physical GA: As personal companions, these Guardian 

Angels will for instance be used as individual health support 

tools. These digital health assistants will be the key to 

keeping health and day care affordable and accessible to all 

in the ageing societies of Europe. For example, a growing 

number of elderly people will be able to maintain their quality 

of life in their familiar environment even in cases of reduced 

mobility or failing cognitive abilities.  

> Environmental GA: Furthermore, Guardian Angel devices 

will be able to monitor local ambient conditions for 

environmental danger. Communicating with each other, the 

devices will enlarge the personal radius of sensory 

perception. For example, natural disaster warnings will be 

issued individually and without delay. Gaining access to real 

time data on a grand scale will result in saving energy in 

heating, transportation and domestic appliances.  

> Emotional GA: Ultimately, the device will also perceive 

emotional conditions and provide helpful functions for the 

disabled. Thus, for example, quadriplegic patients will be 

empowered to interact by thought or the autistic will be 

enabled to read and send out emotions. 

Designed in close cooperation with different social actors, 

interest groups and future users, paying close attention to 

environ-mentally friendly and economically feasible solutions, 

further beneficial applications for GA technology will be 

developed in the course of the project. In short, Guardian An-

gels devices will make our environment more interconnected 

and smart, more energy efficient and safe. 

Guardian Angels roadmap of system complexity: main 

functions and supporting technologies. 

The Physical Guardian Angels will record vital body functions 

with quasi-invisible zero-power technology. 
 

Guardian Angels for a Smarter Life 

  
+++ Collaboration of more than two dozen 
universities, research institutions and industrial 
R&D labs in 13 countries +++ Project will use 
scavenger powered sensors to provide intelligent 
personal health and safety measures, 
environmental monitoring and support for 
disabilities +++ One year research pilot will bid for 
EU’s 10 year, 1 billion EUR flagship project. 

Sports performance 
sensors

Aged well being sensors 

Energy 
harvester

Sensor

Processor

Radio



Roadmap for fuel efficiency

Three areas in which Thermoelectric devices can play a role:

Thermoelectric generation

Thermoelectric cooling

Inventory of Fuel Efficiency

Reduce Road Load
• Mass efficiency
• Rolling resistance
• Aerodynamics / Frontal Area
Reduce Cabin Thermal demand
Reduce Electrical Load
Lower friction
Efficient combustion
Efficient alternator & generator
Efficient air conditioner
Thermal recovery & regeneration 

• Increase electrical supply
• Use waste heat energy

• Provide (efficient) local cooling

Thermoelectric Energy Harvesting in Cars

Thermoelectrics in Cars: 

Can reduce fuel consumption ≤ 5%

Use waste heat energy (45% of fuel!)

Provide efficient local cooling

Fuel consumption ∝ ηpowertrain (kinetic energy + amenities energy)

75% of waste  
= heat!}



Background Thermal Physics

Fourier thermal transport

Q = �ArT

hot side, Th

cold side, Tc

Area, A

LHeat 
(energy/t)  

= Q

Joule heating

Q = heat (power i.e energy / time)

Q = I2R

resistance, R

I
Q = �ATc�Th

L



The Seebeck Effect

Material 1

Material 2 Materia
l 2

Hot 
reservoir 

Th

Cold 
reservoir 

Tc

= α ΔT

V

Open circuit voltage, V = α (Th – Tc) 

α => I

Seebeck coefficient, ↵ = dV
dT units: V/K

Seebeck coefficient =     x entropy         transported with electron1 
q (Q

T )



Semiconductors and Thermoelectrics
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electrical cooling 
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Thermoelectric Power Generating Efficiency
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Thermoelectric Generators

n p
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metal metal

Module

~ 0.2 mV

Generator

> 1 V

Modules stacked electrically in series, 
thermally in parallel to get useful I & V
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The Lorenz factor can vary particularly with carrier concentration. 
Accurate assessment of κe is important, as κl is often computed as the 
difference between κ and κe (equation (3)) using the experimental 
electrical conductivity. A common source of uncertainty in κe occurs 
in low-carrier-concentration materials where the Lorenz factor can be 
reduced by as much as 20% from the free-electron value. Additional 
uncertainty in κe arises from mixed conduction, which introduces 
a bipolar term into the thermal conductivity10. As this term is not 
included in the Wiedemann–Franz law, the standard computation of 
κl erroneously includes bipolar thermal conduction. This results in 
a perceived increase in κl at high temperatures for Bi2Te3, PbTe and 
others, as shown in Fig. 2a. The onset of bipolar thermal conduction 
occurs at nearly the same temperature as the peak in Seebeck and 
electrical resistivity, which are likewise due to bipolar effects.

As high zT requires high electrical conductivity but low thermal 
conductivity, the Wiedemann–Franz law reveals an inherent materials 
conflict for achieving high thermoelectric efficiency. For materials 
with very high electrical conductivity (metals) or very low κl, the 
Seebeck coefficient alone primarily determines zT, as can be seen in 
equation (4), where (κl/κe) << 1:
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LATTICE THERMAL CONDUCTIVITY
Glasses exhibit some of the lowest lattice thermal conductivities. In 
a glass, thermal conductivity is viewed as a random walk of energy 
through a lattice rather than rapid transport via phonons, and leads 
to the concept of a minimum thermal conductivity22, κmin. Actual 
glasses, however, make poor thermoelectrics because they lack the 
needed ‘electron-crystal’ properties — compared with crystalline 
semiconductors they have lower mobility due to increased electron 
scattering and lower effective masses because of broader bands. 
Good thermoelectrics are therefore crystalline materials that manage 
to scatter phonons without significantly disrupting the electrical 
conductivity. The heat flow is carried by a spectrum of phonons with 
widely varying wavelengths and mean free paths23 (from less than 
1 nm to greater than 10 µm), creating a need for phonon scattering 
agents at a variety of length scales.

Thermoelectrics therefore require a rather unusual material: a 
‘phonon-glass electron-crystal’24. The electron-crystal requirement 
stems from the fact that crystalline semiconductors have been 
the best at meeting the compromises required from the electronic 
properties (Seebeck coefficient and electrical conductivity). The 
phonon-glass requirement stems from the need for as low a lattice 
thermal conductivity as possible. Traditional thermoelectric materials 
have used site substitution (alloying) with isoelectronic elements to 
preserve a crystalline electronic structure while creating large mass 
contrast to disrupt the phonon path. Much of the recent excitement in 
the field of thermoelectrics is a result of the successful demonstration 
of other methods to achieve phonon-glass electron-crystal materials.

ADVANCES IN THERMOELECTRIC MATERIALS

Renewed interest in thermoelectrics is motivated by the realization 
that complexity at multiple length scales can lead to new 
mechanisms for high zT in materials. In the mid 1990s, theoretical 
predictions suggested that the thermoelectric efficiency could 
be greatly enhanced by quantum confinement of the electron 
charge carriers5,25. The electron energy bands in a quantum-
confined structure are progressively narrower as the confinement 
increases and the dimensionality decreases. These narrow bands 
should produce high effective masses and therefore large Seebeck 
coefficients. In addition, similar sized, engineered heterostructures 

may decouple the Seebeck coefficient and electrical conductivity 
due to electron filtering26 that could result in high zT. Even 
though a high-ZT device based on these principles has yet to be 
demonstrated, these predictions have stimulated a new wave of 
interest in complex thermoelectric materials. Vital to this rebirth has 
been interdisciplinary collaborations: research in thermoelectrics 
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Figure 1 Optimizing zT through carrier concentration tuning. a, Maximizing the 
efficiency (zT) of a thermoelectric involves a compromise of thermal conductivity 
(κ; plotted on the y axis from 0 to a top value of 10 W m–1 K–1) and Seebeck 
coefficient (α; 0 to 500 µV K–1) with electrical conductivity (σ; 0 to 5,000 Ω–1cm–1). 
Good thermoelectric materials are typically heavily doped semiconductors with a 
carrier concentration between 1019 and 1021 carriers per cm3. The thermoelectric 
power factor α2σ maximizes at higher carrier concentration than zT. The difference 
between the peak in α2σ and zT is greater for the newer lower-κl materials. Trends 
shown were modelled from Bi2Te3, based on empirical data in ref. 78. b, Reducing the 
lattice thermal conductivity leads to a two-fold benefit for the thermoelectric figure of 
merit. An optimized zT of 0.8 is shown at point (1) for a model system (Bi2Te3) with 
a κl of 0.8 Wm–1 K–1 and κe that is a function of the carrier concentration (purple). 
Reducing κl to 0.2 Wm–1 K–1 directly increases the zT to point (2). Additionally, 
lowering the thermal conductivity allows the carrier concentration to be reoptimized 
(reduced), leading to both a decrease in κe and a larger Seebeck coefficient. The 
reoptimized zT is shown at point (3).

G.J. Snyder et al., Nature Mat. 7, 105 (2008)

Maximum ZT requires 
compromises with α, σ & 

Limited by 
Wiedemann-Franz Law

Maximum ZT ~ 1  
at ~100 ˚C



Bulk Thermoelectric Materials Performance

Nature Materials 7, 105 (2008)

Bulk Si1-xGex (x~0.2 to 0.3) used for high temperature 
          satellite applications

Bulk n-Bi2Te3 and p-Sb2Te3 used in most commercial 
          thermoelectrics &  Peltier coolers

108 nature materials | VOL 7 | FEBRUARY 2008 | www.nature.com/naturematerials

REVIEW ARTICLE

requires an understanding of solid-state chemistry, high-temperature 
electronic and thermal transport measurements, and the underlying 
solid-state physics. These collaborations have led to a more complete 
understanding of the origin of good thermoelectric properties.

There are unifying characteristics in recently identified high-zT 
materials that can provide guidance in the successful search for new 
materials. One common feature of the thermoelectrics recently 
discovered with zT>1 is that most have lattice thermal conductivities 
that are lower than the present commercial materials. Thus the 
general achievement is that we are getting closer to a ‘phonon glass’ 
while maintaining the ‘electron crystal.’ These reduced lattice thermal 
conductivities are achieved through phonon scattering across 
various length scales as discussed above. A reduced lattice thermal 
conductivity directly improves the thermoelectric efficiency, zT, 
(equation (4)) and additionally allows re-optimization of the carrier 
concentration for additional zT improvement (Fig. 1b).

There are three general strategies to reduce lattice thermal 
conductivity that have been successfully used. The first is to scatter 
phonons within the unit cell by creating rattling structures or 
point defects such as interstitials, vacancies or by alloying27. The 
second strategy is to use complex crystal structures to separate the 
electron-crystal from the phonon-glass. Here the goal is to be able 
to achieve a phonon glass without disrupting the crystallinity of the 
electron-transport region. A third strategy is to scatter phonons at 
interfaces, leading to the use of multiphase composites mixed on the 
nanometre scale5. These nanostructured materials can be formed as 
thin-film superlattices or as intimately mixed composite structures.

COMPLEXITY THROUGH DISORDER IN THE UNIT CELL

There is a long history of using atomic disorder to reduce the lattice 
thermal conductivity in thermoelectrics (Box 2). Early work by 

To best assess the recent progress and prospects in thermoelectric 
materials, the decades of research and development of the established 
state-of-the-art materials should also be considered. By far the most 
widely used thermoelectric materials are alloys of Bi2Te3 and Sb2Te3. 
For near-room-temperature applications, such as refrigeration and 
waste heat recovery up to 200 °C, Bi2Te3 alloys have been proved 
to possess the greatest figure of merit for both n- and p-type 
thermoelectric systems. Bi2Te3 was first investigated as a material 
of great thermoelectric promise in the 1950s12,16–18,84. It was quickly 
realized that alloying with Sb2Te3 and Bi2Se3 allowed for the fine tuning 
of the carrier concentration alongside a reduction in lattice thermal 
conductivity. The most commonly studied p-type compositions 
are near (Sb0.8Bi0.2)2Te3 whereas n-type compositions are close to 
Bi2(Te0.8Se0.2)3. The electronic transport properties and detailed defect 
chemistry (which controls the dopant concentration) of these alloys 
are now well understood thanks to extensive studies of single crystal 
and polycrystalline material85,86. Peak zT values for these materials 
are typically in the range of 0.8 to 1.1 with p-type materials achieving 
the highest values (Fig. B2a,b). By adjusting the carrier concentration 
zT can be optimized to peak at different temperatures, enabling the 
tuning of the materials for specific applications such as cooling or 
power generation87. This effect is demonstrated in Fig. B2c for PbTe.

For mid-temperature power generation (500–900 K), 
materials based on group-IV tellurides are typically used, 
such as PbTe, GeTe or SnTe12,17,18,81,88. The peak zT in optimized 
n-type material is about 0.8. Again, a tuning of the carrier 
concentration will alter the temperature where zT peaks. Alloys, 
particularly with AgSbTe2, have led to several reports of zT > 1 
for both n-type and p-type materials73,89,90. Only the p-type alloy 
(GeTe)0.85(AgSbTe2)0.15, commonly referred to as TAGS, with 
a maximum zT greater than 1.2 (ref. 69), has been successfully 
used in long-life thermoelectric generators. With the advent of 
modern microstructural and chemical analysis techniques, such 
materials are being reinvestigated with great promise (see section 
on nanomaterials).

Successful, high-temperature (>900 K) thermoelectric generators 
have typically used silicon–germanium alloys for both n- and p-type 
legs. The zT of these materials is fairly low, particularly for the p-type 
material (Fig. B2b) because of the relatively high lattice thermal 
conductivity of the diamond structure.

For cooling below room temperature, alloys of BiSb have been 
used in the n-type legs, coupled with p-type legs of (Bi,Sb)2(Te,Se)3 
(refs 91,92). The poor mechanical properties of BiSb leave much 
room for improved low-temperature materials.

Box 2 State-of-the-art high-zT materials
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Thermoelectric Generators / Peltier Coolers

Bulk n-Bi2Te3 and p-Sb2Te3 devices



Wafer Scale Microfabrication of Generators

Vertical Generator

20 µm Bi2Te3

http://www.micropelt.com/

n-Bi2Te3

p-Sb2Te3



Micropelt MPG-D751 TEG Modules
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Thermoelectric power generation is based on 
the transfer of thermal energy through 
multiple couples of p-type and n-type 
thermoelectric legs. Micropelt uses 
compounds of Bismuth (Bi), Antimony (Sb), 
Tellurium (Te) and Selenium (Se) providing 
optimal efficacy at operating temperatures 
around ambient and up to 200 °C. 

The generated output voltage is proportional 
to the number of leg pairs and the actual 
temperature difference �T across the 
thermogenerator. 

U = Nlegpairs × �T × �  

Thanks to its patented wafer-based thin-film 
MEMS-like micro-structuring process the 
Micropelt MPG thermogenerator series offers 
the industryKs highest available packing 
density of up to 100 thermoelectric leg pairs 
per mm². As per SeebeckKs law this translates 
into 1.4 V  at as little as 10°C of temperature 
difference.  

Our scalable wafer fabrication concept offers 
unprecedented economies of scale for 
thermoelectric volume applications . 

Micropelt offers two standard product sizes 
with hot side areas of approx. 8 mm² and 14 
mm², chip height each around 1.1 mm. 
Customized device sizes and adaptation to 
electrical and thermal application 
requirements can be implemented.  

Small and Powerful 
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MPG-D751 
Simulations: Generated voltage and electrical power at ambient temperature 25 °C.  

Please note: Simulations assume effective �T of 5/10/20/30 K across the thermogenerator element.  

0 200 400 600 800 1000 1200 1400
0

2

4

6

8

10

12

14

16
 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

po
w

er
 [

m
W

]

load resistance [�]

200 400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

vo
lta

ge
 [

V
]

load resistance [�]

0 1 2 3 4 5 6 7 8 9 10 11 12 13
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

load resistance = 800 �

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

vo
lta

ge
 [

V
]

current [mA]

load resistance = 400 �

0 200 400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

he
at

 f
lo

w
 [

W
]

load resistance [�]

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

MPG-D651 

0 200 400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

vo
lta

ge
 [

V
]

load resistance [�]

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

Voltage versus current at different load resistances 

Heat flow versus load resistance at different �T 

0 1 2 3 4 5 6 7 8 9 10 11 12 13
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

load resistance = 440 �

vo
lta

ge
 [

V
]

current [mA]

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

matched load resistance = 220 �

0 200 400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

he
at

 f
lo

w
 [

W
]

load resistance [�]

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

Voltage versus load resistance 

Power versus load resistance 

0 200 400 600 800 1000 1200 1400
0

2

4

6

8

10

12

14

16

po
w

er
 [

m
W

]

load resistance [�]

 �T = 30 K
 �T = 20 K
 �T = 10 K
 �T =   5 K

 

Micropelt Datasheet 0025DSPG6&70210v1e | Page  4 
 

 

MPG-D751 
Simulations: Generated voltage and electrical power at ambient temperature 25 °C.  

Please note: Simulations assume effective �T of 5/10/20/30 K across the thermogenerator element.  
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Solar Energy: Photovoltaic Cells 

The sun is an abundant source of “clean” energy

Photovoltaic cells absorb photons and 
convert them into dc electricity 

through the creation of electron-hole pairs

Questions:

How much solar energy is available to use?

How can we maximise the electricity generation efficiency?

What is the optimum absorption wavelength?

Can we make photovoltaic cells which are economically competitive 
with other energy sources?



The Black-Body Emission Properties

A black body emits photons with a distribution of energies = h       
     determined by the objects characteristic temperature T

�

h = Planck’s constant,       = frequency,     λ = wavelength �

Equilibrium photon energy density (i.e. per unit volume)

⇥(h�) = 8⇥h�3

c3[exp( h�
kBT )�1]

N(E) = 2�
h3c

� E2

E1

E2

[exp( E
kBT )�1]

dE

The particle or energy flux emitted by a blackbody per unit 
surface area of a hemisphere over energy range E1 to E2 is

E = h⌫ � = c
⌫ E =

hc

�



The Spectrum of Sunlight

“Air Mass Zero” (AM0) is the solar spectrum at 
the equator before it enters the atmosphere

AM0 can be simulated 
by a 6000 K  

blackbody curve



Carnot Limit for Radiative Absorption

Thermal limit i.e. heating for the sun as a 6000 K black body 
emitter with a 300 K solar cell black body absorber

Sun: 6000 K

Blackbody 
absorber: 300 K

Maximum Carnot efficiency is 85% for absorber at 2470 K: 
                                  all photons absorbed 
                                  maximum heat from every photon 
                                  zero thermal dissipation from absorber

Actual efficiencies for a room temperature absorber are < 85%



Atmospheric Attenuation: Air Mass Index

nAir Mass = optical path length to sun
optical path length if sun directly overhead

sun

earth’s surface

earth’s 
atmospheredatm datm x nAir M

ass

To allow comparison between solar cell technology all cells 
compared at AM1.5

= 1
cos�

�

zenith

cos � =

datm
datm ⇥ n

Air Mass



How Much Solar Energy and What Wavelength?

“Air Mass Zero” (AM0) is the solar spectrum at the equator 
before it enters the atmosphere

Maximum AM0 power 
is ~1353 W/m2 

over all wavelengths

Molecular  
absorption 

produces “holes”molecular 
absorption holes 

e.g. H2O

AM1.5 power 
is ~1000 W/m2 

over all wavelengths



How Much Continuous Solar Energy?

Glasgow
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Paris
New York

Rome
Madrid
Athens

San Francisco
Cairo
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Nouakchott

0 40 80 120 160 200 240 280

Average solar irradiance (W/m2)

Available energy needs to be averaged over 365 days and 24 hours

Due to clouds, day/night & seasons, average energy << peak energy



Solar Thermal Water Heating System

Typically efficiencies up to 70% for generating hot water in homes

Thermosiphon – natural 
convection & no pump



Photovoltaic Solar Cells

Serpa, Portugal 11 MW from 52,000 photovoltaic modules



Basic Requirements of Photovoltaic Cell

photon 
absorption
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collect 
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load

I

separate 
electron-hole 

pairs

Ev
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an electric field 
is required



Options for Photovoltaic Solar Cells

Schottky diode

N.B. only a few metals 
are transparent 

at visible wavelengths

Ec

Ev

EF
n-semicond.

EFm

q(ϕm–χ)

metal

Schottky diodes 
not used for PV

p-n junction

Ec

Ev
EF

p

n

p-i-n junction

Ec

Ev
EF

p

n

undoped

(i = insulating 
= undoped)

Expands region over 
which absorption + 
separation occurs

Same IV equations  
as p-n junction



Absorption Coefficient of Semiconductors
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The Superposition Approximation

For solar cell, current-voltage can be approximated by the sum of 
short circuit photocurrent + dark current

Jdark

+

–

V

C
ur

re
nt

 d
en

si
ty

, J

Bias voltage, V
dark current

Current convention: photocurrent is positive (this is the opposite 
to normal current !)

light current

Jsc

Jsc

Voc = open 
circuit voltage

J(V) = Jsc – Jdark(V)

J(V)



Photovoltaic Efficiency
C

ur
re

nt
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en
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ty
, J

Bias voltage, V

light currentJsc

Voc

power density = P = JV

efficiency =
electrical power out

optical power in

Vm

Jm

Maximum 
power density 

= JmVm

maximum 
power 
point

� = Pmax
Popt

= JmVm
Popt

The efficiency is related to Jsc and Voc using the fill factor, FF

� = JscVocFF
Popt

or FF = JmVm
JscVoc



Photovoltaic Current and Voltages
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JscVoc ∝ constant = f(Eg)

i.e. high Jsc –> low Voc 
and vice-versa

Maximum theoretical 
output power

N.B. All voltages too low for most appliances and 
applications: requires stacking



Comparison of Single Cell Technologies

Type η (%) Voc (V) Jsc (mA/cm2) FF (%)

crystalline silicon 25.0 ± 0.5 0.706 42.7 82.8

crystalline GaAs 28.3 ± 0.8 1.107 29.5 86.7

polycrystalline silicon 20.4 ± 0.5 0.664 38 80.9

amorphous Si 10.1 ± 0.3 0.886 16.8 67

CdTe 16.5 ± 0.5 0.845 25.9 75.5

organic polymer 10.0 ± 0.3 0.889 16.8 66.1

Prog. Photovoltaics: Res. Appl. 20, 12 (2012)

Standard test conditions: 1000 W/m2 illumination (i.e. 
1 sun - no concentration) with AM1.5 spectra at 25 ˚C

η decay over time due to x-ray absorption from sun / space

Best results quoted from the literature – not commercial devices



Carnot Efficiency

Thermal limit i.e. heating for the sun as a 6000 K black body 
emitter with a 300 K solar cell black body absorber

Maximum Carnot efficiency is 85% for absorber at 2470 K: 
                                  all photons absorbed 
                                  maximum heat from every photon 
                                  zero thermal dissipation from absorber

Why are real PV cells significantly smaller than is efficiency?

Sun: 6000 K Blackbody absorber: 300 K



Single-Junction Loss Processes

Energy conversion loss processes in single-junction solar cell:

Ec

Ev

(1) Lattice thermalisation loss

(2) Junction loss

(3) recombination loss

(4) contact loss

(5) no absorption from photons with energy < Eg

usable qV

(1)

p n

(4)

(3)
(3)

(3)

(4)

(1)

(2)E

(5)



Shockley-Queisser Efficiency Limit Predictions

For Si cells: Ts = 6000 K, Tc = 300 K,  Eg = 1.1 eV

Maximum η = 30%

For GaAs cells: Ts = 6000 K, Tc = 300 K,  Eg = 1.46 eV

Maximum η = 31%

Quite low efficiencies 
for single junction cells

What can be done to 
improve efficiency?

Variation with Eg related  
to black-body curve

flat solar cells



Basic η of Silicon pn Junction without Optimisation

p

n
RloadnSi = 3.42

nair = 1.00

sun lightReflected light 
= losses !

Efficiency for standard flat Si wafer = 13% since many photons 
          are not absorbed

Need to reduce all surface reflections

Also need longer path length for absorption: can we trap the light?

R = (nSi�nair
nSi+nair

)2 = 30%
Reflected light =



λ/4

n1

AR

R vanishes for n1 = √nairns ~ √ns with a thickness of λ/4

Anti-reflection (AR) Coatings

nair ~ 1 ns ~ 3 to 4

semiconductor

incident

Rreflected

For this condition, incident and reflect waves are out of phase &  
interfere destructively so R –> 0

∴ η increases since more light is trapped and can be absorbed



Trapping Light: Textured Surfaces and Mirrors

metal mirror R ~ 1

Path length of light doubled

Higher probability of absorption

sun light

Also electrical contact metal

Asymmetrical patterning can produce x4 or greater path length

Texturing can be combined with anti-reflection coating



Passivated Emitter Rear Totally diffused (PERT)

Highest performance silicon solar cell: 25.0% efficiency

front contact 
metal

Anti-reflective coatings, textured surface, bottom mirror



Solar Cell Efficiency with Concentrator

Increase fs = solar intercept fraction by concentrating light into cell

cell

lens

Si cell

parabolic 
mirror

sun lightExamples:

More light captured –> Schockley-
Queisser limit increases



Tracking Systems

The sun moves from the east to the west through a day

A tracking system can be used so that the solar 
             cell is always pointing at the sun

Tracking systems give 40% more energy compared to 
             stationary systems – but at higher system cost

For many concentration designs, tracking systems are essential



Multiple Bandgap Cells

Choose 2 or 3 materials with  
different bandgaps

Need to have largest bandgap 
as front cell due to absorption

Ec

Ev

sun light GaAs 
Eg = 1.42 eV Si 

Eg = 1.12 eV Ge 
Eg = 0.66 eV

Ec

Ev

Ec

Ev

Example: GaAs, Si and Ge cells



Tandem Cell Concepts

sun 
light

Spectrum splitting

decreasing 
bandgap

higher cost

spectrally sensitive mirrors

decreasing 
bandgap

sun 
light

Cell stacking

series connected p-i-n

lower cost



Multiple Cell Efficiencies

No. of 
cells Description

Optimal bandgaps (eV) Max.
η (%)E1 E2 E3 E4 E5 E6

1 diffuse series 1.31 31

2 diffuse series 0.97 1.7 42.5

3 diffuse series 0.82 1.3 1.95 48.6

4 diffuse series 0.72 1.1 1.53 2.14 52.5

5 diffuse series 0.66 0.97 1.3 1.7 2.29 55.1

6 diffuse series 0.61 0.89 1.16 1.46 1.84 2.41 57

∞ diffuse series 68.2

M.A. Green “Third Generation Photovoltaics” Springer (2003)

Best demonstrated 3 bandgap cell has η = 37.9% for 1 sun !

All values at 1 sun AM1.5 without concentration



PV Efficiencies 2014



Market Penetration: Low Cost versus High η

The market is driven by cost per Watt generated

Carnot thermodynamic limit

Schockley-Queisser single 
junction limit

crystalline Si, GaAs PV
amorphous Si and  

thin film PV

3rd generation: 
multiple PV cells?

Smaller area is cheaper so higher efficiency is a stronger driver



Energy Quality

Highest Quality

Electromagnetic

Mechanical (kinetic)

Photon (light)

Chemical

Heat (thermal)

Lowest Quality

First proposed as availability by Kelvin in 1851 
refined by Ohta

Energy quality describes the ease (i.e. η) 
with which energy can be transformed

A transition down the table will be more 
efficient than moving up the table

Expanded version from chemistry developed by Odum 

Therefore solar heating is more efficient 
than photovoltaic electrical generation



ICT Energy Harveting Requirements

10 MW

1 MW

10 nW

100 nW

1 µW

10 µW

100 µW

1 mW

10 mW

100 mW

1 W

10 W

100 W

1 kW

10 kW

100 kW

Power consumption

Sustainable energy generation

32 kHz quartz
oscillator

standby

Electronic watch,
calculator

RFID tag

Hearing aid, CO2 detector

Miniature FM radio

Bluetooth transceiver

MP3 player

Domestic wifi router, mobile phone, LED bulb

Smartphone, Tablet, Laptop MPU, low-energy bulb

Desktop computer

High performance workstation, small server

HPC supercomputer, large HPC cloud storage

Vibrational energy harvester (50–100 Hz)
10 cm2 indoor PV

1 m2 outdoor Si PV

7 mm2 thermoelectric ΔT = 50 ˚C

10 mm2 thermoelectric – body heat

1 m2 outdoor 50% efficient CPV

1 km2 Si
PV solar
farmDomestic heating system

Small hydro scheme

ENIAC valve computer

HSPA mobile wifi substation
Mobile phone network base station

Laptop computer, thin client computer



Summary

PV Shockley-Queisser maximum η ~ 31% for single cell

Low cost per Watt essential for large market penetration 

Carnot efficiency limit 85% for solar energy

Thermal heating most efficient use of solar energy η < 75%

The available spectrum of solar energy varies around the globe

Trapping light important. Multi-junction & concentration 
offer higher η potential up to ~70%


