
Dye sensitized solar cells (2) 

Basic Principles of Photovoltaics
Maximum power conversion of photovoltaic devices

Ressources:
Peter Würfel, Physik der Solarzellen
Jenny Nelson, The Physics of Solar Cells
Thomas Dittrich, lecture notes



Energy demand

of a human

of mankind

100 W to sustain biological life
(2.4 kWh/day or 876 kWh/year)

>3 kW to sustain comfortable life
(>72 kWh/day or >26.28 MWh/year)

more than 6x109 individuals

>1.8x104 GW to sustain comfortable life

(18TW)

for comparison energy in 100 g chocolate about 1 kWh

energy in 1 l gazoline about 10 kWh
power of one nuclear power plant about 1 GW



Scenario of worldwide energy demand

1EJ=1ExaJoule=1018J

1ZetaJoule=1021J

3⋅10 20J/a

300 ExaJoule per year correspond about to 9 TW= 9000GW



The sun is a hot fire ball

temperature at the surface of the sun: 

TS ≈≈≈≈ 5800 K
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spectrum of the black body radiation (Planck)
(energy flux as a function of the photon energy and of the temperature )

with
h = 6.6 10-34 Js
c = 3·108 m/s
kB = 1.38 10-23 J/K

Tkh B⋅= 82.2)( maxν

By measuring the photon energy at the maximum of the sun spectrum Ts can be obtained.
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The unit of the photon flux
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Energy flux spectrum and photon flux
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Power of the sun received on earth

with
σ = 5.67 10-8 W/(m2K4)
Rs = 7 105 km
Re = 6.4 103 km
AU = 1.5 108 km
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4
TIS ⋅= σStefan-Boltzmann law

power of the sun

power received on earth
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Pe ≈≈≈≈ 1.8 108 GW

more than 1000…10000 times 
the energy demand of mankind

At present mankind needs about 9000GW



The solar constant

JS = 1.353 kW/m²

energy flux of sun light to the earth normalized to the area of 1 m²
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Annual average solar irradiance

Global average: Extraterrestial <JE>=1/4⋅1353W/m2=338W/m2

CH: 115W/m2

Saudi-Arabien: 285W/m2 *



Air Mass: AM1.5, AM1.0….

n air mass = 1 / sin(γs) γs=41.8º ⇒ n air mass = 1.5

α

Alternatively: n air mass = 1 / cos(α)

Definition: For convenience AM1.5 is defined as 1000W/m2 integrated irradiance
(Typical experimental values at 42º are 900W/m2)

AM0: Extraterrestial; AM1.0: equator



Solar spectrum

-Comparison of AM0 (extraterrestial) with black body radiation of T=5960K
and AM 1.5
-Dips in spectrum at 900, 1100, 1400 and 1900nm (H2O)

and at 1800 and 2600nm (CO2)



Temperature on earth from energy balance

Energy flux from sun to earth

2
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Black body radiation from earth into free space

24 4 eee RTI ⋅⋅⋅= πσ

Balance

K
R

RJ
T

II

e

es
e

se

277
4

4
2

2

≈
⋅⋅

⋅⋅
=⇒

=

πσ

π

with
σ = 5.67 10-8 W/(m2K4)
Js = 1.35 kW/m²

Iatm→0
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Black body radiation at 5760K 
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Fs=6.8⋅10-5

(corresponds to the sun-earth geometry)
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The solar cell

electronic device converting solar power directly into electrical power

power of sun P = U · I

electrical potential

electrical current

A solar cell absorbs light and conducts electrons and 
holes to separate electron and hole collecting contact. 

A major characteristic is the energy conversion efficiency.
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Excitation and charge separation

Photon creates electron-hole pair, which is separated by an asymmetric
potential. Charge separation prevents relaxation to its initial state.



Cell in the dark: Absorption of thermal photons

( ) ( ) 








−
−=

1

2
)(1)(

2

23 aBTkE

a
abs

E

E

ch

F
EaERqEj

Ta

ba : incident photon flux
h: Planck‘s constant
c: speed of light
kB: Boltzmann constant
E: Energy

Thermal photons are absorped from
the environment of Temperature Ta

Fa: geometry factor; Fa=π for hemisphere

The equivalent current density jabs absorbed from the ambient:
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Cell in the dark: Emission of 
thermal photons
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In equilibrium: Kirchoff‘s law ε(E)=a(E)
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Black body radiation at 300K

Fa=π

Energy (eV)
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Comparison of black body radiation
at 300K and 5760K 



Absorption and spontaneous
emission



Under illumination (absorption)
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Ts: Temperature of the sun

Fs=π sin2θs =π / 4.6⋅ 104

θs=0.26º



Under illumination (emission)
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Depends on the ∆µ . When electrons are at raised energy, relaxation
is more frequent: Generalized Planck’s radiation law:
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Net current density under
illumination
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Under the assumption that ε(E)=a(E) and ∆µ=const across the cell

Net absorption: 

Net Emission
Radiative recombination
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Photocurrent
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Two band photoconverter

Photons with E>>Eg have the same effect like electrons with E=Eg

Photocurrent is rather proportional to photon flux and not photon energy
But photons with E<Eg can not create electron hole pairs



Dark current

Assumption: 
-only loss process is radiative relaxation of electrons
through spontaneous emission
-No non-radiative losses due to scattering at defects in the material
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where ∆µ=qV

Dark current is related to emitted flux, which is increased with increasing voltage



Net cell current density
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For step-like absorption (E>Eg):

J(V) depends strongly on voltage:
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at V=Voc the total emitted flux balances the absorbed flux



Limiting efficiency
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Incident power:

Output power:   P = V J(V)

(assumption no Ohm‘s losses)  
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Power conversion efficiency:



Maximum current and power
densities with Eg=0.7eV

Eg=0.7V  Ts=5760K Ta=300K PS=1275W/m2

Voltage (V)

C
u
rr

e
n
t

d
e

n
s
it
y

[A
/m

2
]

P
o

w
e
r 

d
e

n
s
it
y

[W
/m

2
]



Maximum efficiency for Eg=0.7eV

Best performance at Vm=0.45V with 22.5%
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Maximum current and power densities

with Eg=1.1eV

Eg=0.7V  Ts=5760K Ta=300K PS=1275W/m2
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Maximum efficiency for Eg=1.1eV

Best performance at Vm=0.77V with 30%
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Maximum efficiency for different 
band gaps

Eg=0.7-1.8V  Ts=5760K Ta=300K PS=1275W/m2
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Limiting efficiency for a single band 
gap cell in AM 1.5

Optimum of a single band gap cell is 33% at 1.4eV



Power spectrum of a black body at 5760K 
and power available to a optimum band gap

cell

Photons with E<Eg are not used
Photons with E>>Eg have the same effect as E=Eg



Comparison of Photon Fluxes
(V<Voc)
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Comparison of Photon Fluxes
(V>Voc)

V=0.6V Eg=0.7V  Ts=5760K Ta=300K PS=1275W/m2
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Requirements for ideal 
photoconverter

• Energy gap Eg

•All incident radiation with E>Eg is absorbed
•Each photon creates one electron-hole pair

•Excited pairs do not recombine, except radiatively, as required by the
the balance

•Charges are completely separated
•Charges are transported without losses



Energy gap Eg

The optimum band gap for AM1.5 of 1.4eV  with 33% 

III-V-semiconductors: GaAs 1.42eV (2009: 26% achieved)
InP 1.35eV

but expensive

Silicon 1.1eV would give a maximum efficiency of 30% (2009: 24.7%)
Cheap and high quality crystals available, but energy intensive production

CdTe and CuInGaSe2 are developed and have low energy production costs

(2009: 19.9%)



Other parameters

Light absorption: Almost perfect absorption with E>Eg is achieved
for layer thicknesses of 10-100 microns

Charge separation: Asymmetry is realized with pn-junctions
(either highly doped layers of same materials or different materials)
Junction quality is of central importance. (especially large areas)

Lossless transport:

Good Ohmic contacts, low resistance material for conduction (serial resistance),
No leakage current (parallel resistance)

Optimum load resistance:
Should be optimized to match best operating point

For most applications rather arrays than individual cells are to be optimized



Reasons for losses

• Reflection at front surface
• Non-radiative recombination of carriers

(defect sites trap charges, which subsequently recombine)

• Voltage drop due to series resistance ∆µ≠qV





Ways to improve

• Concentrators

• Tandem cells

• Organic cells with a variety of band gaps



Types of solar cells with regard to technology

Concentrator 
systems

Ge / InxGa1-xAs / InxGa1-xP

world record: 41.6%
module efficiency: 28%

system efficiency: 23%

direct sun light is demanded

need for optical tracking

Si-wafer-based

c-Si, mk-Si

world record : 24.7%

module efficiency : 18%

energy intensive 
production of Si

(very high purity needed)

dominant on market

Thin film

a-Si:H, nc-Si, CdTe,

Cu(In,Ga)(S,Se)2

nanostructured solar cells

organic solar cells

world record :

19.9% Cu(In,Ga)Se2

integrated series 
connection

largest cost reduction 
potentials



Material mit Bandgaps



Theoretische Effizienz von 
Tandemzellen



DSSC

Farbstoff kann an Sonnenspektrum angepasst werden ⇒ verbesserter Wirkungsgrad
Probleme: Transport der Elektronen und Löcher zu den Elektroden ⇒ dünne Schicht

Absorption durch monomolekulare Schicht ist gering ⇒ Dickere Schichten


