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External and internal photovoltaic effect

light

current



2

Basic pn cell design
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space-charge

1. absorption
2. thermalisation

3. diffusion

4. drift
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important parameters:

o band gap Eg

o doping level

o absorption coefficient αααα
o lifetime of carriers ττττ
o diffusion length Ld

o mobility µµµµ



4







−

=

−








=

Tk

E
expJJ

1)
TAk

eV
(expJI

B

a
ooo

B

odark

I-V under illumination

superposition principle:
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1

I-V in the dark

Current-voltage characteristics under illumination

A – ideality factor, 1<A<2
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Isc – short circuit current:
more absorbed photons - larger Isc

Voc – open circuit voltage
larger bandgap - higher Voc

FF – fill factor
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Photogeneration and thermalisation



7

Maximum efficiency
Eg = 1,4 -1,5 eV

solar spectrum AM1,5 (1 kW/m2)

Efficiency – dependence on Eg

max. possible efficiency for single 

junction (only radiative recombination, 

only thermalization losses, no other

losses)
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Isc when Eg  Voc when Eg

ηηηηmax : Eg  ≅≅≅≅ 1.5 eV

Maximum efficiency
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(1) thermalisation loss;

(2) junction loss; 

(3) contact loss; 

(4) recombination loss. 

Energy losses in the cell
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Effect of light intensity Effect of temperature
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Isc~ ΦΦΦΦ (light intensity)

Voc~ln ΦΦΦΦ

for pn junction Ea=Eg, A=1, 

intensity

temperature

Isc ~ const
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Maximum efficiency if:
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Light in a cell

1. reflection at top contact

2. reflection at cell surface

3. reflection from the rear

4. absorption

5. absorption after reflection at rear contact

losses

desired processes

light management: increase desired processes, decrease losses

(3)

(4)

Back contact
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Anti-reflection coating

quarter wavelength antireflection coating

- minimum reflection
optimal refractive index
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Reflection losses
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where - reflectivity of the Si

- photons incident on the surface

- absorption coefficient of Si

to reduce the top surface reflection

•using an antireflective coating (SiO, SiN, MgF, ZnO)

•making the surface rough

•optimize top fingers design

•texturing (isotropic etching of the top surface)

•.

ΦΦΦΦ=ΦΦΦΦo(1-R)exp{-αααα(λ) λ) λ) λ) x}
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Increase number of photons absorbed in the cell:
• reduce reflection

• increase photon path –light trapping (texture)

• optimize front electrode (buried contacts)
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Resistive losses

shunt resistance
grains, edges, junction breakdown etc

series resistance
bulk absorber, contacts,

electrical connections, etc
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Resistive losses

� bulk resistance

� emitter resistance

� metal-semiconductor contact 

resistance.

� fingers and bus bar resistance

optimum busbar width:

resistive loss = shadowing loss.

Series resistance consists of
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Effect of series and shunt resistance

effect on fill factor:

FF=FF0(1-rs),  rs=Rs/(Voc/Isc)

FF=FF0(1-1/rsh)    rsh=Rsh/(Voc/Isc)
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effect on illuminated current-voltage characteristics:
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Recombination losses contra collection

heavy doping of the

contact region (BSF)

recombination at 

metal –semi

conductor contact

surface passivation

(SiN, SiO)

surface

recombination

high purity of bulk 

material

bulk

recombination

RemedyType of

recombination

recombination losses – lifetime τ τ τ τ of photoexcited carriers

ideal cell

real cell

surface recombination

bulk recombination

surface recombination
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Collection probability of photogenerated carriers

generation rate collection probability

W - thickness of the device;
α(λ) - absorption coefficient;
H0 - number of photons at each
wavelength
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Quantum efficiency

CdS/CdTe cell

QE= 1-exp{-ααααW(U)}/(1+ααααLD)

W - depletion width

LD - diffusion length

Ideal case:QE=1
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4.7%FF=0.78

19.2%qVoc<Eg

4.5%collection loss (0.9)

29.2%hν>Eg

18.8%hν<Eg

3%reflection loss

4%grid coverage

Efficiency losses in a standard c-Si cell

ηηηη = 16.6%
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  Eff.  
 (%)  

 Voc  
 (V)  

 Jsc  
(mA/cm2)  

 FF 
 (%)  

 Si-c    24.7   0.706   42.2   82.8  

Si-µµµµc   19.8   0.654   38.1   79.5  

 InP-c   21.9   0.878   29.3   85.4  
 a-Si (module)  12.0   12.5   1.3   73.5  
 GaAs (thin film)   23.3   1.011   27.6   83.8  
CIGS  18.4  0.669 35.7 77.0 
CIGS (module)  16.6  2.643  8.35  75.1  
CdTe (cell)  16.4  0.848  25.9  74.5  
 CdTe (module)   10.6  6.565  2.26  71.4 
Nanocr. dye   6.5   0.769  13.4  63.0 
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Equations for solar cell operation

distribution of electric field 

continuity equations

current transport

generation

recombination – bulk (Auger, radiative, SRH) and surface


