External and internal photovoltaic effect
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Photovoltaic effect in pn junction

1. absorption
2. thermalisation
3. diffusion

4. drift

important parameters:
o band gap E,

o doping level

0 absorption coefficient o
o lifetime of carriers 1

o diffusion length L

o mobility p
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Current-voltage characteristics under illumination

I-V in the dark
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Efficiency
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Photogeneration and thermalisation
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Efficiency — dependence on E

Maximum efficiency
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short circuit current density ( Nmz)
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Energy losses in the cell

! usable
g

(1) thermalisation loss;
(2) junction loss;
(3) contact loss;
(4) recombination loss.



Effect of light intensity Effect of temperature
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Maximum efficiency if:
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Light in a cell

absorption

AR A

reflection at top contact
reflection at cell surface
reflection from the rear

} losses

. absorption after reflection at rear contact
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i Back contact

desired processes

light management: increase desired processes, decrease losses
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Anti-reflection coating

(a) destructive interference (b) constructive interference so
so no reflected w:au all light reﬂected

\//

N3

Ng

all light transmitted into no light transmitted into
semiconductor semiconductor

d, =—
! 4dn,

quarter wavelength antireflection coating
- minimum reflection

n, = /Ngn,

optimal refractive index

13



Reflection losses

d=do(1-R)exp{-a(7L) x}

losses: R(/l)%(/i)ﬁXp_a(ﬂ)x
where R (A ) -reflectivity of the Si

o (A) - photons incident on the surface
0

o (A ) -absorption coefficient of Si

to reduce the top surface reflection

susing an antireflective coating (SiO, SiN, MgF, ZnO)
*making the surface rough

«optimize top fingers design

texturing (isotropic etching of the top surface)

Reflection (%)
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Silicon under glass
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antireflection coating of n=2.3
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Wavelength (pm)

14




Increase number of photons absorbed in the cell:
» reduce reflection

* increase photon path —light trapping texture)\
« optimize front electrode (buried contacts)

Samiconductor
Material

Rear Reflector

Front and rear surface texturing
can trap light for multiple passes
due to total Intemnal reflection.
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Resistive losses

current [mA]
current [mA]

voltage [V]

shunt resistance
grains, edges, junction breakdown etc
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voltage [V]

series resistance
bulk absorber, contacts,
electrical connections, etc 16



Resistive losses

Series resistance consists of

v bulk resistance /

v’ emitter resistance

v metal-semiconductor contact d
resistance.

v fingers and bus bar resistance
optimum busbar width:

Front Contact

 MemaEEaxal

W

N

resistive loss = shadowing loss.

Rear Contact

front metal contact

>

metal silicon contact
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Effect of series and shunt resistance

effect on fill factor:
FF=FF,(1-r,), rs=R//(V, /l.)

FF:FFO(1 -1 /rsh) rsh=Rsh/(VOC/Isc)

effect on illuminated current-voltage characteristics:

L, = Io[exp{ e(X; ?sl)} — l] + VF\: R _ .
B sh
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Recombination losses contra collection

A 4

1

ideal cell
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| Type of Remedy
recombination
< | bulk high purity of bulk
real cell recombination material
e surface surface passivation
T surface recombination recombination (SiN, SiO)
. t ¢ Q_‘L ¢ e o recombination at | heavy doping of the
metal —semi

g I_s,h,_

surface recombination

P v

bulk recombination

—» <O

conductor contact

contact region (BSF)

a

recombination losses — lifetime t of photoexcited carriers 19




Collection probability of photogenerated carriers

A

front surface

Collection Probability
t,.-f'"

W - thickness of the device;
a(A) - absorption coefficient;
H, - number of photons at each

Generation
E

W

»
Distance in the device wavelength
W

] =q f/ﬁ(x)CP(x)dx = qf U a(A)Hy exp(—a(d)x) d}L] CP(x)dx

generation rate

Front Surface | | _ probability for

Collection Probability

_____________ in the pn junction

0
collection probability

Unity collection
R Rear Surface

carriers generated

Solar cell with good
surface passivation

Solar cell with poor
surface passivation

= >

<

Solar cell with low  pistance in the device
diffusion length

With high surface recombination,
the collection probability at the
surface is low.
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Ideal case:QE=1

Quantum efficiency

W - depletion width
L - diffusion length

QE= 1-exp{-aW(U)}/(1+aL)

andk

The red response is
reduced due to rear
surface passivation,

External Quantum Efficiency o

A reduction of the overall QE is
caused by reflection and a low
diffusion length.

A Blue response is reduced reduced ab tion at
due to front surface recombination. long wavelen gtlh s and
/ low diffusion lengths.
4 Ideal quantum

efficiency

Mo light is absorbed
below the band gap
so the QE is zero at
long wavelengths

/

[ E A = he  wavelength

Eg
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Efficiency losses in a standard c-Si cell

N = 16.6%

grid coverage 4%
reflection loss 3%
hv<E, 18.8%
hv>E, 29.2%
collection loss (0.9) 4.5%
qV,..<Eg 19.2%
FF=0.78 4.7%
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Equations for solar cell operation

distribution of electric field

s
ra |

=p+ Ny —n—N/
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Jn = QpanE +aDn——, Jp = quppE +qDp current transport

on  19],

dp 14],
dt  q dx B

ot “gox "¢ ~Us  continuity equations

+G, —U,,

G = aN; exp(—ax) carrierssec™ cm™? generation

An Ap . . o
Up = BN Up = T, recombination — bulk (Auger, radiative, SRH) and surface



