Photovoltaics
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Laboratory for Photovoltaics
Department of Physics and Materials Science, University of Luxembourg

today: Devices

e Overview on technology and economics
e Some semiconductor basics

e Solar cells as p-n junctions

tomorrow: Efficiencies

e Fundamental limits to efficiency
» Real efficiencies

e How to go beyond
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What is photovoltaics?

wafer based modules

solar cells
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Why do we need solar cells?
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...and it's good for the planet
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The PV market
About 150* GWp PV module production in 2020

Thin film
Mono-Si s
Multi-Si 1

2010

2005

ISE Photovoltaics report 2021
& Fraunhofer ISE

2000

e stong and continuous increase in production

ﬁr https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.htmi M
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The underestimated power source
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PV grows faster than any prediction

Creutzig, et al. Nature Energy 2, 17140 (2017) ““'l“
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Basic wafer material for Si solar cells

single crystalline

Chds

multi crystalline L Pl
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Thin film solar modules

- o Laser
stacks of thin films on glass scribes (3) Incident sunlight

|
substrate superstrate

,Glass superstrate
/Silicon dioxide

/ Fluorine-doped
tin dioxide

‘Cadmium sulfide

™ Cadmium telluride

Sunlight

‘\ ‘Nickel

\
A, Aluminum
4 \. \"\\

\ Ethyl vinyl acetate
\'Glass laminate

CIGS

Plastics

Substrate

Sauce: NREL

or on metal or plastic foil
e light weight and flexible
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Cell Efficiency (%)
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Best Research-Cell Efficiencies

Efficiencies - history

INREL

Single-Junction GaAs
A Single crystal

A Concentrator

V' Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrator)

| Single crystal (non-concentrator)
0O Multicrystalline

L @ Siicon heterostructures (HIT)
V' Thin-film crystal
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Transforming =%
Multijunction Cells (2-terminal, monoalithic)  Thin-Film Technologies Shars
LM = iattice malched © CIGS (concentrator) (IMM, 302x) NREL
— MM = metamorphic ® CiGS (6-J,143x)
IMM = inverted. metamorphic O CdTe )
V' Three-junction (concentrator) O Amorphous SiH (stabilized) B
|- ¥ Three-junction (non-concentrator) Emerging PV b
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[~ O Four-junction or more (non-concentrator) Spectrolab (5-J) NREDL(G'J)

A Organic tandem celis

@ Inorganic cells (CZTSSe)

© Quantum dot cells (various types)

0O Perovskite/CIGS tandem (monolithic)
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Current solar cell efficiencies
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Why efficiency matters
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higher efficiency = smaller area = lower cost for BOS

and it must to stable over time uni.ln
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semiconductor basics
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Doping and Fermi level

E

Fermi level

» occupation probability

" .

- svtrc1tvr ~F alantem AT A
acnsity o1 -Lﬂu\m,lﬂ.\.; holes

E~—F
electrons: n= N exp(—u)

T holes: p = Ny exp(—M)

kT
in equilibrium: np =n? = No Ny exp(-E / kT)
"Intrinsic carrier concentration"
. Lo
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Quasi Fermi levels

. : — Er-FE
excitation: n > ng and p > po with ny = No exp(—ECk%) po =Ny exp(_%)

E~—FE E
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equilibrium non-equilibrium
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_________________ = EF,V
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Fields, gradients and trasnport

current: j=enu&+ ukTVn (T =const)
drift  diffusion
Ec - EFC)
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pn junctions
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pn-junction in equilibrium

E A

/ -eq
n-side: / he p-side:
high density high density
of electrons | -------------mmmooooo Lr of holes

/ Ey

> X
space charge region SCR
OR:

upon contact:
diffusion of electrons — and holes «

— separation of charges, space charge region
= electric field, electrostatic potential gradient

— until drift force = diffusion force

A
-

equilibrium: VE =0

far away from junction:
semiconductor unchanged

near junction:
band bending, i.e. electric field
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equilibrium:

p-n junction under voltage

balance of drift and diffusion /

g , forward voltage:
reduced field

"diffusion wins"

diffusion

exponential increase in current

g . reverse voltage:
increased field
"drift wins"
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tiny current
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Shockley equation

. . eVikgT
current voltage dependence: J=Joe® B 1)

Lreverse saturation current
< diffusion and recombination
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in general: j = jO(eeV/AkBT—l) A: diode quality factor

4 plus series and shunt resistances ani I |
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pn junction under illumination
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A pn-junction under illumination

equilibrium
equ: VEp =0= =0,V =0
e e n s e e s ey E. OC: j:O:VEF:O:V:VOC
Eprc—FE
Ea SC: V=0=>VEg~= e FV:>j=jSC
SCR
> X
open circuit short circuit
EF~C <
EFVC - s = - - - -~ "
R - Veo -
i = i oo et
X X
a forward voltage a current in reverse direction = Il |1l
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JV characteristic under illumination

N 40 | Qark | diode equation:
& —— illuminated . { eViAk,T
) ]:]0(e ’ _1)_jph
<é _|mpre Vurr  Jsc Voc FF
20 n= =
> sun fill factor:
% FF — ]M{DP 'gMPP
< \ Jse "V oc
"E Voc
th power
>
@) I N .
0.0 0.5 MPP track
Voltage (V) racet
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A solar cell at open circuit

open circuit voltage:j = jo(eeV/AkBT—l)— Jpn =0@V =V,

kT . Jph
V,.>> kT = j, e oc/AksT o Jon = Voc = A? njL
0
“~— recombination
E, carrier lifetime
M generation steady state: An= L s
d
|
no current! k thickness
Wi recombination (high mobility)
An -
:>AEF =kBTln nzp ZVOC
n;
lifetimes: us's for radiative recombination
" 1-100's ns non-radiative recombination
= Jo .l
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Photocurrent and solar spectrum

the solar spectrum 57—
45|
4+
e e/h pair generated in absorber < Toal \
» reflected E 3 lost
» 25}
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4% 158}
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e recombination
absorber diffusion
e ] 1
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________________ q
diffusion
not every photon creates an electron in the circuit
- o/ e
b — quantum efficiency OF =25¢° :
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Quantum efficiency

Jph = ef Dy (A)d A The red response is
reduced due to rear

. surface recombination, L=A~Dr
Blue response is reduced

o reduced absorption at diffusion constant
due to front surface recombination. long wavelengths and and life time
/ low _diffusion lengths
1.0 \ \deal quantum
) efficiency
o
g A reduction of the overall QE is
w caused by reflection and a low
= diffusion length. No light is absorbed
‘s’ below the band gap
S so the QE is zero at
9 long,wavelengths
2
:
>
[ —)‘0 - h_C Wavelength
Eg
http://www.pveducation.org/pvcdrom/ .l
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What to remember...

o efficiency (and stability) is key for PV technology

e pn junctions are governed by the balance between drift and diffusion
e exponential increase of the current in forward direction

e light on pn junction: forward bias and reverse current: Voc and jsc

e maximum power point determines fill factor
Jsc Voc £t
P

Sun

* JVoc increases with In(jsc) and depends on recombination process

» power conversion efficiency 77 =

e quantum efficiency is not power conversion efficiency

» QE depends on optical and electrical quality
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if you want to know more...

Robert Pierret "Advanced Semiconductor Fundamentals"
Marius Grundmann "The Physics of Semiconductors”
Peter Wurfel "Physics of Solar Cells"

Jenny Nelson "The Physics of Solar Cells"

Roland Scheer "Chalcogenide Photovoltaics
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