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L3
NEW AND SUSTAINABLE -
IN# PHOTOVOLTAICS Key Question

Why can't a solar cell have a
100% efficiency?

(Or even close to 100%7?)

Can you answer this?
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NEW AND SUSTAINABLE

*v PHOTOVOLTAICS LeCture OUt“ne

ABlack Body Radiation

ADetailed Balance

AThe Shockley-Queisser Limit
ARequirements for real physical systems
AExceeding the SQ limit (funky solar)
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NS

A black body absorbs all radiation regardless of frequency or angle of

L2 N
NEW AND SUSTAINABLE Black Body Radiation

PHOTOVOLTAICS

incidence.
A black body in thermal equilibrium emits radiation according to Planck's Law.

Decrease of A peak

with increase in
temperature Visible

Intensity

Increase of intensity with
temperature and decrease
of peak wavelength with

temperature.
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NEW AND SUSTAINABLE
IN# PHOTOVOLTAICS / OEOE Oz

Photon Flux T Number of photons of energy E per unit
area per second

Look familiar?
c.f. Ideal diode

Units T Number of photons of energy E per unit area per
second
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS /| OEOE Oz

LA (L 14 ¥ 4 \
O | Q& Geometrical factor
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Irradiance

Irradiance - Emitted energy flux density
LO ©Ouwo
This is what solar spectrum data is measured in

Power Density given by
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L2
NEW AND SUSTAINABLE .
IN# PHOTOVOLTAICS The Sun (again)

The sun is a black body emitter with a temperature of
5760 K.

At its surface, the power density Is:
”-ﬂ =62 MW m~™

What is the power density of the Sun's emitted radiation
at the Earth's surface, P¢?

”_W :—ﬁ ”'ﬂ ~ 1353 Wm-2
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L2 .
NS PHOTOVOLTAICS Detailed Balance

What are we doing?
A Counting all photons going in
A Counting all photons going out

ADifference must be converted into electrical
(electrochemical potential)

Key Assumptions
AMobility of carriers is infinite
AAIll absorbed photons promote electrons

AOnly one interface absorbs/emits i other side
contactedt o a nperfect reflector
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NEW AND SUSTAINABLE

L2 .
*v PHOTOVOLTAICS Deta”ed Balance

In equilibrium (i.e. in the dark)

ambient photon flux (thermal photons)
ba(E) .
hypothetical solar
/ / absorbing material

\
perfect reflector

Ambient emits like black-body Absorbance
Reflectance
5 C,O !O s ’ \ e "/ 5 e
O | — Q0 Alp YO)HOw O
Qw \'Q! P
O i Absorbed ambient results in an
equivalent current density EPSRC



NEW AND SUSTAINABLE

L2 .
*v PHOTOVOLTAICS Deta”ed Ba|anCe

In equilibrium (i.e. in the dark)

ambient photon flux (thermal photons)

emitted photon flux

Device emits like black-body too!
Can think of as current in opposite direction to jaos

Reflectanc(i/EmiSSivity
Q n(p Y(O)- " Ow O

D m
]

g

S

Za

2

g

ering and
Cour

2

=3
7
=
mn
&
2

Sciences



NEW AND SUSTAINABLE

L2 .
IN# PHOTOVOLTAICS Detalled Balance

In equilibrium (i.e. in the dark)

N 0 m— OO0 -0

spontaneous
absorption emission
h3 h3

Absorption Rate = Spontaneous Emission Rate
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NEW AND SUSTAINABLE

L2 .
IN# PHOTOVOLTAICS Detalled Balance

Under lllumination (still steady state)

- ¢ O O . w i o
- _ O | Q
sola &

But does emitted flux change? - YOU BETCHA!

o (if emitted flux remained the same as under thermal
Why : equilibrium conditions then you could have a solar cell
with 100% efficiency)
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NEW AND SUSTAINABLE

L2 .
*v PHOTOVOLTAICS Deta”ed Balance

Under illumination part of the electron population has raised
electrochemical potential energy i i.e. qpe>0

This means that spontaneous emission is increased!
The emitted flux Is increased by:

R 2
Qo \Q Y | p

This is the reason why absorbed solar radiant energy can
never be fully utilised in a solar cell.

Max efficiency ~ 86%
RADIATIVE RECOMBINATION
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NEW AND SUSTAINABLE
IN” PHOTOVOLTAICS

.9% thermalisation

Two Level System

ha = E h3>Eg

spontaneous
emission

A

\ 4

Conduction Band (empty)

Eg

Valence Band (full)

What sort of materials do we use for solar cells?

A Semiconductors
Why?

A Because they have a band gap!
No longer a perfect system because of:

ATHERMALISATION
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Key Point

THERMALISATION:

Photons with E > E;, promote carriers that relax to
bottom of conduction band through scattering
Interactions with phonons (transfer of kinetic energy
I heat!)

Absorbed photon with E > E, achieves the same
result as E = E,

Thermalisation is the most dominant loss
mechanism that limits the efficiency
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Photocurrent

Photo-current is due to the net absorbed flux due to the sun.
Can calculate by integrating |, over all photon energies:

0 r]/o (O(p Y(O)AOpw 0QO

Probability that promoted ca

LOOK FAMILIAR?
This is the Quantum Efficiency (external)

0 R 0 @Ow 0QO0

Now you know how to calculate Jscfrom an EQE curve (hint hint)
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Photocurrent

In a perfect world:

C(E)=1
and
R(E)=0
therefore o O O
QEE)=a(B)= — 5 o
SO
U n. w(OQO0

In other words J¢ Is dependent only on the band
gap of the material (for a given spectrum) EPERC




NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Photocurrent
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From last lecture EPSRC
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NEW AND SUSTAINABLE - V
IN# PHOTOVOLTAICS oC

Is the V. related to the band gap too? - Heck Yes!
Remember from diode equation

, £EQY (0
W —l = P
hn\O-1 _.
This iIs much more sensitive

to Egthan Jscis.

U .,n b Y "Y W 0 Gy—, From the detailed
Q - (@) 0 balance
where
, (@)
0O ==
QY

£2|m
©S
Zom 1
(Tl-_“.
(%
c o
=
5|3
:
:
g



NEW AND SUSTAINABLE
IN” PHOTOVOLTAICS

diode saturation current (Almz)
=
T

PR Sl P ——— | "
1.5 2 2.5 3 35 = 4.5

bandgap (eV)

J, decreases exponentially with respect to band gap




NEW AND SUSTAINABLE - V
IN# PHOTOVOLTAICS ocC

Therefore:

Voc Increases with E,
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NEW AND SUSTAINABLE

*v PHOTOVOLTAICS leltlng EffICIenCy




NEW AND SUSTAINABLE

*v PHOTOVOLTAICS leltlng EffICIenCy

Efficiency

35%
ey-Queisser Limit

‘/thklodyUnll

2%

15%

05 1 15 2 25
Semiconductor band gap - Electron volts

W. Shockley and H. Queisser, Detailed Balance Limit of Efficiency of p-n
Junction Solar Cellso JAP, 32(3) 0.510 (1961)
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NEW AND SUSTAINABLE

L2 . . .
INA PHOTOVOLTAICS Requirements for ideal PV devices

APV material has energy gap
AAll incident light with E > E, is absorbed
A1l photon = 1 electron-hole pair

ARadiative recombination only (i.e. spontaneous
emission)

AGenerated charges are completely separated

ACharge is transported to external circuit without
loss
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L2 . . . .
N> Priotovolmaics  Real World Device Limitations

Alncomplete absorbtion: C(E) < 1 and R(E) > 0
ANon-radiative recombination. (L4)

ALossless transport? No such thing as perfect
conductor.

Electron Beam
Induced Current
(EBIC) imaging of
CdTe/CdS solar cell
Cross section.

Grain boundaries =
Recombination!
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L2 = = =
RS i s Beating the SO limit

"There are no limits except for those that we
Impose on ourselves." - Walter Bishop (Fringe)

ATandem Cells
AMulti-junctions
AConcentrator PV

AHot Carrier solar cells
ADown and up conversion
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L2
NEW AND SUSTAINABLE . . .
IN# PHOTOVOLTAICS Beating the SQ limit

Best Research-Cell Efficiencies (25/04/2018) +.<NRE

52 : —
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NEW AND SUSTAINABLE
IN” PHOTOVOLTAICS

Tandem Cells

Why have one junction when you can have two?

GaAs/InGaP

MgF,/ZnS
S UMICLIL VI (Y [ =
n* AllnP: 0.03 um <2x10'8 cm 3 (Si doped)

n*InGaP: 0.05 um  2.0% 10" cm2 (Si doped)

InGaP
p InGaP: 0.55 um 1.5%10"7 cm (Zn doped) | 1op cell
pt InGaP: 0.03 um 2.0%10'® em3 (Zn doped)
p* AllnP: 0.03 um <1.0%1018 c¢m-3 (Zn doped) | =
p*InGaP: 0.015um  8.0x10'® cm™ (Zndoped) | |nGaP

n* InGaP: 0.015 um tunnel junction

n* AllnP: 0.05 pm

-3
1.0%10" em™ (Si doped)
1.0x10'? cm™ (Si doped)
2.0x10"® cm-3 (Sidoped)

n* GaAs: 0.1 um

GaAs

bottom cell

p GaAs: 3.0 um

1.0%10"7 cm (Zn doped)

2.0%10"® em-3 (Zn doped)
7.0%10"® em3 (Zn doped)

p* InGaP: 0.1um

pt GaAs: 0.3 um

T {

p* GaAs substrate <1%10'% em-3 (zn doped) *-

100 I T T T T I
< w | ;
S
(&)
]
o: WE ]
[T
L
w
5 i — Tunnel Junction— |
= |\ v 0 FR | eseceuzid InGaP/GaAs
S oL — - =~ AlnP/GaAs | |
C AllnP/InGaP
. . N
300 400 500 600 700 800 900 1000
WAVELENGTH (nm)
T. Takamoto et. al. n Ov e r 30% Ef f
InGaP/ Ga As tandem sol ar

(1997)

EPSRC

q d PI'\.' al Sci
?cseuth



L2
NEW AND SUSTAINABLE
IN# PHOTOVOLTAICS Tandem Cells

Detailed balance calculations for two band gap system:

efficiency (%)

2

1.9F
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P N
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-
()]

top cell bandgap (eV)

1.5

—1

0.5 06 0.7 0.8 0.9
bottom cell bandgap (eV)

1

Maximum theoretical efficiency ~ 46% EPSRC
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NEW AND SUSTAINABLE
IN# PHOTOVOLTAICS Tandem Cells

Disadvantages of tandems based on Ill-V's
AHigh precision fabrication required
AMaterials balance (tunnel junction)

AHigh cost (materials + deposition)

ANot practical for concentrator systems

Are there other strategies?
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L2
NEW AND SUSTAINABLE
IN# PHOTOVOLTAICS Tandem Cells

Inorganic/Organic Hybrid Tandems

ACheap
AEasy to make (non-vacuum dep)

ACan apply to existing Si technology

Watch this space

c-Si efficiency boosted by 20% (by using perovskites)




NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Multi -junctions

Why have two junctions when you can have three?

Al metallic contacts
GaAs AR COATING -
+ | AllnP WINDOW 1600 [ ] AM15 spectrum
InGaP EMITTER TOP CELL o I o CELL InGaP 1.86 eV
= InGaP E 1400 A —_—
InGaP BASE 1.86 eV a | | | MIDDLE CELL InGaAs 1.4 eV
* | AlGalnP BSF e § 1200 4 } B B0TTOM CELL Ge 0.65¢V
TUNNEL JUNCTION _ > 1000 A
* | InGaP WINDOW §
InGaAs EMITTER MIDDLE CELL -
o 14 eV =
" | InGaP BSF =
- o
| TUNNEL JUNCTION [ 8
InGaAs BUFFER @*
InGaP HETERO LAYER BOTTOM CELL
T BASE g - ' N>,
= 0.65eV 500 1000 1500 2000 2500
p | Ge BSF
L I= Wavelength (nm)
(a) (b)

Ge/lnGaAs/InGaPi Maxd 3% EPSRC
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NEW AND SUSTAINABLE

IN# PHOTOVOLTAICS Multi -junctions

Why have three junctions when you can have MORE?

B et it et i *
8
60+ ’ a -
56+ 8
= @
‘:’E 50+
>
Q
c
K )
é’ 45+ & O series connected cells
- @® unconstrained
40+ ;
® 37.9% © 38.8%
35
® 32.8%
30 A ' A 3 A | " L a— | ' -
1 2 3 4 5 6 7 8
number of bandgaps

S. P. Bremner et. al. Prog. PV. 16:225-233 (2008)

In practice, the record for a 5J device is "only" 38.8% (as of 2017) EPSRC
Rumours of people trying 6J devi ceSui-n-
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Concentrators

NEW AND SUSTAINABLE

IN” PHOTOVOLTAICS
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NEW AND SUSTAINABLE
INg# PHOTOVOLTAICS Concentrators

Secondary
mirror

Parabolic Mirror Array

Solar cell

Optical rod ~5OO Suns
25 kKW output
2 axis tracking EPSRC

Primary
mirror




