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Introduction: The Sun — a resume
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Solar Output

2500
Solar enerqy comes in photons

— Outside the atmosphere (AMO)

2000 A
— At the earth's surface (AM1.5) hC

Photon Energy =hv= -

1500 -

Where:

c = speed of light = 3x108 ms™!

h = Planck’s constant = 6.6x10-34 Js

v = frequency

. A=wavelength

0 500 1000 15(\),5)ave|§:g?h [nriTOO 3000 3500 4000 Measured in ev (E|ectr0n-VO|t)
(1ev corresponds to 1.24mm)

E, [W/m n m]

1000 -

500 A

Spectrum
400nm 500nm 600nm 700nm
| |
IR
| |

3.09¢eV 2.48eV 2.06eV 1.77eV



" A
The PV Process

PHOTOVOLTAIC CELL + LIGHT = ELECTRICITY

1199 Ad

LIGHT

current [>‘ = ELECTRICITY

Most common materials used for semiconductors
eg: Si, GaAs, InP, CIGS, CdTe, CIS
Different structure:
(Crystalline, Polycrystalline, Amorphous, Compound)

Terms that are crucial for PV conversion
e Absorption (photogeneration/recombination)
e Charge Separation (how to take the charge and do something ..)
e Transport
e Efficiency
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Conductors — Insulators — Semi-conductors

e Bands of allowed energy states for electrons form when atoms join to make solids

e Empty energy states are needed for free electrons to move
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METALS INSULATORS SEMICONDUCTORS
% full top ba.nd Empty top band Empty top band
Easy conduction No conduction BUT small gap
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The Semiconductor Band Gap

Ec Conduction

4 Band )
Band
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Band
*GaAs E=1.42eV oSi E,=1.12eV
direct gap (strong) indirect gap (weak)

Band gap is the central parameter that sets absorption behaviour

Band gap = E,= hv.=hc/A, (has an energy content)
v =cut off frequency, A_=cut off wavelength

h=Planck’s constant, c=speed of light



Photoelectric effect

Materials emit
electrons when light
shines upon them

Gave Albert Einstein
his Nobel prize in
1921

When a photon of energy hv interacts
with matter it is able to give up its
energy to promote an electron to a
higher energy level. If the excited
electron can be prevented from
returning immediately to its ground
state, its increased electrical energy
may be harnessed.
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Photo-generation

photon energy is
stored in the
separation of the
e-h pair across
the bandgap

E
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Band
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Photon hv

HOLE
(where an electron isn’t)

. . hc
For absorption photon energy  hv > Eg (le 7 > Eg)

=> Semiconductors are transparent to wavelengths A>A_

Absorption of Photon < Generation of electron-hole pair



What do we need for an effective photogeneration

m a high probability of photon absorption

m a charge separation mechanism for removing the excited electron
before it naturally recombines with the vacancy it left behind. This
can be effected by some kind of interface or junction where
different electronic or electrochemical properties attract the
electron irreversibly away from the point of excitation.

m Electronics (wires etc) to move the separated charge to an external
circuit where it can be used
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How much absorption is there?

no photogeneration = no power
semiconductor
| Transmitted
NN\

TAVAVAVad bt bbbttt >

NN\~ ---* Absorbed . -~> T photogeneration photogeneration = power
.

TAVAVAYaq é thermalisation

ﬁ no photogeneration = no power
Reflected X

no photogeneration = no power ]

v

Reflection: described by the reflection coefficient (%)

Absorption & Transmission: described by the absorption coefficient a()),
which is wavelength dependant.



Recombination: Photogeneration in reverse — our enemy
An optically created electron-hole pair can recombine

Radiative (emit photon) Non-radiative (emit phonon(s), i.e. heat)
E, Q E, Qe
JAVAVAYag —MW~>

E, @ E, @

» Both are undesirable in solar cells = loss of charge carriers = loss of current

need
charge

* Need to collect the excited electron (or hole) before recombination: collection

* In poor quality materials =» high defect densities,
=>» very fast non-radiative recombination

« e~ & h* needed for recombination
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Doping of Semiconductors

e Undoped (intrinsic) semiconductors have low conductivity because of the filled

energy band limits the number of carriers available for conduction.

e Adding impurities can add electrons and holes near the band edge

Donors = donate electrons

/
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Acceptors = accept electrons
~one h” per acceptor atom
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Examples of dopants

Boron (B)

Silicon : Phosphorus (P)
3 outer electrons vs Si’s 4

5 outer electrons vs Si’s 4
= donor n-type —> acceptor p-type

NOTE: the dopant atoms areljixed only the dopant e & h can move

Si <@ Si <@ Si Si <@ Si <@ Si
e 9.0 e e o
Si <@ 5 < S Si <@ § <@ Si
e & ® &  hi ®
Si <@ Sj <@ Sj Si <@ Si <@ Sj

One electron per donor atom One hole per acceptor atom
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The P-N junction

 When a P-type semiconductor and an N-type semiconductor come together they
form a P-N juction.

» Excess electrons move across the junction, leaving behind positive charges (holes).
Once the electrons move across, they meet up with excess holes and they disappear

e Ditto with holes

* A “dead” zone with no carriers is created called the depletion zone

* The left over positive and negative charges create an electric field

* Once light hits the junction a new electron-hole pair is formed. The formed electric
field will cause the electron to go to the n-type material and the hole to go to the p-
type material.

* The separation of these charges causes a potential difference/voltage.

* Connecting that voltage to a circuit allows for flow of electrons-current.



The PN Junction majority
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bee Photo Current

OPEN CIRCUIT:
oc > » charge builds up on the
contacts
v » charge buildup
/ produces a potential
- p-type voltage (V,)
n-type j » only while illuminated
ho. >E, LOADED CIRCUIT

[i_e,h_c S Egj > photo current will flow

c & the voltage will drop

» only while illuminated

S




m When the terminals are connected together the photo-current (/L)
has its maximum value, the short circuit current Isc, or, per unit cell
area, the short circuit density Jsc.

m Short circuit current and short circuit current density can be used
interchangeably.

m When the contacts are isolated, (a load of infinite resistance) the
potential difference has its maximum value, the open circuit
voltage Voc
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IV curve of a solar cell
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Performance

There are four key performance characteristics in a solar cell.
Its short circuit current Isc (or short circuit current density Jsc)
Its open circuit voltage Voc

Its fill factor FF

The power conversion efficiency n.
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IV and power curves

Maximum power point (MPP)

CURRENT

Power =P =1V

VOLTAGE Vm Voc
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|SE{II Factor FF

------ ° The fill factor (FF) is defined by

mpp | vV At best
FE — _™Pp " mpp ~0.8
..V

SC ~ OC

Maximum theoretical power

Prpp = 1scVoc (Area of yellow rectangle)

Maximum actual power (MPP)
V. Vi
mpp P (Area of grey rectangle)

VOLTAGE

pp | mppvmpp

- The ratio of the two areas:
_  equivalent to the fill factor FF

area « a measure of how much the MPP square
. x Vo “fills” the theoretical potential for power




Conversion Efficiency

Efficiency: the power density delivered at the operating point as a fraction of
the incident light power density

P |V

. mMpp __ "mpp " mpp
TTRTTTE
in [
MPP related to V,. & I . b ! mpp Y mpp | V. =1V FF
oc sc Y FF = | v — mpp " mpp = “sc'oc
o uVeFF
I:)in

All of these quantities should be defined for a particular spectrum

l.e. efficiency changes with spectrum



Typical numbers

V,~0.5-1V (limited by band gap)

J..around 20 - 40 mA cm™

Wider band gap materials give higher Voc but lower Jsc

FF ~0.7-0.8 (ideal diode has 0.86)

The optimum band gap for the AM1.5 solar spectrum is around 1.3-1.4 eV.

The standard test condition (STC) for solar cells is the Air Mass 1.5
spectrum, an incident power density of 1000W/m?, and a temperature of
25°C.

The efficiency of a solar cell in AM1.5 has a theoretical limit of around
31%.

In practice, efficiencies are much lower. Commercial modules typically
have n = 15-18 %.
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Theoretical Efficiency vs Band-Gap

Band gap is most important factor for initial choice of material...
optimum band gap for the AM1.5 solar spectrum is around 1.3-1.4 eV.

o Ge Si GaAs Cds
n (%) “CdTe
S0 AM 1.5
300K
40
30 i

AP
R

1 2 3

Eg (eV)
e GaAs is highest efficiency but expensive = limited to space

* Si is a lot cheaper and still high efficiency (also benefits from electronics industry symbiosis)

e New thin film materials have potential for reduced material costs (CIGS, CdTe,...)



Non-ldeal Solar Cells (performance losses)
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Effect of Temperature

At higher temperature the band gap of a semiconductor shrinks. The reduced band gap
increases the photo-current, since lower energy photons can now be absorbed, but
recombination reduces Voc faster than Jsc is increased, and thus a net reduction in
efficiency results.

For a typical Si solar cell
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Effect of increasing irradiance

maximum
power line |
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\ More electrons available,
| simultaneous increase in
| current and voltage.

VOLTAGE



Ingredients for a high efficiency solar cell

eGood optical absorption
eEfficient charge separation

eEfficient charge transport

/BUT...

the doping should not be too high,
or the cell too thick,

or....

i.e. the optimisation game

.

—<

(

eThick cell
eGood optical design
eHigh built in potential

eGood quality material



Cell Efficiency (%)
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Transforming ENERGY

Multijunction Cells (2-terminal, monolithic)
LM = lattice matched

[— MM = metamarphic

IMM = inverted, metamorphic
V' Three-junction (concentrator)

L ¥ Three-junction (non-concentrator)

A Two-junction (concentrator)

A Two-junction (non-concentratar)

B Fourjunction or more (concentrator)

O Fourjunction or more (non-concentrator)

Single-Junction GaAs
A Single crystal

A Concentrator

WV Thin-film crystal

Crystalline Si Cells

O Single crystal (concentrator)
B Single crystal (non-concentrator)

O Mutticrystaliine

L ® Sjjcon heterostructures (HIT)

V' Thin-film crystal

IBM
(T.J. Watson A=
Research Center)

Thin-Film Technologies

© CIGS (concentrator)

® CIGS

0O CdTe

O Amorphous SiH (stabilized)

Emerging PV
O Dye-sensitized cells
O Perovskite cells (not stabilized)
A Perovskite/Si tandem (monolithic)
@ Organic cells (various types)
A Organic tandem cells
# [norganic cells (CZTSS¢)
Quantum dot cells
(various types)
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So why (mostly) silicon?
» Dominant terrestrial technology (started in space)

» >80% market share... equal mono/multi-crystalline split

» Junction made by furnace diffusion a shallow layer of phosphorus (n-type)
into a lightly doped p-type wafer. (200-300um)

» Typical spec’s: E,~ 1.1 eV (c.f. 1.4eV ideal), V,.~ 0.5-0.7V (low), Jsc ~ 30-

40mAcm2 (AM 1.5) (high) Pre-production advances:
Sanyo HIT cell >20% (18% in production)

SunPower A300 cell > 20%
BP Solar LGBG cell > 18%

Commercial Modules ~ 13-16% typical

Second most abundant element on Earth, after oxygen

High Performance = High Quality Material = High Cost (typically)

BUT it’s getting cheaper AND there are options besides Si




