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PV as Renewable energy

Absorption of light, photon, c
directly into the electric po
energy.

*There are no moving parts, unlike the cony
need of maintenance

*No fuel is necessary, t
*Long lifetime

* Modularity, size of . h

* Decentralize wer ge




Solar Cells

Photovoltaics (PV) literally means "light-electricity"

Direct conversion of light into electricity based on the photovoltaic
effect. e
Advanced semiconductor device: solar cells ;’:C’u*

ety




Solar
radiation

Solar module




ar Cells

DO

Photovoltaic solar energy

Advantages: Limitations:

E envirc?nmentally friendly * PV cannot operate without light
* NO NOISSANOMAEEE parts * high initial costs that

* NO emissions overshadow the low maintenance
* no use of fuels and water costs and lack of fuel costs

minimal maintenance requirements « large area needed for large scale

* long lifetime, up to 30 years applications
* electricity is generated wherever e PV generates direct current
there is light, solar. or artificial special DC appliances or an inverter
* PV operates even in cloudy weather e e
conditions

* an off-grid applications energy

e modular “custom-made” energy can storage is needed

be sized for any application from
watch to a multi-megawatt power
plant

e —— Chem 5570 _



Solar PV Technologies

Si solar cells
-Monocrystalline Si solar cell
-Multicrystalline Si solar cells

Multi-junction solar cells
-GaAs

Thin film solar cells

-Amorphous Si solar ¢

-Microcrystalline, p
-CdTe, CdS, GaAs s
-CIGS (Cu-In-Ga-Dise

Organic solar cells




Solar Cell Operation

The basic steps in the operz:
* Generation of light-generatec
* Collection of the lig

e Generation of :

* Dissipation of poy




Photovoltaic Effect

Fundamental absorption is

- annihilation or absorptio
from the valence band to the

- leaves a hole in the valence ba

Ideally, each incident photon with E,,
in the external dey
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Voltage

Creation of
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EHP

Absorption
of Light

Current

Power=V x1
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Solar Cells

The photocurrent produces
which forward biases the p

Ideally, each incident photon with
flowing in the ext device.

E,, <E,:thede

E,, 2 E, : photons

in the device.
E,, > E; : energy ¢
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Solar Cell I-V Curve
Solar cell parameters

*Voc-open circuit voltage
*Isc-short circuit current
* Pm-maximum power p

*Im, Vm-current and
at maximum powe

e FF-Fill factor
*n-Efficiency
*Rs-series resistance

*Rsh-shunt




Short-Circuit Current, Isc

The short-circuit current is the curren
the solar cell is zero (i.e., when

The short-circuit current is due to the g
carriers.

The short-circuit current i
cell.




Short-Circuit Current, Isc

The short-circuit current depend
1

®  The area of the solar cell.

The number of photons (i.e., the power «

The spectrum of the inc Or most sC

is standardized to t ,

The collection pro
passivation and the

Optical px:ope_rtiesl




Short-Circuit Current de
Number of photons

Requirement for solar cell area?
Design criteria for area : It should be

Larger area will inte ore photon

Requirement in t
photon in the st

Larger solar radia
photons < mo




Short-Circuit Current dep
the incident light

The air mass represents the propc
pass through before striking the
length.

*Solar spectrum standard 0, AM1, AM1.5

1
Cos @

AM =

e AM 0 - solar radiatio
e AM 1 - solar radiatio
e AM 1.5 -whe nake




Short-Circuit Current de
probability

*Blue light gets absorb very clc
*Green light penetrates deeper tha

*Red light gets unifc absorbed

* Penetration det

A non-uniform ge
light-generated




Short-Circuit
light generate

A non-uniform probabil

‘- H -

Unity collection
| | _ probability for Rear Surface
| carriers generated in
the pn junction

Solar cell with good
surface passnsation

Solar cell with poor
surface passisation

ollection Prohahility

-

Solar cell with 10w pistance in the device
Front Surface diffusion length

N

With high surface recomhbination,
the collection probability at the
surface is low.



EQE is the probability «
electron to the shor




IQE is the probability of a
the short circuit curre




Short-Circuit Cur

QEs are function of wa
(absorption, reflection,

Areduction of the overall QOFE is

4 caused by reflection and a low
- diffusion length.
21.0 Ideal quantum
@ Efﬁciency
Tz
= The red response is »
LU reduced due to rear No light is absorbed
£ surface passivation, below the band gap and
‘E reduced absorption at so the QF is zero at long
= long wavelengths and wavelengths.
.a low diffusion lengths.
-
WS, _hc¢  wavelength
Blue response is reduced due to front B E!I

surface recombination.




Photons in the spectrum car
falling on the cell should b

*Short circuit current is usually rec

What are optical losses:
» Reflection

= Shadowing due

= Partial absorption

Design criteria for s




Open Circuit Voltage: Vo

The open-circuit voltage, Voc, is t
and this occurs at zero current.

The open-circuit voltage corresponds to
junction due to illumination.







Fill Factor: FF

* The FF is defined as the ra
cell to the maximum powe

*Graphically, the FF is a measure

eal diode curve




Efficiency: 0

Efficiency is defined as the ratio of energy ou
sun.

The efficiency is the most commonly used pa
cell to another.

Efficiency of a cell also depends on the solar spec

of the solar cell.
P ‘Ma







Non-Idealities

Bulk defects - dislocations and stack
substrate.

Surface recombination defects - EHP ge
recombine before they cross the junction,
output of the solar cell.

Bulk recombination defects - EHP generated f
large probability of recomk

Insufficient photon energ
Excessive photon ene

Solar cell is too thin -
the cell and is passed thr

Open circuit Voltage (
depletion region that lo

Fill Factor losses - relate




Minimizing optical losses

There are a number of we

Top contact coverage of the cell surfz
Anti-reflection coating ed on th
Reflection can be

The solar cell can

The optical path le
combination of




A double layer A
to~4%.




Choice of ARC

The thickness of a ARC is cho
destructive interference = thi

The thickness of the
dielectric mater




Reflection frc

Index of refraction is e
function of wavelength,

minimum re
obtained

Multilayer
the reflectic

AN

10N 1S

=
Heflection (%)
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=
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30k Bare silicon

Silicon under glass

Silicon under glass with optimal
arntireflection coating of n=2.3

0.6 0.3
Wavel ength {pgm)




Si Technology

Textured top layer

Incident light will:
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(buried contact)

ptated metal

p-type




Surface texturing

Any rough surface decrease
chances of the reflected ra

Surface texturing can be obtained k
by which materia emoved by «

Selective etching
properties in @

Etching rate are diff




Solar Cells

Surface texturing

Chemical etching in KOH results in pyramid formation on the Si
surface = etching is faster in <100> direction than in <111>
direction

Using photolithography, inverted pyramids can be obtained, which
are even more effective




Light trapping

Rear side reflector or rear side
optical path length in solar ce

Increased optical pa quired for tl
have higher Voc ive

Total internal refle
optical path leng




Current loss due to recomk

Recombination of carriers re
as open circuit voltage.

Recombination areas
] Surface reco nation
] Bulk recombinz
] Depletion reg

Design criteria: T
length of thej
junction befo




Both the magnitude and imp
on the geometry of the solar

grid lines

bus bar
Sl




Solar C

Resistance

There are electrodes attached
and form an array of electro

texturing andior bushar
anti-reflection coating

1

I|

front surface
doping
{emitter)

|

I".

rear contact




-Reflection
-Shadowing

-Radiation
not absorbed

-SC material
--Base
--Emitter
-Contact Material

--Metal
--Junction

Electrical

-Emitter region
--material, surface
-Base region

--material, surface
-Space charge
region




Challenge

To provide the world with 10

Need to grow the industry by ~ 3¢

so far it has

Not run out of essential materials.
problem?

Make enough money i
profits must be

Get energy payback Wit,
than we use. .

1 year payback is




The grid pa

California Tier42  California Tier 52
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Requirement for ide

Bandgap between1.1to 1.7 e
Direct band structure
Consisting of readil

Easily reproducik
production

Good PV conversic

non-toxic




Factors to consider whet

Efficiency (and its effect on b

Cost

Throughput of equipment
Availability of nece elements
Toxicity

Does it require d

Aesthetics

There might be dif
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Three generations of so

Wafer based Si  irraeseos

Thin films

Conduction band




Solar Cell Re

Single Crystalline u
Bulk { n:12~20%
— Silicon~<: Multi Crystalline

Thin Film o
(a-Si; uc-Si) 7:10-18%
GaAs
——Compound {
CdSe, CdTe, CulnGaSe,
» Potential high efficiendy  Technology Push ke
+ Low cost
» Light weight to be portable v
+ Flexible is highly feasible Conducting Polymer w
. Iarge area . A >
* Green process | ] Orgam C{C Small molecules
Dye Sensitized




He ion bombardment junction
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Early Si solar cells

Cell reported in 1954,
High temperature

Single crys




< a

v

Early Si solar cell

In 1960s solar ce
Cell desi ‘



Early Si solar cells




Early Si solar ce
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Si for PV

Solar energy (PV) is a very fa
technology depends on availe
today in high demand.

Most analysts ass
material for ¢




Why Silicon?

* At the time being it is almost the c
*Easily found in nature, Silicon oxide fc

*[t is non-poisonous, e ent friendly, its
problems '

*It is fairly easy fo

*Its electrical propert







Metallurgical grade (MC

MG-Si is material with 98-99% pul
Produced in about 1 million tons per ye

Produced in countries which cheap electri
Brazil, Australia, No

Average price is 2 to 4 §

3

MG-Si is produced t
SiO,+ C =2 Si + CO,

Application in producis
of Al and Steel

Typical impuri




What is the best materia

According to solid state physics

*90% absorption of spectrum require
GaAs -> Si indirect bandgap mater

*Larger thickness also de higher qual
carrier needs to

*Diffusion length

*Si still is material ¢
industry




Solar Cells

Multicrystalline silicon solar cells: toc
popular technology

15-18 % efficiency
$500/m?

Price ($/W)
Module $3.00
Inverter $0.50
Retro fit installation $4.00
TOTAL $7.50

Average cost over 30 yrs of PV cell el
in CA including 6 % interest payments:

Average grid electricity in CA:
Peak rates in CA:




Solar Cell Re

Single Crystalline u
Bulk { n:12~20%
— Silicon~<: Multi Crystalline

Thin Film o
(a-Si; uc-Si) 7:10-18%
GaAs
——Compound {
CdSe, CdTe, CulnGaSe,
» Potential high efficiendy  Technology Push ke
+ Low cost
» Light weight to be portable v
+ Flexible is highly feasible Conducting Polymer w
. Iarge area . A >
* Green process | ] Orgam C{C Small molecules
Dye Sensitized




Efficiency li

40
(b) * Best confirmed efficiency under
| standard conditions (AM1.5,T=25"C)
Black_-bgc_ly limit
g 30 L
- | 4
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Solar Spectrum

Triple-junctic GanP [cars] Ge | Unused
New World Record ?Tx

~46% i

The cells are in series; E o)

current is passed through E—E

device. - - oo s 2000
The current : Hovelengt (nm
the layers

least curre
The voltag




n*-Ga(ln)As

[ n-AllnP window ™
Ga0501n050P: Top Cell n-GalnP emitter «OQ'C'&

p-GalnP base

1.8 eV = 689 nm £
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Ge substrate: Botto
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Cost Estimate

The cost of multijunction solar cel
concentration (added technology

If the tracker and concentration cost $2C
The sun gives us 1000 W but this is redt

The best commerciall
30% at typical op
we are at 0.30 x 0.

At $200/m?2 the capita

Although this calculatic




Solar Ce

Concentrating Light

It is possible to track the sun and cor

Mirror Coatings
<-—20-40 mm——»




Splitting the Spe

prajected realwond efficiencies a 00 suns

0% 3% 4%
GalnP alnP
1.8 eV 1.8 eV
alds
MNew
1,35 oV 1.4 ¥
Moy
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