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Agenda

Intro

Solar insolation, power density, solar emission spectrum
Utility size(solar farms) & residential PV arrays

Principle of silicon solar photo-voltaic (PV), technology
- Semiconductor band structure, gap, junctions

— Charge carriers in n-type and p-type semiconductors
— Photocell operation, efficiency

— Silicon wafer, cell manufacture

— Materials and emissions in construction

US installations and performance, system cost and incentives
Solar power strategic issues



Partially Sunny World

Demand 20 TW worldwide = harvest sunlight (total insolation 10> TW). Methods:

—>Direct (photon = e-,h exciton) conversion to el. :photo-voltaic (PV), amorphous Si,
single crystal Si, thin-film, organic solar cells

—>Indirect (thermal) conversion to electricity: concentrated solar power plant (CSP)




Free Power: Solar Radiation

Stefan-Boltzmann Law S=o T (W/area)

Solar Constant S =rad power /area
Earth area A, =5.1x10° km?

exposed to Sun =disk of area A, =7R; :%AE

North Pole

Angle of the sun

Arctic Circle

Tropic of Cancer

Equator

Tropic of
Capricorn

Antarctic Circle

Solar radiation incidence during
summer on northern hemisphere

2
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Rge=1.50-108%km « N\

£

Effect of solar irradiation on Earth surface
_is non-cumulative > thermal equilibrium

' i Angle of incidence # 90° reduced rad density
R ROC@ 47° latitude = [Serr (£) < S




Average Daily Insolation

JANUARY , AUGUST

August in NY:
B 10l | (2-4)kWh/d-m?2
Compare to
12h

I= S'T z17kWh/(d~m2)

Energy use US-NE:
(20-30) kWh/d-pers,

twice that in US-SW

s http://rredc.nrel.gov/solar/old data/
B el EnrR Lauortary nsrdb/1961-1990/redbook/atlas/



http://rredc.nrel.gov/solar/old_data/nsrdb/1961-1990/redbook/atlas/
http://rredc.nrel.gov/solar/old_data/nsrdb/1961-1990/redbook/atlas/

Selective Filter Effect of Atmosphere

2500
1 Adapted from Liou, An Intr,
to Atmosph. Rad., Academic "o of almesphere
Pregs, San Diego, 2002. Surface (= 60°)
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Intense solar radiation available at wave lengths from
the UV, over visible to IR. Spectral gaps due to
atmospheric absorption.

Utilization for electricity production:

Photo-voltaic (PV)-> direct electrical conversion.
Concentrated Solar (CSP)= thermal conversion

Important: collector orientation toward Sun

o
/_/—

spring

. autumn

A more horizontal
osition is better

or summer /=- 4

Concentrated Solar Power= CSP
“Receivers” collect and focus sunlight,
Tracking for (0, ¢) best efficiency.

A tllt equal /

the latitude gives A more vertical
best performance in position is better
spring and autumn \ /un winter

Adapted from G. Boyle et al., Renewable energy, OUP

=N

Task: Transform solar radiation (Awm photons) to electricity (free electrons)
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Residential/Commercial Installations

Solar thermal installation at the Allison Inn, Oregon

2022: 5.9 GW . = nearly 700,000 systems installed (1,687 MW, in Q4), up 40% from 2021.
Supply chain problems: China, tariffs



Residential/Commercial PV Installation

PV Modules

Combiner Box

AC Disconnect
Electrical
; bC Panel
Disconnect
~— Transformer

Inverter



Big Commercial US PV Projects: Mesquite Solar
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file:///I:/My Webs_Office_123012/Energy_STS/assets/VIDEOS/Mequite-Solar.mp4

Utility PV Installation

Utility Girid

-PV Modules - | v,

Box



Agenda

e Principle of silicon solar photo-voltaic (PV), technology
— Semiconductor band structure, gap, junctions
— Charge carriers in n-type and p-type semiconductors
— Photocell operation, efficiency
— Silicon wafer, cell manufacture
— Materials and emissions in construction

Task: Transform solar radiation (Am photons) to electricity (free electrons).
Find material that is el. neutral in “"darkness,” and electrically polarized in light



Charge Carriers in Metals and Semiconductors

Metal Lattlce

0 0 @
O T° L0 . 0

Delocalized outer e  in Conduction Band

Free electron
—L ———— Hole

Many body (~102%) electrons have overlapping energy
states = 2 energy bands: bound valence e  form
valence band. Free electrons move in conduction band.

A  Conductor-Metal

Conduction Band

o =
(o] o o €

Valence Band

e Energy

Ground State: Filled valence band + free electrons
in conduction band (=Fermi gas).

Semiconductor

4 Conduction Band
2 e } Band
< O',' o',' ; - and Gap
o Valence Band

Ground State: No (few) free charge carriers.
Excitation produces (quasi-) free e-hole pairs
(excitons).



Semiconductor pn Junction (Diode)

N-Type= Si doped with phosphorous emits e~> promotes free e-

P-Type = Si doped with Boron captures e-, promotes free h*.

- At normal T: both e~ and h* diffuse - annihilate in a depletion layer.
p-type n-type

Semiconductor _ Icoductr

d . i <
Sty o

Electrode - lectrode
Hole - < Electron
Diffusion Depletion Layer Diffusion
<
Electric IField 74
Reverse Bias, high Q -I |+ _
Diode,
depletion layer has no free charge carriers. ptype | mtype
Anode silicon silicon Cathode

Rad induced free charges move toward
electrode of opposite sign = el. current An:’—ide “r€urpent>




PV Basics: Properties of Semiconductors

Silicon Atom—) Basic idea of solar cell: Photons polarize non-conductive cell and

®

deliver free e~ from bound states = external electric circuit.

Crystal lattice:
Covalent binding
of 4 valence e-.
e in “valence” or
“conduction”
bands of states.”

Y|—|7

Band Structure of Crystal Lattices
Insulators/Semiconductors

& A Conduction Band
e
SC ‘Q """
SF - GG — e ——————
viimee SR

Valence Band

Magnitude of band gap gg = electrical

properties/conductivity.
ggt Si: 1.11, Ge: 0.66, InSb: 0.17, InAs:
0.36, InP: 1.27, GaP: 2.25 eV.

2D Structure

Ideal for solar sensitivity: When irradiated with
light, electrically inactive (insulating) material
becomes polarized and electrically active > Power.

Actual: Always significant “dark” current =
residual conductivity.

This is property of all semi-conductors

- Pure elements of Group IV (Si, Ge,...)

- Binary compounds (GeAs, InSb, SiC, CdSe,...)
2> ... oxides

- Organic compounds (COP)



“Purification:” Silicon Doping

Desired properties = super-pure “intrinsic” semi-conductor materials. Not achievable
directly = always slightly conducting! > compensate impurities by “doping” crystal.

N-Type Silicon
@ Phosphorous nucleus
P (phosphorus, Group V element) has one valence

e it O saiiag electron more than Si, which is less bound and
T .0 .0 moves in the Si-conduction band.
® o 3 .J L == The phosphorous
o ® ® ® atom creates _ -= - -y
10 @ . @ aeaacecon P .doped Si= N-type silicon
e Seve? Neie ° P is an electron donor.
L4 @ e o
® . L] . o . L]
® o ® o L I J
P-Type Silicon
Boron nucleus
L S L B L B The baron
‘e ‘e ‘o XV craaa (boron, Group III element) has one electron less
® © ° ° a hole. © . . . .
than Si, creates a hole in the Si-valence band, which
® 0 L B ® e .
. / can move in that band.
@ . L @ C . -
L o L e
e e P B-doped Si = P-type silicon,
@ o ° ® .
c ® L0 _ 0 B is an electron acceptor.



Doped Semiconductor/Junction

Intrinsic Si: Ng; = 5x1022 atoms/cm3. Doping concentration Ny, = (1013 - 1018) cm~3 « Ng;.
Retains mainly Si band structure (VB & CB). Doping atoms have different electronic levels
- influences Fermi Level g (half-way between fully occupied & completely empty)

Exin  p (positive) Si n (negative) Si P p-n Junction n
o-
net et
Si CB Free e Si CB Electrons Si CB © @
~ i '
e e 0 0 o ‘e © @
Acceptor £P zi——<=__ Donor
atoms o ) o o o atoms ° o oio ® E
- /_ -
Bound e-
Bond
Acceptor atoms Donor atoms Contact between p and n Si:
attract electrons donate electrons Initial conc. gradient >
from Si & holes in to Si > electrons diffusion of e~ & h* to
Si valence band= in Si conduction opposite material > n-Si
majority charge band= majority less negative, p-Si less
carriers in p- charge carriers in positive. > “Reverse bias” =
silicon. n-silicon. contact voltage.

Fermi levels equalize, &f = &;



Doped Semiconductor/Junction

Intrinsic Si: Ng; = 5x1022 atoms/cm3. Doping concentration Ny, = (1013 - 1018) cm~3 « Ng;.
Retains mainly Si band structure (VB & CB). Doping atoms have different electronic levels
- influences Fermi Level g (half-way between fully occupied & completely empty)
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majority charge band= majority less negative, p-Si less
carriers in p- charge carriers in positive. > “Reverse bias” =
silicon. n-silicon. contact voltage.

Fermi levels equalize, &f = &;



Semiconductor Junction Diodes

In asymmetric junction zone, no free charge carriers (e~ or holes) >
Depletion Zone. Extra + charges in n-region

- e- have lower energy (more strongly bound).

Effective barrier prevents additional migration of charges—> charge-
free zone (except thermal excitations & photo hv)!

inet net Qpen
: n circuit
@. voltage

i ﬁ|e|v

LJ

Barrier Equilibrium &

Depletion Zone

- — ——— ——

~0.5 um



Semiconductor Junction Diodes

A Fon/\éai;g o i&%t 5 Forward: normal n->p across
junction due to thermal->

No Bias applied > 1 = 0
Forward bias lowers barrier
=21 + 0, increases.

Reverse bias: smaller p>n
reverse e current due to thermal
transitions over higher barrier. >
Diode Characteristic

Forward bias lowers barrier

I
{ . .
Diode Characteristic Diff & Field .

(V) ' {e+e.v/kr_ 1} Fermi — Dirac
Currents sat

Statistics

I'ea]

Ambient T: kT =25 meV @ T =293K
Elementary charge e,

"Saturation"("dark", "field") current I_,

ideal

\"

0.6V V

Reverse bias Forward bias




C

ell Equivalent Electronic Circuits

Iy Can be measured via R .4

A

Convention: define cell current as positive.

v

o O

Bright: diode cell current reverses sign, cell current

Bright Light

Isat ‘

—
I

cell

I light _! Rlo Vcell

= difference between light and saturation currents

v

Brighter Light

Icell A Ice//
I
- sat ‘
Photo- R
. v I
cell Diode ¥ ° Vien
—
Dark: normal diode functions, saturation dark current
Teenh Iy
Light
e
Lot I
- cell
V. C)Iﬁght _v_ R,

o cell

The areater the

Isat ‘ ‘

—
I

cell

-
Vce// C) I/ight _! R/o Vce//

iaht intensi.

Brighter: diode current becomes more
negative, cell current = difference between
<By Convention |l1ght and saturation currents increases.
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