=Pl

Solar Energy Conversion Devices and Plants

Prof. Sophia Haussener

Laboratory of Renewable Energy Science and Engineering



Outline

« Semiconductors:
— Chemistry
— Physics
— Transport

m

Haussener — Solar Energy | October, 2025



Periodic table of elements
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Periodic table

 Number of valence electrons (maximum of 8)

I 8
3 4 5 6 7
« Lewis dot structure (example period 2):
Li- Boeo oéo e¢o .@: .6: .:F:: :h;:e:
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Periodic table

« Number of «shells» s

Maximum numbar of
Electrons

&

=0 lo e

14

B Representative s-block
elements

1 Transation rmedals
- Semiconductors

B Representative p=hlock
elerments

[ f-Block metals
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Periodic table

Orbital Type Spatial Orlentations

« Number of «shells»

The s orbital has
Subshalis Maximum numbar of mn‘m I'l.
Electrons
: 2
p B
d 1l ‘q
f 14 - .
» o= D z
There ace o
three p orbitals. |
They differ by
orientation.
There ace
five d orbitals,

... @ o & oo &9

seven forbitaly,

o 3

From Conceptual Chemistry. Second Edition by John Suchodkl. Copyright © 2004 Bergamin Cummings, a dvision of Pearson Education.
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Periodic table

« Energy levels

Increasing Energy

A
7
P 6d
5f
7s 5
p
5d
- 4f
6
’ >p 44
5s
4p 3d
4s
3p
3s
2p
2s
1s
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Molecular orbitals

m
|

| Semiconductors

Molecular orbital (MO) theory uses the combination of atomic
orbitals to yield molecular orbitals that are delocalized over the
entire molecule rather than being localized on its constituent atoms

MO theory describes the distribution of electrons in molecules in
much the same way that the distribution of electrons in atoms is
described using atomic orbitals. Using quantum mechanics, the
behavior of an electron in a molecule is still described by a wave
function, analogous to the behavior in an atom. Just like electrons
around isolated atoms, electrons around atoms in molecules are
limited to discrete (quantized) energies. The region of space in
which a valence electron in a molecule is likely to be found is called
a molecular orbital.
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Molecular orbitals

« The mathematical process of combining atomic orbitals to generate
molecular orbitals is called the linear combination of atomic orbitals
(LCAOQO)

« The wave function describes the wavelike properties of an electron.
Molecular orbitals are combinations of atomic orbital wave functions

« Combining waves can lead to constructive interference, in which
peaks line up with peaks, or destructive interference, in which peaks
line up with troughs

2 VoV 2VaV

€Y (b)

* In orbitals, the waves are three dimensional, and they combine with
In-phase waves producing regions with a higher probability of
electron density and out-of-phase waves producing nodes, or
regions of no electron density

- Semiconductors

Haussener — Solar Energy | October, 2025



Molecular orbitals

 When atoms combine to molecule, we get molecular orbitals that
can be:

— Lower-energy bonding orbitals (for example o-orbitals)
— Higher-energy anti-bonding orbitals (for example o*-orbitals)

A Atomic orbitals Combine Molecular orbitals

atomic orbitals
Sub“ac‘ J )
Antibonding

E J J - 5 l) orbital, o
s s

Ady .
L l\
N
Bonding
orbital, o

« Atomic vs. molecular orbitals:
— Atomic s-orbitals become molecular o-orbitals
— Atomic p-orbitals become molecular 1r-orbitals
— Atomic d-orbitals become molecular d-orbitals

— Atomic f-orbitals become molecular y-orbitals
~ Semiconductors
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Molecular orbitals

. Example (H,):

b Atomic orbitals Molecular orbitals

2T ORe S

- S
_#_.--*
-
-
E 1————-:;!
e
1s B

m

Atomic orbitals
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Bands

« Molecular orbitals for a full crystal will become a band:

'{E) N=1
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Bands

 If the atoms involved have also p orbitals available then multiple
bands are available

« Just as there were energy separations between the s and p orbitals
on the atom that varied from atom to atom, there are band gaps that
vary from solid to solid, depending on which atoms in the solid

* In each of these bands, we can consider the lowest energy levels to
correspond to fully bonding molecular orbitals and the highest levels
correspond to fully antibonding MOs.

p band

In solids

s-p separation
in atoms
band gap

)

s band

m
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Bands

« Example Na crystal (bands can overlap, metals):
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Bands

« Valence band: Band of electron orbitals, the outermost electron orbital
of an atom of any specific material that electrons actually occupy. The
valence band energy describes highest occupied energy state of the
valence band

« Conduction band: Band of electron orbitals, at OK unoccupied. If
electrons are in these orbitals (for example by irradiating the material),
they have enough energy to move freely in the material. The
conduction band energy describes lowest unoccupied state of the
conduction band

« The band gap is the distance between the valence band and the
conduction band. It represents the minimum energy that is required to
excite an electron up to a state in the conduction band

« HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) are types of molecular orbitals and used
In chemistry to describe valence and conduction bands

- Semiconductors
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Bands

« Valence and conduction bands give idea about the nature of solid:

— Metals/conductors: Vance band partially filled and/or overlaps
with conduction band

— Semiconductors: Valence band full and band gap between
valence and conduction band relatively small

— Insulators: Valence band full but band gap between valence and
conduction band large

Insulator
Conduction Semiconductor
I A '
| | Conduction Conductor
: Band gap : . !
| | : 1Band gap Conduction
I \J ' ' l

' ' Band gap
Valence Valence Valence

m
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Intrinsic semiconductor

« Density of States (DoS):

*

2mIO
h2

E
A
¢ J gcond
— AE
E, 4 E.
> )
E, E,
\ gval

(a) (b)
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Intrinsic semiconductor

 Fermi-Dirac distribution describes actual distribution of electrons:

1

TE)= E—E

1+exp

Tf(E) =1- E_“'-F — EVKT

> f(E)

0.5 1

m
1
=
r
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Intrinsic semiconductor

1
1

|

Fermi energy level, E;:

— The Fermi level of a solid-state body is the thermodynamic work
required to add one electron to the body

— Average energy of an electron in the material

— Fermi level is a hypothetical energy level of an electron, such
that at thermodynamic equilibrium this energy level would have a
50% probability of being occupied at any given time

— The Fermi level does not necessarily correspond to an actual
energy level (in an insulator the Fermi level lies in the band gap),
nor does it require the existence of a band structure.

— The Fermi level is a precisely defined thermodynamic quantity,
and differences in Fermi level can be measured simply with a
voltmeter.
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Intrinsic semiconductor

« Temperature-dependence of Fermi-Dirac distribution:
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Intrinsic semiconductor

« Electron and hole densities (carrier distribution):

N(E) =9geona (B) T(E)

P(E) =9, (E)[1- f(E)]

Energy band Density Occupancy Carrier
diagram of states probability distributions
E E E E
A A gcond ) A A
A/ S Electrons
| 9000088 | - | ~_ |~
c

Y

@® Electron
O Hole
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Intrinsic semiconductor

 Total concentration of electron and holes in conduction and valence
band, respectively:

K Ef o Econd
n= j N(E)dE =...= N_exp
Econd kBT
Ej (E)dE N Sa
p Ebottom p V p kBT
2
n-p=ng,

* Intrinsic carrier density: N = p = n..

* Intrinsic density of Si in the range of 101°/cm?3 for Si

m
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Doping of semiconductors

« Additionally, doping can be used to increase charge carriers:

— n-doped: material with more valence electrons than base
material (electrons are majority carrier), the “impurity”
atoms (enhancing concentration of e”) are called donors
and their concentration is N

— p-doped: materials with less valence electrons than base
material (holes are majority carrier), the “impurity” atoms
(enhancing concentration of h*) are called acceptors and
their concentration is N,

n-doped silicon p-doped silicon

m
1
|
-
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Doping of semiconductors

* Note (for the example Si): substituting Si atoms with one type
of impurity atoms (P or Br) increased the concentration of one

type of mobile charge carriers (e~ or h*) but charge neutrality
of material iIs maintained

« Typical doping concentrations for c-Si:

low doping moderate doping heavy doping

4 : | . : : : +
10" 10 10" 10" g%

Dopant concentration (cm )

m
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Doping of semiconductors

Local charge density:

p=0q(p+Nj—-n-N;)

— With density of ionized donor and acceptor atoms (NS, N )
— Elementary charge (q)

In equilibrium, semiconductor is charge-neutral everywhere:

(p+Ng—n—N;)=O=(p+ND—n—NA)

2 2
) - . n n
For n-doped: p+ND—n:O 0= int o Wt
n N
2 2
* For p-doped: _ _ Mint - iy
p-n=N,=0 n=-F~I"<<p

=PrL
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Doping of semiconductors

e Fermi-level for:

— For n-doped: N
E..q—E; =KgT In[NC)

cond
D

— For p-doped:

N
E. —E, =k,T In[ ]
I\IA
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Transport in semiconductors

* Free charge carriers randomly moving, but no net movement
* Net movement only If «drivers:

— Diffuse in the material according to the concentration

gradient dn dp
J =gb,— J, _=-09D_ —
o = A5 dx P | o)

— Drift in the material according to an electric field
JX,I’] — qnlLlnEX ‘]x,p - qpll’lpEX

. : dn 1dJ dJ
— Continuity equation: M_2%%h gp P__1% 5. g
dt g dx dt q dx

— Plus Poisson eq. for electric field
V“@VV):—q(p—n+Ng—N;)
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Absorption in semiconductor

« Semiconductor under irradiation:
— Electron-hole pairs are generated
by solar irradiation, If the energy
IS larger than the band gap energy §
they are absorbed

N

0
10 . | . |

200 400 600 800 1000 1200 1400
wavelength (nm)

— Absorption depth is inversely proportional to absorption
coefficient, according to Beer’s law:

=1/

| =1, exp(—al) | = I,exp(-1) - 0.36-1,

— Generation rate (electron-hole-pairs):|dl

miy aN, exp(—al)

Photonflux [#/m?2/s] = I/E/
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Interfaces at semiconductor

1
1

|

Semiconductor interfaces:
— Metal-semiconductor junctions:
« Schottky junction

* Ohmic contact

— Semiconductor-semiconductor junction:
* pn junction

— Semiconductor-liquid electrolyte junction
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