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On today’s menu

* Review of semiconductor physics
- bonds and bands in crystals
- electrons and holes
- valence/conduction bands,
- HOMO-LUMO concepts
e drift and diffusion
* photogenerated carriers
- Absorption coefficient, depth
dependence
- direct vs. indirect gap
* recombination mechanisms

Quiz #2 next Tuesday, Feb. 8th
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Two hydrogen atoms approaching each other.

Y

Bonding and
Anti-Bonding
Orbitals in H,
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destructive
interference

Antibonding Molecular Orbital

Formation of molecular orbitals, bonding and antibonding ( v and 5. ) when
two H atoms approach each other. The two electrons pair their spins and occupy
the bonding orbital .

5Fig 4.1

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
... energizing Ohio for the 21st Century '
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Molecular Orbitals of H,

In bringing the two atoms together, the two identical 1s atomic orbitals indicated by
the wavefunctions vy, (r), that can accommodate two electrons each in the two
Isolated atoms, evolve into two molecular orbitals that can do the same in the
molecule, but without violation of the Pauli Exclusion Principle.

Thus, as the two atomic orbitals interact, they lead to two new one electron
wavefunctions with different energy levels and accommodating two electrons each,
with four different sets of quantum numbers, i.e., four states in all.

The interaction can lead to constructive or destructive interference of the one electron

wavefunctions: o VisTe) + v (Fe) v = Vis(Ta) = Vis(Te)
Vs = TR0+ 1) Vor™ = [2(/ + 1)]

I is an "overlap integral” used for normalization. This approach to generating
molecular orbitals is the LCAO method described on the previous slide.

The + sign corresponds to a molecular orbital that is spatially symmetric with respect
to the midpoint between the atoms (labeled "g" for gerade or even) and

the — sign corresponds to a spatially antisymmetric orbital ("u" for ungerade or odd).
For the + sign, the electron density between the two protons is higher;

this effect leads to a lower potential energy by enabling the electron density to be
close to two protons simultaneously, a characteristic of a bonding orbital.

For the — sign, a node in the electron density exists between the atoms; this

configuration leads to a higher energy level, a characteristic of an antibonding orbital.

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Electronic Energy Levels of the H, Molecule
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Electron energy in the system comprising two hydrogen atoms. (a) Energy of
vg and wa+ vs. the interatomic separation, R. (b) Schematic diagram

showing the changes i the electron energy as two isolated H atoms, far left
and far right, come together to form a hydrogen molecule.

From Principles of Elecfronic Materials and Devices, Third Edition, 5.0. Kasap (2 McGraw-Hill, 2005)

From Semiconductors I, by R.-W. Collins, UT
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Band Theory of Solids

The full 1s atomic states form full 1s core states in the solid.

The half-filled 2s atom states form half-filled 2s valence states in the solid that make
up the conduction band.

A System of N Li Atoms
:LEJ N
N "levels" | » g | .. . N solid ) 2p
2N "states" | £ T|E | = L,,| SYSTEM
= = , _ N Li Atoms
Z I 2NN N, N S— ' —E - N Electrons
5 2 - 2s - :
g g £ - N Orbatals
= < ek A 2N States
g5t Ty (D
8- j solid
8 = >_‘I. H E]s _
05 | Ls _ Interatomic
] ] > :
a o Separation (R)
Solid Isolated Atoms

The formation of a 2s-energy band from the 2s-orbitals when N Li atoms
come together to form the Li solid. The are N 2s-electrons but 2V states in
the band. The 2s-band therefore 1s only half full. The atomic 1s orbital is
close to the Li nucleus and remains undisturbed in the solid. Thus each L1

atom has a closed K-shell (full 1s orbital).

From Principfes of Electronic Materials and Devices, Third Edition, 5.0. Kasap (€@ McGraw-Hill, 2003)
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Band Theory of Solids

I Free electron
== F =0 (Vacuum Level)

FULL EMPTY

Electron energy
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As solid atoms are brought together from infinity, the atomic orbitals
overlap and give rise to bands. Outer orbitals overlap first. The 3s
orbitals give rise to the 3s band, 2p orbitals to the 2p band and so on.
The various bands overlap to produce a single band in which the energy

1s nearly continuous.

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (& McGraw-Hill, 2005)

From Semiconductors 1, by R.W. Collins, UT
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Band Theory of Solids
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In a metal the various energy bands overlap to give a single band of
energies that is only partially full of electrons. There are levels with
energies up fo the vacuum level where the electron is free.
From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (@ McGraw-Hill, 2005) '
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Band Theory of Solids

& Overlapping
A energy bands 1 Free electron
E =0 |--cpr——— . w == = = .
3s Vacuum level [
| ) |
2 I I
2012 ) B
= _33
= L
E Electrons | 2
)
= ) )
| )
] )
| |
| |
s n—————— b @@ | ¢
Solid Atom

In a metal the various energy bands overlap to give a single band of
energies that is only partially full of electrons. There are levels with
energies up fo the vacuum level where the electron is free.

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (@ McGraw-Hill, 2005)
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Semiconductors

As a prototypical semiconductor, consider Si
which has 14 electrons.

o
—_—

When atoms are brought together to form a
solid, the filled n = 1 and n = 2 shells act as core
electrons and do not participate in the bonding.
Thus, they show little energy spread in the solid.

The 4 valence electrons with n = 3 have H H H 2P
energies that are relatively close. So when five H

Si atoms are brought together, the orbitals that

interact are the 3p and 3s. What is found is that
the orbitals recrganize to maximize the overlap
in three dimensions in a process called N 1s
hybridization.

ES

Electron Energy

E?

The valence electrons of atoms considered so The four atomic orbitals w(3s),
far have been in partially filled s states (/= 0) w(3py), w(3p,), w(3p,) with a

which are non-directional and so do not show capacity of 8 electrons hybridize
such an effect. As a result, an atom such as Li  into four sp? molecular orhitals
forms a BCC crystal and one electron per Li oriented in a tetrahedron also
atom is free to move throughout the crystal. with a capacity of 8 electrons

(see next slide).

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Isolated Silicon Atom Silicon Atom in a Solid
Z

(3s) _
W3p) N
. \ %* ¢ * - wi'tyh
> i
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(a) Isolated Si (b) Si before it bonds

Molecular Orbitals from Hybridization of Atomic Orbitals

(a). 5115 m Group IV m the Peniodic Table. An 1solated S1 atom has 2 electrons m the 35 and
2 electrons in the 3p orbitals. (b) When Si1 15 about to bond, the one 3s-orbital and the #/ree
3p-orbitals become perturbed and mixed to form four hybridized orbitals, 14,s. called sp*

orbitals wihich are directed towards the corners of a tetrahedron The y4 ;, orbital has a large
major lobe and a small back lobe. Each Wi orbital takes one of the four valence electrons.

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (® McGraw-Hill, 2005)
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Formation of Energy Bands in Si by Splitting of Hybridized Molecular Orbitals

(a) (b) (c) (d)
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(a) Formation of energy bands in the S1 crystal first involves hybridization of 3s and 3p orbitals to four
1dentical Wint orbitals which make 109_5° with each other as shown in (b). (¢) Vinb orbitals on two
neighboring S1 atoms can overlap to form g5 or w,. The first 1s a bonding orbital (full) and the second 1s an
antibonding orbital (empty). In the crystal wy overlap to give the valence band (full) and 1, overlap to give
the conduction band (empty).
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (® McGraw-Hil, 2005) !
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Conductors, Insulators,
Semiconductors

Fermi \AE 106V
Ener ) ~10e
Ferm P “ AE ~ 16V y |
Energy Fermi
— Energy
Conductor: Semiconductor: Insulator: Fermi energy
Fermi energy lies Fermi energy lies in lies in the gap, gap is
within a band of the gap, gapis relatively large in size
accessible states relatively small in size  (~10 eV — electrons cannot be

(~1eV)sothatsome  gygited to higher states)
e”’s can be excited

>
Charge carriers increasingly “feel” the crystal potential

http://www.haverford.edu/physics/songs/livingston/energybandslecture.pdf ... energizing Ohio for the 21st Century '



Nearly-Free-Electron Model

Although we approximate V(x) =

0 within the crystal, the lattice sites generate

periodic perturbations that lead to electron diffraction inside the crystal. This can

happen in covalently bonded crystals also...

the concept is not confined to metals.

Diffraction occurs with a reinforcing backward wave when the EPD or
electron path difference, 2a, is matched by an integral number of wavelengths ni.

Backward wave

M{W\f‘q{

o B \e

Reflected waves W= 2k

1,2, 3, ..

2a = ni.

n is an integer:

Ve OS>

Forward wave

[ | | n
j : ' }_)I k:%

R

<> |
x =0 x*a x % 2a

An electron wave propagation through a linear lattice. For certain k values

the reflected waves at successive atomic planes reinforce each other to
give rise to a reflected wave travelling in the backward direction. The
electron then cannot propagate through the crystal.

From Semiconductors I, by R.-W. Collins, UT

At the Brillouin boundary

... energizing Ohio for the 21st Century



Nearly-Free-Electron Model

Given a single electron placed in a fixed periodic potential of positively
charged atomic cores, the electron will achieve a lower energy configuration
when it overlaps the cores most strongly. The potential energy will be
negative in this case... call it —V_. Now, V_+ V, is proportional to the average
potential in the crystal, which for a weak potential vanishes. In addition, even
if one adds the lowest order Fourier component to make the small potential
periodic, then V = V,cos(2nx/a) and this also vanishes in the average.

Energy = E;

Forward and backward waves in the crystal with k == n/a give rise to
two possible standing waves. . and ;. Their probability density

.. : 9 . . .
distributions, |!,pr,_,?|2 and || . have maxima either at the 10ns or

between the 10ns.

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Nearly-Free-Electron Model

Consider the lowest k : 10
band gap due to 5; 1 Diffracted electron 55 x [10]
diffraction of electrons L k

traveling in different y [11]

directions: [01]

For K along [10], (01) Planes

the first band gap

occurs at k = £ n/a due to

the (10) diffracting

planes. For K along [01]

the behavior is the same. Spaci
pacing

For k along [11], the between

first band gap occurs at planes (hk):

k=2 (n/a) due to N/ (1) Planes d=—28

the {10} diffracting planes (10) Planes Vh2 + k2

with spacing a and 6=45°,
Diffraction also occurs for this same Kk due to the (11) planes with 8=0° and spacing
aln2.
Diffraction of the electron in a two dimensional cubic crystal. Diffraction occurs
whenever k has a component satisfying k; =thwa, ky=+tnmwaor kz=+ nwa.In

general terms, when ksinf= n/a. .
From Semiconductors I, by R.W. Collins, UT ... energizing Ohio for the 21st Century '



Nearly-Free-Electron Model

E
This figure shows that oo Second
the position of the energy o Band  Brillouin Zone
gap along a particular /|
direction in k space and o Energy gap
its magnitude depends | : Band TUSt
on the direction. L £ [10] Brillouin Zone
E o .
The same general 4 : Ir'/ Band  Second Brillouin
concept can be applied | Zone
in three dimensions, as | Energy gap
well. = -
o irs
| L Brllomn Zone
|
Spacing between ——— k,[11]
. m -]-I:«,.I
planes (hkl) in 3d 7 a
in a cubic crystal: | _ -
3 The E-k behavior for the electron along different directions in the two
= peye dimensional crystal. The energy gap along [10] is at #/a whereas it is

at m\2/a along [11].
14Fig 415

From Principles of Electronic Materals and Dewvices, Thind Edition, 5.0. Kasap (& McGraw-Hill, 2003)
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Nearly-Free-Electron Model

Energy gap
2nd BZ Ind BZ, 0d BZ
band e _ & band _
- 1st BZ —
Energy gap overlapped Energy gap= Eg
band
1st BZ 1st BZ
band band
[10] [11] Leroien [10] (1 Overlapped
COCIEY Baps energy gaps
(a) Metal (b) Semiconductor and insulator

(a) Metal: For the electron in a metal there is no apparent energy gap
because the 2nd BZ (Brillouin Zone) along [10] overlaps the 1st BZ along
[11]. Bands overlap the energy gaps. Thus the electron can always find an
energy by changing its direction.

(b) Semiconductor or insulator: For the electron in a semiconductor there is
an energy gap arising from the overlap of the energy gaps along [10] and
[11] directions. The electron can never have an energy within this energy
gap. Eg.

The red arrows show possible phonon scattering events which carry
significant momentum and very little energy. Phonon scattering allows
electrons in metals to increase and decrease continuously in energy

without gaps simply by changing direction.
From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (© MeGraw-Hill, 2005)

... energizing Ohio for the 21st Century '
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Nearly-Free-Electron Model

E
The total energy of T
the electrons having
wavefunctions v _and Second i Second
_ Ve Vs Brillonin|  Brillouin Brillouin Band
dare: Zone Zone Zone
L J A
€ om T 2y - Energy gap AForbidden
Mg 2 ? Energies
=
H2)2 | | =
E.~— +V, Band
2m
© E ~ Allowed
These wavefunctions : Eezyl EDergy 830 nergies
have the same b < AN >p  owd

wave vector
quantum number

k but different
energies by virtue
of the different PE's.

For k values
away from the

2ma -wa 9 Ta  2ma

The energy of the electron as a function of 1ts wavevector & inside a one-
dimensional crystal. There are discontinuities 1n the energy at f=<n1/a
values where the waves suffer Bragg reflections in the crystal. There are
energy gaps at these k values. For example. there can be no energy value for

the electron between E. and E5. E; — E . 15 therefore an energy gap at

k==xmr/a. Away from the critical k values, the E-k behavior 1s like that of a
"free"” electron. E increasing with kas E = (ﬁ.ﬁr}z.-"lme- These energies fall

within an energy band mside a solid.

Bragg reflection condition of k=nn/a, the waves continue to act as traveling waves.

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century



Reduced Zone Scheme

o

=
|

Energy

(mn)

*Bands folded into First Brillouin Zone

http://www.mse.ncsu.edu/WideBandgaps/classes/MSE %20704/Handouts/BZs&Bandsapétgizing Ohio for the 21st Century Il



Brillouin zones -2D

* higher order zones can be
mapped directly onto the Ist
BZ by simple translation

* all BZs have exactly the same
area/volume

* 1BZ corresponds to the
primitive lattice cell in
reciprocal space

http://www.mse.ncsu.edu/WideBandgaps/classes/MSE %20704/Handouts/BZs&Bandsapétgizing Ohio for the 21st Century '



Free electron bands for fcc structure

11m
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Band structure of S1 (diamond)
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Indirect Gap
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Band structure of GaAs (zb)
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Electron Effective Mass

The acceleration of an electron in a crystal a_ is influenced by both external and

internal forces:

a{: = (Fe:d + Fint)"fme = (Fext - ‘E’V}ImeE Fexl‘fme*

When the band is not full, all the effects of both internal and external forces are
incorporated into an effective mass m_”.

Ey
—
VACUUM
& L
me
axr
- Y
(a)

Ly
—

CRYSTAL

+) Fﬂﬁlﬂ :

< ‘o

a

= X

®)

(a) An external force F,; applied to an electron in vacuum results in an
acceleration e, = F,; / m, . (b) An extemnal force F+ applied to an

electron m a crystal results in an acceleration agys = Fo / 12,™. ( Ey-1s the

electric field.)

http://www.mse.ncsu.edu/WideBandgaps/classes/MSE %20704/Handouts/BZs&Bandsapétgizing Ohio for the 21st Century Il



Electron Effective Mass

One can apply the concept of the group velocity to a wavefunction defined as a

traveling wave ¥(x, i)

= Aexp{i(kx — ot )}; o = E/hi with wave vector k,.

_ do
The group velocity is v, dk

dvgx 1 d2E, dk, dk,
dt =% dk2 dt Note that: h Jt =F,
dvgy 1 d2E, dv

b bl mbe o kX
di "2 dk,? Fx Note that: Mo gt =F,

1 1 d?F, 1 _ 1 d’E,
¥ = In general:

My~ 12 k2 m. 7 dk,dk,

In three-dimensional k-space, the effective mass is in general a tensor which must be
diagonalized to find the principal axis coordinate system and the principal components.

Table 4.2 Effective mass mZ of electrons in some metals

Metal Ag Au Bi Cu K Li Na Ni Pt Zn
mﬂ
m" .99 1.10 0.047 1.01 1.12 1.28 1.2 28 13 (1.85
e

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (© McGraw-Hill, 2005)

http://www.mse.ncsu.edu/WideBandgaps/classes/MSE%20704/Handouts/BZs&Bar}g'se};fzﬁgizing Ohio for the 21st Century .



The effective mass is inversely proportional

Electron Effective Mass to the curvature of the Ek function.

E for electrons At the lowest energies of each band, the
f effective mass is positive (upward curvature)
P and assigned to electrons of positive mass
I and negative charge whose energy
: | increases upward.
E . At the highest energies of each band, the
for | : effective mass is negative (downward curvature)
holes : i > J [10] and assigned to holes of positive mass
E for electrons | L and positive charge whose energy
A belec mr| > increases downward.
. AE for electrons
|
. | light electrons
| _heavy elei:trmls
| S B >k
T ]
for ' : T = >k
hole _— > k3[11] ’ " heavy holes
T 2 11211’[ holes
a a E for holes

Y
From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (® McGraw-Hill, 2005)
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Comparison of Li (1s22s') and Si (1s22s22p*3s23p?)
Model for Li (BCC):

+ Molecular Orbital Picture
One-electron wavefunctions are considered as delocalized within the solid.
For a given wavefunction, there can be either constructive or destructive
interference of neighboring atomic orbitals. The electronic level is
determined by the number of occurences of destructive interference, i.e., by
the number of nodes of the wavefunction between the atoms. The
collection of N atoms lead to N levels that are continuously distributed in
energy. Because there are two spin states per level, N/2 levels are filled
with N electrons. In addition, the empty 2p and 3s band states overlap the
2s states, leading to a continuous distribution of states from the Fermi level
to the vacuum level.

« Band Picture
The N electrons fill up one-half the states in the first Brillouin zone in k-
space. Electrons can move from the Fermi level to the vacuum level with a
large number of infinitesimal energy jumps. When the boundary of the first
Brillouin zone is reached, there is a band gap for the given direction of k;
however, by changing its direction in a scattering event, the electron can
avoid this gap and cross into the second Brillouin zone with no energy gain.

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Comparison of Li (1s22s') and Si (1522s522p*3523p?)
Model for Si (diamond cubic):

+ Molecular Orbital Picture
The four 3s and 3p atomic orbitals hybridize to form four sp® molecular orbitals

with the ability to accommodate 8 electrons. Because of the localized nature of
the electron wavefunctions in the solid, the four molecular orbitals split into

bonding and antibonding levels with 4 electrons per atom accommodated in
each. In forming the solid from N atoms, the bonding states split into a valence
band that accommodates 4N electrons total and the antibonding states split into
the conduction band that also accommodate 4N electrons. So the valence band
is fully occupied in the solid and the conduction band is empty.

« Band Picture
Valence and conduction band states -- 4N of each -- can be formed through a
linear combination of the localized bonding and antibonding molecular orbitals
respectively. The 4N electrons fill up the first Brillouin zone in k-space. (There
are 2N levels in the first Brillouin zone since the Bravais lattice has a 2 atom
basis.) At the Brillouin zone boundary there is a band gap, and the lowest
energy state in the second zone lies at a higher energy than the highest energy
state in the first zone. Thus, the only way to move the electron to the second
Brillouin zone is to provide an energy equal to this lowest gap which is simply the
band gap of Si. nana 2R

From Semiconductors I, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



GENERATION AND RECOMBINATION OF CHARGE

CARRIERS IN SOLAR CELLS;

TRANSPORT MECHANISMS: DRIFT AND
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February 3, 2011
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On today’s menu

generation of free carriers
recombination of electrons and holes
Transport:

 Drift

 Diffusion

Quiz #2 Tuesday, Feb. 8th
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Charge carriers (electrons and holes)

Masses: -
m, =9.11 x 103 kg Effective Mass of electrons and holes:

m, =1.67 x1027 kg A particle's effective mass is the mass it appears to carry in transport in

m. =167 x102" k a crystal. Electrons and holes in a crystal respond to electric and
P ' 5 magnetic fields almost as if they were particles with a mass dependent

on their direction of travel (an effective mass tensor). Simplified

o h picture: ignoring crystal anisotropies, electrons and holes behave as
ectron ¢ arge = free particles in a vacuum, but with a different mass.

-1.602 x 1012 C T o ) : )
http://en.wikipedia.org/wiki/Effective_mass_(solid-state_physics)

Hole charge =
+1.602 x 101 C
Material Electron effective mass Hole effective mass
Group IV
Si (4.2K) 1.08 m, 0.56 m,
Ge 0.55 m, 0.37 m,
-V
GaAs 0.067 m, 0.45 m,
InSb 0.013 m, 0.6 m,
[1-VI
Zn0O 0.199 m, 1.21 m,

ZnSe 0.17m, 1.44 m, '
... energizing Ohio for the 21st Century



Important charge carrier processes in semiconductors

The free electron and hole concentrations in bulk semiconductors can be
modified by the processes of generation and recombination, and also by the
transport of electrons and holes through drift and diffusion.

Generation: e.g., absorption of a photon generates a free electron and a free hole
(an electron-hole pair).

Recombination: can be radiative, in which case a photon is emitted as the
electron returns to the valence band, or non-radiative, in which case the energy
associated with the e-h pair is converted to heat, or transferred to another charge
carrier (Auger recombination) — non-radiative corresponds to no photon.

Transport is the movement of charge carriers under forces based either on an
electric field, or on a concentration gradient:

Drift refers to the motion of charge carriers under the force of an electric field.
Motion is typically not “ballistic”, and instead includes the resistive action of

scattering.

Diffusion refers to motion of electron and holes due to the presence of a

concentration gradient. '
.... energizing Ohio for the 21st Century



Generation and recombination

Charge carriers move between valence and conduction bands under thermal
influence (thermal excitation within the Boltzmann tail of the Fermi-Dirac
distribution). In the dark and at equilibrium, the concentration of electrons
and holes are unaffected by these processes.

Generation, under influence of light absorption for example, promotes
electrons from the valence band to the conduction band, resulting in a new
free electron in the CB, and a new hole in the VB.

Recombination Generation

Recombination is essentially the reverse ® ,
process, in which an electron returns to
the valence band, giving up it electronic
potential energy to a photon, or a third
carrier, or to phonons.

4

@ O
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Absorption of light

Light incident on a semiconductor consist of photons with energy E = hv = hc/A.
Photons interact with the semiconductor depending on their energy:

E ioton < Eq : Photons with energy below the band gap energy are transmitted
through the material;

E oton = Eg + These photons have sufficient energy to be absorbed in a band-to-band
transition, and generate an electron-hole pair. Absorption of these photons will be
relatively weak.

E oton > E4 + Photons with significantly greater energy than the semiconductor’s

bandgap are relatively strongly absorbed, and generate electron-hole pairs with
initial excess kinetic energy. This excess kinetic energy is, in general, quickly lost to

the lattice as phonons).
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Absorption of light — the generation rate

The generation rate quantifies the number of electron-hole pairs created per unit
time. As the light enters and travels through the semiconductor, the intensity of the
light drops exponentially as the photons are converted to electron-hole paires by
the process of “photogeneration”:

[=1,e "

where a is the absorption coefficient typically in cm, and x is the distance into the
material. I, is the light intensity just inside the surface of the semiconductor.

Since each photon absorbed generates an e-h pair, this exponential decay also
mimics the generation of carriers as a function of depth.

The generation rate, G, is given by:

G=aN,e ™

where N, is the photon flux at the surface (photons/unit-area/sec), a is absorption
coefficient, and x is the distance into the material.

.... energizing Ohio for the 21st Century .




Absorption coefficient

Generation occurs in PV cells by absorption of light, and the formation of
electron-hole pairs. The absorption coefficient, a, in units of cm™, provides
a measure of the strength of the light absorption at a given photon energy.
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Absorption depth

: PV

The absorption depth for a materials is photon-energy-dependent, and is
simply the inverse of the absorption coefficient. Le., it is the depth at which
the intensity of the light has dropped to a value of (1/e)*I,(A).
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Absorption depth

: PV

The absorption depth for a materials is photon-energy-dependent, and is
simply the inverse of the absorption coefficient. Le., it is the depth at which
the intensity of the light has dropped to a value of (1/e)*I,(A).
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Recombination of electrons and holes in a semiconductor

Photons incident on the surface of a semiconductor will be either reflected from
the top surface, absorbed, or transmitted. For PV, reflection and transmission are
typically considered loss mechanisms (photons which are not absorbed do not
generate power). An absorbed photon will raise an electron from the valence
band to the conduction band (this process is called generation). A key factor in
determining if a photon is absorbed or transmitted is the energy of the photon.

An electron which exists in the conduction band is in a meta-stable state and will
eventually fall back to a lower energy position in the valence band. It must move
back into an empty valence band state and consequently, when the electron falls
back down into the valence band, it effectively removes a hole. This process is
called recombination. There are three basic types of recombination in the bulk of
a single-crystal semiconductor. These are:

(1) Radiative (band-to-band) recombination

(2) Auger recombination
(3) Shockley-Read-Hall (SRH) recombination
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Free carriers (free electrons and holes)

i)

tpv

Free carriers -- consisting of electrons, holes, or both — are able to
carry current in a semiconductor material or solar cell.

In contrast, trapped carriers are bound to a specific impurity atom,
defect (such as a vacancy) in the crystal, or bound to a specific

surface state. Trapped carriers are typically not in the valence band,
and cannot carry current.

Free carriers are subject to move under the mechanisms of drift (as
in an electric field, with force of qE where q is the electron charge
and E is the electric field strength), and of diffusion.
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Drift of free carriers in solar cells

Drift refers to the motion of a charged particle within an electric
field (typically DC and in a steady direction);

The drift velocity is the average velocity that a particle, such as an
electron, attains due to an electric field. In general, an electron will
rattle around' in a conductor at the Fermi velocity randomly. An
applied electric field will give this random motion a small net
velocity in one direction.

http://en.wikipedia.org/wiki/Drift_velocity

)
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Diffusion of free carriers in solar cells

Diffusion describes the spread of particles through random motion from
regions of higher concentration to regions of lower concentration. The
time dependence of the statistical distribution in space is given by the
diffusion equation. The concept of diffusion is tied to that of mass
transfer driven by a concentration gradient, but diffusion can still occur
when there is no concentration gradient (but there will be no net flux).

http://en.wikipedia.org/wiki/Diffusion

4

Diffusion current is a current in a semiconductor caused by the diffusion
of charge carriers (holes and/or electrons). Diffusion current can be in
the same or opposite direction of a drift current.

At equilibrium (i.e., in the dark) in a p-n junction, the forward diffusion
current in the depletion region is balanced with a reverse drift current, so

that the net current is zero.
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Current based on fundamental transport mechanisms

For compositionally invariant material, at a uniform temperature, the current density
(A/cm?) due to drift and diffusion of electrons and holes are given by:

J,(r)=qD,Vn+qu, En

J,(r)=qD,Vp+qu,Ep

where q is the carrier charge (-e, or +e), D, , are the diffusion coefficients (cm* s™'), Vn and
Vp are the concentration gradients for electron and holes (cm™), 4, ,, are the mobilities for
electrons and holes (cm? V- s71), E is the electric filed strength (V cm™), and n,p are the
electron and hole concentrations (cm).
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Fermi-Dirac statistics
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where k is Boltzmann's constant, T is the
absolute temperature, ¢ is the energy of the
single-particle state i, and u is the chemical
potential. At T = 0, the chemical potential is
equal to the Fermi energy. For the case of
electrons in a semiconductor, is also called the

Qmi level. /
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The periodic table
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Common elemental components of semiconductors
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Electron configuration of the elements

http://www.sciencegeek.net/tables/LosAlamosperiodictableColor.pdf
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Special talk Friday

Friday, Feb. 4, 2011
3:00 — 3:40 pm, R1, Conf. Rm B (1%t floor)

Surface Recombination Velocity (in Solar Cells)
Carmen Cioc
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