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Two hydrogen atoms approaching each other.

Bonding and
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Orbitals in H,
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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 y.

5Fig 4.1

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
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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: . Wy lrs) F W, drs) il Y15(Fa) — Wi5(Fg)
Vo T TR0+ )] Vor DT T2+ )]

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 1, 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
wg and wg+ vs. the interatomic separation, R. (b) Schematic diagram

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

From Principles of Efectronic Materfals and Devices, Third Edition, 5.0. Kasap (@ McGraw-Hill, 20035) '
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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

A System of NV Li Atoms RER S e
5
N levels" | & el NN eotiaY) 2p
2N "states" | & T|E | = L, SYSTEM
o = , N L1 Atoms
I \ . = - ! —E 1 N Electrons
2 £ § | = N Orbitals
EE E I 2 . | 2N States
gj B >_., Veonia(D) £, |
0 5 | Ls _ Interatomic
{'f 3',3 " Separation (R)
Solid I[solated 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 2N states in
the band. The 2s-band therefore is only half full. The atomic 1s orbital is
close to the Li nucleus and remains undisturbed in the solid. Thus each Li

atom has a closed K-shell (full 1s orbital).
From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (© McGraw-Hill, 2005)
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Band Theory of Solids
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The Solid Isolated Atoms

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
is nearly continuous.

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2003)
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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 to the vacuum level where the electron is free.

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (@ McGraw-Hill, 2003)

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 to the vacuum level where the electron is free.

From Principles of Electronic Materials and Devices, Third Edition, 5.0. Kasap (@ McGraw-Hill, 2003)
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Semiconductors

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

-
—_—

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 >
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.

3s

Electron Energy
—_—
-—

B

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 1, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Isolated Silicon Atom Silicon Atom in a Solid
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(a) Isolated Si (b) Si before it bonds

Molecular Orbitals from Hybridization of Atomic Orbitals

(a). S11s m Group IV m the Periodic Table. An 1solated Si atom has 2 electrons in the 35 and
2 electrons in the 3p orbitals. (b) When S1 15 about to bond, the one 3s-orbital and the v/ree
3p-orbitals become pertirbed and mixed to form four hybridized arbitals, 14, called sp3
orbitals winch are directed towards the comners of a tetrahedron. The y4,,, orbital has a large

major lobe and a small back lobe. Each 4, orbatal takes one of the four valence electrons.
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (@ McGraw-Hil, 2005)
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Formation of Energy Bands in Si by Splitting of Hybridized Molecular Orbitals
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(a) Formation of energy bands in the S1 crystal first involves hybridization of 3s and 3p orbitals to four
identical Wind orbitals which make 109_5° with each other as shown in (b). (c) Winb orbitals on two
neighboring S1 atoms can overlap to form yg or w,. The first 15 a bonding orbatal (full) and the second 1s an
antibonding orbital (empty). In the crystal wz overlap to give the valence band (full) and y, overlap to give
the conduction band (empty).
From Principles of Electronic Maferials and Devices, Third Edition, 5.0. Kasap (& MoGraw-Hill, 2005) '
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Conductors, Insulators,
Semiconductors

Fermi \AE i
Ener ~ e
Fermi gy\ “ AE~1eV - |
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  gycited 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 '



Transport and 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.

Reflected waves
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n is an integer:

w_k{wf\c-éj'—-ij'—{—j R=H
| . | I

@-==0= - O === O >

h=2n'k
1.23...

2a = ni

a

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

glectron then cannot propagate through the crystal.

From Semiconductors 1, by R.-W. Collins, UT

At the Brillouin boundary
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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 = Vcos(2nx/a) and this also vanishes in the average.

cosine

sine

Energy = E;

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

. . > . . .
distributions. |!,s.frf|2 and |w|“ . have maxima either at the 1ons or

between the 1ons.

From Semiconductors 1, 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 e 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. :
Spacing

For Kk along [11], the between

first band gap occurs at planes (hk):

k=2 (n/a) due to "/  (11)Planes 4@

the {10} diffracting planes (10) Planes v h2 + k2

with spacing a and 6=45°,
Diffraction also occurs for this same K due to the (11) planes with 6=0° and spacing
al"2.
Diffraction of the electron in a two dimensional cubic crystal. Diffraction occurs
whenever k has a component satisfying k; = tnwa. k,=xtnmaor k== nwa.In

general terms. when ksinf= nwa. !
From Semiconductors 1, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Nearly-Free-Electron Model
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From Principles of Electronic Malerials and Devices, Thind Edition, 5.0. Kazsap (& McGraw-Hill, 2005)
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Nearly-Free-Electron Model

Energy gap
2nd BZ Ind BZ,
band +—> _ &
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(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. Eo.

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 Matenals and Devices, Third Edition, 5.0. Kasap (8 McGraw-Hill, 2005)

From Semiconductors 1, by R.-W. Collins, UT
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Nearly-Free-Electron Model

E

The total energy of T
the electrons having
wavefunctions v _ and Second First. Second
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The energy of the electron as a function of 1ts wavevector & inside a one-
dimensional crystal. There are discontinuities in the energy at k= +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 Es. E; — E . 15 therefore an energy gap at

k==xm/a. Away from the critical k values, the E-k behavior 1s like that of a

For k values
away from the

within an energy band inside a solid.

"free" electron. E increasing with kas E = (ﬁ.ﬁr}z.-"lme. These energies fall

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

From Semiconductors 1, by R.-W. Collins, UT
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Reduced Zone Scheme
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*Bands folded into First Brillouin Zone

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



Brillouin zones -2D

* higher order zones can be
mapped directly onto the 1st
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&Bandsapdfgizing Ohio for the 21st Century .



Free electron bands for fcc structure
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Band structure of S1 (diamond)

Si
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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{: = (Fext + Fint)"fme = (Fext - ‘G’V}ImeE Fle)tl'llr‘\'."natjr

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

E
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CSR.
F e
extr
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g ‘o

&

= 1

®)

(a) An extemnal force F,; applied to an electron in vacunmmresults in an
/ m, . (b) An external force F .+ applied to an

clectron i a crystal results in an acceleration ag. = Foy / 13,™. ( E1s the

acceleration e, = F

electric field.)

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



Electron Effective Mass
One can apply the concept of the group velocity to a wavefunction defined as a
traveling wave ¥(x, t) = Aexp{i(k.x — ot )}; ® = E/h with wave vector k,.

do
The group velocity is v, dk

dvgy ) 1 d?E, dk, | dk,
gt - 1 dk2 dt Note that: h gt - Fx
dVg, 1 d2E, dv
= . .o
dt "2 dk,2 Fx Note that: My gt =F,
1 _ 1 d°E, | y 1 1 d’E,
My’ R dk,? OSSR Tm T R dk ik,

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" (1.99 1.10 0.047 1.01 1.12 1.28 1.2 28 13 (.85
e

From Principles of Electronic Materals and Devices, Third Edition, 5.0. Kasap (& McGraw-Hill, 2005)
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The effective mass is inversely proportional

Electron Effective Mass to the curvature of the E, function.

E for electrons At the lowest energies of each band, the
f effective mass is positive (upward curvature)
;| and assigned to electrons of positive mass
) 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
. | I and positive charge whose energy
or electrohs .
A I increases downward.
| AE for electrons
|
. | light electrons
I Y/ _heavy eleﬁctrmls
| e >k
E -
- | » I
for — >k
holes - E k}[ 11] heavy holes
T o2 light holes
a a E for holes
v

From Principles of Electronic Matenals and Devices, Third Edition, 5.0. Kasap (& McGraw-Hill, 2005)
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Comparison of Li (1s22s') and Si (1s42s522p*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 1, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



Comparison of Li (1s22s') and Si (1s22s522p*3s523p?)
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 1, by R.W. Collins, UT .... energizing Ohio for the 21st Century '



