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ELEN E3106/4106 Lecture 3

Bonding Forces and Energy Bands in Solids
Outline

» Bonding forces in solids

* Introduce energy bands and states

» Discuss energy bands in solids and Si
* E-k diagrams

* Direct and indirect E, semiconductors
» Effects of alloy composition

» Photoelectric effect

Assignments:

Reading: Streetman and Banerjee §3.1
Homework 1 due Friday Sept 12t by 5pm
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Si Electronic Structure and the Bohr Model

. \Y electrons
o 3;522522@523& ¢ %&}@ -

* Ol’blta|S ' (sp") hybrid
« 10 (o e electrons (n =1 and 2)
« 4val\eqee electrons (n=3)

* Attractive force between __¢e and nuclewc (g L e
 Outer shell e- less tightly bound
« Bohr model: B /{
. mq = 13;6 oV M. 'S
2(472'8hn) n — ()
. ) indicates that the electron is bound to the \M/

Nucleus

nucleus and energy is required to remove it
Coulombic potential in Si atom. Source: Textbook

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 3 2



Bonding in Solids O] ® |
* lonic ex: Na* (lost an e7), Cl-(gained an e") <~Q// \\Q// \U/C\\Q
- All e”’s tightly bound, good 10\sul at00S @D// \\O// \U/ \\C)//

« Metallic: 0 wkeC shell only partially filled -> e \\O//‘ \\O// \\O// \\O

easily given up
« lons with closed shells in a sea of e, good o9 ductars

« Covalent ex: diamond lattices, like S
+ No foee electrons at OK (idealized case) 4 solute 2em

« Some compound semis havewxed bonding ex. Gaks—3 cevsleqt « lonc

d &
Good 104Ul ator S %‘Z’ cﬁ:‘fg‘ g(;}us Smeea 5 e

Crac e’'s
Na (lonic Bond | [ Metallic Bond |

Covalent Bond

©

Transfer of Sharing of
electrons oo 0-0 O o O Electrostatic electrons
A ‘ ® J \ attraction
(@) - @{®) @ @@ o
© electron cloud
0-0 0-0 O e O and metal nuclie
Atom 1 Atom 2 Covalent molecule

Atom 1 Atom 2 lonic molecule
tal) ( tal) (nonmetal) (nonmetal or
(meta nonmeta metalloid)

Sources: Textbook, Chemistry Learmner
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Quick: Quantum Mechanics

 Electrons propag%atirlcﬂg in cew &k al can be described by a wave using
the “language” ot Q “

 Schrodinger’'s Wave Equation W(x.‘%,,g ;&\ .
- Each particle in a physical system is described by a Wwoke functav)
« The function (and its space derivative) is continuous, finite, and 5'1% le -\ alued

. I'I'akelaway: electrons in an atom are restricted to discrete energy
evels

Kinetic energy + potential energy = total en

Classical variable = Quantum operator 1
S P Vv = E
X X 2m
fx) fx) \
P(x) ha 2 PY(x, 1) BV (x, 1)
: - — + V(x)¥(x,t) = —= :
j ox m ol (x)¥(x, 1) o
E foo . : o
e Schrodinger’s Wave Equation in 3D:
J
ﬁ2
Ly o
2m ] ot
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Bloch’s Theorem for Electron Wave Propagation in Crystals
- e in a crystal are not completely free, interact with the gect odic of of the lattice
( gmu \
» (F. Bloch, 1928): e* wavefunctions are described by Q\M\ \wal€ modulated by
Blodn \_—-{}J\C\‘\Oﬂ with same periodicity as the lattice!’

«  Wave sarveltuank only unique up to 21/a

« Only certain electron energies allowed, but those can propagate unimpeded
(theoretically), as long as lattice spacing 0. is “perfectly” maintained!

* Implication: e can travel long distances in crystals, much longer than a, which impacts

conduction Ve
Periodic potential
S qmmmmmmmmﬁ
R ) e ka,&_. @\UJ\C’ wq\E

Yk (x) = Uni(x)e 2
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Pauli Exclusion Principle

* No two electrons in an interacting system can have the same quantum

numbers n, I, m, and s.

» Takeaway: electrons in an atom are restricted to discrete energy levels

Cn:1,2,3, Ot%h\
¢QE0-012 .. .a-nergilal memartum

m=—1 ...,-2 —1,0, +1, +2, +l(mﬂmd-'q\q

=+ 'K\

Allowable states Allowable states
n 1 m s/h in subshell in complete shell
1 0 0 +2 2 2
2 0 0 +2 2 =\
1 -1 +2 . Q)re e 3
0 =2 6 .
1 +1 \
2
g LA N W T ouieS €75
2
1 -1 +1 Ok
2
o | =l ‘ R al\owey>
1
= A SRS pewzn
2 -2 + % 18
S| sl Y23 G
0 +1 S ‘P
2 10
1 +1
i
2 * 3

Quantum numbers and allowable states.

Source: Textbook
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Energy States and Bands

Recall: | )
Electrons in an c&cYowW Electrons in a 3slid

Restricted to discrete ener Restricted to a ra of energy
leuelS (evaies) % states, called bande

| The energy of a state must always be expressed as an energy M the difference
between the energy of the state and some known

v Vacuum Lecel

We will useE‘MC- as the reference.

E,.c: energy of a €cee @7 outside of the crystal

|\
Fe FIE, = dr‘(d"é@ E(r=)=
t poteiel o
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Energy States and Bands

Energy levels of a single o™

Electron energy

R I‘|

® Position of atom

Evee Evec
> E\
Energy levels of A_Qj\_-o_ms
far apart
Energ%l Ievels as tWO atoms moved ® Position of atom ® Position of atom
close together _ ,-
ange ol movement o

* Wa\’eh‘\ L*?Cm%f e_,S WI” Overlap electrons in state 1
« Potential energies will SV g g

* Molecule may have bound states N\ §D. P

» Shared states between atoms help energy states
keep molecule together Ground state —

* There is some stable distance Ey
° O\ I Distance r

Source: Anderson & Anderson, Fundamentals of Semiconductor Devices

E, = ground state —~
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Energy States and Bands

Another waP/ to conceptualize the energy
band model:

* Probability functions overlap =
e el el

N\ &€
* They are now one s ?,\%ﬁg]!
AR QCL\“Q‘OIQ%\%Y}[& o e’s can have
same energy level
 Discrete quantized energy level of the
indjvidual atom therefore splits into
é. states

« At most one e per level after the
splitting

* New levels ( bands ) belong to the
pair rather than individual atoms

« As many atoms brought into proximity,
the quantized levels of individual atoms

split into a band

Source: Bhattachara, Solid State Electronic Devices

% SR Siny
CIQQa

Probability
density

Probability A <}y

density

| |
pr) : p(r) : p(r)
| |

ag | A ' ap ag
(Spacing)

(a) (b)

Fig. 3.1 Radial probability density function for (a) one hydrogen atom, (b) two hydro-
gen atoms in close proximity

| Initial
§ level
I‘nz Interatomic distance —>>

Fig. 3.3 Formation of bands of allowed energy

Electron energy —»>

N
Il

Electron energy —>

Fig. 3.2 Splitting of discrete
quantized energy level

ks

Electron energy ——

|
I
I
= :
I
1

o !lnlcmlomic distance —»

Fig. 3.4 Splitting of three energy states into allowed bands

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 3



Energy Bands in Si
e« 3¢ and 3
> 8N states total

states go through a band splittin
(s axkes , 046 S

g\when N atoms brought together --

At OK, 4N lower states are filled W|th valence e”’s --> called Va\e?\ce \eoﬂd.

- 4N upper states are empty --> called zs nductlaon Dond.

» Gap between thes %obands where the&e is no allowable energy state is called the

Eq- bacdgap ¢

£ N Isolated
Si-atoms E .
4N allowed states
B " & (conduction band)
g aP g ;
5|2232-33] nes £ Prosue
] ki I 4N allowed states
i 6N p-states total * o
)
2N s-states total “’“"““2‘:“ )
(4N electrons to tal) Crystallie 51
N-Atoms

Electron energy

l decreasing i

atom spaci
isolated iy Slamc

Si atoms

Source: Pierret, Semiconductor Device Fundamentals Bhattachara, Solid State Electronic Devices

Electron energy —>»

4N states
0 electrons

|
(Band gap) E,

4N states
4N electrons

ol

A A o

\Lc"\' \
6N states
2N electrons

.

2N states
2N electrons

ao (Equilibrium) r —>

Fig. 3.6 Splitting of 3s and 3p states of silicon
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Simplified Enerqy Band Diagram
* Energy bandAtha’Nﬁare frequently simplified when analyzing semiconductor devices

* Electronic properties are dominated by the 3 Ia“?rﬂ“' Q*Hand hg N-{edﬂ?‘
\owest egﬁcq\kg-(-q\\ \band .Often sufficient To only consider those bands™ e
Q

« Band edges are drawn as hotzoreral ((nes eﬂ‘éﬁ
« Bandgap is taken from where the natural interatomic spacing in the gfystal lattice is,

09900 60O 0 0o
~10"2eV = Ec‘edse
Conduction o -
band & EW
Ky - ) S 0 ‘F
Band gap k3]
—_— o E
"Bands" are Valence ® 8 00sygsbovvr A V‘e‘dﬂe
composed of band 7
closely spaced .
orbitals Qc\&, distance
Interatomic distance S

Semiconductor InSb Ge Si GaAs GaP ZnSe Diamond

Eg (eV) 0.18 0.67 1.12 1.42 2.25 2.7 6.0

Sources: Wikipedia, C. Hu, Modern Semiconductor Devices for Integrated Circuits
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Energy Band Structures in Solids
» Energy bands can be used to conceptualize the three types of sslids

* For e”’s to experience acceleration in E-field (and contribute to
cutfert  tlow ), they must be able to move into flew etetty-Ste

- Key takeaway: Eq- is essentially a measure of how difficult it is to remove an
electron from its BB%nd state in a material

« A Wt band gap means it takes more energy to remove an electron!

Material Bandgap [eV]
ep% Metals 0
Empty PbS (lead sulfide) 0.4
Empty E Si (silicon) 1.1
CdTe (cadmium telluride) 1.4
CIGS (copper indium gallium diselenide) 1.0-1.7
MR &éﬁ SiO; (silica glass) ~9
i Tlled: s (S L (i 36

Bandgaps of common solar cell materials

Band structures shown at OK.
Sources: Textbook, doi: 10,1039/C4EE04073B
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http://dx.doi.org/10.1039/C4EE04073B

Temperature Dependency of the Bandgap

* E, tends to declense as the temperature is increased

* Thermal energy --> amplitude of the atomic vibrations ‘Wceeate  -->
Interatomic spacing increases

* Increased interatomic spacing decreases the average M seen by e’,
which in turn reduces E;

« This effect is quantified by thel''neal ¥

— >

aT? .
E,(T) = E,(0) — L0y
T + S
euru.v\
Germanium | Silicon | GaAs
£ (0) (V) 0.7437 1.166 | 1.518
o (meViK) 0477 0473 | 0.541
g (K) 235 636 204

Sources: Van Zeghbroeck, Principles of Semiconductor Devices

(SN
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E-k diagrams
» For a single free electron, relationship between kinetic E and k:

flz 2 wque ;
E=——k k
2m veckoC 0 d
. . . . . Fig. 3.8 [-k diagram
» Assume a single e is traveling through perfectly eecsgj i for a single free
electron

lattice
» Recall: periodicity can be different in various crystal g&,m

 Bloch function: U(k,,x) -> modulates space-dependent
wavefunction according to periodicity of the lattice

Implications: Xo X¥a U (x) = Uk, x)e/™
» Probability of detecting e-at a specified point in crystal is a

periodic function of , since positions displaced from one
another by lattice constant (a), are equally probable

* Positions of an e inside a period (a) are all e

» For a given k (which corresponds to motign in a certain direction
in the crystal), only certain energy levels are accessible to
an e

Sources: Bhattachara, Solid State Electronic Devices
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E-k diagrams in
Semiconductors
* Energy band diagrams of

semiconductors are
complex!

* We plot energy as a
function of k along major
dlrecktas  in the crystal,
since the band diagram
depends on the direction in
the crystal.

* Some bands completely
—f—_s\\ed , some completely
, and some

eo.r\’:q 'fz» '@(\\(A wf e~

Sources: Bhattachara, Solid State Electronic Devices

ENERGY (ev)
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|
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(ico) x
=
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Energy band diagrams. Left to right: Ge, Si, GaAs
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Dlrect and Indlrec;t Semiconductors
v\e

Ec",fl'lfl nd Eymax do not occur at same k --> i hingy Qoa.(\c’cgqé'

* Indirect transition, involving a change in = _, requires a
change of momentum for the e-

¢ Imp||Cat|0nS for aéfb eleCtronICS! 4 Conduction s <’S|\' Conduction

band band

E E, 3+ 3
K z
e\ . 2 _
\ % = E [ (&Cd
=1t 5 1+
y e — - E) b ) |
Y~~~ hv = E, E, // g & Ee :
E, é / 0 0 Y ¢
/ |
a :
) .
[
[
[
1

Y - s =1+ -1
k Valance Valance
band band
-2 -2
[111] 0 [100] [111] 0 [100]
k

(a) Direct (b) Indirect (a) (@)

Source: Textbook Fig. 3.10 [E-k diagram for GaAs Fig. 3.11 -k diagram for Si

Sources: Textbook, Bhattachara, Solid State Electronic Devices
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Alloy Composition

* Energy bands vary with composition in'k'C“‘QVS\{(‘and quaternary compositions
« Ex. Al,Ga,,As where x varies from 0 to 1

. a :
- Bandgap magnitude, direct or indirect, and |t sce can be tailored

Relahonshm&etw&en lattice cg)nsta()?é and&an v\g ope XY o - %\ﬂoﬁ&ﬁ"
COVd \ g(%-cc&omg\er@‘oondsé “‘8‘(\@( e :s“ e P-F

\ a ( b QM S il Quaternary alloys @ Direct bandgap
& (?C 8 q 24 1 GaP with indirect bandgap O Indirect bandgap
\ / e 22] Oszfe
- Yo
& 20 + 5
~ _ 18 ] Quaternary alloys
% L E 20 ) /’,,” ’ \r¢ we with direct bandgap
, = = - InP
NS t S P 14 JaAs
\%/ \/ S( S8 7 ] Gy
03 ) & - 12
S (e,(, g 6)(45( | .
\ leev & < AlGa, As 1 ‘l’: n lnl__\_(‘m\jl\s
143 eV S| In, 3Ga, 45As
GakS 06 1 il e
1.4 h 1 M 1 " 1 M 1 L - ! z
! K LA 0 02 04 0.6 08 L0 04 ) . ks
@ Aluminum fraction, x 02 0 : :
G AlAs T T T
(a) 054 055 056 057 058 059 06 061 062
Lattice constant, @ (nm)

Source: Textbook Source: lI-V Compound Semiconductors In Optoelectronics
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Photoelectric effect

« Einstein’s exfeona)  photoelectric effect:

« Under certain conditions, light striking a _se%0.\ surface can cause electrons to
be ejected

« Conditions: photon(s) must have a minimum energy (material dependent)

required to eject an e (this is called the wocle. Lunction ,§

1) E < ®:no emission
Z2) E = ®: emisson, e” have no kinetic energy

EFE=hv=9o 5
3) E > ®:emission, e have kinetic energy such 700 nm Viax = 6:22x10° m/s
that 1.77 eV 550 nm Viax = 2.96x10° m/s
. 2.25eV
1 /400 nm
3.1eV
E = hv=CD+KE=CD+§mvﬁwx oy - 90

no P ¢

electrons ',' ','
E = en ergy Of photon; h = Q mch‘s éd_ﬁ_’! Potassium - 2.0 eV needed to eject electron

v = frequency; ® = work function Photoelectric effect

™ W

Source: fscj.edu
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Internal Photoelectric effect
* Planck’s equation for the energy of a
\V ¥

photon
. ‘{ . E h = Planck’s constant; v = frequency;
o ) c = speed of light; A = wavelength
« When light is plgsefved by a
semiconductor, electron-hole pairs ‘2, e _ vacuum level
(E4 ¥s ) are created in proportion to the hv%\J @
light intensity (# of photons) > g R >
- Photon(s) must have sufficient energy to @ et I
excite the e-across the bandgap p " S
- Therefore, E, can be determined fromthe 3 \%L B
minimum energy (hv) of photons that are  w@ Valence band [——5
absorbed! (VB) By
External Internal
* What if E photon < E Me‘:a.\ Photoelectric effect

Nadeyial wil\ e 05 7 +tangg acad:

Sou
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https://doi.org/10.3390/cryst9100531

Example: Measuring the Band-Gap Enerqgy

* If a semiconductor is transparent to light with a wavelength longer
than 0.87 um, what is its band-gap energy?
E?S:‘(W‘: e =(e-63% 1073 T.9) (3 X108 I5)
A - 0.3 um
= (6-63 X 1634T.) (XXM (108 um/m)
T A (LG X107 (0 -8 mwm)

= |.aH4 e.\’-.uxl

B [
(S5 = oa 60) 4 vt Aqeendin TS el G

& | o\ = measuue of We KE. that o single elect®an il
quin o_cc‘eQeftﬂ—’t% tcougla e\eckcie Qo*evl’d@\ AHfCerene

oF 4V W vogum | eN= L G0N Y

Source: C. Hu, Modern Semiconductor Devices for Integrated Circuits
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