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Crystal Structure

= atoms are arranged in a periodic patternin a

Gallium crystals
crystal.

= atomic arrangement affects the macroscopic
properties of a material

" many important materials (silicon, steel) are
crystals




Crystal Structure

protein crystals insulin crystals

NASA Marshall Space Flight Center (NASA-MSFC)



Crystal Structures
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Miller indices: Crystal planes

[hk‘l] — vector in direction h(il + kc_lfg + lﬁg
'\

lattice vectors

always use integers for h,k,/

[] ... specific direction

<> ... family of equivalent directions

() ... specific plane Z

{} ... family of equivalent planes \<y
X

(001) (100) (010)

e b, 2 My

MOSFETs are made on {100} wafers (101) (110) (011)




silicon

HM:F d -3 m 5
a=5.430A
b=5.430A
c=5.430A
o=90.000°
f=90.000°
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Conventional unit cell Primitive unit cell Asymmetric unit
2xdx2 3X3x3 IXIXD
Ball and Stick Spacefill

H: 1 K:0 L:|0
show HKL plane hide HKL plane

draw atoms in HKL plane

Thickness of HKL planes:

The conventional unit cell 15 a cube with sides of 0.543 nm.
There are § atoms atoms in the conventional unit cell. (The
image can be rotated with a mouse.)

http://lampz.tugraz.at/~hadley/memm/materials/silicon/silicon.php



silicon surfaces

Si(100)

-

Si(111)

https://www.fz-juelich.de/en/pgi/pgi-3/groups/research/multi-tip-spm-instrument-development/stm-pictures



KOH etching of silicon

KOH etches Si {110} > {100} > {111},
producing a characteristic anisotropic V-etch,
with sidewalls that form a 54.7° angle with the surface

(35.3° from the normal).

{100} surface of Si wafer

http://www.ece.uncc.edu/research/clean_room/fabprocesses/KOH-EtchingAndDecon.pdf
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Electrons

How electrons behave ?

How electrons behave in a crystal?

Charge =-1.6022 x 101° C
Mass =9.11 x 1031 kg

occupied space =?

0.15 nm



Energy levels in atoms
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Energy levels in atoms

hydrogen atom

Efinal ey
hf n=5:
gl S

Einitial .
hf = FEfinal — Einitial Lr'r‘r‘r

n=2.

Hg n=1:

https://chem.libretexts.org/Bookshelves/Introductory Chemistry/Introductory_Chemistry (CK-12)/05%3A _Electr  _Atoms/5.07%3A_Spectral_Lines_of Atomic_Hydrogen



Molecular levels

e FEfinal
—10%4 hf
J==5
gl S
Finitial
hf = Efinal — Einitial
| s, = valence electrons
|
| ~Lin=75%
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wave vector k

k-vector:

wavelength:

momentum:
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Lk, points in the direction a wave is propagating.
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lattice in that direction
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Semiconductors

Silicon ’ 3 : s P
Germanium Aluminum Arsenide
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Absorption and emission of photons

hf

hf=Eu—E1

absorption

E|

El]
hf

N

hf=Eu—E1

emission

E|

hf

=

semiconductor

hf < E, no absorption



What color light does a GaAs LED emit?

Gallimm Arsenide ‘

sl Eg— Hr3._-v B "
|at 300K E=1.6022x10""x1.43 J=hf=7

A =867 nm infrared

ENERGY (eV)
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TABLE 1

Common llI-V materials used to produce

LEDs and their emission wavelengths.

Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSb 2000

GaShb 1800
Galn,_As,_ P, 1100-1600
Gay -Ing 55As 1550

Gag 27100 73880 650 37 1300
GaAs:Er,InP:Er 1540

Si:C 1300
GaAs:Yb,InP:Yb 1000

Al Ga,_As:Si 650-940
GaAs:Si 940

Al ,Gay gAs:Si 830

Al, ,Gag gAs:Si 650

GaAsy P, 4 660

GaAs, Py 620
GaAs; 5P g5 590

(Al Ga,_ ) sIn, 5P 655

GaP 690

GaP:N 550-570
Ga,JIn, N 340,430,590
SiC 400-460

BN 260,310,490

light emitting diodes
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direct and indirect band gaps

direct bandgap: Indium Arsenide indirect bandgap: Germanium
Ak=0 6 Ak #0 6 I
. E,=0.35¢V 5|  Ep=0.66ev
phqtons can be ) at 300K phonons are A at 300K
emitted 4 emitted
3r 3
E._:.-' = 2 B / -H_ :.'i" 2 B llullllf\
& = o 03 7\ |
/ NAVAN
Z = If \/’FJ & > | /_{ e
= ok E Z ol _Elg 0.90
] &3 \
M
-1F f/ m\"-. -1 '/f \
f \ i . \
_al / —2E /
- / \ \ f \
=30 " -3 Vo
—4 'I |

L [ill] I [100]X L [111]T [I;DD]}{

q—]{l-—l-

Momentum must be conserved when photons are absorbed or emitted.



Metals, semiconductors, insulators
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E g < 3eV = Semiconductor
E_>3eV = Insulator




Silicon band structure

6

E. = bottom of the 4=

conduction band \

E,= E.-E, _ h
s -2f

E, = top of the valence
band '
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Electrons with energies in the gap are reflected out of the crystal.



Band gap

Electrons with energies in the gap are reflected out of the crystal.
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Copper: dispersion relation and density of states
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Germanium
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Density of states

Silicon Aluminum
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Structural phase transition in Sn

o Sn transition at 13 C
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Structural phase transitions
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Fermi function

f(E) is the probability that a state at energy E is occupied.

A 1
f(E)=
E-FE,
1+exp
k,T
= 1.0
i T,=T
2 05 20
&
0.0 > E




Silicon density of states

density of states

occupation

25

20

1.5

D(E) [ator L &1

10
0.5

0o

20

1.5

AmoE

0.5

no

-10 5 0

o

5 ] 15
Energy [eV]

NV

I'=300K

15

20

1.5

1

Li&)

05

nn

0.a
0.
0.4

FEDE

x1012 o2

01

0o

3.0

0.5 10 1.5 20 25
K
T=300K
electrons in
the
4-/ 0
conduction
band
0.5 10 1.5 20 2.5 a0
B



Fermi energy

Fermi energy: is implicitly defined as the energy that solves the following equation.

n = foo D(E)f(E;T,Er)dE

n is the electron density

» The density of states, the total number of electrons and the temperature are given.
» To find the Fermi energy, guess one and evaluate the integral.
» If n turns out too low, guess a higher E; and if n turns out too high, guess a lower E..

DENSITY OF ALLOWED STATES

Empty
states

Occupied
 states

ELECTRON ENERGY

FERMI FUNCTION f{E)



ﬁTU Student: Mot logzed in

FPhysics of Semiconductor Devices

D ey Calculate the Fermi energy

Lagin
The density of states for a particular material i given in the following fgure.

A

n= Ojo D(E) f(E)dE

1047 |-

D(E) [J' m3?]

0 >
1 2 3 4 5 6 7 E [1019 J]

n=3x1028 m3

“What is the Fermi energy at zero temperature? For a semiconductor, find the limmiting value of the Fertmi energy as the temperature approaches zero,

e

What kind of material 15 this?
| hdetal v |
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