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FinalFinal
• December 9, 12-3 p.m. 
• 3 hours
• 2 sides of 8.5x11” crib sheet.
• 5 problems:

– Band theoryBand theory
– Confined electron (in a compound semiconductor 

heterostructure)
– Scattered electron (in a compound semiconductor 

h t t t )heterostructure)
– Angular momentum
– Hydrogen atom

• Conceptual questions (short answers)• Conceptual questions (short answers)
• Material covered: Eisberg/Resnick Chapters 1-9,11,13 

plus lecture notes.
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How do electrons move through a 
l i ?lattice?

• The potential is periodic:
V(x)V(x)
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• The uk(x) are the Bloch functions.  
kkk naxuaxuxu  )()()(

• The free motion of the electron through the lattice is given by
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Energy BandsEnergy Bands

E t d d• Extended zone
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Extended Reduced Repeated



Actual Crystal Lattices

: k=0
L: [111] direction
X: [100] directionX: [100] direction



Actual Crystal Lattices

G: k=0
L: [111] direction
X: [100] directionX: [100] direction



GaAs Valence Band Structure



Compound SemiconductorsCompound Semiconductors

• Tetrahedrally bonded in a zinc blendeTetrahedrally bonded in a zinc blende 
structure.

• Several varieties: III V compounds• Several varieties:  III-V compounds
• II-VI compounds.
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III-V Compound SemiconductorsIII V Compound Semiconductors
III        V

ECE/Mat 162AGaN, GaP, GaAs, GaSb, InN, InP, InAs, InSb, AlN, AlP, AlSb, …



II-Vi Compound SemiconductorsII Vi Compound Semiconductors
II                           VI
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Semiconductor ProblemsSemiconductor Problems

• p-n junction in GaAsp n junction in GaAs
• EG=1.42 eV
• NC=4 7 x 1017 cm-3NC=4.7 x 10 cm
• NV=7x1018 cm-3

• n =2 1x106 cm-3• ni=2.1x106 cm 3

• In equilibrium, the Fermi level is constant across 
the structurethe structure.

• Draw a p-n junction in GaAs for ND=1018 cm-3

and NA=1017 cm-3
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p-n junction in GaAsp n junction in GaAs

EFEV

EC
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p-n junction in GaAsp n junction in GaAs

EFEV

Rules
1. Valence bands and conduction bands equadistant and 

ll l h ( t t b d )

EC

parallel everywhere (constant bandgap).
2. Fermi energy EF is constant in equilibrium.
3. Quadratic variation of band edge (constant doping, depletion g ( p g, p

edge approximation).
4. Fermi level to band edge separation appropriate for doping.

 NNnpd 2
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BinariesBinaries

• Bandgap always fixedBandgap always fixed.
• Lattice constant always fixed.

C tl l b l• Consequently, you can grow large boules 
of binaries, and cut identical substrates out 
f th b lof the boule.

• Fermi level depends on doping.
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Ternary MaterialsTernary Materials
• Binary materials always have a particular y y p

bandgap and a particular lattice constant.
• However, many times we need intermediate 

b d id d i O i hbandgaps, not provided in nature.  Or we wish to 
make a square well, or some other 
heterostructureheterostructure.

• Ternaries:
– GaxAl1-xAsx 1 x
– HgxCd1-xTe
– These are both mixtures on the group III site.  

Mixtures on the group V site are also possible
ECE/Mat 162A

Mixtures on the group V site are also possible.



Ternary MaterialsTernary Materials
• Mix two binaries together.  The bandgap is 

approximately the arithmetic average of the twoapproximately the arithmetic average of the two 
(Vegard’s law) e.g. GaxAl1-xAs 

• There are two types of sites: group III and group 
V (II VI d l ibl )V. (II-VI compounds also possible).

• Ternaries cannot be grown on binary substrates 
in general because the lattice constants don’tin general because the lattice constants don t 
line up and dislocations occur.  Special case: 
GaxAl1-xAs because the lattice constants of 
GaAs and AlAs are almost equalGaAs and AlAs are almost equal. 
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Quaternary materialsQuaternary materials

• To match bandgap and lattice constant, twoTo match bandgap and lattice constant, two 
degrees of freedom are required.

• Example: GaxIn1 xAsyP1 yp x 1-x y 1-y
– X is the fraction of group III sites occupied by Ga.
– Y is the fraction of group V sites occupied by As.

• In a bandgap chart, the dots are binaries, the 
lines are ternaries, and the regions bounded by 
4 lines are quaternaries.
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Need for lattice matching: Small amounts of strain can be accommodated.
Large amounts of strain result in dislocations.
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Epitaxial LayersEpitaxial Layers 

• Epitaxial layers of different compoundEpitaxial layers of different compound 
semiconductors can be grown on top of 
each othereach other.  

• Small differences in lattice constants can 
be accommodated for thin layers (strainedbe accommodated for thin layers (strained 
layers: Compressive or tensile).
T h l t d t i lt i• Too much accumulated strain results in 
dislocations.  

ECE/Mat 162A



InP/InGaAs/InP 
S W llSquare Well

• InGaAs: E = 76 eVInGaAs: Eg=.76 eV
• InP: Eg=1.35 eV

?
How do bands line up?
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It depends on the electron affinity: Energy to bring an 
electron from the conduction band edge to vacuum.



Bandgap Heaven

• Offsets in blue #s
• Bandgaps in black
U it V 450• Units are meV

AlSb
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GaSb
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GaAs
1420 InGaAs
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InAlAs
1460 InP
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AlAs
2170

InAs
360
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EC [InAs-AlSb] = 1.35eV
550

170
200

EC [InAs AlSb]  1.35eV
m* [InAs] = 0.023 me

InAs RT  > 30 000 cm2/Vs
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GuidelinesGuidelines

• Figure out bandgaps. (draw horizontalFigure out bandgaps.  (draw horizontal 
where there is no depletion).

• Figure out conduction band and valenceFigure out conduction band and valence 
band discontinuity.

• Figure out Fermi level for each material.Figure out Fermi level for each material.
• Draw flat band first, then flaten out the 

Fermi level.Fermi level.
• Keep the band separation constant for any 

region where the bandgap is not changing.
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AlAs/GaAs Heterostructure

High mobility channel because there are 
carriers but no dopants (which cause 
scattering, which reduces the mobility).
Important for HEMTs (High electronImportant for HEMTs (High electron 
mobility transistor).



Heterostructure Band Diagram Construction



InP/InGaAs/InP 
S W llSquare Well

• N+ InGaAs: E = 76 eVN+ InGaAs: Eg=.76 eV
• N+ InP: Eg=1.35 eV

?
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InP/InGaAs/InP 
S W llSquare Well

• N+ InGaAs: Eg=.76 
eVeV

• N+ InP: Eg=1.35 
eVeV

� Eg=.59 eV
� Ec=.25 eVc
� Ev=.34 eV
• Draw the flatband 

diagram first, 
ignoring doping.
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InP/InGaAs/InP 
S W llSquare Well

• N+ InGaAs: Eg=.76 eV
N I P E 1 35 V• N+ InP: Eg=1.35 eV

� Eg=.59 eV
� E = 20 eV� Ec=.20 eV
� Ev=.39 eV
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General commentsGeneral comments
• If the composition is constant, the bandgap is constant.  

Hence, the separation of conduction band and valence , p
band are constant.

• If there is no field, the bands are horizontal.
• Use the depletion edge approximation; either the 

material is depleted of free carriers (and the bands are 
bent) or there is no field and the bands are flat. )

• Depleted doped material has a quadratic bend and 
linearly increasing field.

• Depleted undoped material has constant electric field 
and linear band bending.

 NNnpd 2
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InP/InGaAs/InP 
S W llSquare Well

• N+ InGaAs: Eg=.76 eV
• N+ InP: Eg=1.35 eVN  InP: Eg 1.35 eV
� Eg=.59 eV
� Ec=.20 eV
� E = 39 eV� Ev .39 eV
• Adjust Fermi level to account 

for bias.
• Keep bandgaps constant.Keep bandgaps constant.

Calculate the absorption bandedge assuming a 100 Angstrom 
quantum well and me*=0.1 me and mh*=1 me
Calculate the absorption bandedge assuming a 100 Angstrom 
quantum dot and me*=0.1 me and mh*=1 me
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Check the validity of your assumptions.



Quantum well confinement (1 D)



InP/InGaAs/InP 
S W llSquare Well

• N+ InGaAs: Eg=.76 eV
• N+ InP: Eg=1.35 eVN  InP: Eg 1.35 eV
� Eg=.59 eV
� Ec=.20 eV
� E = 39 eV� Ev .39 eV
• Adjust Fermi level to account 

for bias.
• Keep bandgaps constant.Keep bandgaps constant.

Calculate the absorption bandedge assuming a 100 Angstrom 
quantum well and me*=0.1 me and mh*=1 me
Calculate the absorption bandedge assuming a 100 Angstrom 
quantum dot and me*=0.1 me and mh*=1 me
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q e e h e
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1D case
For simplicity, assume an infinite square well, then see 

22 n  

if that is valid.  
Electron and hole levels:
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3D case
For simplicity, assume an infinite square well, then seeFor simplicity, assume an infinite square well, then see 
if that is valid.  
Electron and hole levels:
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Three types of heterojunctionsThree types of heterojunctions
• Type I (Straddling)

– Free electrons and holes reside in the same 
region of space.

– Examples: AlGaAs/GaAs, InP/GaInAs
- - -

+ + +
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Three types of heterojunctionsThree types of heterojunctions
• Type I (Straddling lineup)
• Type II (Staggered lineup)

� Ec and Ec have the same sign.c c g
– Free electrons and holes reside in different 

regions of space.g p
– Example: AlSb/InAs

- - -

+ + +
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Three types of heterojunctions
Type I (Straddling lineup)• Type I (Straddling lineup)

• Type II (Staggered lineup)
• Type III (Broken Gap Lineup)

� Ec and Ec have the same sign.c c g
– Free electrons and holes reside in different 

regions of space.
– Example: GaSb/InAs
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Semiconductor Lasers
Need to confine electrons and holes
N d t id li ht ( fi h t i id )Need to guide light (confine photons in a waveguide)

Double Heterostructure Separate confinement 
Heterostructure

GRINSCH

Electron/hole confinementOptical confinement



Other examplesOther examples
1. InAlAs/InGaAs/InAlAs
2. AlAs/GaAs/AlAs
3. GaSb/InAs/GaSb
4 G Sb/I Sb/G Sb4. GaSb/InSb/GaSb
5. AlSb/GaSb/AlSb
6 GaSb/InAs/GaSb6. GaSb/InAs/GaSb
7. InGaP/GaAs/InGaP

• Draw each for n- n+ n-.

ECE/Mat 162A



Other examplesOther examples

1. InAlAs/InGaAs/InAlAs1. InAlAs/InGaAs/InAlAs
2. AlAs/GaAs/AlAs
3 GaSb/InAs/GaSb3. GaSb/InAs/GaSb
4. GaSb/InSb/GaSb
5 AlSb/G Sb/AlSb5. AlSb/GaSb/AlSb

• Draw each for n- n+ n-, then draw each 
for p i n.

ECE/Mat 162A



p-n junction in GaAsp n junction in GaAs

EFEV

EC
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