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About)the)course
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The)first)transistor
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THz)devices:)State)of)the)art

Looks)legit!
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New)science)discovered)in)Transistors

• Science)of)electrons
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New)science)discovered)in)Transistors

• Science)of)electrons



40/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

New)science)discovered)in)Transistors

• Science)of)light
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Kroemer’s ‘theorem’)on)New)Technologies

Wolfgang)Pauli

Herbert)Kroemer

Verdict:)Physics)curiosity!

Verdict:)Real!)But…)for)what?)Keep)looking…

1931

2000
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Compounds)semiconductors:)Science

Science)and)Future

Rockett:)MSS Weisbuch &)Vinter:)QSS
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Optical)absorption)and)emission)by)atoms

• Absorption)and)emission)spectra)of)atoms)was)the)first)hint)that)electron)energies)are)quantized.
• Lead) to)the)development) of)quantum)mechanics,)and)finds)a)wide)range)of)applications)today.
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Optical)absorption)in)Compound)Semiconductors
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• Absorption) spectrum)of)typical)compound) semiconductors
• Can)be)completely)explained)using)bandstructure+timeadep.)Perturbation) theory.
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• Absorption)power)is)Quantified)by)�Absorption)Coefficient�
• A)negative)absorption) coefficient)is)equivalent)to)optical)gain!

Optical)absorption)in)Compound)Semiconductors
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• Adapted)from:)Wolfe/Holonyak/Stillman
Physical)Properties)of)Semiconductors
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Atoms)to)Crystals

Crystal Bandstructure

DirectIndirect



49/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

The)elements
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Semiconductor)Orbital)Structures

Group IV

C:[1s2](2s22p2)� 4

Si:[1s2][2s2][2p6](3s23p2)� 4

Ge:[1s2][2s2][2p6][3s2][3p6][3d10](4s24p2)� 4

Group III

B:[1s2](2s22p1)� 3

Al: [1s2][2s2][2p6](3s23p1)� 3

Ga:[1s2][2s2][2p6][3s2][3p6][3d10](4s24p1)� 3

Group V

N:[1s2](2s22p3)� 5

P: [1s2][2s2][2p6](3s23p3)� 5

As:[1s2][2s2][2p6][3s2][3p6][3d10](4s24p3)� 5

[Core)electrons] (Valence)electrons)
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A)Simple)Example:)2D)Graphene and)Boron)Nitride

x

y

sigmaaorbital
piaorbital

Realaspace)picture

Hopping)energy:

• Sigmaaorbitals)hold)the)atoms)together.
(3)electrons/carbon)atom,)one)left)over)

• Piaorbitals)are)responsible)for)conduction.
(1)electron/carbon)atom)

sp2 hybridization
Orbital)figs)from)Pulfrey

�0 � 3 eV
acc=1.24 Angstrom

a =
�

3acc = 2.15 Angstrom (lattice)constant)
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A)Simple)Example:)2D)Graphene and)Boron)Nitride
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hopping) energy)
to)each)neighbor)
with)phase)factor

Find)the)real)space)lattice)vectors

Write)down)the)tightabinding)Hamiltonian)Matrix

onasite)energies)of)
each)atom)in)basis

Find)the)eigenvalues)of)the)Hamiltonian)to)get)the)bandstructure
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A)Simple)Example:)2D)Graphene and)Boron)Nitride
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A)Simple)Example:)2D)Graphene and)Boron)Nitride

m? =
2~2Eg

9a2t2
⇠ 0.6m0

Eg=5.8 eV, t=2.92 eV, a ⇠0.15 nm

✏B ⇠ +2.9 eV, ✏N ⇠ �2.9 eV

Find)the)eigenvalues)of)the)Hamiltonian)to)get)the)bandstructure

Find)the)conduction)and)valence)band)structures)and)effective)masses
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A)Simple)Example:)2D)Graphene Bonds)and)Bands

E(kx, ky) ⇥ �vF

�
k2

x + k2
y

vF � 108cm/s
gspin = 2

gvalley = 2

• Reviews)of)Modern)Physics,)79)677)(2007).

E(kx, ky) = EF ± �0

�

1 + 4 cos(
�

3kxa

2
) cos(

kya

2
) + 4 cos2(

kya

2
)

• Expand)around
the)Dirac)point

�0 � 3 eV

Conical!
Linear)dispersion

For)2D)Graphene,)because)the)ona
site)energies)are)the)SAME,)the)
gap)is)ZERO!

BN)is)the)compound)semiconductor)
counterpart)of)Graphenet)the)
broken)symmetry)opens)a)very)
large)bandgap.
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A)Simple)Example:)2D)Graphene Bonds)and)Bands

E(kx, ky) = EF ± �0

�
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A)Simple)Example:)2D)Graphene Bonds)and)Bands

E(kx, ky) = EF ± �0
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Typical)3D)semiconductor)crystal)structures

(Denninger,Oda)
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Semiconductor)Crystal)Structures

(Denninger)
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Semiconductor)Crystal)Structures

(Denninger)
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Nearly)free)electron)bandstructure,)kaspace)points

(Rockett)
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Orbital)overlaps)and)bonds)in)semiconductors

(Cardona/Yu)
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Orbital)overlaps)and)bonds)in)semiconductors

(Cardona/Yu)
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TightaBinding)Bandstructure Matrix
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Semiconductor)Bandstructures

Origin)of)s)and)p)�contents� in)semiconductor)bandstructure
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Semiconductor)Bandstructures
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Semiconductor)Bandstructures
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Semiconductor)Bandstructures
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Semiconductor)Bandstructures

Origin)of)s)and)p)�contents� in)semiconductor)bandstructure (Rockett)

Rockett:)MSS
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Semiconductor)Bandstructures

Silicon GaAs

(Rockett)
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Semiconductor)Bandstructures

Chemical)bonding,) Lattice)Constants,)Band)edges,)and)Band)Gaps)for)various)Semiconductors
(Rockett)
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Semiconductor)Bandstructures

Bandstructures of)
Elemental) and)Compound) Semiconductors



73/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Semiconductor)Bandstructures

Bandstructures and)Density)of)States
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Electron)clouds)in)semiconductors

Electron)wavefunction squared)=)probability)density)of)finding)electrons
(Rockett)
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Measurement)of)Semiconductor)Bandstructures

AngleaResolved)PhotoaEmission)Spectroscopy)(ARPES)
(Rockett)
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Semiconductor)Bandstructures

Free)electron)vs.)real)bandstructure
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Semiconductor)dielectric)constants)&)polarization

(Rockett)

The)“Moss”)relation)of)dielectric)
constants)of)semiconductors

Plasma)frequency
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Semiconductor)density)of)states
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Semiconductor)carrier)statistics
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Semiconductor)carrier)statistics
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Semiconductor)doping
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Semiconductor)doping
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Semiconductor)doping
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Mobility)and)Transport
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Compound)Semiconductor)Families

Major.HFET.families:

• GaAsabased)(AlGaAs/GaAs)
(strainafree,)or)pseudomorphic)

• InP)based)(InGaAs)channels)

• 6.1)Angstrom/narrow)gap)channels
(generally)grown)metamorphically) on)GaAs)

• GaNabased)(AlGaN/GaN)and)AlN/GaN)
(typically)pseudomorphic)
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Compound)Semiconductor)Families

Major.HFET.families:

• GaAsabased)(AlGaAs/GaAs)
(strainafree,)or)pseudomorphic)

• InP)based)(InGaAs)channels)

• 6.1)Angstrom/narrow)gap)channels
(generally)grown)metamorphically) on)GaAs)

• GaNabased)(AlGaN/GaN)and)AlN/GaN)
(typically)pseudomorphic)
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Compound)Semiconductor)Heterostructures:)Strain
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Compound)semiconductors:)Heterostructures
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Being)the)Quantum)Mechanic

(Rockett)The)particle)in)a)box)problem

even
odd

even

odd



93/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Being)the)Quantum)Mechanic

(Rockett/Davies)The)particle)in)a)box)problem

Bound)states:)Atomicalike

Density)of)states)for)a)1D)quantum) well

“Continuum”)states:)Freeaelectronalike
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Being)the)Quantum)Mechanic:)Quantum)well)states

(Davies)

Quasia2D)systems:)Quantum)Wells

Photoluminescence) spectra)of)quantum)wells
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Being)the)Quantum)Mechanic:)Designer)Quantum)wells

(Davies)

Rectangular)quantum)wells

Parabolic)quantum)wells:)Harmonic)Oscillator)States!
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Being)the)Quantum)Mechanic:)Multiple)Quantum)Wells

(Rockett)

Note)the)‘zeroastates’)
for)odd)number)of)wells

States)merge)into)minibands
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The)Quantum)Mechanic:)Designer)Quantum)States

(Weisbuch/Vinter)
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Heterostructure superlattices

(Weisbuch/Vinter)
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Heterostructure superlattices

(Weisbuch/Vinter)

DOS)of)uncoupled)2D)wells

Density)of)states)of)a)superlattice
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Lower)dimensions)have)lower)DOS!
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Overview)of)Semiconductor)Devices

Rockett:)MSS

(Rockett)
Constitutive)relations)for)charge)transport)in)any)semiconductor
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Pan)diode)electrostatics

(Rockett)

Charge)neutrality

Builtain)voltage)of)a)pan)diode Depletion)width)of)a)pan)diode
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Breakdown)voltage)of)pn diodes

(Rockett)

Avalanche)breakdown) voltage)of)a)
pan)diode

Wider)bandgap semiconductors)
allow)higher)breakdown)voltages
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Electrostatics)and)current)flow)in)a)pan)diode

(Rockett)

Currentavoltage)characteristics)of)a)pan)diode

Depletion)width)at)an)applied)bias

Nonaideal)pan)diode:)parallel)leakage
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Compound)semiconductors:)Heterostructures
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Compound)semiconductor)heterostructure band)offsets

(Rockett)

Transitivity)of)band)offsets
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Quasi)electric)fields)in)semiconductor)heterostructures

Equal)force)on)electrons)and)holes

Forces)different) for)electrons)and)
holes
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Compound)semiconductors:)Heterostructures
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Heterojunction EnergyaBand)Diagrams

(Rockett)

How)to)draw)the)energy)band)diagram) for)a)heterostructure
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High)Electron)Mobility)Transistors)(HEMTs,)or)HFETs)

Conductive)channel)is)a)2DEG
in)a)heterostructure)quantum)well

Key.Advantages.of.HFETs:

• High)mobility) (suppressed)ionized) impurity)scattering)

• Superior) lowatemperature) performance)(no)freezeout)

• Choices:)superior)channel)materials,)heterostructures

• High)sheet)charge)densities)&)channel)conductance

Key.material.Requirements. for.HFETs:

• Semiainsulating) substrates

• Large)band)offsets)for)carrier)quantum)confinement

• High)mobility) in)conductive)channel

• Low)resistance)Ohmic)contacts

• Lowaleakage)Gate)(Schottky,)MOS)structure,)or)variants)
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HEMTs)/)HFETs
Semiconductor)combinations) for)HFETs
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HEMTs)/)HFETs
Semiconductor)combinations) for)HFETs

Major.HFET.families:

• GaAsabased)(AlGaAs/GaAs)
(strainafree,)or)pseudomorphic)

• InP)based)(InGaAs)channels)

• 6.1)Angstrom/narrow)gap)channels
(generally)grown)metamorphically) on)GaAs)

• GaNabased)(AlGaN/GaN)and)AlN/GaN)
(typically)pseudomorphic)
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HEMTs)/)HFETs
Semiconductor)combinations) for)HFETs

Barriers

Channel
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HEMTs)/)HFETs:)2D)Electron)Gases
Charge)Control)Model

Charge)Neutrality:

Gate)Capacitance:

�Quantum� Capacitance:

CG =
�

d + �d

CQ = �/�d ⇥ q2 �DOS

CG =
CG0CQ

CG0 + CQ

CQ = � /�d ⇥ q2 � D O S

⇤ �d ⇥ �⇥�2

q2m�
~)8)nm)(GaAs)
~)2)nm)(GaN,)Si)MOSFETs)

Effect.of.low.Quantum.Capacitance. (low.effective.mass):

• More)gate)voltage)needed) for)same)carrier)concentration
• Bad)for)gate)modulation) &)transconductance
• This)is)a)feature)of)2DEGs)(1D)nanostructures)can)eliminate) QC!)
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HEMTs)/)HFETs:)Threshold)Voltage

Charge)Control)Model

qV �di ⇥ EF � E0 =
��2

m�
ns

QW)energy)eigenvalues)(Airy)functions):

Voltage)drop)in)QW)due)to)quantum)capacitance:

Energy)Conservation:

Gauss�s)Law:

Charge)control)Law:

Threshold)Voltage) (ns=0)

q�ns = (
�

d + �d
)�VG = CG�VG
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Overview)of)Semiconductor)Devices

(Rockett)
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Compound)Semiconductor)HeterojunctionDevices

(Rockett)
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Compound)Semiconductor)HeterojunctionDevices

(Rockett)
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GaN family)(Wurtzite IIIaVs)

• IIIaV)nitride)semiconductors)crystallize)in)the)wurtzite)structure
• All)three)semiconductors)(InN,)GaN,)and)AlN))are)direct)gap
• Bandgaps)range)from)the)IR)thru)visible)to)deep)UV
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Spontaneous)&)Piezoelectric)polarization)in)the)Nitrides

• IIIaV)Nitrides)have)an)order)of)magnitude)higher)piezoapolarization)than)ZB)IIIaVs
• Piezoelectric)polarization)of)Al(Ga)N)is)higher)than)GaN
• Alloys)scale)roughy)linearly)with)composition)(Vegard’s)law)
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GaN HEMTs:)Origin)of)Polarization
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GaN HEMTs:)Origin)of)Polarization

+
/

dipoles
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GaN HEMTs:)Origin)of)Polarization

Perfect)Tetrahedron:
Dipoles)cancel)exactly

If c
a =

⇥
8
3 ,

�
pi = 0!
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GaN HEMTs:)Origin)of)Polarization

Perfect)Tetrahedron:
Dipoles)cancel)exactly

If c
a =

⇥
8
3 ,

�
pi = 0!

In Nitrides, c
a <

⇥
8
3 , �

�
pi ⇥= 0� Spontaneous Polarization
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GaN HEMTs:)Origin)of)Polarization

Polarization.in.IIIGV.Nitride.Semiconductors:

• Due)to)highly)polar)bonds)&)
nonaideal) crystal)structure

• Magnitude) of)sheet)charges)~several)1013/cm2

• Polarization)charges)are)BOUND,)but)induce
mobile)carriers

• Two)components:)Spontaneous)+)Piezoelectric

n� = Q�/q  1013 cm � 2
Imperfect)Tetrahedron:
Dipoles)do)not)cancel!

Perfect)Tetrahedron:
Dipoles)cancel)exactly
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GaN HEMTs:)Consequence)of)Polarization)Fields
Consequences)of)Polarization

Fixed)sheet)charges)at)the)surfaces:)Electric)Field,)Band)Bending
F� = qn�/� ⇤ 1.6 M V / cm

B and bending: q � F� � d = 160 e V for d = 1µm!
M aximum B and bending a t equilibrium = B andgap
dcr ⇥ Eg/qF� , and for d > dcr , a screening dipole is formed.
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Polar)Heterostructures
Charge)Control)Model

GaNGbased.polar.HFETs:

•Wide)bandgap >>)High)breakdown)voltages

•Wide)bandgap >>)Thermal)stability

• 2DEG)channel)due)to)polarization) (very)high)densities)possible)

eV1

Polarization)sheet)charge:

Energy)conservation)(ungated):

Gauss�s)Law:

Charge)density)(ungated):

Charge)density)(gated):
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Polarization)charges)at)Heterojunctions

High)polarization)charges:
High)electric)fields
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Polarization)charges)@)heterojunctions:)Consequences

High#polarization#charges:
High#electric#fields

High)electric)fields:
Energy)band)bending

Semiconductors:)Bands)
cannot bend)forever!

Creation)of)
“Neutralizing)Dipole”)a>)
Mobile)carriers!
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Polarization)Engineering)in)IIIaNitride)Heterostructures

Polarization)creates)mobile)electron)and)hole)gases:)WITHOUT)DOPING!

“Dipole)Engineering”a
Polarization)dipoles)can)create)artificial)
bandaoffsets)in)GaN heterostructures
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Polarization)and)Band)Parameters)for)IIIaNitrides
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Piezoelectric)Polarization)in)IIIaNitrides

Piezoelectric)Polarization)Field

Piezoelectric)Polarization)
Field)in)Wurtzite GaN
Heterostructures

Lattice)constant)of)
strained)layer

Lattice)constant)of)
the)substrate
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Polarization)Engineering)in)IIIaNitride)Heterostructures

• Lattice)matched)heterostructures)– same)lattice)constants
• Polarizationamatched)heterostructures)– same)polarization
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Semiconductors)for)Photonics

Major.IIIGV.Semiconductor.families:

• GaAsabased)(AlGaAs/GaAs)
(strainafree,)or)pseudomorphic)

• InP based)(InGaAs channels)

• 6.1)Angstrom/narrow)gap)channels
(generally)grown)metamorphically on)GaAs)

• GaNabased)(InGaN/GaN and)AlGaN/GaN)
(typically)pseudomorphic)
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• Absorption)power)is)Quantified)by)�Absorption)Coefficient�
• A)negative)absorption) coefficient)is)equivalent)to)optical)gain!

Optical)absorption)in)Compound)Semiconductors

��0

CB

V
B

E

k

• Adapted)from:)Wolfe/Holonyak/Stillman
Physical)Properties)of)Semiconductors
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Compound)Semiconductor)Heterojunction LEDs

(Rockett)
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GaN based)Visible)LEDs)and)Lasers

• Science)of)light
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How)to)make)a)Semiconductor)Light)Emitter
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How)to)make)white)light)with)semiconductors
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Solid)state)lighting:)The)lighting)of)the)future
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Effect)of)Defects)and)Quantum)Wells)on)Efficiency
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Absorption)Coefficient)of)Compound)Semiconductors

• Incident)photon)number)per)unit)area)per)second:)|Poynting)vector|/))photon)energy
• Goes)as)square)of)the)amplitude)of)vector)potential)(or)electric)field,)or)magnetic)field)

�(�⇥) = Number of photons absorbed per unit volume per second
Number of photons incident per unit area per second

�(�⇥) = R
S/��

Number of photons incident per unit area per second:

Vector#potential:

Electric# Field:

Magnetic#Field:

Poynting Vector:

Incident#energy#per#unit#area#per#second:
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Absorption)Spectra)of)Compound)Semiconductors

This)and)next)few)slides:)
From:)S.)L.)Chuang)(Photonic)Devices)

Optical)absorption)coeff.)of)bulk)semiconductor
(general) form)applicable)to)quantum) wells,)etc…)

“Joint” density)of)states)of)(VB,CB)

first)assume)
fv(k)=1,)fc(k)=0

Fermi’s)Golden)Rule
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Optical)Matrix)Elements)for)Transitions

Absorption)spectrum)of)a)general) IIIaV)semiconductor)at)equilibrium

�0(~⇥) = 2.64⇥105

�r
· 2|ê · pcv|2/m0

~⇥| {z }
‘oscillatorstrength0

· (2m
⇥
r

m0
)

3
2 ·

p
~⇥ � Eg

| {z }
/reducedDOS

cm�1

Momentum)matrix)elements)for)bulk)&)quantum) well)structures
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Optical)Gain)in)Semiconductors

Nonaequilibrium)
absorption)coefficient

•We)have)looked)at)light)absorption)by)a)semiconductor) (useful)for)photodetectors &)solar)cells)
• But)LEDs and)LASERs are)electrically)injected) light)emitters
• The)same)theory)that)explains)absorption)explains)emission)under)electrical)injection)as)well

Fundamental) result)for)
understanding) LEDs and)
LASERs

Nonaequilibrium) FermiaDirac)functions)
with)electron quasiaFermi) levels)(note:)
not)necessary)to)talk)about)holes)here))
Fc:)Conduction)Band)quasiaFermi) level
Fv:)Valence)Band)quasiaFermi) level
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Optical)Gain)in)NonaEquilibrium)Conditions

BernardaDuraffourg inversion)condition

Optical)Gain!!

Optical)
transparency!!

The)inversion)conditions)can)be)achieved)by
• Optical)pumping) (gas)lasers),)or
• Electrical)pumping) (semiconductor)LEDs &)Lasers)

A)laser)requires)a)light)emitter) to)be)placed)in)a)higha
finesse)(hiaQ))optical)cavity)to)amplify))a)specific)mode.
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Absorption)Coefficient/Optical)Gain)in)Quantum)Wells

⇥v(r) = uv(r)� [
1⇧
A

eikt·�]� V (nv, z)

⇥c(r) = uc(r)� [
1⇧
A

eik
�
t·�]� C(nc, z)

pba = ⇤⇥c|p|⇥v⌅ ⇥ ⇤ uc|p|uv⌅ � �kt,k
�
t
� Ic,nc

v,nv

Ien
hm =

� +�

�
dzC⇥(nc, z)V (nv, z) Determines)selection)rules

General) form)of)absorption) coefficient:

Effectiveamass)functions!!
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Optical)Gain)in)Quantum)Wells

Equilibrium) absorption)coefficient)in)QW)is)proportional)
to)the)joint)DOS)and)has)2D)subband features
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Measured)Gain)Spectra)in)IIIaV)Quantum)Wells

Gain)spectrum)in)QWs follows)the)equilibrium)
JDOS)modulated)by)the)Fermi)Dirac)functions)in)
accordance)with)the)BernardaDuraffourg condition.
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Compound)Semiconductor)Laser)Diodes

(Rockett)
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Interband and)Intersubband Optical)Transitions)in)QWs

Using#effectiveVmass#theory,#optical#matrix#elements#in#quantum#wells:

For#INTERBAND transitions:

For#INTERSUBBAND (intraVband)#transitions:

Minterband ⇠ a0, dipole length ⇠ lattice constant

Mintersubband ⇠ Lwell, dipole length ⇠ Quantum Well Width
(giant dipole e�ect!!)
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Intersubband Optical)Transitions

Optical#transitions#for#intersubband processes

⇤a(r) = uc(r)� [
1⇧
A

eikt·�]� ⇥1(z)

⇤b(r) = uc(r)� [
1⇧
A

eik
�
t·�]� ⇥2(z)

µba = ⇤⇤b|ee|⇤a⌅ ⇥ ⇤ uc|uc⌅ � ⇤ 1⇧
A

eikt·�|er| 1⇧
A

eik
�
t·�⌅

⇥ �kt,k
�
t
⇤⇥2|ez|⇥1⌅ẑ ⇥ �kt,k

�
t
� ez12

For#INTERSUBBBAND (intraVband)#transitions:

Mintersubband ⇠ Lwell, dipole length ⇠ Quantum Well Width
(giant dipole e�ect!!)
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Intersubband Optical)Transitions

Applications#of#ISB#transitions:#In#Quantum#Cascade#Lasers
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Compound)Semiconductor)HeterojunctionDevices

(Rockett)
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Compound)Semiconductor)HeterojunctionDevices

(Rockett)
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Applications:)The)DoubleaHeterostructure Laser
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Compound)Semiconductor)Laser)Designs

(Weisbuch/Vinter)
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Compound)Semiconductor)Laser)Designs

(Weisbuch/Vinter)
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Reduction)of)lasing)threshold)current)density

Alferov Nobel)Lecture)2000
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Lasers)outperform)LEDs)in)efficiency!
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Lasers)outperform)LEDs)in)efficiency!
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Please)read…

Science)and)Future

Rockett:)MSS Weisbuch &)Vinter:)QSS
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Next)topics:)please)read…

Materials)Science)of)Compound) Semiconductors

Rockett:)MSS
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Compound)Semiconductor)Crystal)Structures

(wikipedia)

C,)Si,)Ge,)GaAs,)…
Five)Bravais lattices)in)2adimensions

14)Bravais lattices)in)3adimensions

GaN,)AlN,)ZnO,)CdS,)…

CuInSe2,)…

Ga2O3,)…

Graphene,
BN,)MoS2,)
…
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Compound)Semiconductor)Crystal)Structures

(Rockett)
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Compound)Semiconductor)Crystal)Structures

(Rockett)
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Compound)Semiconductor)Crystal)Structures
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Compound)Semiconductor)Crystal)Growth
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Molecular)Beam)Sources

(Rockett,)Chp 11)
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Materials)Sources)and)Detectors

(Rockett,)Chp 11)
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Tracking)crystal)growth)inasitu)using)RHEED

(Rockett,)Chp 11)
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Tracking)crystal)growth)inasitu)using)RHEED

(Rockett,)Chp 11)
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Tracking)crystal)growth)inasitu)using)RHEED

(Rockett,)Chp 11)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chps 4)&)6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 6)



188/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Compound)Semiconductor)Growth)&)Energetics

(Rockett,)Chp 4)
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Next)topic:)Defects)in)Semiconductors

Materials)Science)of)Compound) Semiconductors

Rockett:)MSS

(Rockett,)Chp 7,)Haller/McLuskey)
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Interstitial)sites)in)FCC)lattices,)Electronic)nature

(Rockett,)Chp 7,)Haller/McLuskey)
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Electronic)Energy)levels)of)Substitutional Dopants

(Rockett,)Chp 7,)Haller/McLuskey)
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Electronic)Energy)levels)of)substitutional impurities

(Rockett,)Chp 7,)Haller/McLuskey)
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Electronic)Energy)levels)of)Hydrogen)Interstitial

(Rockett,)Chp 7,)Haller/McLuskey)
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Formation)Energy)&)Statistics)of)Vacancies)&)Interstitials

(Rockett,)Chp 7,)Haller/McLuskey)
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Formation)Energy)&)Statistics)of)Vacancies)&)Interstitials

(Rockett,)Chp 7,)Haller/McLuskey)
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Formation)Energy)&)Statistics)of)Vacancies)&)Interstitials

(Rockett,)Chp 7,)Haller/McLuskey)
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Strain)Energies:)Microscopic

(Rockett,)Chp 7,)Tsao,)Marder)
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Strain)Energies:)Microscopic

(Rockett,)Chp 7,)Tsao,)Marder)
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Strain)Energies:)Microscopic

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocations)in)Buried)Heterostructures &)Motion

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Extended)Defects:)Dislocations

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocation)Energetics)and)Fields

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocation)Energetics:)Critical)Thickness

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocation)Energetics:)Critical)Thickness

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocation)Arrays:)Critical)Thickness

(Rockett,)Chp 7,)Tsao,)Marder)
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Dislocation)Scattering)and)Mobility
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Dislocation)Scattering)and)Mobility

(Rockett,)Chp 7,)Tsao,)Marder)



217/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Dislocation)Scattering)and)Mobility
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Effect)of)Dislocations)on)Vertical)Diodes)&)Transistors

Lee)McCarthy)(PhD)Thesis,)2001)
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Effect)of)Dislocations)on)Vertical)Diodes)&)Transistors



220/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Effect)of)Dislocations)on)Vertical)Diodes)&)Transistors

Lee)McCarthy)(PhD)Thesis,)2001)
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Effect)of)Dislocations)on)Photonic)Devices
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Effect)of)Dislocations)on)Photonic)Devices
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Moving)from)“GaN”)to)AlN for)electronics
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HEMTs)based)on)the)AlN platform
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HEMTs)based)on)the)AlN platform
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HEMTs)based)on)the)AlN platform
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AlN nucleation)on)6H)SiC by)MBE
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AlN nucleation)on)AlN/Sapphire)by)MBE
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AlN nucleation)on)Bulk)AlN substrate)by)MBE
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AlN nucleation)on)Bulk)AlN substrate)by)MBE
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Growth)conditions)for)sharp)heterojunctions

Gen)I Gen)II

• Rough) lower)heterointerfaces

• Growth)interrupt)was)found)to)
be)essential)in)metalarich)MBE)
growth)to)make)the)
heterojunctions sharp

Fluxes/
temperaturs

Time

AlN buffer GaN channel AlN barrier

FAl=8.5x10-8 Torr

FGa=1.6x10-7 Torr

FN RF = 200 W
Plasma 

“on”

(Al shutter close) (Al shutter open)

Interruption
Lowering Tsub

Tsub=720°C
Tsub=660°C

MBEsubstrate

AlN 
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MBE)growth)of)strained)GaN QaWell)HEMTs

TEM)courtesy:)
Moon)Kim)(UT)Dallas)
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MBE)growth)of)strained)GaN QaWell)HEMTs

TEM)courtesy:)
Moon)Kim)(UT)Dallas)
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Evolution)of)strain)with)GaN QaWell)thickness

TEM)courtesy:)
Moon)Kim)(UT)Dallas)
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Evolution)of)strain)with)GaN QaWell)thickness
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Strain)distribution)in)Regrown)contact)HEMTs

Bulk AlN SubstrateBulk AlN Substrate

4.5 nm AlN Barrier4.5 nm AlN Barrier
2.5 nm GaN cap2.5 nm GaN cap

AlAl2O3

Au/NiAu/Ni
GateGate

28 nm GaN QW28 nm GaN QW

Au/TiAu/Ti

Regrown Regrown 
n+ - GaN - GaN
SourceSource

Au/TiAu/Ti

Regrown Regrown 
n+ - GaN - GaN

DrainDrain2DEG2DEG(strained)(strained)
(relaxed)(relaxed)

AlNAlN

AuAu

GaN QW channelGaN QW channel

NiNi

PtPt

Au/NiAu/Ni

200 nm200 nm

Regrown nRegrown n+-GaN Source-GaN Source

Access regionAccess region

10 nm10 nmAlNAlN

GaN QWGaN QW

AlNAlN
AlAl2O3 GaNGaN(c)

(b)  

 Access
 region

 

Regrown
 n+ GaN 
source

500 550 600 650 700 750 800
150

200

250

300

350

400

450

596.9 cm-1

In
te

ns
ity

 (a
.u

.)

Wavenumber (cm-1)

A1(LOGaN):
753.3 cm-1

E2
H(AlN)

E2
H(GaN):

568.9 cm-1

Bulk GaN

(a)
E2

H (bulk) = 567.4 cm−1

" Strain probing in lateral 
direction.

" Strained GaN in QW access 
region.

" Large relaxation in the 
regrown n+ GaN region.

G.'Li,'et)al
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First)strained)GaN QuantumaWell)HEMTs)on)bulk)AlN

(a)'Cross/sectional'schematic'of'the'
AlN/GaN/GaN'heterostructure'FETs.'

(b)''Images'of'a'grown'
and'processed'sample'
(top),'and'a'bulk'AlN'
substrate'(down).

(c)''SEM'image'of'a'finished'
device.

• We)transferred)everything)we)learnt)from)growth)and)processing)on)AlNaonasapphire) templates
• First)demonstration)of)strained)GaN)QWs)on)bulk)AlN)substrates)with)MBE)regrown)contacts
• Latest)2DEG)mobilities)are)up)to)~600)cm2/Vs,)but)devices)fabricated)on)~200)cm2/Vs)samples
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RF)results)of)strained)GaN)QW)HEMTs)on)bulk)AlN

RF performance w/o passivation:
(a) Transfer characteristics of the FETs with 65/nm/long gates in linear scale.
(b) Pulsed I–V measurements with a 500/ns pulse width and a 0.5/ms period. (c)
Small/signal RF characteristics of the device showing current gain and unilateral
gain fT / fmax = 120/24 GHz.

• Strained)GaN)QW)HEMTs)on)bulk)AlN)exhibit)current)drives)~2.8)A/mm
• RF)cutoff)frequencies)of)120)GHz)on)~1.9)A/mm)65)nm)gate)devices
• Device)characteristics)beat)those)on)sapphire)significantly
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GaN pHEMTs (Gen)I)! II)! III)! IV)

Gen)I Gen)II

sc
al
in

g A
lN
su
bs
tra
te
s

Gen)III Gen)IV

1)A/mm

2 A/mm
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Thermal)Conductivity)of)Compound)Semiconductors

(Slack)

Gruneisen Parameter

Criteria)for)high)thermal)conductivity)semiconductors

Effective)Debye)Temperature
Lattice)Thermal)Conductivity
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Thermal)Conductivity)of)Compound)Semiconductors

(Slack)
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Thermal)Conductivity)of)Compound)Semiconductors

(Slack)
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High)Thermal)Conductivity)Semiconductors

(Slack)

Phonon)Scattering)Rate

boundary Point)defects Intrinsic)Umklapp

Electrically)active)defects)have)stronger)effect)on)thermal)conductivity)than)neutral)impurities
Example:)Oxygen)significantly)degrades) the)thermal)conductivity)of)AlN,)because)it)creates)
Aluminum)vacancies,)that)have)large)dM/M!
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Thermal)Conductivity)of)Layered)Semiconductors

(Slack)
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Thermal)Conductivity:)Isotope)Effects

(Slack)
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Compound)Semiconductor)Crystal)Growth
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Compound)Semiconductor)Growth

Molecular)Beam)Epitaxy:)Effusion)cell)design)comes)from)space)propulsion)systems!
Ion)beam)sources)were)developed) for)altitude)control,)station)keeping,) and)changing)orbit.
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Compound)Semiconductor)Growth
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Molecular)Beam)Sources

(Rockett,)Chp 11)
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Compound)Semiconductor)Growth
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Materials)Sources)and)Detectors

(Rockett,)Chp 11)
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Tracking)crystal)growth)inasitu)using)RHEED

(Rockett,)Chp 11)
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Tracking)crystal)growth)inasitu)using)RHEED
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Tracking)crystal)growth)inasitu)using)RHEED

(Rockett,)Chp 11)
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Compound)Semiconductor)Growth

(Rockett chp 10,11,)Tsao)
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Compound)Semiconductor)Growth
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Compound)Semiconductor)Growth

(Rockett chp 10,11,)Tsao)



259/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Compound)Semiconductor)Growth

(Rockett chp 10,11,)Tsao)

More)accurate)
“Fermionic”)theories



260/xxDebdeep)Jena)(djena@cornell.edu),)Cornell)University

Growth)Physics:)Connection)to)Ising Models

(Saito,)Stat.)Phy.)of)Crystal)Growth)
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Compound)Semiconductor)Growth

(Rockett chp 10,11,)Tsao)
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Compound)Semiconductor)Growth
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Compound)Semiconductor)Growth
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Compound)Semiconductor)Growth
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Compound)Semiconductor)Growth
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