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Outline - first lecture

» Classification of crystals

» Surfaces €=====start here agains -
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Surface Reconstruction

o
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Miller-Indices and Definition of Planes

X001 (01,00 ¥ (T.0,0)

o
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Miller Indices: Rules

z 1. Set up axes along the edges of unit cell
2. Normalize intercepts .... 2, 3,1

y 3. Invert/rationalize intercepts ... 1/2, 1/3, 1

“ 3/6, 2/6, 6/6
4. Enclose the numbers in curvilinear brackets
(326)
PURDUE Klimeck - ECE606 Fall 2012 - notes adopted from Alam \@

Few more rules ...

Negative Intercept Intercept at infinity
z z
Y Y
X X
2, 3, -2 2, 3, 0
1/2, 1/3, -1/2 1/2, 1/3, 0
3, 2, -3 3, 2, 0
(3 2.3) (320
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Where does Miller Indices come from ?

o -2 -2
Miller indices: (326) R _
R=| 0| R=|3
1 0
z,C
R,=1c-2a Normal to the surface and R;,R,
a b c
\ yb RXxR;= [-2 3 =3a+2b +6¢C
Vector indices same as Miller indices !
(326) vs. [326]
Purpul Specification of vectors normal to a particular plane! O

Angle between Two Planes

=Angle between two vectors

=Dot product / inner product between two vectors
z
[ Unit vector normal to plane 1:

N, =(ha+kb+1c)/(h +k> +12)"

Unit vector normal to plane 2:

N, =(ha+kb+1c)(h: +k2 +12)">
Yy

Cos(8)=N,e N,
= (hh +kok, + L) [(hy + ks + L) (5 + ks +15)"7
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Examples ...

cos(8)=(1x0+0x1+0x1)/(v/1xv/2) = 0
so 6=90 degrees

(011) surface is normal to (100) surface
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Example: Find the [021] direction

[021] 0
o T=[2|W1
a
o ey [100] )
i f CIEA R 6, [021]
7 v N.=|0|/V1
/ 0 % [o11] 0
(100) n-type N2=|1|//2
1

N,*T =cos(8,)=(1x0+0x2+0x1)/(1x\/5) = 0, so 8=90 degrees
[021] vector lies on (100) plane.

N,T =cos(8,)=(0x0+2x1+1x1)/(v/5 v/2) = 3/ /10, so 6=18.43 degrees
with respect to [011] direction.
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Bravais-Miller Indices

z

1, , -1, O
0, 1, -1, 0

as 0, 1, -1, 0

a2 (0110
a
First three indices sum to zero.
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Outline - lecture 1

 Course information
 Motivation for the course

e Current flow in semiconductors
* Types of material systems

» Classification of crystals
» Bravais Lattices
» Packing Densities
» Common crystals - Non-primitive cells
v'NaCl, GaAs, CdS
» Surfaces

* Reference: Vol. 6, Ch. 1
* Helpful software: Crystal Viewer in ABACUS tool at nanohub.org
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Summary - Lecture 1 - Crystals

1. To understand transport in semiconductors, we need to know
carrier density () and cartier velocity (v). In order to find these
quantities, we need to understand the chemical composition and

atomic art ange ments.

2. Crystalline material can be built by repeating the basic building blocks.
This simplities the quantum solution of the material, which will allow us

to compute n and v for these systems easily.

3. Silicon, GaAs, PbS do not have simple Bravais lattice; but they have

Bravais lattice with basis.

4. Often we need to calculate the direction of crystal planes because
material properties differ along different planes. Miller indices
are one useful way of characterizing crystal planes. In is useful to
to review some identities of vector calculus to such calculations

involving crystal planes.
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ECE606: Solid State Devices
Lecture 2

Quantum

Mechanies
WHAT?

Gerhard Klimeck
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Presentation Outline

* Classical Systems
» Particles
» Propagating Waves
» Standing Waves
» Chromatography
* Strange Experimental Results => The Advent of Quantum
Mechanics
» Discrete Optical Spectra
» Photoelectric Effect
» Particle-Wave Duality
* Why do we need quantum mechanics?

» Formulation of Schrddinger's Eq.

o
PURDUE Kiimeck - ECE606 Fall 2012 - notes adopted from Alam : j%r

Classical Macroscopic Particles

Properties:

« Have a finite extent * continuous (ignoring atomic granularity)
* Have a finite weight * continuous (ignoring atomic granularity)
 Are countable with integers « discrete

Laws of Motion
» Classical Newtonian Mechanics

Interactions with other particles
« Energy continuity
« Momentum continuity

Example
« Billiard balls
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Propagating Plane Waves

Properties: X:"‘?t
¢ Have infinite extent —
. ~ N\
« Have finite wavelength FA
* Have a finite frequency / \ / \
u LoPx _ \/
Laws of Motiornzz ~C —5 = =
. i . . [VAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
Wave equaliof - sin(kx - at) ¢ =% =+ -
* One solution PVAAAANAAA NN
Interactions with othgr waves / environment M/\/\NNJJVVM\NW\/\M
» Coherent superposition hitp://wwww. qmw. ac. uk/~2gap118/5/
=> interference, constructive and destructive s
=> one wave can cancel out another
* Huygens principle: new wape front
one plane wave made up by many circular wa tghe oy
=> diffraction St sl it

=> waves go around corners

secondary wavelet

http://farside.ph.utexas.edu/teaching/
302l/lectures/node135.html

= ACN Huygens’ Principle

nanoHUB.org

 All waves can be represented by point sources

 This animation shows an example of a single point source

http://id.mind.net/~zona/mstm/physics/waves/propagatio
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Huygens’ Principle

« All waves can be represented by point sources

 This animation shows an example of multiple single point sources creating a
wavefront.

http://id.mind.net/~zona/mstm/physics/waves/propagatio

o
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Propagating Plane Waves

ight is an Electromagnetic Wave

Properties:

« Have infinite extent  « Not countable
« Have finite wavelength. continuous

* Have a finite frequency continuous

2 X _

u
Laws of Motiorm;3 —C % =

* Wave equatioUz u.sinlkx —at) c=+&/ =+ Af
« One solution 0 ( ) B /k -

Double Slit Experiment

Interactions with other waves / environment

» Coherent superposition
=> mterference, constructive and deStrUC“VG http://en.wikipedia.org/wiki/Double-slit_experiment
=> one wave can cancel out another

Huygens principle: i /7
one plane wave made up by many circular waves 7/ '
=> diffraction /// ‘ ‘ 1/ ‘

=> light goes around corners ‘

http://www.qmw.ac.uk/~zgap118/2/

Accepted Proof:

« Light is an electromagnetic wave .
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' Standing Waves

Properties:
« Have finite extent » Countable in 1/2 wavelen

« Have discrete wavelengths * Integer multiples
» Have discrete frequencies ¢ Integer fractions
su 29X _g
Laws of Motion&? K2
* Wave equation_ jupsin(kx—at) Osx<L - _ 7 .
U= i — )7 e« Quantize
¢ One solution . . i
0; X<0x>L L momentum Kk

Interactions with other waves / environment
¢ Coherent superposition

=> e.g. sounds add in an instrument

A standing wave is a resonator

one resonator can couple to another

=> e.g. string <=> guitar

=> energy is transferred between resonators
=> energy conservation

resonators must be “in-tune”

=> momentum conservation
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nancHUB.c

http://en.wikipedia.org/wiki/Prism_%28optics%29

 “White” light consists of a broad spectrum of colors
 Each individual color is associated with a particular frequency of wave
« A prism can dissect white light into its frequency components

* |s there some information in this kind of frequency spectrum?
=> chromatography
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Presentation Outline

* Strange Experimental Results => The Advent of Quantum
Mechanics
» Black Body Radiation
» Discrete Optical Spectra
» Photoelectric Effect
» Particle-Wave Duality

Tl
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(1) black-body radiation

10
2000 K
10°
” 1000 K
3
8
2
E
g
% 10°
H 300 K
“ 0
102
10 o1 10 llo 100 b
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10 T ¥ I ]
2000 K

or @ / U(A,T) Ok, T /A

| log(u) =-4log(d)+ log(T )

,_.
T
T

~— Wein’s Formula
-BIAT

e
4 ul FE

Spectral emittance (watts/em®-um) (U)
=Y =)
I

107 - Plank’s fitting formula

. 1 1
u(/l,T)DFLM—T_J

|
01 1.0 1w ' w0

1073

A(pm)
4 UNUJUL AUMECK - ELEOUO Fall ZUi1Z - NOLEs aaopiea 1rom Alam \%

Interpretation of Plank’s Formula

dA 1 1 dA C
u(f, T =u(A,T)— ~—~—~| ——— |— A=—
(1.T)=u( )df /]S{eﬂ’”—l}df f

1
~ f2xhf X(mj
/

nos. of

_— modes Energy
of mode

Occupation
Probability

EM emission occurs in discrete quanta of
E = hf n=12, ......N
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Recent Example: COBE Data

400 - -}
pFis.  FIRAS data

3030

VU=

intensiy

100

J.C. Mather, Astrophysics J., 1990.

Show that the cosmic background temperature is
approximately 3K. Can you “see” this radiation?
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Presentation Outline

« Strange Experimental Results => The Advent of Quantum
Mechanics
» Black Body Radiation => light emission is quantized
» Discrete Optical Spectra
» Photoelectric Effect
» Particle-Wave Duality
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Stfange Experimental Observations

The Advent of Quantum Mechanics

Discrete light spectrum:
« Light emitted from hot elemental materials has a discrete spectrum
» The spectrum is characteristic for the material (fingerprint) Images from: http:/fen.wikipedia.org

R -_
T l“ |I |IIII-

» E.g. application - bright yellow Na lamps
=> |ot of excitation energy converted into single frequency

Development of atomic models
» Bohr atom model - electrons in looping orbits
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Origin of Quantization

eVl

E. b 1]
Es —IL54
Ey — Ij: —L85
5 | - hwllll:u -
. series
® () ‘ ® Ey ~3.80

. - T:‘I:i'ne:r

frequency

1 1
E.,=const x| — —-—
' m n £ e 136

sarriis
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(3) Bohr Atom ..

Assume that angular momentum is quantized:

L, = myur, = nfi n=1273 ..
U=nil/myr
|

mgv? q°
Tn dregr
4 #)?
mey Ik .
h = —E'_"_‘
moq
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(3) Bohr Atom (continued) ...

1
KE. = -:1z-m0fv2 =3 (q*ldregry)

PE. = —¢*4mwegr, (P.E.set =0 atr = 00)

1
E, = KE. + PE. = = (¢"/Ameyr,)

n
Mg 13.6 _ ( 1 1)
= - = - \Y% E,, =const x| — ——
Ea 2(4mregnh)? P ’ m  n’
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Strange Experiﬂf;h"é'ﬁtal Ob ations

The Advent of Quantum Mechanics

Discrete light spectrum:
« Light emitted from hot elemental materials has a discrete spectrum
» The spectrum is characteristic for the material (fingerprint) Images from: http:/fen.wikipedia.org

R -_

o Spemum- || |I |IIII-
» E.g. application - bright yellow Na lamps

=> |ot of excitation energy converted into single frequency

Inereasing eneray
n=3 of orbits

Development of atomic models
» Bohr atom model - electrons in looping orbits
¢ Quantum mechanical model

. i f A photan is ernitted

1s 2p 3d 4f n with eneray £ = A
=> electrons are standing waves bound to a core
=> discrete transition energies lead to discrete spectra
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Presenfatio Outline

http://en.wikipedia.org/wiki/Prism_%28optics%29

« Strange Experimental Results => The Advent of Quantum

Mechanics
» Black Body Radiation => light emission is quantized
» Discrete Optical Spectra => light emission/absorption quantized

» Photoelectric Effect
» Particle-Wave Duality
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Strange Experimental Observations

The Advent of Quantum Mechanics

Photoelectric Effect: E

* Light can eject electrons from a clean metal kinetic‘[

» Observed by many researchers but not explained for 55 yearss E =0
1839, 1873, 1887, 1899, 1901 | | l E. \f“‘”’”
see details: http://en.wikipedia.org/wiki/Photoelectric_effect Binding

Unexplained p_roblt_ems: _ _ &~ | ©

« Electrons emitted immediately, no time lag a a

* Increasing light intensity increases number of electrons but not theit energy

* Red light will not cause emission, no matter what intensity @

» Weak violet light will eject few electrons with hiﬁ;h energy o @
=> Light had to have a minimum frequency / color to excite eIecLLqﬁs), e

ik )
» => Emitted electrons have light dependent energy fm 6=, vr" a
S |
The solution in 1905 (Nobel prize for Einstein in 1921) e
AE |:| (f _ fm) ttp://en.wikipedia.org/wiki/Photoelectric_effect
E = hf Light consists of particles

« Light can be described by discrete particles of discrete energy Ph otons

 Planck’s constant - h

« Light energy is not divisible

» Have to have minimum energy to kick out an electron from the bound state

EBinding =hf,, Eineic = Eiight = Einding = h(flight - fm)2 0
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Photoelectric Effect

E = (hf-W)
Electrons

Light (hf)

qQVg = (%) mu? =hf -W
o Y, |> cathode A
A\
1w | .
B hf V__
R|
A | s
I >

W

Absorption occurs in quanta as well, consistent with photons having E=hf

X
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Presentation Outline

* Strange Experimental Results => The Advent of Quantum

Mechanics
» Black Body Radiation => light emission is quantized
» Discrete Optical Spectra => light emission/absorption quantized
» Photoelectric Effect => light is described by particles

» Particle-Wave Duality
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Wave - Particle Duality

All particles have a wave property
* Can interfere

* Can diffract

 Can form standing waves

All waves have particle properties
* Have momentum

* Have an energy

 Can be created and destroyed

Typical descriptions:
* Energy E, frequency f, Momentum k

* A set of discrete quantum numbers

» Choose wave/particle description according to problem
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(4) Wave-Particle Duality

Photons act both as wave and patrticle, what about electrons ?

E :\/m)zc4+ pzcz
/

l
hf = PC  m=0 (photon rest mass)

p=hf/c
=h/A (because = Af)
=hk (becaus& =2mr/A)

o
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Presentation Outline

« Strange Experimental Results
=> The Advent of Quantum Mechanics
» Black Body Radiation => light emission is quantized

» Discrete Optical Spectra => light emission/absorptionquantized
» Photoelectric Effect => light is described byh
» Particle-Wave Duality => true for all waves and pa{icles

» Why do we need quantum mechanics?
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Which electrons contribute to device current?

Number of atoms/volume
from crystal structure

Number of electrons
available for conduction Number of electrons/atoms

4 5 6 7 8
Be| B | c | N o
JC I E I (PR E R 3
i
i n Se.

All electrons may be created equally,
but they appear do not behave identically!

Tl
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Do | really need Quantum Mechanics ?

Periodic

Original
Problem Structure Electrons in periodic

potential: Problem
we want to solve

If it were large objects, like a skier skiing past a set of obstacles,
Newton's mechanics would work fine, but in a micro-world .....
* Some electrons are closely bound to the atomic cores
* Some electrons are loosely bound
=> they can move through the structure freely
+ Even free electrons need empty states to flow into
=> not only the states, but their filling is important!

A
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Carrier Density

Carrier number = Number of states x filling factor

| I

Chapters 2-3  Chapter 4

~L 1]

Total number of occupants

= Number of apartments °
X The fraction occupied i/
_|
Ty
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Presentation Outline

« Strange Experimental Results
=> The Advent of Quantum Mechanics

» Black Body Radiation => light emission is quantized

» Discrete Optical Spectra => light emission/absorption quantized
» Photoelectric Effect => light is described by particles

» Particle-Wave Duality => true for all waves and particles

» Why do we need quantum mechanics?
» Formulation of Schrodinger's Eq.

X
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Schrodinger Equation for electrons

E=mZc’+ pic? =me 1+ pe?/ 2m e+ ..

E-mc® = V + @°/am)

AN |
hf= hw = V + @°k*/2m,)

28
w
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Schrodinger Equation (continued)

how = (h2k2 /ZTB )+V
Assume, W(x,t) = Aexp(i(at —kx))

dW/dt=-ic¥ andd®W¥ Hx* =-k*¥

2 2
ihd—w: I de +VY
at 2m, dx
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Presentation Outline

* Strange Experimental Results
=> The Advent of Quantum Mechanics

» Black Body Radiation => light emission is quantized

» Discrete Optical Spectra => light emission/absorption quantized
» Photoelectric Effect => light is described by particles

» Particle-Wave Duality => true for all waves and particles

* Why do we need quantum mechanics?
» Formulation of Schrddinger's Eq.

Tl
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Conclusions

1. Given chemical composition and atomic arrangements,
we can compute electron density by using quantum mechar|

2. We discussed the origin of quantum mechanics —
experiments were inconsistent with the classical theory.

3. We saw how Schrodinger equation can arise
as a consequence of quantization and relativity,
but this is not a derivation.

4. We will solve some toy problems in the next class
to get a feeling of how to use quantum mechanics.

A
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ECE606: Solid State Devices
Lecture 3

Gerhard Klimeck
gekco@purdue.edu
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fram

Motivation

Periodic
Structure .
E
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Assume
n® d*y dwy :
- +U (W =in— = IRt/

om ¢ (X) m Y(xt)=g(x) e
_IEt 2 iEt iEt
-e L dng)+e "UX)Y(X) = |h—t//(x)e B

Zn}, dx
h2 d
Y su ooy =y
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Time-independent Schrodinger Equation

d2

2
+

2 (E-U)y =0

If E >U, then ....

o = V2m[E-U] %H&a _0 @(x)=Asin(k) + Beos(k)

h = A%+ Ae™
If U>E, then ....
J2m[u -] ﬂ—aﬁ//:o (x) = De™™ + Ee"
G ¥
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A Simple Differential Equation

_B Ay -
o VO =B

* Obtain U(x) and the boundary conditions for a given problem.
* Solve the 2" order equation — pretty basic
* Interpret |(,1/|2 =y as the probability of finding an electron at X

» Compute anything else you need, e.g.,

= [ad _Tosl Rd
— [y | O E=[y|-2=|¢d
p_;[qj[idx}pdx J [idt} g

Tl
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Qgﬁu.&g Presentation Outline

* Time Independent Schroedinger Equation
* Analytical solutions of Toy Problems
» (Almost) Free Electrons
» Tightly bound electrons — infinite potential well
» Electrons in a finite potential well
» Tunneling through a single barrier
* Numerical Solutions to Toy Problems
» Tunneling through a double barrier structure
» Tunneling through N barriers
* Additional notes
» Discretizing Schroedinger’s equation for numerical implementations

Reference: Vol. 6, Ch. 2 (pages 29-45)

* piece-wise-constant-potential-barrier tool
http://nanohub.org/tools/pcpbt

A
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Full Problem Difficult: Toy Problems First

Periodic Case 1:
Structure Free electron
PUN—
E>>U
E
Case 3:
. ° , Electron in finite well
E<U
Case 2:
Electron in infinite wel
E <<U
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Case 1: Solution for Particles with E>>U

d2¢/+k2w:0 K 1IZTT})[E—U] £ °

dx? h

1) Solution ¢ (x) = Asin(kx) + Bcos(kx)
ikx ik U(x)~0
=A€e" +Ae L

2) Boundary condition  ¢(x) = A€* positive going wave
=Ae™™ negative going wa\
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Free Particle ...

@ (x) = Asin(kx) + Bcos(kx)
= Ae+Ae™ A
*———
w(x)= A€ positive going wave
=Ae™ negative going wa\
Ux)~0
2 * 2 2
Probability: |l//| =Yy =|A+| or |A_|
Momentum: P= J."U* {Ei}/’ dx=7nk or #ik
0 i dx
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Full Problem Difficult: Toy Problems First

Periodic Case 1:
Structure Free electron
P
E>>U
E
Case 3:
) e . Electron in finite well
E<U
Case 2:
Electron in infinite wel
E << U
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Case 2: Bound State Problems

» Mathematical interpretation of Quantum Mechanics(QM)
2
I e =inZy
2m a

» Only a few number of problems have exact mathematical solutions
» They involve specialized functions

V =00 V=00 V=00 V = ax
DR
V=0
x=0 x=L 0 X x=0 X
Coulomb _Potential Particle in a box Harmonic Oscillator Triangular Potential Well
by nucleus in an atom
) 1 o )
W (r)=AR,(r)Y,(6.9) W, (x) = Asin(k,x) W (x)= A———H,(Bx)e 2 W, (x)=NAi(¢,)
y2"n!
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1-D Particle in a Box - A Solution Guess

« (Step 1) Formulate time independent Schrddinger equation

0 O<x<L,
o elsewhere

K? d?
2max?

W(X)+V (X)(x)= Eg(x) where,V(x)= {

V =0 V =

« (Step 2) Use your intuition that the particle will
never exist outside the energy barriers to guess,

(%)= 0 0OsxslL,

wx)= #0 in the well AT MA
V=0

 (Step 3) Think of a solution in the well as: <=0 X=L

wn(X)=Asir[rli—”xJ ,n=123,..

X
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1-D Particle in a Box - Visualization

* (Step 4) Plot first few solutions

z//n(x)=Asir(T_” J n=123,..

A=A i B A /A I AW AL
e A A I VR VY

Os<x<L,
#0 inthe well

Matches the condition we guessed at step 2! #(X)=
But what do the NEGATIVE numbers mean?

* (Step 5) Plot corresponding electron densities
()" = AZsin [n”x] ,N=12,3,.. mmp The distribution of SINGLE particle
o Lol e
X=0 rstype” x=L X=0 "ptype” x=L,X=0 ‘dtype” x=L, Xx=0 -“ftype" x=

ONE particle => density is normalized to ONE £
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1 D Particle in a Box - Normalization to ONE particle

(Step 6) Normalization (determine the constant A)
Method 1) Use symmetry property of sinusoidal function

() = Azsinz(:” xj

0A= 2
LX
x=0 x=L, x=0 x=L,
Method 2) Integrate |, (X)\2 over 0~L,
2n7x
L 2 L 1-co L J L
N n2oio NIT L . _ a2k
= Io W, (X)) dx = IO A? sm{L xjdx =A? _[0 fdx =A?

= D lnn n=123,..
Dl/’n(X)—\/L:Xsw(L—XxJ, o

X
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1-D Particle in a Box - The Solution

(Step 7) Plug the wave function back into the Schrédinger equation

wn(x):\/l_zxsi t_”x] - =2y () = E()
2 277.2

A =E
2m L2 "
— . | S
L]
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Discrete Energy Levels!
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SEDMVCI1.D Particle in a Box - Quantum vs. Macroscopic

¢ Quantum world - Macroscopic world
» What will happen with the discretized energy levels if we increase the length of the box?
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« Energy level spacing goes smaller and smaller as physical dimension
increases.

< In macroscopic world, where the energy spacing is too small to resolve,
we see continuum of energy values.

* Therefore, the quantum phenomena is only observed in nanoscale
environment.
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Presentation Outline

* Time Independent Schroedinger Equation
* Analytical solutions of Toy Problems
» (Almost) Free Electrons
» Tightly bound electrons — infinite potential well
» Electrons in a finite potential well
» Tunneling through a single barrier
* Numerical Solutions to Toy Problems
» Tunneling through a double barrier structure
» Tunneling through N barriers
 Additional notes
» Discretizing Schroedinger’s equation for numerical implementations

Reference: Vol. 6, Ch. 2 (pages 29-45)

* piece-wise-constant-potential-barrier tool
http://nanohub.org/tools/pcpbt
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