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+ Four valence electrons per atom: Group IV (C, Si, Ge)

+ |lI-V compounds (GaAs, InAs, InSb, GaN ___)

+ |I-VI compounds (ZnS, ZnSe, CdSe, HgTe, .... )

*VB. —~ CB.isp s, hence allowed dipole transition |
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The first Brillouin zone High symmetry points and directions

I = 2n/a [0, 0, 0]
X = 2n/a 1, 0, 0]
L = 2n/ay[%, %, %]
U = 2n/ag[1, %, Y]
W = 2n/ag[1, %, 0]
K = 2n/ag[%, %, 0]

A= 2x/a e, 0, 0], 0<z<1
A= 2n/aglt, &, &], 0<e<%
x= 2I/a0[t.t ;‘ 0] 0 s ‘; < 3/‘
: Z =2nlay1, &, 0], 0<z<%
4n/a, Q=2nfa1-t, %, 5, 0<t<%
S = 2nla 1, £, £], 0<e<Y%
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Four-band Model (Parabolic Approximation)

+ Simplified band structure first
proposed by Kane (1957)

Electron (¢) single s-like conduction band
band three p-like valence bands
\ + effective mass:
E, 1 1 gE?
(b) Ll
(a) m k" ok
0= k +valid neark =0
LA s Heavy holes (hh) (a) Heavy hole transition
/-\ Light holes (Ih) (b) Light hole transition
Split-off holes (so) + Split-off hole

transitions also possible
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GaAs

Energy
0K E,=1426V
X-valley M-valley Er=1T1¢V
Ex =190eV
{-valley By =034eV
EX
<100> Eg' <I>
o Wave vector
Eso ' Heavy holes
Light holes
Split-off band
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Diamond

<00>

J00K
Ey=346-
Eq=13-
Eio =6 meV

1 <>

S0

Split-of bond

Wave vector
Heavy hoies
Lignt heles
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InP

X-valley

Energy 300K £ =134eV

<100> “ <111>
\\ Wave vector
Heavy holes

Light holes

Split-off band
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Si

<111>

h

Split-off band

Wave vector

—— Heavy holes

\\\.
“T—Light holes
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GaP

Energy
300K E, = 2.26eV
[-valley Ag E, = 26eV
L -valley Eo= 278V
X-valley f E,o =008V
Xic 13
E, i
gl |E
UE> } 2 |-1|5V <1|;>
Eq /[/@' o Wave vector
! Light Heavy holes
Split-off band hales
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INAS

X-valley

Energy

L-valley

<100> = <111>
/‘ \ Wave vector
E / \ Heavy holes
- Light holes
Split-off band
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INnSb
Ellergy 300K E_JZO.‘I 7eV
X-valley E =0.68eV
AN T-valley E.=1.0 eV
L-valle E‘?TI:O'S eV
EX
E
E, .
<100> <111>
b \\ Wave vector
E Heavy holes
-5 Light holes
Split-off band




Chem 253, UC, Berkeley @

GaN (Zinc Blende)

Zinc blende {Energy
|
X-valleys ' L-valleys

—

300K
E,=32eV
Ex=4.6¢V
EL=48-51¢V
Eo=002eV

Heavy holes  <I11>
Light holes

Split-off band
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GaN (Wurtzite)

Waurtzite 1 Energy
A-valley M-L-valleys
‘ 300 K
Tt E,= 339eV
B [ Tevalley ; Eny=45-53 eV
| E " Ex= 47-55eV
¥ Eo= 0.008eV
| i | Eam 004cv
- - T E—— T -
k E. Heavy holes k,

Light holes

Split-off band
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Bulk semiconductor:

i(kyx+kyy+k,2z)

v = Ae
E= i (k2 +k,>+k°?)
2m, - Y

e

dN V ,2m
D(E) = =
(E) dE 27z2(h2

k[: _ (372'2n)1/3

)3/2 1/2

Simple metals
Electrons are considered as “electron gas” (Drude model), i.e. the
application of an electric field accelerates them in the field direction.
Basic assumptions
no interaction between electrons; Independent Electrons
constant potential background, no periodic potential of the lattice;
electrons in a box have only kinetic energy, i.e. E = %2 mv?

Schrodinger equation Hy = Ey

E: eigenvalue of I1 h = h/(2x); h: Planck's constant
H: Hamilton operator m; electron mass
N V2: nabla? = §%/ox? + 92/oy? + §%/0Z3
H=-h?/(2m) V2 +V V: potential energy  [here: V = 0]
y: wavefunction,
Free Electron Approximation contains information of movement of
the electron (e7) and its position
E: energy

Solutions for y?




Simple metals: Quantum Theory

Boundary conditions
The electron is confined to the solid (a box of length L):
|w(0)=0and y(L)=0]

Hy = Ey = -h?/(2m) d2y/dx2 + V
with V =0:
0 = h%/(8r?m) d2y/dx? + Ey
0 = d?y/dx? + 8n°m/h? Ey
We define for simplification
which gives:
d?y/dx2 + k2y =0
Thus, v is a function that is proportional to its second derivative:
v o d2y/dx?
Possible solution: v = exp(-ikx), or, if real:
y = sin(kx) | => dy/dx = kcos(kx) => d?y/dx? = -k?sin(kx)

General solution includes a constant A: v = Asin(kx)

Simple metals: Quantum Theory
Are the boundary conditions [yw(0) = 0 and (L) = 0] fulfilled?

v = sin(kx) E

N e L N A=2/3L
w(0) = sin(k0) = 0

w(L) = sin(kL) is 0 if kL = nx

What are k and E?
With the definition k2 = 8r2mE/h2, and kL = nn:
k? = n?n2/L.2 = 8n?mE/h?
=>{E = n2h2/(8mL2)

We also know E =% mvZand p =mv,

and considering the particle-wave dualism:

de Broglie: p = hv=h/A =>p/h =1/A

=> k2 = 8n2mE/h? = 8n2m/h2 Y2 mv2 = 4n2/h? p? = 472/)2
k=2n/L | wavevector v = sin(kx) = sin(2n/A x)




Bulk semiconductor:

Allowed electron energies in a 1D box
, For each allowed energy state
= 2 electrons
In a typical metal (L ¥1cm <> 108 unit cells)
' AE between individual levels is very small,
i.e.|energies are quasi-continuous

i(kyx+kyy+k,z)

v = Ae

h? 2 2 2 W onzy, NI, Nz
E =2—m:(kx +ky +kz ) E(k)—%[(?) +(Ty) +(TZ)]
dN Vv (2m
dE  27° A’

D(E): )3/2 E1/2
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Periodic Potentials and Bloch's Theorem

Repulsive Force

¢ P Li‘l M

Attractive Force —
raciive For V,(r)=V(r +R)

S R Lattice vector
v p=E¢ ey
2m

Bloch’s theorem: the eigenstates of the Hamiltonian above can be chosen to have the
form of a plane wave times a function with the periodicity of the Bravais Lattice.

eik~r
Bloch Wavefunction: ¢(r) = —U(r)

W

u(r)y=u(r+ ﬁ) periodic part of Bloch function
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Quantum well, 1D confinement,
2D electronic system

w = Asink,z-e'“*Y)
h®n?  #?
— z_ _ k2+k2
8m. L2 2me(X 2
m*
D(E) =
(E) ah’L,
Ke = /27,
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Quantum well, 1D confinement,
2D electronic system
ho d?p(z [
R Y I 1 NPA P
2m*  dz? s Y
2 . Nz TSP =2
@y = 1| sin(k,z +—) =S H T
d 2 o FE==n=1
kK, =nx/d a2 0 a2
hzkr? hz nNrwz.,, Exp:m*=0.1m, d=10nm
n— = ( ) E, =38 meV
m* 2m¥* d E, = 150 meV
Infinite Potential Well

10



Chem 253, UC, Berkeley @ ~ 10} .
. = P
Quantum well, 1D confinement, LI -
2D electronic system < Flete
-d2 0 d2 -
= Separation of the variables:
Y(x,y,2) =%xy)ez) Infinite Potential Well
= Free in x-y plane, confinedin z.
nd’p(2)
E(n,k)=E, + E(k) -—————=Eo¢(z
2m*  dz? #(2)
= Free motionin the x-y plane
= (plane wave solution) 2 . nx
w( )_l e D, = ES”'](an +7)
X,y _\fﬁe
e k,=nz/d
E(k)=or
T e kit nz,
Total Energy: n— m* - 2m*(T)
E(n.K)=E, + T
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n=3
. i E
w = Asink z.e'" ne2
h’n®  j2 "
Ec= '*2+ *(kx+ 2)
8 ELZ e
E ol
k
Quantum No. A
Integer No.
h’n*> 2
Ev=

sm2 2my
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Density of States
The number of orbitals/states per unit energy range

dN
D(E)=—
(E) dE
E = h2k2 h (372' N)2/3 -._\\¢—T=DK
m 2m V ‘
V 27ZE 3/2 \\\-— T>0K
T3 ) ‘

Er E

AN _ V. 2My

D(E)= dE 27 2(h2
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2D density of states:

27\,
E(k)=—— = (==
(k)=—_ Vo (L)
27lkldk 1 ><2_\k\dk
27y LU oA

L
For each subband, in term of energy states

per unit volume

|k|dk 2mE 2mE 2 M dE
hz )

D(E) =

Z

;zth

Z

12
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Quantum Confinement and Dimensionality

1E+21 1

9E+20 A /-—"'
o GE¥20 4 » /
% 7E+20 -
& 6E+20 - |
L' /
O 5E420 - \
-:E; 4E+20
E 3E+20 A \ Bulk (3D)
2E+20 4 \\ Quantum YWell (2D)
1E420 \ — ] Quantum Wire (1D)
420 1
[ Quantum Dot (0D)
0

0 10 20 30 40 S0 6O 7O

Energy (meV)

80 S0 100 110 120
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2D density of states:

27
Vzo:(T)z
kY
K L L 2-N
Gt
L
27N
kF2= 2 = 2704
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Semiconductor quantum wells

GaA
AlG\aAs /a . GaAs quantum wells
VAR
sl S EARE
GaAs dg . 5 AlGaAs
substrate eciion 5 o

d—> «— —) <— —> <— d
S L s T
AlGaA
e ]EEaAS EGaAs EAIGaAs
V.B. Iljl"l VB._[1NM
Single quantum well MQW or superlattice

growth [« Molecular beam epitaxy (MBE)
methods | « Metal-organic chemical vapour deposition (MOCVD)
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» Single-sheet
= Single layer
» Few-layers

= MoS:, C, BN, TMS:

T T
0.0 0.2 0.4 06 08 10 12 14
Lateral distance (ym)

14
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Infinite Potential Well

1 : h d?e(z
2 10F I~ -3 2m* cig)=E¢a)
;; : V n=;
S N i 2 . Nz
& 5FLA = [=sin(k,z +—
S e~ \E a2+
S FE= - k,=nz/d

H > = 21,2 2
-2 0 d2 E = h kn h (nﬂ-)Z

"Tom*  2m* " d

Definite parity for each state
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Optical Transition: quantum well

Light polarized in x-y plane for normal incidence

Considering a general transition from the
nth hole state to the n'th electron state, we
can write the initial and final quantum well
wave functions in Bloch function form:

\ M ={f|xfi)

quantum well

ho \
N~ (FIXi)=(f]yfi)=(f|zfi)
e pumae

iK'y Ty

f)= %uc(r)% (2)e

15
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Selection Rule: Quantum well

Momentum conservation: Kgy=Kkx’
M=M_M,.
M oV = <uc|X|uv> * O D|p0|e allowed
M, ={en'hn) = [ p*,.(2)g,, (2)dz
Mcy is the valence- conduction band dipole

momentum;
M, is the electron-hole overlap.

conduction band

. dpdz . naz, . Nz
Infinite well: M, =EI_dIZSIH(T)Sm(T)dZ

n=2 %
My, =1ifn=n’, M, = 0 otherwise.

n=1 Q
Selection rules for infinite quantum well:
An=0
3D quantum well
conduction band
A A
Eg n=3|2 |1 Eg

valence band

} |

An = 0 selection rule
momentum conservation + lateral momentum
conservation

* (E_EG)HZ
Absorption Absorption

Ec
Photon Energy Photon Energy

16



2-D absorption

hs 1 1

conduction Ecwi=E ot )
8d
band e s
= £ D 22[’_,
E o e ENS D
& o)
2
......... Q._ J’ 1 1 1 1 L L 1 1 Il
e ¢ 510
0 (hV=E,) in units of (7 %/8dw)

valence band

 Absorption o density of states

» Density of states constant in 2-D: g,(E) = m/ 7#i°d
» Thresholds whenever hv exceeds (E, + E,+ E,)

* Band edge shifts to (£, + E, 1+ Ey,)

GaAs quantum wells

GaAs/AlAs MQW, d=7.6 nm GaAs/AlGaAs MQW
d=10 nm
& 10 _ 10fbul
= T
S = =
g 0.5 % 5L
Nal
< 3
0.0r

16 18 20 22 1.4
Photon energy (eV) Photon Energy (eV)

* Excitonic effects enhanced in quantum wells: strong at room temp

* Pure 2-D: R*P =4 x R,j3P

* Typical GaAs quantum well: Ry ~ 10 meV ~ 2.5 x Ry (bulk GaAs)

« Splitting of heavy and light hole transitions Exciton: 12nm

17
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E =E,  +—(=+—=
0 8d* 'm mh)

g.well

Emission spectrum

7Zn, ;Cd, ,Se/ZnSe quantum well

T T T T T T — 2_ l
95 E,=2.55¢V (10K)

= E,=2.45eV (300K)
'z 300K ;¢
3)
=
= * Emission energy shifted from
B l Eg to (Eg e Ee] s Ehhl)

ob """ "~ | «Tuné)bychangingd

24 25 26 27 » Brighter than bulk due to

Energy (eV) improved electron-hole overlap
» Used in laser diodes and LEDs
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Intersubband transitions

n-type quantum well

hv n=2 e Need z polarized lighf
P electrons

e Parity selection rule:

n-—1 An = odd number
~ 10} : n dp(z)
& r ; - N =E
= AN 3 pyS— 9(2)
= i i 2 . nr
£ st o ¢H=Esm(knz+7)
e & k,=nz/d
oFf =] g ki’ nz,
" 2m* 2m*'d

—d2 0 d2
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Intersubband transitions

n-type quantum well

hv n=2

e Need z polarized light

e Parity selection rule:

- electrons

An = odd number

* Transition energy ~ 0.1 ¢V (~ 10 um, infrared)
» Absorption used for infrared detectors
* Emission used for infrared lasers (Quantum cascade lasers)

19



