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The band theory of solids.
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elemental and binary compound semiconductors.
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Periodic potential

Bloch theorem

Dn% (7_”)) = U,z (7_”)) elkT )

O 20 20 @0
o ® O

e

Bloch wave, Bloch amplitude,
Bloch function Bloch envelope

@ @ @
The solution of the one-electron Schrodinger equation for a . . .
periodic potential has a form of modulated plane wave: ) .Q .\) .Q

2, 71 () = 2, (7 + )

We introduced coefficient n for different solutions corresponding to the same k (index). k-
vector is an element of the first Brillouin zone.

un,E(F) = Z CE_G*eiGr
G
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Periodic potential .

Bloch theorem

Proof: . . .
Translation operator T'z Tz (f@) = f(F + ﬁ) . . .

Perodic potential of the crystal lattice: T (V(T)) V(r * R). . . .

Hamiltonian with periodic potential ) 9 )

T (A® @) =AF +R)p(F+R) = A® p(F + R) = AR Tz (W)
operators are commutative!

T=w(@ =P(F+R+R) =TTz

Eigenfunctions ¥ 7 () of the translation operator T’ﬁ:

T = CR), ) = e Py z ) e =1
where f(}_?> + }_f’) = f(}_f) + f(}_f’)
f0)=0 > f(R) = kR
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Periodic potential

Bloch theorem

Proof: | | |
Translation operator Tz Tz (f(®) = f(7 + R) O .\) .\) .\)
Eigenfunctions ¥ 7 () of the operator Tﬁ O O O O
oo e e
Trp(@ = C(R)Y, (@) = e*Fy, +(7) |

We denote our eigenfunction wnE(F) where n distinguishes the

different functions of the same E Let us define:

Uy = Y (Pe™

periodic function

/

Tz () = T (Wi e ™) = "Ry, o@D FEHR) =y @e ™ =,

Thus:

P, 2 () = u, e

The eigenstates of the electron in a periodic potential are characterized by two quantum
numbers k and n k — wave vector
n — describes the energy bands (for a moment!)
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Periodic potential _

The nearly free-electron approximationT
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The electronic band structure

* It is convenient to present the energies only in the 1st Brillouin zone.
* The electron state in the solid state is given by the wave vector of the 1st Brillouin zone, band
AE

number and a spin.
Allowed

band U U U
Forbidden band
band

Forbidden band
Allowed
band

a
P
Brillouin
zone
2017-06-05 7




The electronic band structure

CH, CsHyz C17H36 CasHas
Fig. 2.3 Development of the diamond band gap

W. R. Fahrner (Editor) Nanotechnology and Nanoelectronics
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The electrgg

Doy 0y
Cluster SiH, Cluster SigH,;
HOMO = 11,78 &V HOMD = 5,37 eV
LUMO = 0.62 8V LLIMO = -2.09 a¥
T — —— —
el _-...g =
— ===
e ===
e ———
Cluster Si1THEE Cluster SiﬁgHﬂﬁ
HOMD = -8.67 av HOMED = -8.97 av W. R. Fahrner (Editor) Nanotechnology and Nanoelectronics
LUMD =-2.07 a¥/ LUMD =-2.79 a¥f

2017-06-05 Fig. 2.4 Development of the Si band gap



Tight-Binding Approximation

We describe the crystal electrons in terms of a linear superposition of atomic eigenfunctions
(LCAO — Linear Combination of Atomic Orbitals) H = H, + V":

HA(F - ﬁn)‘P}'(F - ﬁn) = Ej‘pj(f) - ﬁn)

N SN

Equation for the free atoms that || j-th state e

form the crystal
hZ

HA - —%A‘F VA(F— ﬁn)

Atom in position I_én

2

h N - - -
H=HA+V’=—2—A+VA(r—Rn)+ ZVA(r—Rm)
m m+n

Perturbation: the influence of atoms in the neighborhood of ﬁm :
V'(F—R,) = Z Va(#— Rm)
m#*n

Good for valence band of covalent crystals, d-orbital bands etc.
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Tight-Binding Approximation
Approximate solution in the form of the Bloch function:

@) = ) angj(F ~ Bp) = ) expli kRy) (7 ~ )
n n

Check: S
\3(}(:006 CI)J-,E +5(7‘) =0 J_,) 7{’_}(7’)
& ® 2 (F+T) = exp(i kT) @, 3 (F)

Energies determined by the variational method:

E(k) < <q’j,ﬁ @®|Ho,; (?)>
<CDJ',7€ () q)j,E (7:,)>
Expression
<CDLE I (F)> - Z exp|ik(R, — Rpn)] j ¢; (F = Rn)p;(7 = Ry) av

n,m
can be easily simplify assuming a small overlap of wave functions for n # m

(0,2 0]0:0) = > [ 95 = Ry (7~ o) av =




Tight-Binding Approximation
Approximate solution in the form of the Bloch function:

@) = ) angj(F ~ Bp) = ) expli kRy) (7 ~ )
n n

Check:

D iic (7) = D% ()

b7 (? + ?) = exp(i ET) d 7 (1)
Energies determined by the variational method:
(@, ||, )

GG

-

E(k) <

E(k) ~ %{cpj’%(ﬂ H|CI>J.,E(F)> —

= 2 exp[i%(ﬁn — I_?)m)] f 40;7(7_') - ﬁm)[Ej + V’(F N ﬁn)]goj(f) a ﬁn) av

nm
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Tight-Binding Approximation
Approximate solution in the form of the Bloch function:

@) = ) angj(F ~ Bp) = ) expli kRy) (7 ~ )
n n

Check:

D iic (7) = D% ()

b7 (? + T) = exp(i ET) d 7 (1)
Energies determined by the variational method:
(@, ||, )

GG

-

E(k) <

Only the vicinity of ﬁ_n

E(k) ~ %{cpj’%(ﬂ H|CI>J.,E(F)> —

= 2 exp[iz(l_?)n — I_?)m)] f §07(7 - ﬁm)[Ej + V’(F N ﬁn)]goj(f) a ﬁn) av

nm f

Only diagonal terms ﬁn = ﬁm in E;
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Tight-Binding Approximation

E(k) = N(cbjﬁ(ﬁ)

= Z exp|ik(R, — Rp,)] J ;i (7 - Ro)[Ej + V' (7 = Rp)] (7 = Rn) dV

nm f

Only the vicinity of I_f_n

H|c1>jﬁ(F)> = %

Only diagonal terms ﬁn = I_fm in Ej

When the atomic states @; (7"’ — ﬁn) are spherically symmetric (s-states), then overlap
integrals depend only on the distance between atoms:

En(E) ~ E; — A; — B, z exp[iz(ﬁn - ﬁm)]
m
4 == | 0} = RV = Ry (= Ro) av

B = — j o5 (7 - ﬁ,ﬁv'(f_ R o (7 — Ry) dv

Restricted to only the nearest neighbours of I_fn
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Tight-Binding Approximation

When the atomic states @; (7"’ — ﬁn) are spherically symmetric (s-states), then overlap
integrals depend only on the distance between atoms:

En(K) = B — 45— B; ) explik(R, — Ry)]
m

ay == | 0} = R)V'F = Rl (7 - Ro) av

B = — f 01— Bu)[V'(F = B0y (7 — Ry) av

The result of the summation depends on the symmetry of the lattice:

For sc structure: }_fn — I_Q)m = (+a, 0,0); (0,+a, 0); (0,0, +a);
En(ﬁ) ~Ei—A; — 2Bj[cos kya + coskya + cos kza]

For bcc structure :

= ka k,a k,a
E.(k) ~ E; — A; — 8Bj cos (%) oS (%) cos( ; )

Forfcc structure :

En(l_c))zEj—Aj—LLBj cos|—|cos|—— |+ c.p.
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Tight-Binding Approximation

For sc structure: ﬁn — l_fm = (+a, 0,0); (0,+a, 0); (0,0, +a);
En(ﬁ) ~ E; — Aj — 2B; |cos kya + cos kya + cos k,al

~
=
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T (Distance)™’ Wave vector k along [111] A
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S_ (%}
. Fig. 7.8 a—c. Qualitative illustration of the result of a tight-binding calculation for a primi- <
tive cubic lattice with lattice constant a. (a) Position of the energy levels E; and E in the 3
| potential ¥(r) of the free atom. (b) Reduction and broadening of the levels E; and E- as T
[ a function of the reciprocal atomic separation r~'. At the equilibrium separation a the '§
~ mean energy decrease is 4 and the width of the band is 12 B. (¢) Dependence of the one- X}
Q electron energy E on the wave vector k (1,1, 1) in the direction of the main diagonal [111] T
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Tight-Binding Approximation

For sc structure: ﬁn — l_fm = (+a, 0,0); (0,+a, 0); (0,0, +a);
En(k)) ~ E; — Aj — 2B; |cos kya + cos kya + cos k,al

o
S Equilibrium separation
e
T 0
| ClI~ 3p —»
T
\-i 10 — M_
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—
c
TQ|: 20 F Cl”™ 35 —»
>
& °
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~ o -30 3
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g o £
Tz Ei o
= +2
& @ P %
S- .50 + Fig. 7.10. The four highest occu- =
— K*3g —a pied energy bands of KClI calcu- 5
| lated as a function of the ionic =
I 60 I | | R | ;eg;iillig_% in B;llllr radii Ea{] T _g
— L 5 8 10 . crn) ¢ energy levels 3
Q in the free ions are indicated by .
lon separation in Bohr radii arrows. (After [7.2])
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The electronic band structure

bands

\r
1 -

-]

27,2

Expanding En(E) = (En — hz:;

) near extremum, e.g. k = 0:

Landolt-Boernstein
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The electronic band structure

denl N5 1nsh | denl N\&l5” 1nSh | deal \@5" 1nSh
&<F ii “7%4

27,2

Expanding En(E) = (En — hz:;

) near extremum, e.g. k = 0:

Landolt-Boernstein
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Tight-Binding Approximation

Linear dispersion relation in graphene:

Tight binding approach with the only nearest neighbors interaction [P. R. Wallace, ,The Band
Theory of Graphite”, Physical Review 71, 622 (1947).] gives:

5 k.,a k.,a k.\/3a I
E(k)=i\/y§(1+4cosz%+4cos%-cos x2 )zh6|k—kl|
ground state excited state
(~4eV) 1 \/E
. L ) = — |25} + 1/ = |2p,
ST - 61) = = [25) + /5 202
A Pk 02) = 2 126) — L j2p) + = J2m,)
€@ = — |25y — —— . -
2 2s 2s @2 3 NG jz NG Py
1 1 1
o) = — |28) — — |29, ) — — |2
02) = 7= 128) = = [202) — =120,
i A
1s 1z
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Tight-Binding Approximation

Linear dispersion relation in graphene:

Tight binding approach with the only nearest neighbors interaction [P. R. Wallace, ,The Band
Theory of Graphite”, Physical Review 71, 622 (1947).] gives:

S kya kya  kyV3a
E(k)=i\/y§(1+4cosz%+4cos%-cos x2 )

(a)

Energy
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Tight-Binding Approximation

Linear dispersion relation in graphene:

Tight binding approach with the only nearest neighbors interaction [P. R. Wallace, ,The Band
Theory of Graphite”, Physical Review 71, 622 (1947).] gives:

S kya kya  kyV3a
E(k)=i\/y§(1+4cosz%+4cos%-cos x2 )
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Tight-Binding Approximation
Linear dispersion relation in graphene:

Tight binding approach with the only nearest neighbors interaction [P. R. Wallace, ,The Band
Theory of Graphite”, Physical Review 71, 622 (1947).] gives:

S kya kya  kyV3a
E(k)=i\/}/02(1+4c052%+4cos% cos x2 )

The number of states in the volume of wk?:

'l
|
2 2 S 512 2 E ‘% /\
N(E) = g3 k? = 7y m(k — ki) :(Zn)2”<h6) . /lf\.
g )

aN(E) E § /
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Tight-Binding Approximation

The existence of the band structure arising from the discrete energy levels of isolated atoms due
to the interaction between them. We can classify the electronic states as belonging to the
electronic shells s, p, d etc.

$ The existence of a forbidden gap is not tied to

i the periodicity of the lattice! Amorphous
: materials can also display a band gap.

L shell |f 3 crystal with a primitive cubic lattice
contains N atoms and thus N primitive unit
i cells, then an atomic energy level E; of the
: free atom will split into NV states (due to the
% | interaction with the rest of N — 1 atoms).
|
|
|

Electron energy E

15 K shell

Each band can be occupied by 2N electrons.

v

Ta
Separation r

Fig. 1.1. Broadening of the energy levels as a large number of identical atoms from the
first row of the periodic table approach one another (schematic). The separation ry corre-
sponds to the approxmmate equilibnum separation of chemically bound atoms. Due to the
overlap of the 25 and 2p bands, elements such as Be with two outer electrons also become
metallic. Deep-lying atomic levels are only shghtly broadened and thus, to a large extent,

they retain their atomic character
2017-06-05 24
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Tight-Binding Approximation

If a crystal with a primitive cubic lattice contains N atoms and thus N primitive unit cells, then
an atomic energy level E; of the free atom will split into N states (due to the interaction with

the rest of N — 1 atoms). Each band can be occupied by 2N electrons.

—— 2 N | — o
I -
An odd number of An even number of An even number of electrons
electrons per cell electrons per cell per cell but overlapping bands
(metal) (non-metal) (metals of the Il group, e.g. Be

— next slide!)

H. Ibach, H. Liith, Solid-State Physics
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Tight-Binding Approximation

The states can mix: for instance
sp3 hybridization.

L shell

Electron energy E

I
i
% : 15 K shell
|
|
|

v

Separation r

they retain their atomic character

H. Ibach, H. Liith, Solid-State Physics

2017-06-05

C, Si, Ge

Electron energy

quantum states

¢ Number of available
per atom

Interatomic distance

Fig. 7.9. Schematic behavior of the energy bands as a function of atomic separation for
the tetrahedrally bound semiconductors diamond (C), Si, and Ge. At the equbbrium se-
paration ry there is a forbidden energy gap of width E; between the occupied and unoccu-
pied bands that result from the sp® hybrid orbitals. For diamond, the sp? hybrid stems
from the 25 and 2;33 atomic states, for 51 from the 35 and 3p3, and for Ge from the 45
and 4p°. One sees from this figure that the existence of a forbidden energy region is not
tied to the periodicity of the lattice. Thus amorphous matenials can also display a band
gap. (After [7.1])

Fig. 1.1. Broadening of the energy levels as a large number of identical atoms from the
first row of the periodic table approach one another (schematic). The separation rg corre-
sponds to the approximate equilibrium separation of chemically bound atoms. Due to the
overlap of the 25 and 2p bands, elements such as Be with two outer electrons also become
metallic. Deep-lying atomic levels are only slightly broadened and thus, to a large extent,




Tight-Binding Approximation

2017-06-05
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kB k,

FGURE 2.17. Valence bands constructed from p orbitals. (a) Lattice of p- orbitals. (b) Bal
structure of the p. orbitals only; the band is ‘light’ along £, to the right and ‘heavy™ ulong &, (or
k) to the [eft. (c) Total bands from all three p orbitals, showing a doubly degenerate “heavy ™ band
and a single ‘light” band.



Tight-Binding Approximation

16+
- .
5"‘- 12' A .._EF___ =
&I__ L
& 8f Al E
s - 4
G oef -
D -
r X OWw [ U X
a Reduced wave vector

Fig. 7.11. (a) Theoretical bandstructure E(k) for Al along directions of high symmetry (/I
is the center of the Brillouin zone). The dotted lines are the energy bands that one would
obtain if the s- and p-electrons in Al were completely free (“empty” lattice). After [7.3].
(b) Cross section through the Brillouin zone of Al The zone edges are indicated by the
dashed lines. The Fermi “sphere™ of Al ( ) extends bevond the edges of the first Bril-
louin zone

Michat Baj
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Fermi surfaces of metals

Figure 15.7

Indicating only a few of the surprisingly many
types of orbits an electron can pursue in k-space
when a uniform magnetic field is applied to a
noble metal. (Recall that the orbits are given by
slicing the Fermi surface with planes perpen-
dicular to the field) The figure displays (a) a
closed particle orbit; (b) 2 closed hole orbit;
(c) an open orbit, which continues in the same
general direction indefinitely in the repeated-
zone scheme. Figure 15.8

l (0o1] 101 lf/ The spectacular direction de-
pendence of the high-field
magnetoresistance in copper
Plane of graph. (0101 that 1s characteristic of a Fermi
surface supporting open orbits.
The[001] and [010] directions

[010] of the copper crystal are as
CU — indicated in the figure, and the
g 200 400 600 current fows in the [100]

direction perpendicular to the
graph. The magnetic field is
in the plane of the graph. Its
magnitude is fixed at 18 kilo-
gauss, and its direction varied
continuously from [001] to
[010]. The graph is a polar
plot of

pH) — pl0)

oo Y U
vs. orientation of the field. The
sample is very pure and the
temperature very low (4.2 K—
the temperature of liquid he-

. lium) to insure the highest

AShCI"Oft, Mel"m|n possible value for wr. (J. R.

Klauder and J. E. Kunzler,

The Fermi Surface, Harrison

2017-06-05 and Webt s, Wiley, New

York, 1960..




Fermi surfaces of metals

Na

Fig.13 Fermu surface of aluminum

QLT Fig.10 Fermi surface of sodium.

Cu

Fig.12 Fermu surface of calcium

Fig. 11 In the three noble metals the free electron sphere bulges out 1 the [111]
directions to make contact with the hexagonal zone faces.

http://physics.unl.edu/tsymbal/teaching/SSP-927/Section%2010_Metals-Electron_dynamics_and_Fermi_surfaces.pdf
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Fermi surfaces of metals

16+
- .
5"‘- 12' A .._EF___ =
&I__ L
& 8f Al E
s - 4
G oef -
D -
r X OWw [ U X
a Reduced wave vector

Fig. 7.11. (a) Theoretical bandstructure E(k) for Al along directions of high symmetry (/I
is the center of the Brillouin zone). The dotted lines are the energy bands that one would
obtain if the s- and p-electrons in Al were completely free (“empty” lattice). After [7.3].
(b) Cross section through the Brillouin zone of Al The zone edges are indicated by the
dashed lines. The Fermi “sphere™ of Al ( ) extends bevond the edges of the first Bril-
louin zone

Michat Baj

2017-06-05

31



Tight-Binding Approximation

PHYSICAL REVIEW VOLUME 116, NUMBER 3

Fermi Surface in Aluminum

i WaALTER A. HARRISON
General Electric Research Laboratory, Schenectady, New Vork

{Received June 15, 1959)

(o) () (b) (b)
st ZOME 2nd ZOWE Jid TOME 4ih ZONE

Fic. 1. Schematic determination of the free-electron Fermi
“surface’” in a two-dimensional square lattice. The diagram above
indicates free-electron ‘“‘spheres” drawn around each reciprocal
lattice point ; the dashed squares (a) and (b) represent two choices
of Brillouin zones used in the drawings below. The cross-hatched
areas below correspond to regions occupied by electrons.

2017-06-05
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i
- 1
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Ist ZONE-FULL

]
[
| T ——

4th ZONE-POCKETS OF EL'NS

3rd ZONE-REGIONS OF EL'NS

Fic. 2. Free-electron Fermi surface in aluminum, constructed
in a manner analogous to that indicated in Fig. 1. Various sym-
metry points are specified in each zone; points K and U are
equivalent, The dotted curve (a) corresponds to an electron orbit
in wave-number gpace corresponding to a particular orientation
of magnetic field discussed in the text,
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Tight-Binding Approximation
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Tight-Binding Approximation

E-E(T )(eV) E-Ef (eV)

“~Density of states LE
like for free 13ev I
12 wa |

I
I
I
I
|
I

= i

electrons! | l Ns W3 |

I [l
|
I
I
I

D(E) ( STATES/ATOM / Ry)

'&0' o) i L ] | ] 1 | I 1 ] 1 | I | | | i | i | I |
) -0.20 00 020 040 060 ©0BC 100 120 140 160 1BO 200 220

E (Ry)

F1G. 2. Density of states of Al. The states responsible for structure are indicated by letters denoting their irreducible
representations. The arrows at 1.4, 2.4, 5.5, and 13 eV indicate the location of structure in the experimental K absorption in

Ref. 6. Michat Baj

Szmulowicz, F., Segall, B.: Phys. Rev. B21, 5628 (1980).
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Tight-Bind

Cu: [15225?2p®3s23p°®] 3d104st Of—— — s
[Ar] 3d194s!

Cu

._____EF — - —|—y— —. —)

ALTLLLLRL R

LRAUARNANAR AN R

-

= A A

/’/////

=

= -bt+ d/ — / ¢ <-4
>
L2 // Z L4
> Z
Fad é 3 :‘f.t
o
= o 4 -6
e
d-band -8 o
-10F --10
1 1 1
8 6 (A 2 0 L r X K r
Density of states (Arb. units) Wave vector

Fig. 7.12. Bandstructure E (k) for copper along directions of high crystal symmetry (right).

The experimental data were measured by various authors and were presented collectively

. . by Courths and Hiifner [7.4]. The full lines showing the calculated energy bands and the
Michat Baj density of states (left) are from [7.5]. The experimental data agree very well, not only

among themselves, but also with the calculation
2017-06-05




2017-

I
3 _
i S electrnﬂf 1‘& i
3 ’ - 2 i |
s =g ) 4= T,
g . d-electrons ,,é,' s - )
- 2 1.4 Ni: [1522522p®3523p®] 3d%4s! [Ar] 3d°4s!
i _ 1 ferromagnetic ordering, exchange
-6 Ni 16 . . . .
- i 4 interaction, different energies for
* " 1® different spins, two different densities
b of states for two spins P and |
0 .|, A—Stonergap

Energy

« Density of states —

Fig. 8.6. (a) Calculated density of states of nickel (after [8.3]). The exchange splitting is cal-
culated to be (0.6 eV. From photoelectron spectroscopy a value of about 0.3 eV is obtained.
However the values cannot be directly compared, because a photoemitted electron leaves a
hole behind, so that the solid remains in an excited state. The distance 4 between the upper
edge of the d-band of majority spin electrons and the Fermi energy is known as the Stoner
gap. In the bandstructure picture, this is the minimum energy for a spin flip process (the s-

electrons are not considered in this treatment). (b) A model density of states to describe the
thermal behavior of a ferromagnet




Semiconductors

Semiconductors of the group IV (Si, Ge) —diamond structure

Semiconductors AllIBV (e.g. GaAs, GaN) i AlIBVI (np. ZnTe, CdSe) — zinc-blend or wurtzite

structure ﬁkz
Semiconductors AIVBVI (np. SnTe, PbSe) —NaCl structure
ﬁ STl DA

Indirect bandgap, Eg=11eV _ - -
Conduction band minima in A point, constant
energy surfaces — ellipsoids (6 pieces), m[[=0,92
mO0, m1=0,19 mO,

The maximum of the valence band in I point,
ml/h=0,153 m0, mhh=0,537 m0, mso=0,234 mO,
Aso= 0,043 eV




Semiconductors

Semiconductors of the group IV (Si, Ge) —diamond structure

Semiconductors AllIBV (e.g. GaAs, GaN) i AlIBVI (np. ZnTe, CdSe) — zinc-blend or wurtzite

structure j\kz
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Semiconductors AIVBVI (np. SnTe, PbSe) —NaCl structure o5
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The maximum of the valence band in I point,
mlh=0,04 m0, mhh=0,3 m0O, mso=0,09 mO,
Aso= 0,29 eV

Conduction band minima in A point, constant
energy surfaces — ellipsoids (8 pieces), m/[=1,6
mO0, m1=0,08 mO,




Semiconductors

Semiconductors of the group IV (Si, Ge) —diamond structure

Semiconductors AllIBV (e.g. GaAs, GaN) i AlIBVI (np. ZnTe, CdSe) — zinc-blend or wurtzite

structure j\kz
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Semiconductors AIVBVI (np. SnTe, PbSe) —NaCl structure o5
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Direct bandgap, Eg = 1,42 eV
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The maximum of the valence band in I point,
mlh=0,076 m0, mhh=0,5 m0, mso=0,145 mO,
Aso= 0,34 eV

The minimum of the conduction band in I' point,
constant energy surfaces — spheres,
mc=0,065 mO




Semiconductors

Semiconductors of the group IV (Si, Ge) —diamond structure

Semiconductors AllIBV (e.g. GaAs, GaN) i AlIBVI (np. ZnTe, CdSe) — zinc-blend or wurtzite

structure
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Semiconductors AIVBVI (np. SnTe, PbSe) —NaCl structure o5
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Diamond structure
Zero energy gap, Eg = 0 eV (inverted band-
structure)
The maximum of the valence band in I point,
mv=0,195 m0, mv2=0,058 mO0, Aso=0,8 eV
The minimum of the conduction band in I point,
constant energy surfaces — spheres,
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Semiconductors

Semiconductors of the group IV (Si, Ge) —diamond structure

i AlIBVI (np. ZnTe, CdSe) — zinc-blend or wurtzite
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Photoemission spectroscopy

zrodio UV analizator energii hw = ¢ + Eyin + Ep
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Photoemission spectroscopy

(a) (b) hw = ¢ + Eyin + Ep

work function

Fig. V.3. Illustration of the photoemission process. (a) A photon of energy hi excites an
clectron from the initial state E%(k) to the final state (k) above the vacuum level E, ..
The kinetic energy of the photoemitted electron is E,,, = E'(k) — E,__. (b) The wave vec-
tors of the eectron inside A"™ and outside &A™ have the same parallel components since
the spatial phase irj k)| has to be identical to make the wave function continuous at any
given pomnt r| of the surface
Rys. V.2. Pomiar rozktadu katowego widma fotg. 4'
elektronéw z powierzchni miedzi. Widmo (a) zareje.
strowano z powierzchni Cu(111) w kierunku [111),
Widma (b) i (c) pochodzg z powierzchni Cu(110)
rejestrowane byly pod katami biegunowymi odpo-
wiednio 35,2° i 52,5°. Wielko$¢ wektora k stany
poczatkowego odpowiadajacego widmu (a) wyzna-
czona jest przez rzut wektora k, dla ktérego takie
samo widmo rejestrowane jest z powierzchni (110)
(wg [V.2])

H. Ibach, H. Liith, Solid-State Physics
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Photoemission spectroscopy
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Semiconductor heterostructures
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Fig. 11.4. Room-temperature bandgap energy versus lattice constant of common
elemental and binary compound semiconductors.

2017-06-05




Semiconductor heterostructures
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Bandgap engineering

How can we change the heterostructure band structure:

Jll selecting a material (eg., GaAs / AlAs)

e controlling the composition
e controlling the stress

Conduction Band (CE)

Valence Band (VEB)

Straddling Gap Staggered Gap Eroken Gap
(type ) (type 1l (type Il
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Heterostruktury potprzewodnikowe
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Bandgap engineering

¢ = work function

% = electron affinity (powinowactwo)
Ec = band gap

Ec = conduction band

Ev = valence band

Valence band offset (Anderson’s rule) AEs = y1 — xo = Ay
vacuum level AFEg; = FEg — Eax
[ 3 T
c T 72 qtz Valence band offset: AEy = AEg — Ax
B A1 P1
s ' — Eco AEs = AEs + AEy
: T R
é EF1———-T——3'—— v
3 Ea Eg:
? Ev; '
E Y Ev
.—§

Conduction Band (CE)

Valence Band (VE)

Straddling Gap Staggered Gap Broken Gap
(type 1) (type 1) (type Il
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Bandgap engineering

Valence band offset (Anderson’s rule)

vacuum level
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3 ¢ = work function
g % = electron affinity (powinowactwo)
3 Ec = band gap A
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{(c) -Vt compounds | 1.53

Su-Huai Wei, Computational Materials Science, 30, 337-348 (2004)

AEc = x1 — X2 = Ay - s m
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Valence band offset: AEy = AEg — Ax " o Lo
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Bandgap enginee

Valence band offset
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Fig. 4. Band offsets for group III-Nitrides. The dashed lines
represent the Fermi energy for the maximum achievable free
electron concentration in GaN and InN.
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Fig. 1. Band offsets and the Fermi level stabilization energy
(Egs) in I[TI-V compounds. The energy i1s measured relative to
the vacuum level. The filled circles represent stabilized Fermi
energies in heavily damaged materials, exposed to high energy
radiation. The open circles correspond to the location of the
Fermi energy on pinned semiconductor surfaces and at metal/
semiconductor interfaces. The dashed lines show the location of
the Fermi energy for a maximum equilibrium n- and p-type
doping in GaAs and InP.
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Bandgap engineering

How can we change the heterostructure band structure:

» selecting a material (eg., GaAs / AlAs)
l controlling the composition
e controlling the stress

Vegard’s law:

the empirical heuristic that the lattice
parameter of a solid solution of two
constituents is approximately equal to a rule
of mixtures of the two constituents' (A and B)
lattice parameters at the same temperature:

a=a,(1—x)+agx

2017-06-05

—

<
3]

_—

o

@

4.95 -

5.25
5.20 -
5.15 -
5.10 -
5.05 -
5.00 -

3.30°
3.25 -
3.20 -
3.15
3104
3.05 -

A%

3.00

~ a (GaN)- layers fully strained

O

11

o

O

PR I T I T T I I B\ TR

T
0.0

T
0.2

0.4

0.6 0.8 1.0
X

Fig. 5. Lattice parameters of 0.15-0.20 pm Al Ga, N layers. Lines—
WVegard's law between values for the AIN and GalN smngle crystals, Solid
squares— layvers on S1C, Open circles— lavers on bulk GaN.



Bandgap engineering

How can we change the heterostructure band structure:

» selecting a material (eg., GaAs / AlAs)
l controlling the composition
e controlling the stress

Vegard’s law:
Relationship to band gaps of ,,binary
compound”:

E=E;,(1—x)+Egx—bx(1—x)

b — so-called ,,bowing” (curvature) of the energy gap

2017-06-05

Band gap (eV)

Composition x

Z Dridi et al. Semicond. Sci. Technol. 18 No 9 (September 2003) 850-856
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A wave packet
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A wave packet

zhatb(r,t) = — %V P(r,t) + V(T t) U(r,t)
o0 . 27.2
b(z,t) = f dk C(k) *e—ivt e — TR
e 2m
Note that

o0 . 1 o0 .
P(x,0) = / dk C(k) ™ is a fourrier transform of C(k) = ﬁ_/ dx (x,0) e "

Gaussian packet:

C(k) = 21;r (azw)mf dz exp [_ ;—2 +i(ko — k)m]

2
—ay?+py _ T p
/ dy e \/; exp ( 4.95)

2017-06-05 S. Kryszewski Gdansk 2010



A wave packet

22\ V4
C(k) = (m) exp [—%ag(k‘n—k}g]
a? 1/ aA
)" %
2
CHP = (4—

. 1/2
2 12
WE) exp[ a*(ko — k) ]
Gaussian packet:

C(k) = 21;r (GEW)L@/ dz exp [_ ;—2 +i(ko — k-)m]

2
—ay?+py _ T p
/ dy e \/; exp ( 4&:)
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A wave packet

aA a’ 9 _ ihk?
= — — (k- -t
Derivation:
2
B as /. 5 9 ity
w = —?(k —Zkk{]+ku) + ke — o~k
2 2 92
B o [ @ iht 9 _ B kga
- —k (2 +2m) +k(akg—|—m) 5
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aA
T exp (
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/ dy e \/; exp ( 4&:)
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A wave packet

1/2 .
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A wave packet

Ordering expression:
kia* + 2ikgra® — z°
2a2(1 4 iot)

o = -1k +
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2a2(1 + iot)
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A wave packet

Ordering expression:

2
koa“c = kga = — = 7,

2
1 2 2 1 hkl]
sokfa® = swvpkg = — = wp.
2770 - 2m
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A

Eﬂkum—zwgt exp [_
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Pakiet falowy

(x — vot)?
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A wave packet

N h
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Mass particle (electron) and massless (photon) ~o
U(z,t) = / A(k)elFz—«(R)t) g,

o NA(k)

_ e—a(k—ﬁcg)z
dw d?w 5
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dk ko k Eo foton w = kc
elektron w = %
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