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State of the art

Semiconductors have a band gap between their valence and
conduction band

Very used in industry due to their price and abondance

Specific properties of Silicon and AsGa : their bands structures,
densities of states and hole’s masses

Tight-Binding approach

ROBERT Théo Master 1 Internship May 28, 2024 3 / 25



Method - Tight-Binding method

Parametrized method
Simple model : electron on each site has a probability to hope on
neighbours’ site
In this approach the Bloch wave function is a LCAO :

ψu(⃗r) =
1√
N
∑
Rp

ei⃗k·R⃗pϕu(⃗r − R⃗p)

Interactions between two sites :

< ψu|Ĥ|ψv >=
∑
R′

ei⃗k·R′
∫
ϕ∗u(x)Ĥϕv(x − R′)

Very complicated !
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Method - Slater Koster parameter

Using a local frame to simplify calculation

Figure 1: Orbitals’ interactions Figure 2: Rotation between global and
local frame
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Method - Slater Koster parameter

Finally we get our constants to fit1 :

Figure 3: Energies constants due to
interactions

Figure 4: Value of the constants

1J.C. SLATER and G.F. Koster Simplified LCAO Method for the Periodic Potential
Problem
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Method - Chadi and Cohen determinant

Determinant of the hamiltonian representing nearest-neighbours
interactions between 2 atoms2 :

Figure 5: Determinant for interactions

2D. J. CHADI and M. L. COHEN Tight-Binding Calculations of the Valence Bands
of Diamond and Zincblende Crystals
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Tetrahedron method and effective mass

Analytical formula for density of states g(E) :

gn(E)dE =
1

4π3

∫
Sn(E)

dS
|∇Enk|

Effective mass :
1

m∗ =
1
ℏ2
∂2E
∂k2

Conduction mass m∗
c :

3
m∗c

=
1

m∗
L
+

2
m∗

T

with m∗
L and m∗

T longitudinal and transverse masses
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Results - Crystalline structure

Si ( 3s23p2) and AsGa (As :4s24p3 , Ga :4s24p1) have diamond
structures :

Figure 6: Silicon’s Bands structure with
orbitals’ contribution

Figure 7: First Brillouin zone
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Results - Silicon : Bands and DOS

Considering only first neighbours and using :
Es = 0,Ep = 7.20,Vss = −8.13,Vsp = 5.88,Vxx = 3.17,Vxy = 7.51
(units : eV )

Figure 8: Silicon’s Bands structure with
orbitals’ contribution

Figure 9: Silicon’s density of states
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Results - Silicon : Ligth and heavy holes

Figure 10: Silicon’s Bands structure Figure 11: Fit near Γ point

We found mhh = 0.34 and mlh = 0.16 (in atomic units ℏ = m0 = 1) while
experiments3 measured : mhh = 0.49 and mlh = 0.16

3Solid State Physics, Giuseppe Grosso and Giuseppe Pastori Parravicini, Table 13.1
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Results - AsGa : Bands and DOS

Considering only first neighbours and using :
Vss = −7.00,Vs0p = 7.28,Vs1p = 3.70,Vxx = 0.93,Vxy = 4.72,
Es0 = −6.01,Es1 = −4.79,Ep0 = 0.19,Ep1 = 4.59 (units : eV )

Figure 12: AsGa’s Bands structure with
orbitals’ contribution

Figure 13: AsGa’s density of states
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Results - AsGa : Ligth and heavy holes

Figure 14: AsGa’s Bands structure Figure 15: Fit near Γ point

We found mhh = 0.54 and mlh = 0.14 (in atomic units ℏ = m0 = 1) while
experiments4 measured : mhh = 0.48 and mlh = 0.09

4Solid State Physics, Giuseppe Grosso and Giuseppe Pastori Parravicini, Table 13.1
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Conclusion

Learn how to compute band structure and others properties

Above our approach...

Relativistic effects
Spin-orbit coupling
Optical transition
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Tight-Binding wave function
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Tight-Binding wave function

< ψn|Ĥ|ψm >=
1
N
∑
Ri

∑
Rj

ei⃗k·(R⃗j−R⃗i)
∫
ϕ∗n(⃗r − R⃗i)Ĥϕm(⃗r − R⃗j)

Let’s put x = r − Ri:

< ψn|Ĥ|ψm >=
1
N
∑
Ri

∑
Rj

ei⃗k·(R⃗j−R⃗i)
∫
ϕ∗n(x)Ĥϕm(x − (Rj − Ri))

Let’s put : R′ = Rj − Ri, R′ is a lattice’s vector.

< ψn|Ĥ|ψm >=
1
N
∑
Ri

∑
R′

ei⃗k·R′
∫
ϕ∗n(x)Ĥϕm(x − R′)

Sum over Ri simplifies 1/N and we get :

< ψn|Ĥ|ψm >=
∑
R′

ei⃗k·R′
∫
ϕ∗n(x)Ĥϕm(x − R′)
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Reciprocal space

Bloch’s theorem : ψnk = ei⃗k·⃗runk(⃗r) with unk(⃗r + R⃗) = unk(⃗r)

Born-Von Karman BC : we can take box of length L big enough to
have ψ(⃗r + L⃗) = ψ(⃗r)
Bloch + BVK : ψ(⃗r) = ψ(⃗r + L⃗)ei⃗kL⃗ ⇒ ei⃗kL⃗ = 1 with L = Niai

Quantification of k⃗ : eiNik⃗·a⃗i = 1 ⇒ k⃗ =
∑

i
mib⃗i
Ni

with m an integer and
b⃗i · a⃗j = 2πδij

Definition of b⃗ :b⃗i = 2π ⃗ai+1× ⃗ai+2
a⃗1·(a⃗2×a⃗3)

.
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Reciprocal space

Make our problem easier
Periodic potential
Hamiltonian is bloc diagonal for each point k
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Slater Koster parameter - Details
We use, spherical coordinate and by using usual rotation matrices around y
and z axis we have :

R(l,m, n) =


ln√

1−n2 − m√
1−n2 l

mn√
1−n2

l√
1−n2 m

−
√

1 − n2 0 n


with l = x

r , m = y
r and n = z

r
Example of simplification :

< x|Ĥ|x > ≃< x|V̂|x >
=< R11x′ + R12y′ + R13z′|V̂|R11x′ + R12y′ + R13z′ >
= R2

11ppπ + R2
12ppπ + R2

13ppσ
= (R2

11 + R2
12)ppπ + R2

13ppσ
= (1 − l2)ppπ + l2ppσ
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Determinant of Ĥ - Details
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Determinant of Ĥ - Details

Figure 16: Interaction element of the Hamiltonian’s determinant
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DOS - Details

Figure 17: Analytical formula for DOS
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DOS - Details

Figure 18: The tetrahedron method
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DOS - Details

Figure 19: Algorithm Figure 20: Contribution of one
tetrahedron to the DOS6

6Improved tetrahedron method for Brillouin-zone integrations,Peter E. Blöch ,
O.Jepsen and O.K. Andersen, 15 June 1994
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