6.730 Physics for Solid State Applications

Lecture 20: Impurity States

QOutline

e Semiclassical Equations of Motion
e Review of Last Time: Effective Mass Hamiltonian
e Example: Impurity States
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Taylor Series expansion of energies...
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Matching terms to first order in g...
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Semiclassical Equation of Motion

d<TR>
dt

= 2 {[Tear, Trl) = eB{[7, Tr])

Plugging in this commutation relation into the equation of motion...

d<Tpn>
e —wE<hTM>
= ¢ER %(TR>
Solving the simple differential equation...
eE
<TR> — eieERt/TL k= ?t + kO

From Bloch’s Thm. We know the dk
eigenvalues of 7... el = dt
TRw(T) — 6ikR¢(T) <TR> — eikR dk
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Electron Motion in a Uniform Electric Field
2-D Crystal

http://www.physics.cornell.edu/sss/ziman/ziman.html



Properties of the Translation Operator

Definition of the translation operator...

Try(r) = ¢(r+R)
Bloch functions are eigenfunctions of the lattice translation operator...

Tr(r) = c(R)(r)

c(R) = 'R

Lattice translation operator commutes with the lattice Hamiltonian (V_,=0)

(TR, H(r)] =0

The translation operator commutes with other translation operators...

[TR17 TRz] — O



Properties of the Translation Operator

Lets see what the action of the following operator is...

~RZ (1 g0 1pe0® 1,30°
[e 8]]”(:1;)—(1 R8x+2!R Ox2 3!R 8$3+ )f(.:c)

= f(z) — Rf'(z) + %RQf”(:c) - %R?’f”’(g;) 4.

= f(z - R)

This is just the translation operator...

e BVrf(r) = f(r - R)

T Rf(r) =e ®Vrf(r)




Another Look at Electronic Bandstructure
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As we will seeg, it is often convenient to represent the bandstructure by
its inverse Fourier series expansion...

En(k) =" En(Ry)e 1t
;




Wavefunction of Electronic Wavepacket

The eigenfunction for k~k, are approximately...
Y k(1) = €FTuy 1 (r) m et hmhO) Ty o (1)
A wavepacket can therefore be constructed from Bloch states as follows...

zp;z(’rv t) = Z cn (k, t)¢n,k(r)
k

¢;7,(7°7 t) — Gn(r) t) Lu’n,ko(r)J

envelope function  Bloch amplitude

Since we construct wavepacket from a small set of k’s...

2
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...the envelope function must vary slowly...wavepacket must be large...

Ar > a



Summary of Last Time

Without explicitly knowing the Bloch functions, we can solve
for the envelope functions...

(ﬁo + Vemt(T)) Gn(?“, t) — i aGn(T, t)

ot

Bandstructure shows up in here... Hg = ) En(Ry) Tp,
¢

The envelope functions are sufficient to determine the
expectation of position and crystal momentum for the
system...

< Gn(r, 8)|r|Gn(r,t) >
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=< r(t) >
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Using Bandstructure in Effective Mass Hamiltonian

OGnr(r,t)
Ot

(ﬁO + Vemt(r)) Gn(r,t) =ih

where ﬁo = Z En(Rg) TRE
14

Bandstructure shows up in here...

En(k) =Y En(Ryg)e’™ Ho =Y En(Ry) Tg,
l l
— Z En(RK) GRK.VT
¢
For example...
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Donor Impurity States
Example of Effective Mass Approximation

Replace silicon (IV) with group V atom...

V(r) =Y Vsi(r = Ry) + [Vas(r) - Vgi(0)]
Ry periodic P oyt (1)
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Donor Impurity States
Example of Effective Mass Approximation

h2k2
En(k) =Ec+—+...
2m
h2V?2 e2 hOG N (7, 1)
— E.— Gn(rt) = —— ’
( 2m* + B 47T€|I'|) N 1) ? ot

Gy (r,t) = G (r)e Fal/h

This is a central potential problem, like the hydrogen atom...

Om* 4elr|

22 o2
<—TL v ) Gn(r) = (Eg — Ec)GN(r)

B = BB — m*e 136 m*e% oV
LT mdTe 2(4me)2R212 12 m €2

with 1=1,2,3,4,...



Donor Impurity States
Example of Effective Mass Approximation

Hydrogenic wavefunction with an equivalent Bohr radius..

eh?

Gl('r) — Ae_r/ro where To — D
m=e

= e (0.53A)
m

Donor ionization energy...




Donor Impurity States
Example of Effective Mass Approximation

g(E) = ggi(E) + > _ g9/6(E — E))
z

When there are N, donor impurities...

g(E) = ggi(E) 4+ Ny > _ g6(E — Ep)
l




Acceptor Impurity States
Example of Effective Mass Approximation

Replace silicon (IV) with group III atom...

V(r) =3 Vsi(r =Ry + V(1) - Vgi(r)]
Ry periodic P ot (1)
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Acceptor Impurity States
Example of Effective Mass Approximation

h2k2
E(k) =Ey———+...
2m
h2V2 e2 ROGN(r,t)
E Gy(r,t) = —— ’
( vt 2m* + 47re|'r|) n(rt) 0 ot

G (r,t) = Gy (r)e Fat/P
Another central potential problem...
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with 1=1,2,3,4,...



Acceptor Impurity States
Example of Effective Mass Approximation

Hydrogenic wavefunction with an equivalent Bohr radius..
eh?

Gi(r) = Ae™"/™0  where o= = e (0.53A)
m e m
Acceptor ionization energy... Ec
13.56m*
Eo = Ey+ T ev
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