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Carrier Density

Carrier number = Number of states x filling factor
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Outline

1) Rules of filling electronic states
2) Derivation of Fermi-Dirac Statistics: three techniques
3) Intrinsic carrier concentration

4) Conclusion

Reference: Vol. 6, Ch. 4 (pages 96-105)
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E-k diagram and Electronic States

Energy-Band Density of States
() E P / *
- m2 22;; VE-E.
7T
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Rules for filling up the States

3 Pauli Principle: Only one electron per state
O Total number of electrons is conserved NT — Z Ni
|

0 Total energy of the system is conserved E, = Zi E.N.
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Outline

1) Rules of placing electronic states
2) Derivation of Fermi-Dirac Statistics: three techniques
3) Intrinsic carrier concentration

4) Conclusion

In 1926, Fowler studied collapse of a star to white dwarf by F-D statistics,
before Sommerfeld used the F-D statistics to develop a theory of
electrons in metals in 1927. Wikipedia has a nice article on this topic.
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lllustrative Example: 3 Energy Levels

N.=5 and E;=12

E=4 |o o| |o]

E=0 |@|®

21 5171
Waos = 1151 ° 0151 3121
_ 35

21 51 7l

W = 01 2131 * 5120

=420
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Occupation Statistics
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probable configuration.

O




-

Occupation Statistics
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For N-states

N.

/ I \
ol | | O 4
> o o |n\x/l
° A A
2,03 1,22 0,4,1
w, =TT S 21 517
A (S =N)IN! Recall. Wao: =7151*151° 2141

INW)=>[InS;In(S; = N;) -~ InN,!]
i Stirling approx.
=2 [SiInS; =S, (S, = N)In(S; = N)) + (S, = N;) = N; In N, + N, |

=Y [S;InS; = (S, = N;)In(S; = N;)= N, In N; ]




Optimization with Lagrange-Multiplier

Choose the most
probable configuration.

i ) configurations
In(i_lj_a_ﬁEi}dNi \ ET:ZiEiNi
i | N,
N, :ZiNi

|
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Final steps ...

.n[i_lj_a_ﬁa 0

| NI —
N. 1
f E = L = fmaxE:]'
(E) S, 1+e*F &
AtE=E_, f(EF)E% = a+ PE. =0
N. 1 B 1
f(E)= S :1+eﬂ(E—EF) "1 pEE kT
- 1
AtE — oo, 1:Boltzman(E):Ae el = ﬂ_kBT
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K
Derivation by Detailed Balance

E=4 |O O |O O O

E=2 <:> o |®

E=0 Q|0 @

A { fo(B1) fo (B[ fo(B)IIL - fo(E,)] - }: )
fo(Es) fo(E4)[1_ fO(El)][l_ fo(Ez)]

1

E1 + E2 — E3 + E4 Only solution is .... fo(E) — l_i_eﬁ(E_EF)

Q Pauli Principle, energy, and number conservation all satisfied
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Derivation by Partition Function
o o A(E-NiEg) B o~ A(E-NiEg)
E=4 o TN @ AENER) T 7
2
E=0 IB =1/|(BT
state E, N, P
3 0 0 0 e?%%)/7
Ei |
4— 1 1 1 eefEPE/zZ
K Alam ECE-606 S09




4 L . . N
Derivation by Partition Function

1
state E;, N, P /

0 0 0 e?"%)/z
1 1 1 /&7

Probability that state is filled .... f (E) _ P
P+F
o (EEe)/keT | 7
1/ Z+e BRI 7

B 1
- 1_|_ e( Ei_EF )/kBT
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Few comments on Fermi-Dirac Statistics

3 Applies to all spin-1/2 particles

A Information about spin is not explicit; multiply DOS by 2.
May be more complicated for magnetic semiconductors.

[ Coulomb-interaction among particles is neglected,
Therefore it applies to extended solids, not to small molecules

N
r
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Outline

1) Rules of placing electronic states
2) Derivation of Fermi-Dirac Statistics: three techniques
3) Intrinsic carrier concentration

4) Conclusion
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Carrier Distribution
DOS F-D concentration
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Electron Concentration in 3D solids
n=[_" 9. (E)f (E)dE

:Iétopzxm:\/zm:(E_EC) 1 dE

21°R> 1+eﬂ(E_EF)
oomn\/Zm:(E—EC) 1
= e 2.3 B(E-E,) B(E.—Er) dE
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Boltzmann vs. Fermi-Dirac Statistics
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Effective Density of States

n=N.——F,,(n)—> N5 if E -E >3
\/; 1/2(77) c F > 30
_pNC
E. Ec
—p N,

As if all states are at a single level E,
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Law of Mass-Action

n=Nge %5

b

p — NV e+ﬂ(EV_EF) EF

(EC_EV)

nxp=N.N,e”

_ —PE
=N.N, e "
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Fermi-Level for Intrinsic Semiconductors

N = \/Nc N, e /52
EF = Ei

n=p= Nce—ﬁ(Ec—Ei) _ Nve+,8(EV—Ei)

Ei:EG-|_ 1 In&
2 28 N
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Conclusions

We discussed how electrons are distributed in electronic
states defined by the solution of Schrodinger equation.

Since electrons are distributed according to their energy,
irrespective of their momentum states, the previously
developed concepts of constant energy surfaces, density of
states etc. turn out to be very useful.

We still do not know where E; is for general semiconductors ...
If we did, we could calculate electron concentration.
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