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3D bulk semiconductor
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2D “bulk” semiconductor
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2D bulk semiconductor: single subband
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1D “bulk” semiconductor
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1D bulk semiconductor: single subband
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Density-of-states in k-space

dk
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Ny
independent of E(k)

(Should include valley
degeneracy factor, g,.)
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Example 1: Electron density in 3D

(O’_Lz) 1
=13 () e
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p=t 2 - | £ (E)dk em™
Q= LxLyLZ Q4ar 7,
(0,9) (O’Lx) = 1
y 4 Jo = 1 4 o EEe)ksT
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Example: cont.

1 3 Note: We extend the integral to infinity
n= 4 3 J- fo (Ek )d k because we can usually assume that
T 5z the higher energy states at large k have
E >> E, so they are not occupied.
1 °J° Ak’ dk
n= A3 3 14 o FErVkaT |
0 fO - 14 e(E—EF ) kT
1 T k>dk n*k?
n= 2_[ 2,2/, * E:EC+E(k):EC+ "
I e(EC+h K2 2m' = E, )k, T 2
1 o kzdk 77F E(E'F _EC )/kBT
=" J- N, hk*12m k,T
T v1+e Te 5
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Example: cont.

Ne = (EF _Ec )/kBT

. ;2 T k*dk

242 *
) 14! k2/2m"k, T

n=(E-E.)/k,T
(Zm*kBT)3/2 = nV2dn ( C)/

n=
213 n-Ng
27T h 01+e n:h2k2/2m*kBT
(2m'k,T)" 5 % g v
m *
= B 2 rnidn 9 (2m kBT) P
4 Jgylee ™ n

n= NC]?:I/Z (nF)
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Example: cont.

1= L5 A (E) > N F(n) e <55t

10g|:7_-1/2 (TIF):| ,T y 877F v i[Zm*kBT )3/2

, _
th’

/ C
1 _ 2 00 n1/2dn
/ 5 Fualn)= JEJ 1+e"

Mr

n.<<0 £ <<E, Fl/z(nF)ee”F n:NCe”F cm™

(non-degenerate semiconductor)
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Fermi-Dirac integrals

1 T n'd
F.(n,)= o

L(j+D){1+e"™ ﬁ(nF)%e"F n<<l
F(n)z(n—l)! (n integer) (EF_EC)/kBT << 1
r(1/2)=~r i
[(p+1)= pT(p) an.

, _ T Xdx
don’ t confuse with....F;(7) = _[ (2o

0

For an introduction to Fermi-Dirac integrals, see: “Notes on Fermi-Dirac Integrals,”
3rd Ed., by R. Kim and M. Lundstrom) https://www.nanohub.org/resources/5475



outline

1) Carrier densities in 3D, 2D, and 1D
2) Working in k-space

3) Working in energy space

4) Other important moments

5) Alternative definition of DOS

5) Summary

Lundstrom ECE-656 F17

15



Parabolic bands: 1D, 2D, and 3D

m'2m’ (E-E,)

D3D(E):gV 20

16 (E(k)=E.+1%/2m")
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Energy space (3D)

Ec
() (- E)
n= 27213 J1+ (E-E.)/k,T
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k-space vs. energy-space

”zaxfo(Ek):

energy-space:
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Moments of the Fermi function

In equilibrium, physical quantities are
various moments of the Fermi function.

n= g Do) 4(E) e’ o(k)=v, (k)

o(F)=1 (v)= 5 Zv. (k) (£)=0
: ) £ (E

n=izfo(Ek) cm” <U>:Q§v (k)fO( k)=0
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Other moments

# (£)_
¢(k):1 n cm” n
o(k)=v.(F)  (v)=0 u=2k,T

(nF << O)
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Uni-directional thermal velocity

2k, T

<v+> _ lkx>0,ky,kz cm/s = ﬁT UT = B " (nF << O)
A ”m
k, >0,k k.
£ ] /2
“Richardson velocity”
PR //
0
(n L << O) /
/
— — -
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About thermal velocities

uzngT uzém*<vz(E)>
%m* <1)2> =EkBT
<1)2 >1/2 = Ups = 3kB*T Uy = ZkB]:
m Tm

i) unidirectional thermal velocity
ii) Richardson thermal velocity
iii) rms thermal velocity
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An alternative way to define the DOS

1
D, (E)= 225(5—50

#

J-m?

DzD(E):%Zﬁ(E—E,;)

J-m

D3D(E):é;5(E—EE) i 3
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Proof (1D)

In k-space, we know: can also work in energy-space:
1 -
nLZZZfO(Ek) n, = | f,(E)D,,(E)IE
k

n, = ‘.fo (E)%ZS(E_ Ek)dE

n, = %; J.fo(E)é(E_Ek)dE

1
n, = zzk‘,fo (Ek)
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Interpretation

# of states
t  E E +dE

counts the states between E and E +dE 27



Example: 2D DOS for parabolic energy bands

J-m

1 #
[DQD(El):AZS(EI_Ek) 2 J

1 1 A
D,,(E)= ZZB(El _Ek)% ng (271_)2
k

D, (E,)= gV%X T6(E1 — E(k)) kk

x2[8(E,- E,)2mkdk
0

E(k)= L3 a = 1 2kdk kdk:ﬂ;dz«j
2m 2m h
D, (E)=g, 2 [8(E,~ E(k)) dE D,y(E)=g, 2
0

28



Outline

1) Carrier densities in 3D, 2D, and 1D
2) Working in k-space

3) Working in energy space

4) Other important moments

5) Alternative definition of DOS

5) Summary

Lundstrom ECE-656 F17

29



Summary

1) Be familiar with how to work out
sums in k-space and integrals in
energy space.

2) Become familiar with Fermi-Dirac
iIntegrals.

3) Understand the uni-directional
thermal velocity.

4) Understand the delta-function
definition of the DOS.

Lundstrom ECE-656 F17

30



