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Optical Properties of Semiconductors

A Intraband Transition

g\ t I(Free-CarrierAbsorption)
A . EC

Absorption Emission
‘?. ............. EA

L v oV Ey
Interband Impurity-to-Band
Transition Transition

* Optical transitions

— Absorption: exciting an electron to a higher energy level
by absorbing a photon

— Emission: electron relaxing to a lower energy state by
emitting a photon
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Band-to-Band Transition

« Since most electrons and holes are near the band-
edges, the photon energy of band-to-band (or
interband) transition is approximately equal to the
bandgap energy:

hy=F
8

* The optical wavelength of band-to-band transition
can be approximated by

AoC_he 124
v FE E
8 g

A : wavelength in um

E, :energy bandgap 1n eV

EE232 Lecture 3-3 Prof. Ming Wu



E

Energy Band Diagram in Real Space and

Ec
__3__0 EV
I .
E =E,——m)’
2
X
Real Space

EE232 Lecture 3-4

k-Space

Momentum:
ES

hk=mv

e e

Effective Mass
Approximation

272
CB\/ E6=Ec+h k*
2m

k
7Ty
VB K2 k>
E =F -

h 4

*

h

2m

K-Space

Prof. Ming Wu



VB

Absorption

l

Photodetectors;
Solar Cells

EE232 Lecture 3-5

CB

VB

Spontaneous
Emission

l

LED

Band-to-Band Transition

CB

hv "M\»| AAS hy

VB

Stimulated
Emission

l

Optical Amplifiers;
Semiconductor Lasers

Prof. Ming Wu



Conservation of Energy and Momentum

« Conditions for optical
absorption and emission:

— Conservation of energy

E,-E =hv

— Conservation of
momentum
kz _kl - khv

kzakl’\“z_ﬂ-
a

1 2 i 27
th

A
Optical transitions are (a ~ 0.5nm) << (}, ~ 1ﬂm)

“vertical” lines
Lattice J

Constant =k, =k
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Direct vs Indirect Bandgaps

CB CB
Phon
J\h/v\/* ny
A VAV
VB VB
* Direct bandgap materials * Indirect bandgap materials
— CB minimum and VB — CB minimum and VB
maximum occur at the maximum occur at
same k different k
— Examples — Example
 GaAs, InP, InGaAsP « Si, Ge
+ (Al Ga,,)As, x <0.45 - (Al Ga,,)As, x> 0.45

— Not “optically active”
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Absorption Coefficient

AN * Light intensity decays
30 20 15 1.0 R . . . .
106 i . 10 exponentially in semiconductor:
I(x)=1,e"
1051 Ge(A, = 1.24/E, = 1.88 um) sl Aot . .
/ * Direct bandgap semiconductor

P Wl % has a sharp absorption edge
3 4 41 e
E ? £« Siabsorbs photons with
& g g hv > E, =1.1eV, but the
§ 100 10t 3 absorption coefficient is small
2%& Si (L1 pm) i; — Sufficient for CCD
Ve
102 {102 - At higher energy (~ 3 eV),
i absorption coefficient of Si
o [‘ N Ve becomes large again, due to
02 04 06 08 1 12 14 16 18 direct bandgap transition to
Wavelength (1tm) higher CB
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Review of Semiconductor Physics

Electron and hole concentrations:

Vicear ! “
'/ / BAND n=Ng exp[-(Ec-E,)/uT] 0
. n= [ f,(E)p,(E)E
Eq o 4
Gaience / ooty exp[-(E, -£,)/1T] Ey
2 w0 p=| f,(E)p,(E)E
& Fermi-Dirac distributions:
Fy R 1
: et "(E) =
- & 1+exp(E_F”j
257 . kT
1
E)=
P2 /5 (E) F —FE
/ca l+exp| 2
Ee. 2
e Errrmm B F : electron quasi-Fermi level
Z//zB 7 . F, : hole quasi-Fermi level

n AND p
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Electron/Hole Density of States (1)

Electron wave with wavevector k

eil;-;
Periodic boundary conditions
7 ik{r+L x ik (r+L_y
e =e | )=e [+t )=e
An electron state is defined by

-

— —

I l;'(r+LZ Z)

t~

k+ Ak (k o, ) = m 2T n 2T 12 gy

_L L
} Number of electron states between k and
>k k + Ak in k-space per unit volume

2
J /2 drk’dk _ k k= p, (k)

X and L L L
Down vy oz '
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Electron/Hole Density of States (2)

* Number of electron states between E and E + AE
per unit volume

n’k’ n’k

E=E +- *—sdE— * dk
m

\/Zm —
—dk— dE o (E)dE
JT

1 2 * 3/2

m

’Oe(E)=2J_L,2( hZe E_EC

* Likewise, hole density of states

1 2 3/2
m

E)=

£iE) 27 (hz
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Electron and Hole Concentrations

[ r 1 1 2ms

n = an(E)Pe(E)dE = J E=FNonZ| T E —E.dE
Ep 5. 1+exp (—kBT ) (ﬁ)
F, — E;

n=N;-F (" )
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Typical Values of Density of States

Name Symbol Germanium Silicon Galllqm
Arsenide
Energy bandgap at 300 K E, (eV) 0.66 1.12 1.424
Edf;encst:;'yeofpztsast;fs’r Electrons M dos/Mo 0.56 1.08 0.067
calculations Holes mh*,doslmo 0.29 0.81 0.47
Sffective densily of states BINe | Ng(em?) | 1.05x10% | 2.82x10° | 437x10"
Sfiective donsity of states e | Ny em®) | 3.92x10 | 1.83x10° | 868x10"
Intrinsic carrier density at 300 K n; (cm3) 1.83 x 103 8.81 x 10° 2.03 x 108
Effective density of states in the
conduction band ax’i 100°C (373.15 K) Ne (em™) 146 x 107 3.91x10% 6.04 x 10"
Eﬁeo\};‘fgndcznsgé’;ftfé%f c the | Ny (em?) | 544x10% 2.54 x 1019 1.12 x 1019
Intrinsic carrier density at 100°C n; (cm3) 3.1 x 10" 8.55 x 10" 6.24 x 108
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Approximation of Electron/Hole
Concentration

e” when n<<1

1 7 x/ 112
Fn)= dx = - 3
]( ) r(j+1){1+€x_n i(”—) when 1 >>1

3\ &
When F << E. (Boltzmann approximation) | o
10 -
E .-F
- l(éBTn 1x10°F
n=N o€ R
10
. [ Boltzmann Degene_rate
When F >> E . (Degenerate) — Approx -
n C N A
3/2 c 107 .
F -E, B : .
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