Lect. 21: Semiconductors

S Electron energy levels in semiconductors
Si lattice structure

Electrons in each Si atom have

Covalent bond

Siion core (+4e) discrete energy levels.
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Lect. 21: Semiconductors

Band diagram Conduction Band

Band Gap{ k

Valence Band

E vsk?

E=hv - o=t
27T

@ VS K . Fourier transform domain descripton of t vs T

Often used for ‘wave’ characterization
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0,
A Slope = c¢/n,

Slope = ¢/n;

a)cut-off ===

> [

EM waves in a dielectric waveguide
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Where are electrons?

T>0K
T=0 K

A A

no electrons in conduction band same number of electrons in conduction band
= many holes in conduction band as holes in valence band

v
v
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Doping with impurities

Si
I Si
N-type Si =As =S Ptype |
1] N Si=B =Si
A Sl T
Si
More electrons in conduction band More holes in \(alence bar)d
than holes in valence band than electrons in conduction band
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Interaction of light with semiconductor

Absorption Spontaneous Emission Stimulated Emission
ho
w > k k W
hv > Eg Momentum (k) conservation required for photon
emission
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Remember
Absorption Spontaneous Emission Stimulated Emission
. E, ® E, —@ E,
. J\f}{'] o hov
A N~ | AN
ho
. El V El v 1E
Ry, =By, -Ni-p Rsp:A21'N2 Ry =B, N,-p
0. photon density
: - N
N,, : electron density at E,, For population inversion, WZ >1
B,,,B,,, B, : constants .
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Absorption Spontaneous Emission Stimulated Emission

A A

ho
pVAPES . k K AVAVng

R, (hv) =B, -N,(E)-P,(E,)- p(hv) Ry, (v) = A, -N,(E,)-R(E) R, (hv) =B, -N,(E,)-R(E)- p(hv)

Optical gain for E,,= E,—E; is proportional to N(E.)-R(E)-N.(E)-F(E,)

Population inversion: NZ(EZ) . Pl(El)
>
Nl(El)' Pz(Ez)

Optoelectronics (16/2) Electron and hole {gipatiolY.rékeded



Lect. 21: Semiconductors

What determines electron/hole concentrations in semiconductor?

Energy-band Density Occupancy C:.mic.r
diagram of states factors distributions
£
|
T | - f1E) I \
E. & ' N £¢;
5F | REVE)
| guB1 -AB)
| -
E, E\F

1 .
Fermi factor (equilibrium) T (E) = 1+ p(E B VKT

1 ¢ 1
E) =
+ g(EEr)/kT »(E) 1+ 5

With carrier pumping (non—equilibrium) f (E) =
= Quasi Fermi factor 1

N=[aELE)E P= [ E)1-1,E)]dE

Optical Gain for g(E,,= E,~E; ) ~[N.(E))-R(E)-Ny(E)-P,(E,)]
= 9.(E,) f,(E)) 9, (E) | 1- f,(E) ]| —9,(E) f,(E)g.(E)[1-f,(E,) ]
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How to pump electrons and holes into a semiconductor? Forward—bias PN junction

Light emitting diode (LED)

® Electronin CB
O HoleinVB Light output

Insulator (oxide)

+ I I_ mm Metal electrode
Light emission by spontaneous emission
Does any semiconductor emit light?

What determines the color of LED?
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Direct semiconductor Indirect Semiconductor

E E

A A

v
-~
v

-~

K—-selection rule: y t ) t -
Koporon = K — ke (ki ~ k) omentum conservation not possible

p by photon emission
=> No emission (Example: Si)
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Bandgap energies for major LED materials: IllI-V compound semiconductor

14[IVA
13/MIA 15IVA
Indirect— SB GC 1"
bandgap 10.81 || 1201 || 14.01
13 14 15
Al | Si P
. | B| 2698 || 2800 || 30.97
: GaAs,,Py | | | 31 | 32 33
' x=043 Iny,GayAsy Py $ Ga | Ge || As
InGaN AlLGa, As ) | 69.72 || 7261 || 74.92
I 49 50 51
1 ] Ir]0.49'A‘|xGaO.Sl—xP In Sn SD
I i i i i i i i i T T i > ) L[| 1148 | 118.7 || 1218
04 05 06 07 08 09 10 11 12 13 14 15 16 17
Infrared —
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The Nobel Prize in Physics
2014

&hﬁto: Yasyhc/)1 1l Photo: Nagoya University lll. N. EiImehed. © Nobel
aKamura eljo . - i 1A
University J Hiroshi Amano SRR

. . Shuji Nakamura
Isamu Akasaki Prize share: 1/3

Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2014 was awarded jointly to Isamu
Akasaki, Hiroshi Amano and Shuji Nakamura "for the invention of
efficient blue light-emitting diodes which has enabled bright and
energy-saving white light sources”.
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Current injection into PN Junction can be used for Semiconductor Optical Amplifier

Optoelectronics (16/2)

Current Injection
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Gain spectrum
9(E, —E)) ~ 0.(E,) f,(E,) 0, (E) [ 1- F,(E) | —0,(E)f.(E)g.(E)|[1-f,(E,) |
Er}?rgy

Optl/ial gaing_ - Ero
EEFC”_ ______ Electrons A

in CB
eV AV 0 >

- ho
Holes in VB 5
= Empty states AtT>0
VB N ALT=0

> Optical absorption

— 0 gain for E,—E; < E,
— For E,—E; > E,, gain increases until around hv =E¢ —E¢,

— Gain <0 for hv > Eg—Ef,

— Sharper transition at lower T
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Homework:

Assume the optical gain coefficient in semiconductor is given as
g=a(N-N,) [1/cm], where a=10""cm?, N,=10"8cm= for A = 1um.

If 0.5cm long SOA is made up of above semiconductor,

what is the required carrier density in order to achieve SOA power gain of 20dB
for A = 1um input signal?
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