Lect. 23: Optical Gain in Semiconductor

Electron energy levels in semiconductors?

GaAs (lllI-V Semiconductor)

Covalent bond Electrons in each atom have
_ O oA discrete energy levels.
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Lect. 23: Optical Gain in Semiconductor

Conduction Band

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

Often used for representing 'wave’ characteristics
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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
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Doping with impurities

N-type Si P-type S;
I, R |
Si =As =Si Si =B =Si
[ 1
Si 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
h v
VAW . K y N\ >
hv > Eg Momentum (k) conservation required for photon
emission

Optoelectronics (17/2)



Lect. 23: Optical Gain in Semiconductor

Remember
Absorption Spontaneous Emission Stimulated Emission
7\ E, - - E, . E,
ho J\JJ ho ho
AN~ VAV I AVAVE<
ho
@ E, Y E) Y E
Ry, =B, N;-p Rsp:A21'N2 Ry =B, -N,-p
o . photon density
: - N
N,, : electron density at E,, For population inversion, —2%>1
. Nl
B,,, B, By, : constants
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Absorption Spontaneous Emission Stimulated Emission
ho
A== . K K >
hv=E, - E

R, (hv) =B, -N,(E)-R(E,)- p(hv) Rsp(hv): A, N, (Ey)-P(E)  Ry(hv) =B, -N,(E,)-R(E)- p(hv)

Interaction for photons having many different energies are possible
Optical gain for E,,= E,—E; is proportional to N,(E,)-R(E)—-N,(E)-PR,(E,)

Population inversion: N, (E;)-R(E) S Electron and hole injection
N, (E,)- B (E,) (pumping) needed
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What determines electron/hole concentrations in semiconductor?

Density of States (DOS) and

Fermi factor

DOS: Number(Density) of states an electron can exist
at a given energy. Proportional to sqrt(E).

Density Energy-band
of states diagram

—* ol £)

— L)

[T

Oeccupancy Carrier
factors distributions

t N = [ g.(E)f(E) dE
\\’I E; - Ec

) —
| RAEWE)
II BAENN = fLED)

F; P= [ g,(E)[1- T (E)] dE

1

Fermi factor: f(E) = ]

Probability for an electron to
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Density Energy-band Occupancy Carrier
of states diagram factors distributions
E
|
T | =f1E) I
. Ee \f E. -
| —™ gl E) Ef - I _-'_
I ; gLEVIE)
| I
| _ gAEN1 = E)]
— gl ) E, E I e

What happens with pumping?

Separate Fermi factors for electrons and holes (Quasi Fermi factor)

1 1
f (E)= . f (E)=
n (E—Egy)/KT = _
1+e p 1+e(E Eep )/KT
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Density Energy-band
of states diagram
E
E;

: — gl £) Ef
|
I

—= plL) E,

Absorption Spontaneous Emission Stimulated Emission
Occupancy Carrier

factors distributions
1
| -f1E
NE) i '\j\ ,_1»
\-, I-.' Iv=E, ,L
I
| Kc{lﬂ-ﬂfi
| BN =-11E)]
I -

i.h R.(wv)=8B, \{E}P(E);{f) R, (V)= A, -N,(E,)-R(E) Ry(n) =By N,(E) R(E)- pln

Optical Gain for E,,= E,—E;

g(Ez - El) - [Nz(Ez) ) PJ_(El) - Nl(El) ) Pz(Ez)]

:gc
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How to pump electrons and holes into a semiconductor?

Forward—Dbias 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

E

A

K-selection rule:
kphoz‘on = k/ - kf ( k/ -~ kf)

=> Light emission (Example: GaAs)
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Indirect Semiconductor

E

A

Momentum conservation not possible
by photon emission
=> No emission (Example: Si)
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Bandgap energies for major LED materials: I1I-V compound semiconductor

14[IVA
i

13/MIA 15/VA Indirec

5 5 7 bandgap

B Cc N

10.81 || 1201 || 1401

]
13 14 15 : " GaAs P
. . N | | |

B Al Si = i G N x=043 Iny ,Ga As P, $
26,08 || 28.00 || 30.97 n .a ALGa, As

31 32 33 ! [ F-m0usALG205.P

Ga | Ge | As T T T T T T T T T T T 1>/
b || 69.72 || 7261 || 74.92 04 05 06 07 08 09 10 L1 12 13 14 15 16 17
49 50 a1 Infrared —

In | Sn | Sb
b || 1148 | 1187 || 1218
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The Nobel Prize in Physics
2014

Photo: Yasuo

Nak Meii Photo: Nagoya University lll. N. Elmehed. © Nobel
Uﬁi\.‘raerpsl-i%?f = Hiroshi Amano MEd'_ﬂl 2014

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

i Pri h :1/3
Prize share: 1/3 rize share

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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Semiconductor Optical Amplifier: Forward—biased PN Junction

Vertical PN junction with
‘ Current Injection lateral optical input and output
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Gain spectrum for optical amplifier

9(E, —E) ~ 0.(E,) f,(E,) 9, (E) | 1- F,(E) | —9,(E) . (E)g.(E,)[1-f,(E,) |

Erfrgy
Opti/ial gain Ern—Erp
|
®h EEFCn- ______ Eleézgons ﬂ
in
eV ~\1 0 . > hy
E, Holes in VB =

Yoo B, = Empty states A AtT>0
AtT=0

VB > Optical absorption

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

— Sharper transition at lower T
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Homework:

Show that in a semiconductor population inversion is achieved
for photons having hv if

E.,-Er 2E,—E,, whereE, —E, =hv
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