EE 232 Lightwave Devices
Lecture 14: Quantum Well and
Strained Quantum Well Laser

Reading: Chuang, Sec.10.3-10.4
(There is also a good discussion in Coldren, Appendix 11)

Instructor: Ming C. Wu

University of California, Berkeley
Electrical Engineering and Computer Sciences Dept.
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Quantum Well Gain

QW Material Gain:
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Advantaaes of Quantum Well Lasers
(1) Low threshold current density:

Compare fundamental material property

— Transparency current density

bulk
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(2) Higher differential gain — Larger bandwidth:

v_aS
Resonance frequency: @, = |-£— <+/a = 8_g
T, \ oN

(3) Lower chirp:

Smaller wavelength shift when the laser is directly modulated
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Transparency Carrier Concentration in Bulk

At transparency: F.—F, =E.-E,
or I,.-E.=F,-E,
F.—E. _F -E
kT kT

Electron concentration: Q F,. > E,.

Let A=

Hole concentration: Q F, > E,,

T 32 F-F
oo | e

Transparency Condition

A=2.15, N=9x10"7 cm™
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Transparency Carrier Concentration in QW

Transparency Condition
(Bernard-Duraffourg
Inversion Condition)

AF=F.-F, =E,

At transparency: F,.-F,=FE -E,
or FC_EeI =K, _Ehl
Let A=FC_Eel =FV_Ehl
k,T k,T
Electron concentration: - F. > E |

v _mk,T(F.~E,

dl=N2-A
an’L_\ kT ¢
Hole concentration: . F, > E,
% F,-E,
m k T - Lk Thl
_ n'B _ 2d _-A
P=—"15_¢ " = NV e

an’L,

N=P = A="lre = Solve A
m

For GaAs (m_ =0.067m,,m, =0.5m,)
A=156, N=N}*-A=10" cm™

Note: N is independent of L_ : Ming Wu
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Reduction of Lasing Threshold Current Density

by Lowering Valence Band Effective Mass

Ordinary Semiconductor
m, = 6m,
High transparency

carrier concentration

T Bernard-Duraffourg Condition:
l F.-F,>hw>E,-E,
Fy el

Ideal Semiconductor
m, =m,
Low transparency

carrier concentration

+ Yablonovitch, E.; Kane, E., "Reduction of lasing threshold current density by the lowering of valence band
effective mass," Lightwave Technology, Joumal of ,vol.4, no.5, pp. 504-506, May 1986

» Yablonovitch, E.; Kane, E.O., "Band structure engineering of semiconductor lasers for opfica
communications," Lightwave Technology, Joumal of ,vol.6, no.8, pp.1292-1299, Aug 1988
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Bernard-Duraffourg Conditionin
Quantum Well

Bernard-Duraffourg Condition:
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L E. F . (a) m, >m, (as in most semiconductors)
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Transparency Carrier Concentration for
Ordinary Semiconductor

(b) Ideal Semiconductor

m,=m, = |FV:E111 F.=E,

N:’"ej Lk

Transparency Condition:
F.-F,=E,—E, =28 "¢ In2

For m_,=0.067m,
N, =4.6x10"cm™
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Transparency Carrier Concentration for
Ordinary Semiconductor

j (a) Ordinary Semiconductor
_ 24 m:
—{ N, =p. (F.-E,)= L
T To estimate A, note that N = P
LY _Fy -A x  —A
| P NMT = k,Tm, T
' zh’L,
-A *
@ N=P = eﬁzﬁmi
k,T m,
Transparency Condition: For m, ~6m, (in 1.554m laser),
F.—-F,=E,-E, A=143k,T
N, =1.43 %61
zh'L,
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Effective Mass Asymmetry Penalty

N[?l‘dinaly B 143 _

=—""=7
N9 n2

Threshold current density reduction is more than a factor of 2:
Iy =T omwad L T

nonrad rad Auger

Jth _ 2 3 _ N 2 3

2 =AN+BN°+CN’ =—+BN" +CN

qd T

7: Shockley-Read-Hall nonradiative recombination lifetime
J

Auger

(1) N’ is reduced by 8x
(2) C is also reduced due to band structure change by strain

is greatly reduced when N is lowered
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Bandgap-vs-Lattice Constant of
Common llI-V Semiconductors
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Fig. 7.6. Bandgap energy and lattice constant of various ITI-V semiconductors at room
temperature (adopted from Tien, 1988).
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Qualitative Band Energy Shifts Under Strain
Hydrostatic Biaxial
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a, : lattice constant of InP

{8 < 0: compressive strain

C
gl :gzz :_2 -

C, : Compliance Tensor
C, =0.5C,

Strain and Stress
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- o,|=|C, G
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Biaxial stress:

£ >0: tensile strain

0,=0,=0

€ O-zz :0
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= C,E, + Clzeyy +C,€,.=0
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Band Edge Shift

E. =Eg(x)+5EC
Eyy Z_Pe_Qs
E,=-F+0,
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11
a=a.—a, : hydrostatic potential

b : shear potential
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Strain Parameters in llI-V
(Coldren, p.535)

TABLE A11.1 Strain Parameters in -V Semiconductors.
Lattice  Deformation Potentials Elastic Moduli (10-¢

Constant Q%) (10** dyn/cm?) eV/bar)
Material a(A) a b d Cyy Cia  Cus dE/AP AeV)
GaAs 5.6533 —868 —17 —455 1188 538 594 1.5 034
InAs 6.0583 -579 —-18 36 8.329 4.526 3959 100 0.371
AlAs* 5.6611 -796 —-15 —-34 1202 570 5389 102 030
GaP* 5.4512 —-976 —15 —46 1412 6253 7.047 110 0.10
InP 5.8688 —-616 =20 —-50 1022 576 460 85 0.10
AlP* 5.4635 —838 —175 —-48 132 6.3 6.15 9.75 0.10
GaSb 6.0959 —-828 —18 —46 8.842 4.026 4322 147 08
InSb 6.4794 -757 =20 —48 647 365 302 16.5 098
AlSb* 6.1355 204 —135 —43 8.769 4341 4076 -—-35 0.75
* Indirect gap.
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Band-Edge Profile and Subband

Dispersion
. (a) A quantum well under E 2
(b) An unstrained quantum well Ci:l a compressive strain cl
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