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Quantum Well (QW) Lasers



Types of QW Lasers

(@) Single-Quantum-Well Separate-
Confinement Heterostructure

U
1

(b) Multiple-Quantum-Well Separate-
Confinement Heterostructure
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(¢) Graded-Index Separate-Confinement
Heterostructure (GRINSCH)
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Simplified Gain Model (Chuang — Section 9.4)

( interband transitions between conduction band and valence band)

Zero - Linewidth Gain Spectrum :
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Interband Momentum Matrix Element (Chuang — Section 9.5)

Momentum Matrix Elements, TE Polarization (é =X G j‘):
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Interband Momentum Matrix Element (Chuang — Section 9.5)

Momentum Matrix Elements, TM Polarization (é = f):
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Gain Spectrum in a QW Laser(Chuang — Section 9.8)
L,=6nm InGaAs/InGaAsP QW lattice matched to InP

p-doped InP

InGaAs QW
SCH structure

n-doped InP buffer layer
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Gain Spectrum in a QW Laser(Chuang — Section 9.8)
L,=6nm InGaAs/InGaAsP QW lattice matched to InP
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Electron and Hole Occupancy
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Electron and Hole Occupancy

Occupation Factor for electrons in nt" subband of conduction band
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Condition for Population Inversion — Gain
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Quasi-Fermilevelsat T = 0K
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Quasi-Fermi Levels at Room Temperature
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Carrier densities

Charge neutrality n—+ N; — p + NZ_J

Electrons | 71 = J‘dEp" (E)]L; (E)
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Gain Spectrumat T = 0K

7 (E) 1 E<F,
’ 0 E>F
m*
In generalt.he felectron n— € 2 (F _E )
concentration is 72'771 I c en
z n occupied
subbands
.
m*
n=—>=—(F -E,)
L ¢
Consider a single T z
occupied state m*
p=—3—(E,-F,)
wh'L,
. n=p
if — (E_Eel)}"(Em_E:)
¥ *
Lmh > me

(quasi-Fermi level is deeper into conduction band than in valence band) 16



Gain Spectrumat T = 0K
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State occupationat T = 0K
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Gain Spectrum at Finite Temperature
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Define n

In general the electron concentration is
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Similarly, the hole concentration is
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Gain Spectrum at Finite Temperature
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State occupation at Finite Temperature
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Peak Gain versus Carrier Density

Redefine as:
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The occupation probabilities can be expressed with the approximate inverted forms
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Vahala and Zah, Appl. Phys. Lett.
vol. 52, p. 1945, 1988.

Expressions are essentially exact
for single subband occupation in
conduction and valence bands
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Peak Gain versus Carrier Density
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Peak Gain versus Carrier Density
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Fermi Levels versus Carrier Density
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Normalized peak gain g,/g,,,,

Peak Gain versus Carrier Density
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Differential Gain

From the analytical expression we can derive also the differential gain

gp = gmaX |:1 R e—ﬂf’n(, — e_p/(R}?C):|
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Empirically, the peak gain curve is often fitted with a logarithmic function as
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Peak Gain versus Current Density

For a given carrier concentration n

J=J +J +J

Aug leak
Jrad = qLZRSp(n) JAug = quRAug(n)
H?J 1 Y3 J
Bn Cn
Commonly used empirical formula
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Scaling Laws for Multiple Quantum Well (MQW) Lasers

Let’s define S

injection efficiency or fraction of applied current captured by QW

J,=nJ,

PP

.. = Injected current density for SQW

J
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g,=g,| In| == [+1 |=peak gain coefficient for SQW
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! = transparency current density

[ = optical confinement factor per well
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Scaling Laws for Multiple Quantum Well (MQW) Lasers
Modal gain for a MSQW at threshold
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Scaling Laws for Multiple Quantum Well (MQW) Lasers

Modal gain for a MSQW at threshold
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Threshold Current Density

Injected Current Density J = N J 0
per QW at Threshold w,th — "
Peak gain
= _ln ﬁ 1 1—
SQW) gw o gO i JO )
MQW) n.g,=n,g,|In e |41 n,go| In e |4
-\ ] - \nJ,

n J = total injected current density

n J,e” = total injected current density for transparency
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Threshold Current Density for MQW
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Threshold Current Density for MQW

InJ, =In J + : o, + 1 In 1 —1
7 n, 1, g 2L R,




We have two main parameters for device optimization

cavity length
L

L
]

ny

number of quantum wells
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Optimal Cavity Length to Minimize Threshold
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Minimum Threshold Current for L,

_ L
anmzln[nWJO]+ i B/

77 nwrwgo L
wlnJ . «a L
l, = »2 exp — +———1|=const- L exp(Lopt/L)
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Minimum Threshold Current at Optimal Cavity Length
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Optimal Number of Wells for Fixed Cavity Length

L o
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Threshold Current Optimization

A
It is not possible to optimize /
simultaneously for cavity length |, -1
w e
and number of quantum wells. Ny =2
n, =1
f L=1L, |
> 7
Ofm using:
—> n, = T 7 nopz‘ 1 1 n 1
w &0 ” 2 nT, g, RR,

(unless a; = 0 which is unphysical)
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Some representative results
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Strain Effects



Definitions

Biaxial Compression
The strained material has a larger lattice constant resulting in
compressive strain in the plane of the wafer and tension in

the direction perpendicular to the surface.

film

\ /

substrate
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Definitions

Biaxial Tension
The strained material ha a smaller lattice constant resulting in

tensile strain in the plane of the wafer and compression in
the direction perpendicular to the surface.

film

/ N\

substrate
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Definitions

Critical Layer Thickness
Thickness beyond which dislocations form to accommodate
mismatch.

edge dislocation

$90 000000009
00000000009
$$0000¢0¢0000
tee 000000000
so000000o0e
o
>0 000
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Some Key Points

Strain may modify significantly the band structure
of the valence band.

Both bandgap energy and carrier effective mass
may change (e.g., heavy hole effective mass
becomes lighter and light hole effective mass
becomes heavier in the direction of strain.
Degeneracy of hh/lh bands is broken.

Strain may change the threshold current of lasers
Strain may change polarization of emitted light.
Reduction in threshold current density may
reduce the importance of non-radiative processes
such as Auger recombination.
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(a) COMPRESSION (b) NO STRAIN (c) TENSION

a(x)>a, a(x)<ao
| | a(x)=a, e —]
1 | J

x < 0.468 x = 0.468 x > 0.468

Effect of strain on the band structure of In;_ Ga,As
(S.L. Chuang, Phys Rev B, vol. 43, p. 9649 (1991)
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compressive strain €= == tensile strain
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Energy band diagram of In; ,Ga,As quantum well grown on In; ,Ga,As, P
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Hole bands energy isosurfaces for unstrained In, ,Ga,As lattice matched to InP
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Effective mass effect on Quasi-Fermi levels

* Reducing the effective mass of holes reduces the density
of states in the valence band

* Quasi-Fermi levels become more symmetrical with respect
to the band edges, when effective masses are similar

 With increased symmetry, the quasi-Fermi level has to
penetrates less into the conduction band to reach density

for population inversion — Less degenerate

 Also, the carrier density necessary to reach the
transparency condition is reduced
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population inversion condition

F,-F,+E,>ho>E +E, —E, 52



(b) i =m

population inversion condition

F,-F,+E,>ho>E +E, —E, 53



Transparency Density and Peak Gain

* Remember our simple model for Peak Gain

*

m,

gp(n) =g (fc _fv) =g (1 _e—n/nc _e_n/Rnc) with R = m*

(@) 1 (b) i
f. = 1=exp(-n/n;) =
2
§ -
- 0.5 =
£ <
8 1)}
B S
f, = exp[-n/(Rn,)] Ky

0\7\; 4 ( 8 10 0o 2 4 6 8 810

’ ] : nin,

N nin,

Transparency density decreases with R but maximum achievable gain decreases
— Design trade-off
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Strain Effects on Band-Edge Energies

Compressive strain generally increases the bandgap.

Tensile strain generally decreases the bandgap.

The LH band follows these trends but the HH band goes against.
Strain affects also the conduction band structure of the
conduction band. Mainly, theI’, L, and X valleys shift in energy
at different rates.

(@) Compressive strain (b) No strain (¢) Tensile strain
a(x) > ag alx) = ag a(x) < ay
E,
T SE. >0
T OE. <0
v o
E, (x)
L e Eu>0 By
EI I 5b‘““ > () l _P +Qt
-Q, e -Q,
v P,
+(;)t 61‘”” <0 PHH

o= 55



Strain Effects in Quantum Wells

* For unstrained material, bandgap is the same for HH and LH.
The energy levels in a quantum well, corresponding to HH and
LH, differ because of unequal effective masses

An unstrained quantum well

E(0)

o——

Epn(0) = ELp(0)

JCI

\

HHI
Ll {1
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Strain Effects in Quantum Wells

* For strained materials HH and LH bandgaps and the energy
offsets in CB and VB are different. HH and LH are in different
potential wells.

A quantum well under £ A quantum well under f C2
a compressive strain x/// Cl a tensile strain JCI
E(0) E.(0)
> -
E”H(O) il k“ By EL”(O) \
T T ELH(O) EHH(O) L 4 »k
}\\ HHI QLHI
\ HH2 ~~"HHI
LHI HH2

* QW under tensile strain brings HH and LH quantum level closer
to each other (LH has deeper well but higher energy levels)
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Gain coefficient (1/cm)

Gain Spectrum of Strained Quantum Wells

Recall that
* C1-HH1 transition is mostly favored by TE
* C1-LH1 transition is mostly favored by TM
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—100 i R i — —100 b= PP NPT P \) VR —100
750 800 B50 900 950 750 800 850 900 950 750 800 850 900 950
Photon energy (eV) Photon energy (eV) Photon energy (eV)

* Tensile strain can improve balance between TE and TM gain
* Trade-off is maximum gain linked to joint density of states
through the ratio of effective masses
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Momentum Matrix Elements

Recall the matrix element depends on transverse wave vector k;

Fork, =0,

TE Polarization : TM Polarization :
~ M 2 |~ M 2 _ 3 2 ~ L M i — 0
XL nl =1V M| = E b c-hh
. 2 5
. 2 . > 1 = Mr:-fh =2M b
XeM_,| =|v-M_,| = P M;

Gain depends on surface (sheet) carrier concentration

ne=nx»4L,
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Momentum Matrix Element

Normalized as 2|M,,,,,(k;)|?/M? withn = C1,m = HH1
for compressive strain and m = LH1 for tensile strain]

2 ‘S 1 T T T T LI 1
2 :
= 2
E F\\ tensile
L i \ T!
v 1.5 ~ LM

'y

-ﬁ -~ - b I e — Qe ——
=
£ 1 compress L ——— -==w
= —— Yy =
92 tensile e
. 0.5 /7 7

/f_ # compress
0 0.02 0.04 0.06 0.08 0.01
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Modal gain versus sheet concentration

For In, ,Ga,As / In, ,Ga,As P,  quantum well laser working near 1.55um
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Energy (meV)

Band Distortion in Strained Quantum Wells
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(S.L. Chuang, Phys Rev B, vol. 43, p. 9649 (1991) .



Some comments

* LH can become heavier, HH can become lighter

 Compressively-strained materials can have lower valence
band density of states (because HH at the top of the VB
can have effective mass lower than LH at the top of the VB
in the case of tensile strain)
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Modal Gain versus Current Density

 ModalGain Igx

* Empirical relationship

Compressive strain
Smaller transparency carrier
density but saturates faster.

Tensile strain

Larger transparency carrier
density but increases faster
(higher differential gain).

Loss mechanisms (Auger,
recombination, intervalence
band absorption) need to be
factored in when considering
current density.
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Reading Assignments:

e Sections 10.3 and 10.4 of Chuang’s book
e Section 8.2.5, Appendices 1,2,3,9 (supplemental) in
Coldren, Corzine and Masanovic

e Section 4.5 of Chuang’s book



