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Theoretical study on intervalence band absorption in InP-based
quantum-well laser structures

Taehee Cho,a) Hyungsuk Kim, Youngse Kwon, and Songcheol Hong
Opto-Electronics Research Center, Department of Electrical Engineering, Korea Advanced Institute of
Science and Technology, Kusong-Dong, Yousong-Gu, Taejon 305-701, Korea

~Received 27 November 1995; accepted for publication 13 February 1996!

Intervalence band absorptions of 1.5mm light in various InGaAs/InGaAsP quantum well lase
structures are investigated theoretically. The intervalence band absorption formalism based
36 Luttinger-Kohn Hamiltonian is developed. The absorption tends to decrease with the ba
height of quantum wells. The tensile strain in the well causes the absorption to reduce, whil
compressive strain causes it to increase. Also is found that the absorption decreases with incre
temperature. ©1996 American Institute of Physics.@S0003-6951~96!04416-8#
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Quantum well~QW! lasers are widely used due to the
low threshold currents and their temperature insensit
behavior.1 The efficiency of InP-based long wavelength Q
lasers depends on the optical losses in the structures
therefore it is important to understand the optical loss mec
nisms. The well known optical loss mechanisms in the
QWs are the Auger recombination,2,3 intervalence band ab
sorption ~IVBA !,4–7 and carrier leakage ove
heterobarriers.8,9 Though, a theoretical work on the less tem
perature dependence of Auger recombination rates
strained-layer QW lasers is reported,10 no theoretical inves-
tigation on the optical loss due to IVBA in these structur
have been reported yet.

In this letter, we report the effects of the barrier mater
and strain in the QW on the optical losses in InP-based Q
laser structures. We have investigated the IVBA of the c
ventional QW laser structures such as InGaAs/InGaAsP~1.3
mm!, InGaAs/InGaAsP~1.15 mm! and InGaAs/InP QWs.
Since the threshold currents of such QW lasers are redu
by the biaxial compressive and tensile strains in the w
these effects have also been included in our investigatio

Since the spin orbit coupling in InP-based structures
strong, the 636 Luttinger-Kohn Hamiltonian is used to ca
culate the valence band structures of QWs.11 The strain ma-
trix was added to consider the effect of strain on the opti
losses in QW structures.11 The extended states were calc
lated by assuming thatf(0)5f(L)50, where L is the
boundary of the barrier for the QW structures. In our calc
lations we have assumed large L so as to avoid the qua
zation effects of eigenstates above the barrier. In the pre
study we assumed L5600 Å. The valence-band offset fo
lattice-matched InGaAs/In12xGaxAsyP12y was calculated
using the relation12

DEv53502502y1152y2 meV. ~1!

The other parameters such as lattice constants, Poisso
tios, deformation potential, spin-orbit split-off energy an
Luttinger parameters used in our calculations are linearly
terpolated from the bulk constants of GaAs and InAs.13

The absorption coefficient of the QW structures can
written as14

a!Electronic mail: thcho@eekaist.kaist.ac.kr
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The momentum matrix is derived and described as

ê•Pnn85\ê•(
n,n8

~Pnn8Onn8
nn81Qnn8Dnn8

nn8!, ~3!

whereP andQ are momentum matrices which depend on x-
and z momentum components, respectively and can be
pressed as

S A1 B C 0 D E

B* A2 0 C F G

C* 0 A2 2B G F

0 C* 2B* A1 2E* D

D* F* G* 2E H 0

E* G* F* D* 0 H

D , ~4!

where the matrix elements, A1 , A2 , B, C, D, E, F, G, and H
are summarized in Table I.

To investigate the effect of barrier material on the opt
cal loss, we considered three typical structures of lattic
matched InGaAs/InGaAsP single QWs. These structur
InGaAs/InP, InGaAs/InGaAsP~1.15 mm!, and InGaAs/
InGaAsP~1.3 mm! are hereafter referred as structure A, B
and C, respectively. The well layer considered for all the

TABLE I. Coefficients of in-plane elements defining the matricesê•P and
ê•Q.

êuu•P êuu•Q

A1 2(g11g2)kx 0
A2 2(g12g2)kx 0
B 0 i2A3g3

C 2A3g2kx1 i2A3g3kz 0
D 0 2A6g3

E iA6g2kx12A6g3ky 0
F iA2g2kx 0
G 0 23A2g3

H 2g1kx 0
2183183/3/$10.00 © 1996 American Institute of Physics
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structures was In0.53Ga0.47As with a well width of 70 Å. Fig-
ure 1 illustrates the calculated in-plane band structures of
structure A, B, and C. It can be observed from Fig. 1. that
band offset for structure A is so large that SO bands app
under the barrier potential. In the case of structures B and
the LH1 band is followed by HH2 band and no SO ba
appear under the barrier potential because of the small b
offset.

The temperature dependence of absorption coeffic
for these lattice matched QWs, in the range~240-340 K! at
the wavelength of 1.55mm, calculated using Eq.~2! is
shown in Fig. 2. The temperature dependence is incorpor
in the absorption coefficient by varing the Fermi-Dirac d
tribution. The in-plane mass of HH1 band calculated fro
the bandstructure, is the heaviest in the structure C and
lightest in the structure A. Therefore, the density of states
HH1 band is the smallest in the structure A. This leads to
largest overlap between Fermi-Dirac function and HH1 ba
for the structure A, at the same hole density of 231018

cm23. Thus, the HH1→extended statesabsorption is larger
in the structure A than in the structure B. However, the HH
→extended statesabsorption is larger in the structure C tha
in the structure A because of the stronger oscillator stren
for transition from HH1 state toextended statesin the struc-

FIG. 1. The valence-band structures of~a! InGaAs/InP, ~b! InGaAs/
InGaAsP (lg51.15mm!, and ~c! InGaAs/InGaAsP (lg51.3mm!. All the
structures are lattice-matched to InP and have the well-widths of 70Å.
zero energy is chosen to be the top of the bulk valence-band.

FIG. 2. IVBA coefficients with respect to temperature for the lattic
matched In0.53Ga0.47As/In12xGaxAsyP12y QWs.
2184 Appl. Phys. Lett., Vol. 68, No. 16, 15 April 1996

Downloaded 16 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstra
the
he
ear
C,
d
and

ent

ted
s-
m
the
of
he
nd

1
n
gth

ture C. For the excited states, the separation between t
states and Fermi level is the key factor for absorption. Th
absorption from LH1 or HH2 state toextended statescan not
be ignored because of the very long tail of Fermi-Dirac func
tion at room temperature. The separation between the fir
excited state and Fermi level is the smallest in the structur
C, thereby leading to the largest absorption coefficient from
the first excited state in the structure C. Therefore, the tota
IVBA at 1.55mm wavelength is the largest in the structure C
~which has weak confinement potential! and the smallest in
the structure A~which has strong confinement potential!.

Three strained InGaAs/InGaAsP~1.3 mm! QWs were
considered to examine the effects of strain on IVBA. Thes
structures, hereafter referred as structure D, E, and F, ha
wells of In12xGaxAs with x50.32, 0.47, and 0.55, respec-
tively. The structure E is lattice-matched and therefore ca
be compared with structure C. The well of structure D ha
biaxial compressive strain, while the structure F has biaxia
tensile strain, respectively. The bandstructures calculated f
the structure D, E, and F are shown in Fig. 3. It can be
observed from Fig. 3 that the LH1 band for the structure F i
slightly above HH1 band atkuu50, due to the tensile strain in
the well. It is well understood that the compressive strain
drastically reduces the density of states of the HH1 band
while the tensile strain increases the density of states at th
band edge. Therefore, it can be inferred that the Fermi lev
is located inside the HH1 band for the structure D and fa
from the LH1 band for the structure F.

The temperature dependence of absorption coefficien
of the strained QWs in the range of 240-340 K, at the wave
length of 1.55mm is shown in Fig. 4. The contribution of
holes to IVBA is more in the structure D than in any other
structure because Fermi level of the structure D is locate
inside the HH1 band at room temperature. As a result, th
IVBA is the largest in the structure D and the smallest in the
structure F.

We have observed that the absorption coefficient show
a negative temperature dependence for all the structures~A,
B, C, D, E, and F!. This behavior can be attributed to the
decrease in the hole contribution to IVBA with increase in
temperature and the upward movement of Fermi level with

he

-

FIG. 3. The valence-band structures of three strained
In12xGaxAs/InGaAsP (lg51.3mm! QWs with ~a! x50.68,~b! x50.47, and
~c! x50.55. All the structures have the well-widths of 70Å.
Cho et al.
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increase in temperature. These results are consistent with
results of Sekiet al.10 and Asadaet al.6

In conclusion we calculated the IVBA coefficients for
lattice-matched and strained InGaAs/InGaAsP QW stru
tures, at the wavelength of 1.55mm. We have developed
IVBA formalisms based on the 636 Hamiltonian and ap-
plied them to the conventional QW laser structures. We ha
observed that the absorption increases as barrier decrea

FIG. 4. IVBA coefficients with respect to temperature for the straine
In12xGaxAs/InGaAsP (lg51.3mm! QWs.
Appl. Phys. Lett., Vol. 68, No. 16, 15 April 1996
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and also that the tensile strain in the structure reduces
sorption while compressive strain increases it. We have a
observed that higher temperatures reduce the absorptio
QWs.

This work is partially supported by Korea Science an
Engineering Foundation, OERC-95-02-03-01.
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