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The hole-interface optical phonon scattering rate for GaAs/AlGaAs quantum-well structures is
investigated, taking into account valence-band mixing. The dispersion relation and the electrostatic
potentials for the interface optical phonon modes are obtained based on the macroscopic dielectric
continuum model. For the valence-band structure, the Luttinger-Kohn Hamiltonian is used. The
hole-interface optical phonon scattering rate is evaluated using Fermi’s golden rule taking into
account the Bloch overlap factor. Our results show that the intrasubband and the intersubband
transitions occur by antisymmetric and symmetric interface phonon modes, respectively, due to
band-mixing. It is also found that the intersubband scattering rate from the ground light and spinorbit hole (LS1) to the ground heavy hole (HH1) subband is larger than the intrasubband scattering
rate in the low-energy region. Thus, intersubband scattering by longitudinal optical (LO) interface
phonons in 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum wells plays a dominant role in hole relaxation
processes.

using the electrostatic equations. The electrostatic potentials for interface modes in a quantum-well structure
[4] can be written as
X
Φi (r) =
e−iq·ρ Φi (q, z),
(1)

It is well known that the presence of heterointerfaces
gives rise to interface optical phonon modes which are
localized in the vicinity of the heterointerfaces [1–4] and
that carrier scattering by the interface optical phonons
for a polar semiconductor quantum well plays a dominant
role in carrier relaxation processes [5,6]. The carrier relaxation processes are closely related to the optical properties of semiconductor lasers and detectors. Much of the
research work concerning phonon modes has focused on
their roles in intrasubband and intersubband electronphonon scatterings [7–9]. However, hole-interface optical phonon scattering for polar semiconductor quantum
wells has not been studied in detail.
In this article, we investigate the hole-interface optical phonon scattering for GaAs/AlGaAs quantum-well
structures. The interface optical phonon modes are obtained based on the macroscopic dielectric continuum
model [3,4]. The valence-band structure for a quantumwell structure is calculated using the effective mass
Hamiltonian based on the k · p method [10,11]. Fermi’s
golden rule is employed to calculate the intrasubband
and the intersubband scattering rates, taking into account the Bloch overlap factor.
The interface optical phonon modes can be obtained
∗

q

Φi (q, z) = ci− e−qz + ci+ e+qz ,

(2)

where i represents the well and the barrier regions, and
ci± are coefficients. Since the electrostatic potential and
the tangential component of the electric field are continuous at each heterointerface, the boundary conditions
for interface phonons are given by
Φi (q, zi ) = Φi−1 (q, zi ),
∂
∂
i (ω) Φi (q, zi ) = i−1 (ω) Φi−1 (q, zi ),
∂z
∂z

(3)
(4)

where i (ω) is the dielectric function [12], following the
generalized Lyddane-Sachs-Teller relation, and is defined
by
!
m
2
Y
ω 2 − ωLO,ij
i (ω) = i (∞)
(5)
2
ω 2 − ωTO,ij
j=1
where i (∞) is the optical dielectric constant, and ωLO
and ωTO are the longitudinal optical (LO) and the transverse optical (TO) phonon frequencies, respectively. The
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Fig. 1. Phonon dispersion relations of the interface optical
phonon modes for a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum
well as functions of the in-plane phonon wave vector. The
solid and the dashed lines represent the symmetric and the
antisymmetric modes, respectively.

index m represents binary (m=1) or ternary (m=2) compound semiconductors. Then, the dispersion relations
for interface modes in a symmetric quantum well are obtain from the following relations:
[w (ω) + b (ω)]2 − [w (ω) − b (ω)]2 e−2qd
= 0,
w (ω)b (ω)

Fig. 2. Electrostatic potential of the interface optical
phonon modes for a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum
well at (a) q = 2.5 × 106 cm−1 and (b) q = 7.5 × 106 cm−1 .
The solid and the dashed lines represent the symmetric and
the antisymmetric modes, respectively.

(6)

where w and b denote the well and the barrier dielectric
functions, respectively, q is the phonon wave vector, and
d is the quantum-well width. The normalization conditions for the potential of each interface mode are given
by [4]
!
Z
2
∂Φi (q, z)
h̄ X 0 ∂i (ω)
2
2
=
dz q |Φi (q, z)| +
(7)
2ω
2ω ∂ω
∂z
i
where 0 is the permittivity of free space.
In Fig. 1, the dispersion relations of the interface
modes for a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum
well are shown. There are three pairs of symmetric and
antisymmetric interface modes. The values for the dielectric constants and the phonon frequencies of GaAs
and AlGaAs are obtained from Ref. 4. In Fig. 2, the
phonon potentials corresponding to interface modes are
shown. It is shown that the electrostatic potentials are
localized at each heterointerface and decrease with increasing phonon wave vector.
For the valence band structure, the 3 × 3 LuttingerKohn Hamiltonian is used [10,11]. The valence subbands
and the hole envelope functions in a quantum well structure can be obtained by solving the following differential
equation:


X
0
∂ 
Hνν 0 kk , −i
+ V (z)δνν 0 gn(ν ) (kk , z)
∂z
0
ν

= En (kk )gn(ν) (kk , z),

(8)

Fig.
3.
Hole dispersion relations for a 50-Å-thick
GaAs/Al0.3 Ga0.7 As quantum well as functions of the in-plane
wave vector.

where V (z) is the heavy-hole band-edge energy, n is the
(ν)
subband index, and gn (kk , z) is the hole envelope function.
In Fig. 3, the hole subbands for a 50-Å-thick
GaAs/Al0.3 Ga0.7 As quantum well are shown as functions
of the wave vector kk . At kk = 0, the heavy hole is exactly decoupled from the light and the spin-orbit holes,
but the light hole is coupled with the spin-orbit hole.
Thus, we can label the subbands as HH (heavy hole) or
LS (light and spin-orbit hole). For a nonzero kk , the
band mixing among subbands gives rise to nonparabolicities. In Fig. 4, the subband elements of the groundstate heavy hole (HH1) and the ground-state light and
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Fig. 4. Subband elements in a 50-Å-thick GaAs/Al0.3
Ga0.7 As quantum well: (a) HH1 subband (b) LS1 subband.

spin-orbit hole (LS1) subbands are shown. It is shown
that the subband properties change with increasing wave
vector kk due to valence-band mixing. With increasing
wave vector, the HH1 subband is occupied mainly by the
LS1 element, and the LS1 subband is composed of the
first excited heavy hole (HH2) and the first excited light
and spin-orbit hole (LS2) elements.
The scattering rate between two states |n, ki and
|n0 , k0 i is calculated from Fermi’s golden rule:
Wn,n0 (k, k0 ) =

2π
2
|hn0 k0 Nq ± 1|Hh−p |nkNq i|
h̄
×δ(En0 (k0 ) − En (k) ± h̄ω(q)), (9)

where the upper and the lower signs correspond to
phonon emission and absorption, n and n0 denote the
subband index of the initial and final states, respectively, k and k0 are the in-plane wave vectors, En (k)
and En0 (k0 ) are the in-plane hole energies, Nq is the
phonon occupation number, and h̄ω(q) is the phonon
energy. The hole-interface phonon interaction Hamiltonian, Hh−p , can be expressed as [3,4]
1 X −iq·ρ
e
eΦ(q, z)(a†−q + aq ),
Hh−p = √
A q

(10)

where Φ(q, z) is the electrostatic potential and a†−q (aq )
is the creation (annihilation) operator. The hole state in
a quantum-well structure is given by
3
X

1
hρz |nki = √ e−ik·ρ
gn(i) (k, z)|ui i.
A
i=1
Then, the matrix elements are simplified to

1
1 1 2
0 0
hn k Nq ± 1| Hh−p |nkNq i = Nq + ±
2 2

(11)

Fig. 5. Hole-interface optical phonon scattering rates for
a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum well: (a) Intrasubband scattering rate within the HH1 subband for phonon
emission and (b) intersubband scattering rate between the
HH1 and the LS1 subbands for phonon emission.
(ν)

×Fn,n0 (k, q)δ(k0 − k ± q), (12)
where
(ν)
Fn,n0 (k, q)

1
= √
A

Z

dzeΦ(ν) (q, z) ×


3∆φ
(1)∗
gn0 (k ∓ q, z)gn(1) (k, z) cos
2
∆φ
(2)∗
+ gn0 (k ∓ q, z)gn(2) (k, z) cos
2 
∆φ
(3)∗
+gn0 (k ∓ q, z)gn(3) (k, z) cos
,
2

(13)

with ∆φ being the angle between incident the k and the
scattered k0 wave vectors.
The total scattering rate can be obtained by summing
over all the allowed final states:
Wn,n0 (k)

Z 
A
2π X
1 1
(ν)
=
·
Nq + ±
Fn,n0 (k, q)
(2π)2 h̄ ν
2 2
×δ(En0 (k ∓ q) − En (q) ± h̄ων (q))d2 q.

2

(14)

Since the hole effective masses and the phonon energies for a quantum-well structure change with increasing
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Fig. 6. Total scattering rates by interface optical phonon
modes for a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum well.

wave vector, we numerically calculate the hole-interface
optical phonon scattering rate.
The intrasubband scattering rate for phonon emission in a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum well
is shown in Fig. 5(a). For the case of electron-interface
phonon scattering, the intrasubband and the intersubband transitions arise from symmetric and antisymmetric interface phonon modes, respectively, due to the parity of the matrix elements. However, for the case of
hole-interface phonon scattering, the intrasubband and
the intersubband transitions occur by antisymmetric and
symmetric interface phonon modes, respectively. This is
because of band-mixing. It is shown that the intrasubband scattering rate within the HH1 subband for the ω2S
and the ω3S modes is larger than that for the ω1S mode
and the antisymmetric modes and increases with increasing hole energy. This is due to the facts that the electrostatic potentials for the ω2S and the ω3S modes are larger
than that for the ω1S mode and that the HH1 subband
has a large hole effective mass in the low-energy region.
The intersubband scattering rate from the LS1 subband
to the HH1 subband for phonon emission is shown in
Fig. 5(b). For the low-energy region, the scattering rate
for symmetric modes is larger than that for antisymmetric modes. However, the scattering rate for symmetric
modes decreases rapidly with increasing hole energy because the LS1 subband is composed mostly of HH2 and
LS2 elements in the high hole-energy region.
In Fig. 6, the total scattering rates by interface optical phonon modes for a 50-Å-thick GaAs/Al0.3 Ga0.7 As
quantum well are shown. For the low-energy region, the
intersubband scattering rate from the LS1 to the HH1
subband is larger than the intrasubband scattering rate.

For the high-energy region, the intrasubband scattering rate is larger than the intersubband scattering rate.
Thus, intersubband scattering by LO interface phonons
in a 50-Å-thick GaAs/Al0.3 Ga0.7 As quantum well plays a
dominant role in hole relaxation processes because quasiFermi level in semiconductor lasers is located near the
HH1 subband edge.
In summary, we have investigated the hole-interface
optical phonon scattering rate for GaAs/AlGaAs
quantum-well structures, taking into account valenceband mixing. The dispersion relation and the electrostatic potentials for the interface modes in a quantumwell structure have been obtained based on the macroscopic dielectric continuum model. The hole-interface
optical phonon scattering rate has been evaluated by using Fermi’s golden rule and taking into account the Bloch
overlap factor. Our results show that the hole-interface
optical phonon scattering rate in quantum wells depends
strongly on the valence-band structure.
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