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Interface optical-phonon modes and electron–interface-phonon interactions in wurtzite GaNÕAlN
quantum wells

Jun-jie Shi
State Key Laboratory for Mesoscopic Physics, and School of Physics, Peking University, Beijing 100871, People’s Republic of

~Received 29 May 2003; published 23 October 2003!

Based on the dielectric-continuum model and Loudon’s uniaxial crystal model, the equation of motion for
the p-polarization field in an arbitrary wurtzite multilayer heterostructure is solved exactly for the interface
optical-phonon modes. The polarization eigenvector, the dispersion relation, and the electron–interface-phonon
interaction Fro¨hlich-like Hamiltonian are derived using the transfer-matrix method. The analytical formulas
can be directly applied to single heterojunctions, single and multiple quantum wells~QW’s!, and superlattices.
Considering the strains of QW structures and the anisotropy effects of wurtzite crystals, the dispersion relations
of the interface phonons and the electron–interface-phonon coupling strengths are investigated for GaN/AlN
single and coupled QW’s. We find that there are four~eight! interface optical-phonon branches with definite
symmetry with respect to the symmetric center of a single~coupled! QW. Typical features in the dispersion
curves are evidenced which are due to the anisotropy effects of wurtzite crystals. The lower-frequency modes
are much more important for the electron–interface-phonon interactions than the higher-frequency modes. For
the lower-frequency interface phonons, the intensity of the electron-phonon interactions is reduced due to the
strain effects of the QW structures. For the higher-frequency interface modes, the influence of the strains on the
electron-phonon interactions can be ignored.

DOI: 10.1103/PhysRevB.68.165335 PACS number~s!: 78.67.De, 63.20.Dj, 63.20.Kr, 63.22.1m
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I. INTRODUCTION

Quantum heterostructures based on the wide-band
group-III nitrides GaN, AlN, InN, and their ternary com
pounds have recently attracted much attention due to c
spicuous device applications, such as the high-brightn
blue/green light emitting diodes~LED’s! and laser diodes
~LD’s!.1–9 Besides their potential applications in electron
and optoelectronics, they are also quite attractive from
purely physical viewpoint. Their fundamental physical pro
erties can be largely affected and even determined by
spatial quantization of the electron states, the anisotrop
the crystal structures and the strains of the heterostructu

Group-III nitrides usually crystallize in the hexagon
wurtzite structure~space groupC6v

4 ), which is composed of
two interpenetrating hexagonal close-packed sublattices,
placed along thec axis (z axis! by 5/8 of the cell heightc.
The primitive cell in wurtzites contains four atoms. Cons
quently, there are nine optical and three acoustical pho
branches for a given phonon wave vector.10 Only two
optical-phonon branches are both Raman and infrared ac
They correspond to the extraordinaryA1 andE1 phonons in
irreducible representation at theG point.11–15 The wurtzites
are uniaxial crystals with the optical axis coinciding with t
c axis of the crystal structure that is perpendicular to
hexagons. Due to the optical anisotropy of uniaxial cryst
the long-wavelength optical lattice vibrations can be clas
fied according to mutual orientation between thec axis, the
phonon wave vectorqW , the electric fieldEW , and the polariza-
tion PW .16,17 This classification divides the lattice vibration
into two groups: the ordinary and extraordinary optic
phonons. The ordinary phonons withE1 symmetry are al-
ways transverse~bothEW andPW are perpendicular toqW and the
c axis simultaneously! and polarized in the' plane for a
0163-1829/2003/68~16!/165335~11!/$20.00 68 1653
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given wave vectorqW . The frequencies of the ordinar
phonons are independent of the angleu between the phonon

wave vectorqW and thec axis. The extraordinary phonons a
associated with z- and '-polarized vibrations. The
z-polarized mode hasA1 symmetry and the'-polarized one
hasE1 symmetry. When the angleu is 0, one vibration is a
A1(LO) phonon and the other is aE1(TO) phonon. Ifu is
varied from 0 to p/2, these modes gradually become
A1(TO) and aE1(LO) phonon, respectively, without havin
a proper LO or TO character andA1 or E1 symmetry. There-
fore the phonon spectra in wurtzites are much more com
cated than those in cubic crystals.18–25 It has been known
that, at room and higher temperatures, the scattering of e
trons by optical phonons play a dominant role for vario
electronic properties. The electron-phonon interactions
scattering govern a number of important properties of qu
tum heterostructures, including hot-electron relaxation ra
interband transition rates, and room-temperature exciton
times, etc. The optical and transport properties of wurtz
quantum heterostructures can also be strongly influence
the electron-phonon interactions.26–28Hence the understand
ing of lattice dynamics and electron-phonon interactions
wurtzite semiconductor quantum heterostructures has b
primitive, which has not only important theoretical meani
but also practical significance for device applications.

In order to investigate optical-phonon modes a
electron-phonon interactions in polar semiconductor qu
two-dimensional~Q2D! quantum heterostructures, sever
theoretical models have been proposed successively.
principal models are the microscopic calculation model
the phonon spectra based on first-principles interatomic fo
constants,29,30 the standard dielectric-continuum~DC! model
using the electrostatic boundary conditions~BC’s!,18,31–33the
guided-mode model considering the hydrodynamic BC’s
©2003 The American Physical Society35-1
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the interfaces,34 and the modified dielectric-continuum
~MDC! model.35,36 The MDC model was introduced b
Huang and Zhu in Ref. 35, in which only nonorthogon
polarization eigenfunctions are derived. With the help
Schmidt’s orthogonalization method, Haupt and Wendle36

found a complete set of orthonormalized confined eig
modes satisfying both electrostatic and mechanical BC’s,
the continuity of the tangential component of the elect

field EW , thez component of the electric displacement vec

DW , and the relative ionic displacement fieldwW ;EW at the
heterointerfaces. The work of Haupt and Wendler36 can thus
be regarded as an improvement of the MDC model of R
35. The main difference of the DC, MDC, and the guide
mode models is the choice of BC’s for the polarizati
eigenmodes, which can be reflected in some physical p
lems, in which the selection rules become important. Thi
because the LO phonons have different symmetry in th
models. However, as pointed out by Kliminet al.,37 the
choice of the BC’s becomes less critical if the observ
physical quantities include sum over all phonon mod
Moreover, the microscopic calculations of the phon
spectra30 clearly show that both the DC and the MDC mode
are more reliable than the guided-mode model for the
scription of the phonon modes in Q2D multilayer hete
structures and the improvements of the complicated M
model to the DC model are small in magnitude, which h
also been confirmed by the numerical calculations of
electron-phonon scattering rates in a quantum well~QW! in
Ref. 36. Hence the DC model has been extensively use
the recent literature due to its good agreement with the
croscopic calculations of the phonon spectra30 and the
experiments38 and its simplicity.

Based on the DC model18 and Loudon’s uniaxial crysta
model,16,17 some theoretical investigations have been
voted to the polar optical phonons in wurtzite GaN/A
single heterojunctions, single QW’s,11,12and infinite superlat-
tices ~SL’s!.13 Electron-optical-phonon scattering in wurtzi
crystals and single QW’s was investigated in Refs. 14 a
15. The polaron properties of III-V nitride compounds we
studied in Refs. 39–41. The polar optical phonons and t
interactions with electrons in GaN/AlN quantum dots~QD’s!
were also treated in Refs. 42–44. The size dependenc
exciton-LO-phonon coupling in InxGa12xN/GaN-based
QW’s and QD’s was also studied in Ref. 45. The latti
dynamics of group-III nitride~110! surfaces was studied us
ing the adiabatic bond-charge model within a supercell
proach in Ref. 46. Demangeotet al.47 investigated resonan
Raman scattering in hexagonal AlxGa12xN alloys, which
confirmed the role of the Fro¨hlich electron-phonon interac
tions in the scattering processes. Phonons and free-ca
effects in wurtzite GaN/AlGaN SL’s were studied by infrare
spectroscopic ellipsometry and micro-Raman scattering
Ref. 48. Angular dispersion of polar phonons and Ram
scattering due to extraordinary phonons in wurtzite GaN/A
SL’s were also investigated.49,50 The experimental results o
Refs. 49 and 50 were found to be in good agreement with
calculations based on the DC model, which confirmed
correctness of the DC model for the description of the latt
16533
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dynamic properties of wurtzite QW’s and SL’s. A micro
scopic theory for the generation and propagation of cohe
acoustic phonons in InxGa12xN/GaN multiple quantum wells
~MQW’s! was presented.51 Phonon sidebands in InGaN/Ga
MQW’s were also investigated in Ref. 52. The LO phono
assisted luminescence of the shallow donor-bound exci
and free excitons in the GaN films was also investigated
different temperatures.53 By using Raman-scattering techno
ogy, Bergmanet al.54 investigated phonon lifetimes in wurtz
ite AlN and GaN; Alexsonet al.55 further studied the con-
fined phonons and the phonon-mode properties of wurt
III-V nitrides. Resonant Raman scattering on free and bou
excitons in GaN was also treated.56 However, as we know,
MQW’s or finite SL’s rather than the single QW’s or infinit
SL’s are adopted in the commonly used GaN-based optoe
tronic devices, such as LED’s and LD’s.2,6,7 Obviously, it is
necessary and imperative to investigate the lattice dyna
properties of a wurtzite Q2D multilayer heterostructure d
to the strong influence of electron-phonon interactions on
optical and transport properties of group-III nitrid
semiconductors.26–28 Moreover, as pointed out by Zhanget
al.,26 the phonon modes and the electron-phonon interact
in wurtzite multilayer heterostructures are less understo
The subject of the present contribution is to solve the int
face optical-phonon modes and derive the electro
interface-phonon interaction Fro¨hlich-like Hamiltonian in
wurtzite Q2D MQW’s or SL’s with arbitrary layer number
by means of the DC model and Loudon’s uniaxial crys
model.

The paper is organized as follows. In Sec. II, basic eq
tions to describe the polar optical phonons in bulk wurtz
crystals are outlined for self-sufficiency. The interfa
optical-phonon modes in a wurtzite Q2D multilayer hete
structure with arbitrary layer numbers are solved. Moreov
the electron–interface-phonon interaction Fro¨hlich-like
Hamiltonian is also derived. The numerical results for t
dispersion relations, the electron–interface-phonon coup
functions in GaN/AlN single and coupled QW’s, are give
and discussed in Sec. III. Finally, the main conclusions
tained in this paper are summarized in Sec. IV.

II. THEORY

A. Phonons in bulk wurtzite crystals

For a bulk wurtzite crystal and within the framework o
the DC model, the field associated with the polar opti
modes in the nonretardation limit satisfies Maxwell’s equ
tions,

¹3EW 50, ~2.1!

¹•DW 50, ~2.2!

with

DW 5«0EW 1PW 5«0e~v!EW , ~2.3!

PW 5«0x~v!EW , ~2.4!
5-2
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INTERFACE OPTICAL-PHONON MODES AND . . . PHYSICAL REVIEW B68, 165335 ~2003!
e~v!511x~v!, ~2.5!

where«0 is the absolute dielectric constant.
Due to the anisotropy of wurtzite crystals, the polar ph

non frequencies and the dielectric function become direc
dependent. The dielectric tensor can be written as

e~v!5S e'~v! 0 0

0 e'~v! 0

0 0 ez~v!
D , ~2.6!

where

e'~v!5e'
(`)

v22v',L
2

v22v',T
2

~2.7!

for E1 phonons and

ez~v!5ez
(`)

v22vz,L
2

v22vz,T
2

~2.8!

for A1 phonons. Here the subscripts' andz denote the per-
pendicular direction and the parallel direction of thez axis,
e'

(`) and ez
(`) are the optical dielectric constants,v',L and

vz,L are the zone center longitudinalE1(LO) and A1(LO)
phonon frequencies, andv',T and vz,T are the zone cente
transverseE1(TO) and A1(TO) phonon frequencies of th
bulk materials.

We have known that there are two kinds of importa
optical-phonon modes in a bulk wurtzite crystal.16,17 One is
the so-called ordinary phonons. Their polarization modes
purely transverse modes (s-polarization modes!. Since these
modes are completely decoupled from the other vibratio
modes, we will not discuss them in this paper. The othe
the extraordinary phonons, for which the orientation ofEW

and PW with respect toqW 5(qW' ,qz) and thec axis is more
complicated. The dispersion relation of the extraordin
phonons depend on the angleu between the phonon wav
vectorqW and thec axis and is given as16,17

e'~v!sin2u1ez~v!cos2u50. ~2.9!

If we define

q'5q•sinu,

qz5q•cosu, ~2.10!

Eq. ~2.9! can be further rewritten as

e'~v!q'
2 1ez~v!qz

250. ~2.11!

Without loss of generality, we can assume that bothq'

and v are real and positive.11–13 In the case ofq'Þ0, one
can obtain from Eq.~2.11! the following important conclu-
sions. If we let

e'~v!

ez~v!
,0, ~2.12!
16533
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qz thus becomes purely real, which corresponds to the os
lating waves.12 Moreover, if we let,

e'~v!

ez~v!
.0, ~2.13!

qz is purely imaginary, and the corresponding waves beco
the decaying ones.12

B. Interface optical-phonon modes in a wurtzite multilayer
heterostructure

In order to investigate the optical-phonon modes and
electron-phonon interactions in wurtzite MQW’s or fini
SL’s, let us now consider an arbitrary wurtzite Q2
multilayer heterostructure shown in Fig. 1. The heteroint
faces are located atz5z0 ,z1 , . . . ,zN-1 , and zN . Here, we
take thez axis (c axis! to be perpendicular to the interface
In the limiting case ofq'→0, we can prove from Eq.~2.11!
that the completely confined modes can exist in a wurtz
Q2D multilayer heterostructure. These phonons are stri
confined by the heterointerfaces and are highly degene
vibrating modes withA1(LO) phonon frequencyvz,L

( j ) in the
layer j. The confinedE1(TO) phonons of the layerj ~Ref. 13!
will not be discussed in the present paper because the e
tron does not couple to TO phonons.18 Moreover, in the case
of q'Þ0, we can derive the equations for thep-polarization
field pW (q' ,z)[(P'5Px ,Pz) in the layerj as follows:

x', j
21~v!

d

dz
P'

( j )~z!2 iq'xz,j
21~v!Pz

( j )~z!50, ~2.14!

and

iq'

e', j~v!

x', j~v!
P'

( j )~z!1
ez,j~v!

xz,j~v!

d

dz
Pz

( j )~z!50. ~2.15!

Based on the standard DC model,18 the solutions of Eqs.
~2.14! and ~2.15! should satisfy the following electrostati
BC’s at the interfacez5zj ( j 50,1, . . . ,N), namely

x', j
21~v!P'

( j )~z!uz5zj
5x', j11

21 ~v!P'
( j 11)~z!uz5zj

~2.16!

for the continuity of the tangential component of the elect
field EW , and

ez,j~v!

xz,j~v!
Pz

( j )~z!Uz5zj
5

ez,j11~v!

xz,j11~v!
Pz

( j 11)~z!U
z5zj

~2.17!

FIG. 1. A generalN12-layer Q2D wurtzite heterostructure
Here thez axis is taken along the@0001# direction (c axis!.
5-3
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JUN-JIE SHI PHYSICAL REVIEW B 68, 165335 ~2003!
for the continuity of thez component of the electric displace
ment vector DW across thez5zj interface of the Q2D
multilayer heterostructure.

It is easier to solve the coupled differential Eqs.~2.14!
and ~2.15! by first transforming them into one differentia
equation. This can be done by differentiating Eq.~2.14! with
respect toz once and using Eq.~2.15! to eliminatePz

( j )(z).
We finally obtain

d2

dz2
P'

( j )~z!1qz,j
2 P'

( j )~z!50. ~2.18!

The general solutions of Eq.~2.18! can be written as

P'
( j )~z!5 i @Aj8e

iqz,j(z2zj)1Bj8e
2 iqz,j(z2zj)#. ~2.19!

Based on the above analysis@please refer to Eqs.~2.11!–
~2.13!#, we can confirm from Eq.~2.19! that there are five
distinct types of optical-phonon modes in a wurtzite Q2
multilayer heterostructure. Following Refs. 11–13, the
modes can be classified as follows.~i! The interface modes
with qz,j purely imaginary in the layerj ( j 50,1, . . . ,N
11). The corresponding waves cannot propagate thro
the structure along thez axis and the associated fields dec
exponentially away from the interfaces.~ii ! The propagating
modes exist in the whole structure, for whichqz,j is purely
real in the layerj. ~iii ! The quasiconfined modes withqz,j
purely real in the layerj, and qz,j8 purely imaginary in the
layer j 8 ( j 8Þ j ). The related waves display a confined b
havior in the layerj. The situation is similar to that of elec
trons confined in a QW of finite depth. The confinement
the layerj will lead to a quantization ofqz,j . ~iv! The half-
space modes with bothqz,0 and qz,N11 purely real mainly
exist in the two semi-infinite layers (j 50,N11) in the form
of the oscillating waves, and~v! the exactly confined mode
with q'50 exist in the layerj, which can be obtained from
16533
e
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the corresponding quasiconfined modes of the layerj in the
limit v→vz,L

( j ) .13 Compared with the well-studied cubi
Q2D multilayer systems, such as GaAs/AlGaAs,18–21 the
optical-phonon modes in wurtzite Q2D multilayer heter
structures are much more complicated due to the anisotr
effects of wurtzite crystals. It is well known that, in cub
Q2D multilayer heterostructures, there are only three ty
of the p-polarized optical-phonon modes, i.e., the interfa
modes, the confined LO and TO modes, and the half-sp
modes.18–21 Our above results clearly indicate that two ne
phonon modes, i.e., the propagating modes and the quas
fined modes, together with the interface modes, the exa
confined modes, and the half-space modes, coexist in wu
ite Q2D multilayer systems. It is more interesting to no
that, even in GaAs/AlGaAs SL’s, the propagating mod
were observed experimentally57 when adjacent regions hav
small differences in dielectric properties. Consequently,
aforementioned standard classification scheme of the opt
phonon modes in cubic Q2D multilayer heterostructures
insufficient to describe the complicated optical-phon
modes in wurtzite Q2D multilayer systems, which need to
complemented suitably, as adopted by some authors in R
11–13.

In the present paper, we will pay attention to the interfa
modes only. For simplicity,qz,j is substituted byiqz,j in the
next. By using the BC’s~2.16! and ~2.17! at thez5zj inter-
face, we can obtain the following matrix formula relating th
successive coefficientsAj118 andBj118 :

S Aj118

Bj118
D 5M jS Aj8

Bj8
D , j 50,1, . . . ,N21, ~2.20!

whereA0850 for the interface modes, and the matrixM j is
called the transfer matrix from the layerj to the layerj 11
and has been defined as
M j5
1

2 S ~11a j,j11!b j,j11e2qz,j11dj11 ~12a j,j11!b j,j11e2qz,j11dj11

~12a j,j11!b j,j11eqz,j11dj11 ~11a j,j11!b j,j11eqz,j11dj11
D . ~2.21!
Here dj11[zj112zj is the thickness of the layerj 11, and
a j,j11 andb j,j11 are defined as

a j,j11[
qz,jez,j~v!

qz,j11ez,j11~v!
~2.22!

and

b j,j11[
x', j11~v!

x', j~v!
. ~2.23!

Similarly, using Eqs.~2.16! and~2.17! at thez5zN interface
and lettingBN118 50 for the interface modes, we have
S AN118

0
D 5MNS AN8

BN8
D ~2.24!

with

MN5
1

2 S ~11aN,N11!bN,N11 ~12aN,N11!bN,N11

~12aN,N11!bN,N11 ~11aN,N11!bN,N11
D .

~2.25!

The coefficientB08 in the j 50 layer and the coefficientAN118
in the j 5N11 layer have the following matrix relation:

S AN118

0
D 5M totS 0

B08
D , ~2.26!
5-4
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where

M tot5S M11 M12

M21 M22
D 5MNMN-1•••M0 . ~2.27!

We can obtain from Eq.~2.26! the following implicit dis-
persion relation for the interface phonon modes in a wurt
Q2D multilayer heterostructure:

M2250. ~2.28!

This equation is the most general expression of the inter
phonon dispersion relation for an arbitrary wurtzite Q2
multilayer system.
r-
n

e

ec
en

,

de
i-

ric
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Let us now further discuss Eq.~2.28! for some special
cases. First, for a single heterojunction composed of
wurtzite materials denoted as thej 51 and 2 layers, the dis
persion equation of the interface modes can be derived f
Eq. ~2.28! as follows:

Ae',1~v!ez,1~v!1Ae',2~v!ez,2~v!50. ~2.29!

Furthermore, if we lete', j(v)5ez,j(v)( j 51,2), Eq.~2.29!
reduces to the corresponding result of the cubic sin
heterojunction,22 as it should be. Moreover, in the case of
wurtzite double heterostructure, for example, an AlN/Ga
AlN single QW, we can obtain the following dispersion r
lation for the interface modes from Eq.~2.28!:
2ez,AlN
(`) ez,GaN

(`) Av22v',LAlN
2

v22v',TAlN
2

•

v22vz,LAlN
2

v22vz,TAlN
2

•

v22v',LGaN
2

v22v',TGaN
2

•

v22vz,LGaN
2

v22vz,TGaN
2

1F ez,AlN
(`)2

v22v',LAlN
2

v22v',TAlN
2

•

v22vz,LAlN
2

v22vz,TAlN
2

1ez,GaN
(`)2

v22v',LGaN
2

v22v',TGaN
2

•

v22vz,LGaN
2

v22vz,TGaN
2 G •tanh~qz,GaNdGaN!50, ~2.30!
d-
ss

n
the

in
rface
and
wheredGaN is the thickness of the GaN well layer. Furthe
more, we can from Eq.~2.30! derive the same dispersio
relations as Eqs.~24! and ~25! of Ref. 13 for the interface
modes. Our numerical calculations~Figs. 2 and 3! clearly
show that, for a symmetric AlN/GaN/AlN wurtzite doubl
heterostructure~single QW!, there are only four interface
optical-phonon branches with definite symmetry with resp
to the symmetric center of the QW structure for a giv
phonon wave numberq' .

For an AlN/GaN/AlN/GaN/AlN symmetric coupled QW
we can obtain from Eq.~2.28! the following dispersion rela-
tion:

FIG. 2. Dispersion curves of the interface optical-phonon mo
for a GaN QW of widthd55 nm sandwiched between two sem
infinite AlN barrier layers. The solid~dashed! lines are for the un-
strained~strained! QW structure. The symmetric and antisymmet
modes are denoted as S and AS, respectively.
t

F21S a011
1

a01
D •tanh~qz,GaNdGaN!G2

2S a012
1

a01
D 2

•tanh2~qz,GaNdGaN!e22qz,AlNdAlN50,

~2.31!

where dAlN is the thickness of the AlN barrier layer san
wiched between the two GaN well layers with the thickne
of dGaN, anda01 is defined as

a01[
qz,AlNez,AlN~v!

qz,GaNez,GaN~v!
. ~2.32!

s

FIG. 3. Spatial dependence of the coupling functionG(q' ,z)
divided by (\e2/8A«0)1/2 for the interactions between an electro
and interface optical phonons for the same QW as in Fig. 2 with
heterointerfaces located atz50 and 5 nm, respectively. Here and
Figs. 4, 6, and 7, the numbers by the curves represent the inte
phonon frequency in order of increasing magnitude. The solid
dashed lines have the same meaning as in Fig. 2.
5-5
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JUN-JIE SHI PHYSICAL REVIEW B 68, 165335 ~2003!
The phonon wave numbersqz,AlN andqz,GaN in Eqs. ~2.30!,
~2.31!, and~2.32! are given by

qz,AlN5Av22v',LAlN
2

v22v',TAlN
2

•

v22vz,TAlN
2

v22vz,LAlN
2

•q' ,

qz,GaN52Av22v',LGaN
2

v22v',TGaN
2

•

v22vz,TGaN
2

v22vz,LGaN
2

•q' .

~2.33!

In the general case, Eq.~2.31! has eight solutions with defi
nite symmetry with respect to the symmetric center of
QW structure for a given phonon wave numberq' ~Figs. 5
and 6!.

We know from Eqs.~2.20! and~2.24! that all of the other
coefficientsAj8 andBj8 ( j Þ0) can be expressed as the co
ficient B08 times a proportionality constant, i.e.,

Aj85AjB08 ,

Bj85BjB08 . ~2.34!

The two-dimensionalp-polarization eigenvectorpW (q' ,z)
for the interface modes can thus be obtained from E
~2.14!, ~2.19!, and~2.34! as

pW ~q' ,z!5B08H Q1~q' ,z!, z,z0 ,

Q2~q' ,z!, zj-1,z,zj , j 51,2, . . . ,N,

Q3~q' ,z!, z.zN ,
~2.35!

Q1~q' ,z!5eqz,0(z2z0)@ i ,g0#,

Q2~q' ,z!5@ i ~Aje
2qz,j(z2zj)1Bje

qz,j(z2zj)!,

g j~2Aje
2qz,j(z2zj)1Bje

qz,j(z2zj)!],

Q3~q' ,z!5AN11e2qz,N11(z2zN)@ i ,2gN11#.

In Eq. ~2.35!, g j ( j 50,1, . . . ,N11) is defined as

g j[
qz,jxz,j~v!

q'x', j~v!
. ~2.36!

Considering the anisotropy effects of wurtzite crystals,
take the orthonormality condition of the two-dimension
p-polarization eigenvectorpW (q' ,z) as follows:

E
2`

`

dzSAh', j~vm!

v',pj
P'

* ~q' ,z!,
Ahz,j~vm!

vz,pj
Pz* ~q' ,z! D

•SAh', j~vn!

v',pj
P'~q' ,z!,

Ahz,j~vn!

vz,pj
Pz~q' ,z! D 5dmn.

~2.37!

Here the subscriptsm and n indicate the different phonon
modes. Equation~2.37! can be regarded as a direct extens
of the corresponding formula Eq.~29! of Ref. 18. The defi-
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nitions ofh j(v) andvpj are given in Ref. 22. The coefficien
B08 in Eq. ~2.35! can be obtained from Eq.~2.37! as follows:

B085A2

L
. ~2.38!

In Eq. ~2.38!, L is defined as

L[
1

qz,0
Q0,1~v!1

AN11
2

qz,N11
QN11,1~v!

1(
j51

N
1

qz,j
$4AjBjqz,jdjQj,2~v!2@Aj

2~12e2qz,jdj!

2Bj
2~12e22qz,jdj!#Qj,1~v!%. ~2.39!

In Eq. ~2.39!, Qj,6(v) is given by

Qj,6~v!5
h', j~v!

v',pj
2

6g j
2 hz,j~v!

vz,pj
2

. ~2.40!

Moreover, we have the following formulas for the interfa
modes:58

h', j~v!

v',pj
2

5
@e', j~v!2e', j

(`)#2

v',Tj
2 @e', j~v!21#2~e', j

(0)2e', j
(`)!

,

hz,j~v!

vz,pj
2

5
@ez,j~v!2ez,j

(`)#2

vz,Tj
2 @ez,j~v!21#2~ez,j

(0)2ez,j
(`)!

. ~2.41!

Here, e', j
(0) and ez,j

(0) are the static dielectric constants of th
layer j.

C. Electron-phonon-interaction in a wurtzite multilayer
heterostructure

The electron-phonon interaction Fro¨hlich-like Hamil-
tonian He-ph can be obtained by quantizing the energy
interaction of an electron at the positionrW with the scalar
potential produced by the phonons, i.e.,2ef(rW).18,59For the
interface optical-phonon modes given in the above, we
obtain the electron–interface-phonon interaction Ham
tonian in an arbitrary wurtzite Q2D multilayer heterostru
ture as follows:18

He-ph5(
m

(
q'

eiqW'•rWGm~q' ,z!@ âm~qW'!1âm
† ~2qW'!#,

~2.42!

where the electron-phonon coupling functionGm(q' ,z),
which describes the coupling strength of a single electron
the positionz with themth interface optical-phonon mode, i
given as
5-6
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Gm~q' ,z!5B08S 8A«0vm~q'! D H f 2~q' ,z!, zj-1,z,zj , j 51,2, . . . ,N,

f 3~q' ,z!, z.zN ,

~2.43!

whereA is the cross-sectional area of the heterostructure. The normal frequencyvm(q') of the mth branch of the interface
modes can be obtained by solving the dispersion relation Eq.~2.28!, and f i(q' ,z)( i 51,2,3) are defined as

f 1~q' ,z![j2,0e
q'(z2z0)1~j1,02j2,0!e

qz,0(z2z0)1(
j51

N

@~Ajj1, je
qz,jdj2Bjj2, je

2qz,jdj!eq'(z2zj-1)

1~Bjj2, j2Ajj1, j!e
q'(z2zj)#1AN11j1,N11eq'(z2zN), ~2.44!

f 2~q' ,z![j1,0e
q'(z02z)1(

l51

j-1

@Alj2, le
qz,ldl2Blj1, le

2qz,ldl1~Blj1, l2Alj2, l!e
q'dl#eq'(zl212z)1~Ajj2, je

qz,jdj

2Bjj1, je
2qz,jdj!eq'(zj-12z)1~j1, j2j2, j!~Aje

qz,j(zj2z)1Bje
qz,j(z2zj)!1~Bjj2, j2Ajj1, j!e

q'(z2zj)

1AN11j1,N11eq'(z2zN)1 (
l5 j11

N

@Alj1, le
qz,ldl2Blj2, le

2qz,ldl1~Blj2, l2Alj1, l!e
2q'dl#eq'(z2zl21), ~2.45!

and

f 3~q' ,z![j1,0e
q'(z02z)1(

j51

N

@Ajj2, je
qz,jdj2Bjj1, je

2qz,jdj1~Bjj1, j2Ajj2, j!e
q'dj#eq'(zj-12z)

1AN11@j1,N11eqz,N11(zN2z)1j2,N11~eq'(zN2z)2eqz,N11(zN2z)!#. ~2.46!
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In Eqs. ~2.44!–~2.46!, j1, j andj2, j ( j 50,1, . . . ,N11) are
given by

j6, j5
16g j

qz,j6q'

. ~2.47!

The above analytical expressions~2.43!–~2.46! for the
electron–interface-phonon coupling function in an arbitra
wurtzite Q2D multilayer heterostructure are universal, wh
can be directly applied to many important Q2D multilay
systems, such as single heterojunctions, single/mult
QW’s, and SL’s composed of the group-III nitrides. Mor
over, our results are also useful in further investigation
the optical properties of the commonly used GaN-based
vices, such as LED’s and LD’s.

III. NUMERICAL RESULTS AND DISCUSSION

In Sec. II, we have derived the dispersion equations
the polarization eigenvectors of the interface optical-phon
modes and the electron–interface-phonon interac
Fröhlich-like Hamiltonian in an arbitrary wurtzite Q2D
multilayer heterostructure. However, the corresponding a
lytical formulas are quite complicated due to the anisotro
of wurtzite crystals. In order to see more clearly behaviors
the interface phonons and their interactions with electrons
important special cases of wurtzite Q2D multilayer hete
structures, we have calculated the interface phonon dis
16533
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sions and the electron–interface-phonon coupling functi
for a symmetric AlN/GaN/AlN single QW and an AlN/GaN
AlN/GaN/AlN coupled QW, respectively. The paramete
used in our calculations are listed in Table I. In the case
GaN and AlN, the anisotropy effect on« (`) and« (0) is weak,
and we will assume that«'

(`)5«z
(`) ~Refs. 11–13,60! and

«'
(0)5«z

(0) .60 Considering the lattice mismatch between Ga
and AlN, the thin GaN well layer experiences a biaxial co
pressive stress and the zone-center phonon frequencie
GaN are shifted to higher values. The magnitudes of th
shifts can be estimated using the deformation potentials m
sured for biaxially strained wurtzite GaN as follows:61,62

Dvl52al«xx1bl«zz,

l5A1~LO!,A1~TO!,E1~LO!,E1~TO!. ~3.1!

Hereal andbl are the two deformation potential constan
and«xx and«zz the strain elements of the GaN strained lay

Figure 2 shows the dispersions of the interface phonon
an AlN(`)/GaN(5 nm)/AlN(̀ ) symmetric single QW. We
can see from Fig. 2 that there are only four interface optic
phonon solutions with definite symmetry for a given phon
wave numberq' . The modes 1 and 4~2 and 3! ~labeled
from lower to higher frequency! are exactly symmetric~an-
tisymmetric! modes with respect to the middle plane of t
QW structure~Fig. 3!. The dispersions of the modes 1 and
5-7
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TABLE I. Zone-center energies~in meV! of polar optical phonons, and optical and static dielect
constants of wurtzite AlN and GaN.

Material A1(TO) E1(TO) A1(LO) E1(LO) e (`) e (0)

AlN a 75.72 83.13 110.30 113.02 4.77 8.5
GaNa ~unstrained! 65.91 69.25 90.97 91.83 5.35 9.2
GaN ~strained! 67.89b 73.22b 92.08b 94.06

aReference 60.
bReference 13.
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are obvious ifq'd,2 (d55 nm). A common limit value of
71.62 meV can be obtained whenq'd→`. For the higher-
frequency modes 3 and 4, the dispersions are eviden
q'd,3, and a common limit of 103.15 meV can also
reached in the case ofq'd→`. Moreover, the influence o
the strains on the dispersions of the interface phonon
evident for the two lower-frequency modes 1 and 2, and
be ignored for the higher-frequency modes 3 and 4. I
more interesting to note from Fig. 2 that a striking cons
quence of the anisotropy of wurtzite crystals is that the m
3 reaches the GaNE1(LO) phonon energy of 91.83 meV
~unstrained GaN! @94.06 meV ~strained GaN!# for which
qz,GaN50 andq'Þ0. Consequently, for very smallq' , this
branch becomes the quasiconfined phonons of the GaN l
becauseqz,GaN is real.

Figure 3 shows the spatial~z! dependence of the electron
interface-phonon coupling functionG(q' ,z) for the same
symmetric single QW structure as in Fig. 2 (q'

50.1 nm21). We can see from Fig. 3 that the electron inte
action with the mode 1@denoted as e-p~1!# is mainly local-
ized in the GaN well layer, which is symmetric mode wi
respect to the center of the QW structure atz52.5 nm;
e-p~2! and e-p~3! are exact antisymmetric modes and pea
at z50 or 5 nm interface; e-p~4! is symmetric mode and
peak atz50 or 5 nm interface. Moreover, Fig. 3 indicate
that e-p~2! has the most strong electron-phonon interact
among the four interface phonon modes. Figure 3 furt
shows that the effects of strains due to mismatch of the
tice constants between GaN and AlN have an obvious in
ence on the electron-phonon interaction for the low
frequency modes, such as, e-p~2!.

FIG. 4. Absolute valuesuG(q' ,z)u divided by (\e2/8A«0)1/2 as
functions ofq' for the same QW structure as in Fig. 2. The so
and dashed lines have the same meaning as in Fig. 2.
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In Fig. 4, we show the absolute valuesuG(q' ,z)u as func-
tions of wave numberq' for the same QW structure as i
Fig. 2. According to Fig. 3, we have chosenz52.5 nm for
the mode 1, andz50 nm for the modes 2, 3, and 4. Figure
indicates thatuG(q' ,z)u is a complicated function ofq' .
The long-wavelength optical phonons are more important
the electron-phonon interactions. The e-p~2! has the most
strong electron-phonon interaction. In the long-wavelen
limit of q'→0, e-p~2! and e-p~4! become more important
The strain effects will largely modify the electron intera
tions with the lower-frequency modes, such as e-p~1! and
e-p~2!. The strength of the electron interaction with th
higher-frequency modes will basically not be affected
strains of the QW structure. Figures 3 and 4 clearly show t
strains of the QW structure will reduce the strength of t
electron-phonon interactions.

We further investigate the interface phonon dispersio
and the electron–interface-phonon interactions in an A
GaN/AlN/GaN/AlN symmetric coupled QW with thicknes
`/5 nm/3 nm/5 nm/̀ . The dispersion curves shown in Fig
5 clearly indicate that, in general case, there are eight in
face phonon solutions with definite symmetry for a giv
phonon wave number (q'd>3.92). The modes 1, 3, 6, and
are antisymmetric modes, and the modes 2, 4, 5, and 7
symmetric ones with respect to the center of the QW str
ture at z56.5 nm ~Fig. 6!. The dispersions of the fou
higher-frequency modes 5–8 are more obvious whenq'd
<10. A common limit of 103.15 meV can be approached
q'd→`. It is very interesting to note that the mode 5 w
become the quasiconfined mode of the GaN layers for v

FIG. 5. Same as in Fig. 2, but for a symmetric AlN/GaN/AlN
GaN/AlN coupled QW structure with thicknes
`/5 nm/3 nm/5 nm/̀ . We take d52dGaN1dAlN513 nm. Here
and in Figs. 6 and 7, the calculations are performed only for
strained QW structure.
5-8
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INTERFACE OPTICAL-PHONON MODES AND . . . PHYSICAL REVIEW B68, 165335 ~2003!
small values ofq' (q',0.055 nm21) becauseqz,GaN be-
comes real. The physical reason has been deeply analyz
the above~please refer to Fig. 2!. Similarly, mode 4 will also
become the quasiconfined mode of the AlN layers. This
because the wave numberqz,AlN becomes real due to th
anisotropy effects of wurtzite crystals for a small value
q' (q',0.3 nm21). Figure 6 shows the spatial dependen
of the electron-interface-phonon coupling functionG(q' ,z)
for our symmetric coupled QW withq'50.35 nm21. We
can see from Fig. 6 that the different modes are localize
different interfaces. The e-p~1! is antisymmetric mode and
localized in the two GaN well layers; e-p~2!, e-p~3!, e-p~6!,
and e-p~7! peaks atz50 or 13 nm interface; e-p~4!, e-p~5!,
and e-p~8! are localized atz55 or 8 nm interface. The value
of uG(q' ,z)u for the four lower-frequency modes are larg
than those for the four higher-frequency modes, which
different from the case in the GaAs/AlGaAs QW’s.19–21,23–25

Moreover, Fig. 7 indicates thatuG(q' ,z)u is a complicated
function of the wave numberq' . The long-wavelength op
tical phonons are more important for the electron-phon
interactions. The e-p~3! and e-p~7! become more importan
in the long-wavelength limit ofq'→0.

IV. CONCLUSIONS

Within the framework of the DC model and Loudon
uniaxial crystal model, we have solved the interface optic
phonon modes in a wurtzite Q2D multilayer heterostruct
with arbitrary layer numbers. Thep-polarization eigenvector

FIG. 6. Same as in Fig. 3, but for the same coupled QW str
ture as in Fig. 5 (q'50.35 nm21) with the heterointerfaces locate
at z50, 5, 8, and 13 nm, respectively. Here~a! for the four lower-
frequency modes 1–4, and~b! for the four higher-frequency mode
5–8.
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the dispersion relation, and the electron–interface-phonon
teraction Fro¨hlich-like Hamiltonian are derived by means o
the transfer-matrix method. We find from the present the
that there are five distinct types of phonon modes in a wu
ite Q2D multilayer heterostructure. The propagating mod
and the quasiconfined modes, together with the interf
modes, the exactly confined modes, and the half-sp
modes, coexist in a wurtzite Q2D multilayer heterostructu
Hence the polar optical-phonon modes in wurtzite hete
structures are much more complicated as compared with
well-studied cubic multilayer systems. However, to the b
of our knowledge, it is less understood for the properties
the propagating modes and the quasiconfined modes, w
need to be investigated deeply in the future.

We have further studied the dispersions of the interfa
optical-phonon modes and the electron-phonon coup
functions for the commonly used GaN/AlN symmetric sing
and coupled QW’s, respectively. We find that there are f
~eight! interface optical-phonon branches with definite sy
metry with respect to the symmetric center of the sin
~coupled! QW structure for a given phonon wave numb
q' . The anisotropy effects of wurtzite crystals have a la
influence on the dispersion behaviors of the interface pho
modes for wurtzite QW’s. The different modes are localiz
at the different heterointerfaces. The lower-frequency mo
are much more important for the electron–interface-phon
interactions than the higher-frequency modes. The strain
fects have a definite influence on the dispersions
electron-phonon interactions for the lower-frequency mod
The strength of the electron-phonon interactions will be

- FIG. 7. Same as in Fig. 4, but for the same coupled QW str
ture as in Fig. 5. Here~a! for the four lower-frequency modes, an
~b! for the four higher-frequency modes.
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duced due to strains of the QW’s. These results are impor
and useful for further experimental and theoretical investi
tions of the electron-phonon interactions and for device
plications. We hope that the present work can stimulate
ther studies of the lattice dynamic properties, as well
device applications based on the quantum heterostructur
group-III nitrides.
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