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Anisotropy effects on polar optical phonons in wurtzite GaN/AlN superlattices

J. Gleize, M. A. Renucci, J. Frandon, and F. Demangeot
Laboratoire de Physique des Solides, Universite´ Paul Sabatier, 118 route de Narbonne, 31062 Toulouse cedex 4,

France
~Received 11 March 1999; revised manuscript received 15 July 1999!

The dispersion of polar optical phonons in wurtzite AlN/GaN heterostructures grown along the@0001#
direction, with particular emphasis on AlN/GaN superlattices, has been calculated within the dielectric con-
tinuum model framework. A detailed analysis is given for the interface and confined modes. Features in the
dispersion curves are evidenced which are due to the anisotropy of wurtzite crystals. The frequency range for
the extraordinary phonons~interface and confined modes! strongly depends on the zone center optical phonon
frequencies of bulk GaN and AlN. Moreover, the latter modes are not entirely confined inside one type of
layer, but can penetrate inside the surrounding material. Proper confinement of extraordinary phonons can,
however, be achieved for zero in-plane wave vector.@S0163-1829~99!10747-1#
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I. INTRODUCTION

The group III nitrides GaN and AlN display a promisin
potential for optoelectronics applications, particularly las
diodes emitting in the blue and ultraviolet frequency rang1

Although these materials crystallize under ambient con
tions in the hexagonal wurtzite structure, few theoreti
studies on lattice dynamics and electron-phonon interac
have been devoted so far to wurtzite AlN/GaN heterostr
tures. The Fro¨hlich Hamiltonian has been derived in the ca
of bulk wurtzite crystals2 and of wurtzite quantum wells
~QW’s!,3 and the polar optical phonons have also recen
been investigated in the latter.3,4 However, to our knowledge
no such studies have been yet reported on wurtzite AlN/G
superlattices~SL’s!.

In contrast, lattice dynamics of SL’s have been th
oughly investigated for cubic III–V semiconductors in th
last decade. Various macroscopic models have been us
describe the long wavelength phonons in these structures
hydrodynamic continuum model,5 with continuous atomic
displacements at the interfaces, the dielectric continu
model,6,7 which fulfills electrostatic boundary conditions
and the more complete continuum model of Chamberla
Cardona, and Ridley,8 which takes into account the mixin
of confined and interface~IF! modes and lifts the apparen
incompatibility of boundary conditions in the two previou
models.

The aim of the present work is to analyze the effects
layer anisotropy on polar optical phonons in wurtz
AlN/GaN QW’s and SL’s. The dielectric model has be
chosen in a first approach to the problem, for its simplic
and for its ability to give a physical insight into the phono
picture in quantum well structures. Indeed, although
atomic displacement patterns deduced from electros
boundary conditions have not to be considered with
caution,9 this model describes correctly the IF modes disp
sion whenever the wave vector dependence of bulk pho
frequencies, as well as mixing with confined modes have
to be considered.10,11

Our model is briefly described in Sec. II, along with th
main properties of optical polar phonons in bulk wurtz
PRB 600163-1829/99/60~23!/15985~8!/$15.00
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crystals. Section III is devoted to a GaN QW embedded
AlN, particularly to the existence of proper confined mod
in this structure. The study of a wurtzite GaN/AlN SL
performed in Sec. IV and conclusions are given in Sec. V

II. MODEL

A. Polar modes in a bulk wurtzite crystal

We consider polar optical phonons in wurtzite GaN a
AlN, which are uniaxial crystals with space groupC6v

4 . Due
to the anisotropy in these materials, the polar phonon
quencies and the dielectric functions are directi
dependent.12 Taking thez axis along the@0001# direction (c
axis! and denoting the perpendicular directions as', the
relationship between the polarizationP and the relative dis-
placement of the positive and negative sublatticesu(r ) in a
bulk wurtzite crystal is given by the equations of motion:12

m
d2u'~r !

dt2
52mv'

2 u'~r !1e'
* Eloc,'~r ! ~1!

m
d2uz~r !

dt2
52mvz

2uz~r !1ez* Eloc,z~r ! ~2!

and

P'~r !5ne'
* u'~r !1na'Eloc,'~r ! ~3!

Pz~r !5nez* uz~r !1nazEloc,z~r ! ~4!

wheren is the number of ion pairs per unit volume,m is the
reduced mass of an ion pair, andv' andvz are the mechani-
cal frequencies,e'

* and ez* are the effective charges of th
ions, anda' andaz are the electronic polarizabilities per io
pair, for the' andz directions, respectively. The local fiel
Eloc satisfies the Lorentz relationship:Eloc(r )5E(r )
1P(r )/3e0. The dielectric tensor is given by:
15 985 ©1999 The American Physical Society
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e~v!5S e'~v! 0 0

0 e'~v! 0

0 0 ez~v!
D ~5!

with

e'~v!5e'
`
v22v',L

2

v22v',T
2

~6!

and

ez~v!5ez
`
v22vz,L

2

v22vz,T
2

~7!

where e'
` and ez

` are the optical dielectric constants,v',L

and vz,L are the zone center longitudinal E1(LO) and
A1(LO) phonon frequencies,v',T andvz,T are the zone cen
ter transverse E1(TO) and A1(TO) phonon frequencies of th
bulk materials.12 In the case of GaN and AlN, the anisotrop
effect one` is very weak though, and we shall assume t
e'

`5ez
` .1

There are three polar optical phonons in a bulk wurtz
crystal:12 one ordinary wave and two extraordinary wave
The ordinary wave is always transverse and polarized in
' plane for any wave vectorq. It has E1 symmetry. The
extraordinary waves are associated withz- and'-polarized
vibrations. Thez-polarized mode has A1 symmetry and the
'-polarized one has E1 symmetry. When the angleu be-
tweenq andc is 0, one vibration is a A1(LO) phonon and
the other is a E1(TO) phonon; whenu is varied from 0 to
p/2, these modes gradually become a A1(TO) and a E1(LO)
phonon, respectively, without having a proper LO or T
character and A1 or E1 symmetry. For wurtzite GaN and AlN
though, long range Coulomb force effects dominate over
anisotropy in short range interatomic forces. Hence, fou
Þ0,p/2, the extraordinary waves are mixed A1 and E1 quasi
LO or TO modes.12,13 The angular dispersion of the extrao
dinary phonons is given in the long wavelength limit by:12,14

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

250. ~8!

B. Polar modes in a wurtzite heterostructure:
the dielectric continuum model

We now study polar optical phonons in heterostructu
composed of wurtzite GaN and AlN. We assume through
this paper that the heterostructures are grown along
@0001# direction (c axis! of the bulk materials; we choose th
z axis along this direction and denote the perpendicular
rections as'. In order to describe the long wavelength o
tical phonons dispersion, we use the dielectric continu
model6 and neglect the effects of retardation, as well as
wave vector dependence of bulk phonon frequencies.
also neglect the lattice mismatch between GaN and AlN. T
assumption of fully relaxed layers is obviously unrealistic
physical AlN/GaN systems. As the distribution of strain b
tween the different layers strongly depends on the geom
of the structures and on the nature of the buffer layer,
choose to ignore it first, and then to analyze its conseque
t
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on the results we obtained for the extreme situation in wh
the GaN layers are lattice matched to the fully relaxed A
layers.

In our calculations, use is made of the fields associa
with the polar optical modes rather than of potentials,
order to treat longitudinal and transverse modes at once
the non-retarded limit, these fields satisfy Maxwell’s equ
tions:

“3E50 ~9!

“•D50 ~10!

with

D( j )5e0E( j )1P( j )5e0e j~v!E( j ) ~11!

and

P( j )5e0x j~v!E( j ) ~12!

where j specifies the nature of the layer (j 51 for GaN and
j 52 for AlN!.

The translational invariance being conserved in the'
plane, we can use a 2-D Fourier transform in this plan6

With a suitable choice for the basis inq' space, we have
q'5(q',0) and Eq.~9! yields:

d

dz
Ex

( j )~z!2 iq'Ez
( j )~z!50 ~13!

and

d

dz
Ey

( j )~z!50 and iq'Ey
( j )~z!50. ~14!

The polarization is thus separated into an s-polarized
Ps5(0,Ps5Py,0), corresponding to the ordinary phono
and a p-polarized partPp5(P'5Px,0,Pz), corresponding to
the extraordinary phonons, which are completely decoup
and satisfy:

d

dz
@x', j

21~v!Ps
( j )~z!#50 ~15!

and

iq'x', j
21~v!Ps

( j )~z!50 ~16!

for the s-polarized part, and

x', j
21~v!

dP'
( j )~z!

dz
2 iq'xz, j

21~v!Pz
( j )~z!50 ~17!

for the p-polarized part. Furthermore, Eq.~10! gives:

iq'

e', j~v!

x', j~v!
P'

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

xz, j~v!

dPz
( j )~z!

dz
50. ~18!

From Eqs.~17! and ~18!, we deduce that thez and' com-
ponents ofPp are described by functions which have opp
site parity with respect to thez50 plane. We shall conside
throughout this paper the symmetry of vectorPp . In the case
of a QW, for instance, we shall call symmetric~S! all modes
for which thez50 plane is a symmetry plane forPp ~i.e. for
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evenP' and oddPz), and antisymmetric~AS! all modes for
which thez50 plane is an anti-symmetry plane forPp ~i.e.
for odd P' and evenPz).

Solving Eqs.~15!–~18!, with electrostatic boundary con
ditions at each interface, namely

x',1
21~v!P'

(1)~z!] int.5x',2
21~v!P'

(2)~z!] int. ~19!

for the continuity ofE' , and

ez,1~v!

xz,1~v!
Pz

(1)~z!G
int.

5
ez,2~v!

xz,2~v!
Pz

(2)~z!G
int.

~20!

for the continuity ofDz , we can obtain the dispersion rela
tionships for the polar optical modes.

III. POLAR OPTICAL PHONONS IN A WURTZITE
„AlN/GaN/AlN … QUANTUM WELL

We consider a wurtzite GaN QW of width d, as describ
in Fig. 1~a!. The z axis origin is taken at the center of th
QW. A recent theoretical study of this system3,4 classified its
polar optical phonons into four distinct types of modes:
terface modes~IF!, quasi-confined modes~QC!, half space
modes~HS!, and propagating modes~PR!. As we are mainly
interested in the comparison of the polar modes dispersio
a QW to that of a SL, we ignore the HS modes, as th
cannot be observed in an infinite SL, and the PR mod
because they do not appear in an unstrained wurtzite G
AlN heterostructure.3 On the other hand, we shall briefl
present the IF and QC modes dispersion, and focus ou
tention on the existence of proper confined modes in a wu
ite QW, which was ruled out in Ref. 3 and Ref. 4. Indeed,
authors restrict their analysis to guided modes withq'Þ0,
since the continuity of the scalar potential they used is
plicitely taken as equivalent to that ofE' .

We examine the p-polarizedvÞvz,L
j andvÞv',T

j solu-
tions; Eqs.~17! and ~18! yield:

FIG. 1. Description of the two wurtzite heterostructures stud
in this paper:~a! a GaN QW of width d embedded in infinite AlN
barriers and~b! an infinite GaN/AlN SL; the widths of the GaN an
AlN layers ared1 andd2, respectively, andd5d11d2 is the period
of the SL. In both cases, the growth direction~z axis! is parallel to
the c axis of wurtzite GaN and AlN.
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d2

dz2
P'

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

( j )~z!50 ~21!

whereqz, j (v) is given by the angular dispersion of the bu
constituents~8!. The p-polarization then takes the gene
form:

P'
( j )5Aje

iqz, j (v)z1Bje
2 iqz, j (v)z ~22!

when z belongs to aj layer. In this paper, we only conside
modes that cannot propagate through the barriers, henc
can sete',2(v)/ez,2(v)>0 without loss of generality. More-
over, the fields in the barriers must vanish whenz→6`.
With these new boundary conditions and with Eqs.~19! and
~20! at thez56d/2 interfaces, we obtain the secular equ
tion:

@2a1~v!sin„qz,1~v!d/2…1a2~v!cos„qz,1~v!d/2…#

3@a1~v!cos„qz,1~v!d/2…1a2~v!sin„qz,1~v!d/2…#50

~23!

where

a1~v!5ez,1~v!qz,1~v!/q'

and

a2~v!5sign@ez,2~v!#Aez,2~v!e',2~v!.

A. Interface modes and quasi-confined modes

IF modes may appear whenqz(v) is imaginary for both
the well and barriers,4,7 i.e. when e', j (v)/ez, j (v)>0 for
both GaN and AlN. Thus, the waves cannot propag
through the structure alongz and the associated fields deca
exponentially away from the interfaces. In addition, we m
have ez,1(v)ez,2(v)<0 for the IF modes to exist
All these conditions imply that the existence of IF mod
strongly depends on the relative values of the zone ce
phonon frequencies of the bulk constituents, which
not the case for cubic materials. These modes are
purely LO or TO modes, asPp has a non zeroz compo-
nent. Setting g1(v)5q'Ae',1(v)/ez,1(v) and a1(v)
5sign@ez,1(v)#Aez,1(v)e',1(v), their dispersion relation-
ships are given by:

a1~v!cosh„g1~v!d/2…1a2~v!sinh„g1~v!d/2…50
~24!

for the AS modes and

a1~v!sinh„g1~v!d/2…1a2~v!cosh„g1~v!d/2…50
~25!

for the S modes.
QC modes appear whenqz, j is real for the well and imagi-

nary for the barriers.3,4 They display an interface behavior i
the barriers and a confined behavior in the well; this situat
is very similar to that of electrons confined in a QW of fini
depth.15 The confinement in the QW leads to a quantizati
of qz,1 characterized by an integerm which defines the orde

d
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of the corresponding QC modes. Settingb1(v)
5sign@ez,1(v)#Auez,1(v)e',1(v)u, the QC modes dispersio
relationships are given by:

b1~v!cos„qz,1
m ~v!d/2…1a2~v!sin„qz,1

m ~v!d/2…50 ~26!

for the AS modes, with 2mp/d,qz,1
m ,(2m11)p/d, where

m50,1,2, . . . ,16 and

a2~v!cos„qz,1
m ~v!d/2…2b1~v!sin„qz,1

m ~v!d/2…50 ~27!

for the S modes, with (2m11)p/d,qz,1
m ,2(m11)p/d,

wherem50,1,2, . . . .16

B. Confined modes

We now consider the existence of proper confined mo
in a wurtzite QW. Clearly, as pointed out by Komirenkoet
al.,4 all q'Þ0 modes cannot be properly confined due to
anisotropy of wurtzite materials. The situation is differe
however, whenq'50. Equation~21! is not valid anymore,
so we must use Eqs.~17! and ~18! and the boundary condi
tions ~19! and ~20!. We shall focus our attention on the fre
quencies of interest atq'50, namely the GaN A1(LO) and
E1(LO) frequencies. SettingPp

(2)50 andq'50, we obtain
the boundary conditions:

x',1
21~v!P'

(1)~z!uz56d/250 ~28!

and

xz,1
21~v!ez,1~v!Pz

(1)~z!uz56d/250 ~29!

Furthermore, inside the well, Eqs.~17! and ~18! become:

x',1
21~v!

d

dz
P'

(1)~z!50 ~30!

and

xz,1
21~v!ez,1~v!

d

dz
Pz

(1)~z!50 ~31!

asxz,1
21(v)Þ0,̀ andx',1

21(v)e',1(v)Þ0,̀ for the frequen-
cies of interest.

When v5vz,L
(1) , ez,1(v)50 and x',1

21(v) and xz,1
21(v)

Þ0,̀ . Equations~29! and~31! are then satisfied for anyPz,1
and Eq.~30! givesdP',1 /dz50. With the boundary condi-
tion ~28!, we obtainP',150. Confined A1(LO) phonons can
therefore exist in the GaN well forq'50. As in the case of
a cubic heterostructure,17,18 the confinement leads to a qua
tization of their phonon wave vectorqz,1 whose values can
be derived from the dispersion relationships of the Q
modes in the limitv→vz,L

1 : qz,1
m 5(2m11)p/d for the S

modes, wherem50,1,2, . . . and qz,1
m 52mp/d for the AS

modes, wherem50,1,2, . . . .
We now examine thev5v',T

(1) solution, i.e.x',1
21(v)50

and xz,1
21(v)ez,1(v)Þ0,̀ . In this case, Eqs.~30! and ~28!

are satisfied for anyP',1 and Eq.~31! gives dPz,1 /dz50.
With the boundary condition~29!, we obtainPz,150. Con-
fined E1 (TO) phonons can therefore exist in the GaN w
with q'50. Their wave vectorqz,1 is also quantized and it
values can be obtained from the dispersion relationship
the QC modes in the limitv→v',T

1 : qz,152(m11)p/d for
s

e
,

l

of

the S modes, wherem50,1,2, . . . , andqz,15(2m11)p/d
for the AS modes, wherem50,1,2, . . . .

Thev5vz,T
1 andv5v',L

1 cases only lead to trivial solu
tions, hence no confined A1(TO) or E1(LO) modes are al-
lowed in a wurtzite heterostructure grown along the@0001#
direction.

We have thus demonstrated the existence of confi
modes in a wurtzite QW, which appear to be theq'50 limit
of the QC modes. However, the values we obtained for
quantizedqz,1 lead to a discontinuous ionic displacementu at
the interfaces. This is one of the major drawbacks of
dielectric continuum model which uses electrostatic bou
ary conditions.19 We must note that in the particularq'50
case though, these conditions are satisfied for anyPp

(1) .
P'

(1)(z) and Pz
(1)(z) are then arbitrary functions. So, add

tional matching boundary conditions achieving the contin
ity of atomic displacements at the interfaces could
adopted. This was done by Jusserand and Cardona20 in the
case of cubic heterostructures, in order to recover the s
symmetry patterns as predicted by microscopic models~see
also Ref. 23!. This choice, however, would give values o
qz,1 which could not be related to theq'→0 limit of the QC
mode dispersion.

We consider finally the s-polarized solutions. Equatio
~15! and~16! with the boundary conditions atz56d/2 yield
v5v',T

1 andPs50 in the barriers for anyq' . We thus have
confined ordinary E1 (TO) phonons in the GaN well which
are not dispersive. As in the case of theq'50 p-polarized
modes, the electrostatic boundary conditions are satisfied
any Ps

(1) , but they are also satisfied for anyq' . So, we can
choose boundary conditions which yield zero displacem
at the interfaces. The values of the quantizedqz,1 wave vec-
tor are thenqz,15(2m11)p/d for the S modes andqz,1
52(m11)p/d for the AS modes, withm50,1,2, . . . .

C. Comments

The dispersion curves for a wurtzite GaN QW embedd
in infinite AlN barriers are given in Fig. 2. We used in ou
calculations the zone-center frequencies for unstrained G
and AlN which are listed in Table I.

Since the A1-E1 splitting domains of unstrained AlN an
GaN do not overlap, theez,1(v)ez,2(v)<0 condition for the
existence of IF modes is fulfilled for two distinct frequenc
ranges. Thus, four IF phonon branches are obtained, as in
case of a cubic QW. Two IF branches~S and AS! belong to
the LO range, between the GaN E1(LO) and the AlN
A1(LO) frequencies, and the two others~S and AS! are
found in the TO range, between the GaN E1(TO) and the
AlN A 1(TO) frequencies. In the limitq'd@1, the S and AS
modes of each region become degenerate and correspo
decoupled vibrations which are strongly localized at the Q
interfaces. A striking consequence of the anisotropy of
bulk constituents of the wurtzite QW is that the AS IF bran
lying in the LO range reaches the GaN E1 (LO) frequency,
for which qz,150, for a non zeroq' . Consequently, for very
small q' , qz,1 becomes real and this branch corresponds
AS QC phonons withm50 ~see insert in Fig. 2!.

As far as the QC modes are concerned, we note thatqz,1 is
defined using Eq.~8!, which gives the angular dispersion o
bulk GaN. Hence, their dispersion is similar to the angu



a
n,

ro

f

p

h,

ed
in
ti

ite
tch
res-
aN

ials
ted

e
ho-

are
of

t to
nts
id.

ite

f

e

ite

the

the
g

the

W
e
e

e

lN

PRB 60 15 989ANISOTROPY EFFECTS ON POLAR OPTICAL PHONONS . . .
dispersion of the polar modes in this material.14 The QC
branches are found in the LO domain, between the G
A1(LO) and E1(LO) frequencies, and in the TO domai
between the GaN A1(TO) and E1(TO) frequencies. They are
more dispersive for decreasingm ~i.e. for decreasingqz,1).
For q'50, the vibrations„at the A1(LO) and E1(TO) fre-
quencies… are totally confined in the QW and for non ze
q' , they can penetrate in the barriers. For largeq' , the LO
and TO QC branches approach the E1(LO) and A1(TO) fre-
quencies, respectively, as would be the case in bulk GaN
an angleu betweenc and q approaching the valuep/2.
Nevertheless, such values could not be reached, for exam
in a Raman experiment whereq'

max54p^n&/l (^n& is the
mean refractive index of the structure!. Indeed, forl in the
visible-UV domain and a QW of 10 monolayers widt
q'

maxd is typically in the 0.1–0.3 range.
Although our calculations were performed for unstrain

materials, the results we obtained still give a qualitative
sight into the polar phonon dispersion of a more realis

FIG. 2. IF and QC mode dispersion curves for a GaN Q
embedded in infinitely wide AlN barriers. Both the well and th
barriers are supposed to be unstrained. The modes are symm
~S! or antisymmetric~AS! with respect to the middle plane of th
GaN layer. In the case of QC modes, the value of their orderm is
also displayed.

TABLE I. Zone center frequencies~in cm-1) of polar optical
phonons and optical dielectric constants of wurtzite GaN and A

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

GaNb 532 559 734 741 5.35
AlNc 614 673 893 916 4.84

aThe values fore` are taken from Ref. 1.
bReference 25.
cReference 26.
N

or

le,

-
c

system, where the GaN QW is lattice matched to the infin
AlN barriers. In this case, due to the 2.4% lattice misma
between GaN and AlN, the GaN QW experiences a comp
sive strain and the zone center phonon frequencies of G
are shifted to higher values. Using the deformation potent
measured for biaxially strained wurtzite GaN, we calcula
the shifts of the A1(TO) and E1(TO) modes,21 and of the
A1(LO) phonon.22 The values we obtained are 16 cm21,
32 cm21, and 9 cm21, respectively. On the other hand, th
intervals which separate the unstrained AlN and GaN p
non frequencies are 152 cm21 and 55 cm21 in the LO and
TO range, respectively. Hence, although the IF domains
reduced, particularly in the TO range, the relative position
the GaN zone center phonon frequencies with respec
those of AlN remain unchanged and our general comme
on the polar phonon dispersion in a GaN QW are still val

IV. POLAR OPTICAL PHONONS IN A WURTZITE
„AlN/GaN… SUPERLATTICE

We shall now study the polar optical modes in an infin
wurtzite ~GaN/AlN! SL as described in Fig. 1~b!. The GaN
and AlN layers have d1 and d2 width, respectively and the
period of the SL is d5d11d2. Due to the periodic stacking o
layers in the@0001# direction, we can use Bloch’s theorem
and express the electric field in the nth period as:E(z)
5E(z2nd)eiQznd, whereQz belongs to the first Brillouin
zone of the SL:2p/d<Qz<1p/d. In this case, we only
need to take into account the boundary conditions at thz
56d1/2 interfaces, which, using Eq.~21!, yield the secular
equation:

cos~Qzd!5cos„qz,1~v!d1/2…cos„qz,2~v!d2/2…

2Fa1~v!

a2~v!
1

a2~v!

a1~v!Gsin„qz,1~v!d1/2…

3sin„qz,2~v!d2/2… ~32!

with aj (v)5ez, j (v)qz, j (v)/q' . This equation gives the
dispersion relationship of the polar modes in an infin
wurtzite SL. Due to the periodicity in this system, theQz
50 modes have the same symmetry with respect to
middle plane ofany layer ~GaN or AlN!, whereas theQz
5p/d modes have opposite symmetries with respect to
middle planes of the AlN and GaN layers. In the followin
subsections, we shall denote as S( j ) and AS( j ) the modes
which are symmetric and antisymmetric with respect to
middle plane ofany j layer, respectively.

A. Interface modes

Interface phonons appear whene', j (v)/ez, j (v)>0 for
both GaN and AlN andez,1(v)ez,2(v)<0, as already dis-
cussed in Sec. III. The dispersion relationship~32! can be
simplified for the valuesQz50 and p/d; setting aj (v)
5sign@ez, j (v)#Aez, j (v)e', j (v) and

g j~v!5q'Ae', j~v!/ez, j~v!,

we obtain:

tric

.
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a1~v!coth„g1~v!d1/2…1a2~v!coth„g2~v!d2/2…50
~33!

for the Qz50 AS(1) and AS(2) modes,

a1~v!coth„g1~v!d1/2…1a2~v!tanh„g2~v!d2/2…50
~34!

for the Qz5p/d AS(1) and S(2) modes,

a1~v!tanh„g1~v!d1/2…1a2~v!tanh„g2~v!d2/2…50
~35!

for the Qz50 S(1) and S(2) modes, and

a1~v!tanh„g1~v!d1/2…1a2~v!coth„g2~v!d2/2…50
~36!

for the Qz5p/d S(1) and AS(2) modes.

B. Quasi-confined and confined modes

QC phonons appear whene'(v)/ez(v)<0 for either
GaN or AlN. They display a confined behavior in laye
denoted asj and an interface character in layers denoted al.
The confinement in thej layers leads to a quantization o
qz, j , which we shall label by an integerm. Settingal(v)
5sign@ez,l(v)#Aez,l(v)e',l(v),

bj~v!5sign@ez, j~v!#Auez, j~v!e', j~v!u,

and

g l~v!5q'Ae',l~v!/ez,l~v!,

the QC modes dispersion relationships can be expresse

bj~v!cot„qz, j
m ~v!dj /2…1al~v!coth„g l~v!dl /2…50

~37!

for the Qz50 AS( j ) modes and

bj~v!cot„qz, j
m ~v!dj /2…1al~v!tanh„g l~v!dl /2…50

~38!

for the Qz5p/d AS( j ) modes, with the condition 2mp/dj

,qz, j
m ,(2m11)p/dj if ez,1(v)ez,2(v),0 and (2m

11)p/dj,qz, j
m ,2(m11)p/dj if ez,1(v)ez,2(v).0 where

m50,1,2, . . . , and:

bj~v!tan~qz, j
m ~v!dj /2!2al~v!tanh~g l~v!dl /2!50

~39!

for the Qz50 S( j ) modes and

bj~v!tan~qz, j
m ~v!dj /2!2al~v!coth~g l~v!dl /2!50

~40!

for the Qz5p/d S( j ) modes, with the condition 2mp/dj

,qz, j
m ,(2m11)p/dj if ez,1(v)ez,2(v).0 and (2m

11)p/dj,qz, j
m ,2(m11)p/dj if ez,1(v)ez,2(v),0 where

m50,1,2, . . .
Proper confined modes can also appear in a wurtzite G

AlN SL. Following the procedure described in Sec. III B, w
obtain confined p-polarized phonons at the AlN~if j 52) and
GaN ~if j 51) A1(LO) and E1(TO) frequencies forq'50
and s-polarized phonons at the AlN~if j 52) and GaN~if j
51) E1(TO) frequency for anyq' . The derivation of the
as:

N/

corresponding quantized wave vectorsqz, j is then performed
as in Sec. III B, raising a similar problem concerning t
validity of electrostatic boundary conditions.

C. Discussion

The IF and QC dispersion curves for an infinite and u
strained 5 nm AlN / 5 nm GaN SL are given in Figs. 3 and
for the TO and LO frequency range, respectively. We ha
used in our calculations the GaN and AlN parameters lis
in Table I. We obtain series of branches~one for each value
of Qz lying in the first Brillouin zone of the SL! which form
bands.

As already discussed in Sec. III, four IF modes bands
found. Two IF bands belong to the LO region between
GaN E1(LO) and the AlN A1(LO) frequencies, and the two
others lie in the TO region between the GaN E1(TO) and the
AlN A 1(TO) frequencies. The two IF bands found in the L
or TO domain become degenerate for largeq' , which cor-
responds to independent vibrations strongly localized at
SL’s interfaces. As in the case of cubic materials, the sy
metry of the Qz50 branches depends on thed1 /d2
ratio.20,23For d15d2, theQz50 andQz5p/d branches lim-
iting a same band have the same symmetry with respec
the middle plane of layers 1 and 2 in the LO and TO d
mains, respectively~S for the upper band and AS for th
lower one!. However, althoughd15d2, theQz50 branches
are not degenerate, as they would be in a cubic SL.20,23 In-
deed, due to the anisotropy of the wurtzite layers, the ene
gap between the upper and lowerQz50 branches disappear
for different values ofd2 /d1 in the TO and LO regions

FIG. 3. Dispersion of IF and QC modes for an infinite a
unstrained AlN~5 nm!/GaN~5 nm! SL in the TO frequency range
The shaded areas are bands which correspond to all the valuesQz

lying in the first Brillouin zone of the SL. The symmetry of th
modes is given with respect to the middle planes of thej layers,
where j 51 for GaN andj 52 for AlN. The QC modes are identi
fied by their orderm.
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(d2 /d1'2.50 and d2 /d1'0.74, respectively!. Conse-
quently, the dependence on the layers widths of the sym
try of the Qz50 IF mode branches is different for the L
and TO ranges.

QC modes are found in the E1- A1 splitting regions of
GaN and AlN. Indeed, the finite width of the AlN layer
turns the half space modes, which are obtained fo
GaN/AlN QW in the AlN E1-A1 splitting domain,3,4 into
modes which are quasi-confined inside the AlN layers.
pointed out in Sec. III, these QC branches display a disp
sion which is similar to that of the polar optical phonons
bulk GaN and AlN. Generally speaking, the QC mode ba
are very narrow: the dispersion curves do not appear to
pend onQz , with the exception of the AS(1) m50 GaN QC
band found in the TO region. More important, the Al
A1(TO) frequency, for whichqz,250, is now reached for a
non zeroq' . This is essentially due to the finite thickness
the AlN layers which introducesqz,2(v) dependent terms in
the IF and QC phonons dispersion relationships. Thus,
same feature which was observed in the case of a GaN
at the GaN E1(LO) frequency appears in an AlN/GaN SL
the AlN A1(TO) frequency. The correspondingQz5p/d
branches extend in a frequency range which includes a
and a QC region and the associated modes are QC pho
for smallq'd and IF phonons for largerq'd. In addition, we
must note that the symmetry of these particularQz5p/d
branches is conserved as they evolve from a QC to an
behavior.

The periodic stacking of layers in thez direction does not
alter the hexagonal symmetry. Thus, all polar modes show
angular dispersion which depends on the value ofq. Figure 5

FIG. 4. Dispersion of IF and QC modes for an infinite a
unstrained AlN~5 nm!/GaN~5 nm! SL in the LO frequency range
The symmetry of the modes is given with respect to the mid
planes of thej layers, wherej 51 for GaN andj 52 for AlN. The
QC modes are identified by their orderm.
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shows the calculated angular dispersion forqd50.6, as a
function of the angleu between thec axis and the phonon
wave vectorq. This value can be obtained in a backscatt
ing Raman experiment, for example, whereq is typically q
54p^n&d/l, for l5488 nm. The curves corresponding
most QC modes are almost flat. This is due to the narrown
of the corresponding bands shown in Fig. 3 and Fig. 4, an
the small value ofqd. On the contrary, the IF modes show
stronger angular dispersion, particularly the two branc
which are partly QC and partly IF. These are confined mo
for u50 ~i.e., q'50) and IF modes foru5p/2 ~i.e., Qz
50). When the angleu is varied from 0 top/2, they gradu-
ally lose their confined character and become IF modes.

Our calculations were performed under the assump
that both GaN and AlN were unstrained, which is not true
real SLs.24 As no data are currently available concerning t
deformation potentials of wurtzite AlN, further work i
needed to obtain reliable theoretical dispersion curves for
polar optical phonons in wurtzite AlN/GaN heterostructure
However, in the case where the GaN layers are lat
matched to the AlN layers, the frequency shifts of the zo
center phonons of GaN can be estimated.21,22 As pointed out
in Sec. III, the TO range IF domain is then drastically r
duced and the corresponding IF bands should become
narrow and display very little angular dispersion. In additio
the TO range GaN QC region is enlarged, and them50 GaN
QC band should become wider and display a stronger an
lar dispersion than for unstrained materials. On the contr
the LO range bands should hardly be changed by strain
fects in the GaN layers, as the IF modes domain is still mu
larger than the QC modes region.

e

FIG. 5. Angular dispersion of the polar optical modes~IF and
QC modes! in the wurtzite GaN/AlN SL. These curves are deduc
from the results displayed in Fig. 3 and Fig. 4 forqd50.6. All QC
modes show a very weak dispersion with the exception of them
50 AS(1) modes.
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V. CONCLUSIONS

We have calculated the dispersion of the polar opti
phonons in wurtzite AlN/GaN heterostructures grown alo
the @0001# direction within the dielectric continuum frame
work. Features appear in the dispersion curves, due to
anisotropy of the bulk constituents.

Our calculations, however, neglect the lattice misma
which exists between wurtzite GaN and AlN~about 2.4%!.
In a real SL, the GaN and AlN layers are strained and
bulk zone center frequencies used as input data are no lo
valid. On the other hand, the following features in the d
persion of the polar phonons in wurtzite SLs, which are o
due to the anisotropy of the layers, are still valid.

The existence of IF modes strongly depends on the r
tive values of the zone center frequencies of GaN and A
and the confined modes branches become dispersive. M
over, proper confinement of the extraordinary phonons ins
one type of layer can only be achieved for zero in-pla
.
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e

wave vectorq' . When q'Þ0, the polarization associate
with the polar optical modes can penetrate in the surround
layers, where they decay exponentially, and these modes
quasi-confined. The most striking feature due to the anis
ropy of GaN and AlN is the change of mode type from QC
IF which occurs when the dispersion curves reach the G
E1(LO) frequency„and the AlN A1(TO) frequency in the
case of a SL… for non zeroq' .

For a SL, the dispersion curves form bands which
narrower for higher order QC modes. Consequently, the
gular dispersion of these modes is very weak compared
that of the IF modes. The symmetry of the QC and IF mod
depends on the layers widthsd1 andd2 and an energy gap is
observed between IF branches of opposite symmetry in
LO and TO ranges, even ford15d2.
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