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Anisotropy effects on polar optical phonons in wurtzite GaN/AIN superlattices
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The dispersion of polar optical phonons in wurtzite AIN/GaN heterostructures grown alor@GB&|
direction, with particular emphasis on AIN/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 phonorigterface and confined modestrongly depends on the zone center optical phonon
frequencies of bulk GaN and AIN. 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 vedi80163-18209)10747-]

[. INTRODUCTION crystals. Section Il is devoted to a GaN QW embedded in
AIN, particularly to the existence of proper confined modes
The group Il nitrides GaN and AIN display a promising in this structure. The study of a wurtzite GaN/AIN SL is
potential for optoelectronics applications, particularly laserperformed in Sec. IV and conclusions are given in Sec. V.
diodes emitting in the blue and ultraviolet frequency rahge.

Although these materials crystallize under ambient condi- Il. MODEL
tions in the hexagonal wurtzite structure, few theoretical
studies on lattice dynamics and electron-phonon interaction A. Polar modes in a bulk wurtzite crystal

have been devoted so far to wurtzite AIN/GaN heterostruc-
tures. The Frblich Hamiltonian has been derived in the case
of bulk wurtzite crystal$ and of wurtzite quantum wells
(QW’s),® and the polar optical phonons have also recentl
been investigated in the latt&éf.However, to our knowledge,
no such studies have been yet reported on wurtzite AIN/Ga
superlatticegSL’s).

In contrast, lattice dynamics of SL’'s have been thor-
oughly investigated for cubic IlI-V semiconductors in the
last decade. Various macroscopic models have been used
describe the long wavelength phonons in these structures: the

We consider polar optical phonons in wurtzite GaN and
AIN, which are uniaxial crystals with space groG}év. Due
to the anisotropy in these materials, the polar phonon fre-
yquencies and the dielectric functions are direction
lgjpenden’t? Taking thez axis along thg0001] direction (c

i) and denoting the perpendicular directions las the
relationship between the polarizatiéhand the relative dis-
placement of the positive and negative sublatticés in a
l%glk wurtzite crystal is given by the equations of motién:

hydrodynamic continuum modgelwith continuous atomic d2u, (r) ) .

displacements at the interfaces, the dielectric continuum L =—pwiu (r)+efEqe (1) (1)
model®” which fulfills electrostatic boundary conditions,

and the more complete continuum model of Chamberlain,

Cardona, and Ridle¥which takes into account the mixing d?u,(r) ) .

of confined and interfacéF) modes and lifts the apparent FaE — R Uy (1) +e; Ejoe A1) (2
incompatibility of boundary conditions in the two previous

models.

The aim of the present work is to analyze the effects of2nd
layer anisotropy on polar optical phonons in wurtzite
AIN/GaN QW'’s and SL’s. The dielectric model has been P (r)=nefu,(r)+na, Ec, (1) 3
chosen in a first approach to the problem, for its simplicity
and for its ability to give a physical insight into the phonon "
picture in quantum well structures. Indeed, although the Po(r)=ne;u,(r)+naEic (1) 4
atomic displacement patterns deduced from electrostatic
boundary conditions have not to be considered withoutvheren is the number of ion pairs per unit volume,is the
caution? this model describes correctly the IF modes disperfeduced mass of an ion pair, and andw, are the mechani-
sion whenever the wave vector dependence of bulk phonogal frequenciese’ ande; are the effective charges of the
frequencies, as well as mixing with confined modes have noibns, anda;, anda, are the electronic polarizabilities per ion
to be considered?!! pair, for thel andz directions, respectively. The local field
Our model is briefly described in Sec. Il, along with the E,,. satisfies the Lorentz relationshipE,.(r)=E(r)
main properties of optical polar phonons in bulk wurtzite + P(r)/3ey. The dielectric tensor is given by:
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€ (w) 0 0 on the results we obtained for the extreme situation in which
the GaN layers are lattice matched to the fully relaxed AIN
ew={ 0 elw) 0 ®  Jayers.
0 0 e,(w) In our calculations, use is made of the fields associated

with the polar optical modes rather than of potentials, in

with order to treat longitudinal and transverse modes at once. In
the non-retarded limit, these fields satisfy Maxwell's equa-
LwP—w? | tions:
€ (0)=€——5" (6)
0°— ol T VXE=0 9
and V-D=0 (10
(@)= e o "
E\w)—€,—————— . . . .
z ‘0’ w?; DW= ¢oEM + P = epe; () ED (12)
where €7 and €, are the optical dielectric constants, and
and w,, are the zone center longitudinal,(EO) and PO = eqy;(w)EW) (12
i

A1(LO) phonon frequencies), t andw, 1 are the zone cen-

ter transverse f£TO) and A(TO) phonon frequencies of the wherej specifies the nature of the laygr=1 for GaN and

bulk materialst In the case of GaN and AIN, the anisotropy j=2 for AIN).

effect one” is very weak though, and we shall assume that The translational invariance being conserved in the

=€t plane, we can use a 2-D Fourier transform in this pfane.
There are three polar optical phonons in a bulk wurtziteWith a suitable choice for the basis @ space, we have

crystal.12 one ordinary wave and two extraordinary waves.d, =(q,,0) and Eq.9) yields:

The ordinary wave is always transverse and polarized in the

1 plane for any wave vectoy. It has & symmetry. The EE(j)(Z)_i E(2)=0 (13)

extraordinary waves are associated withand | -polarized dz ™~ a5

vibrations. Thez-polarized mode has Asymmetry and the

1 -polarized one has [Esymmetry. When the anglé be- and

tweenqg andc is 0, one vibration is a £LO) phonon and d

the other is a £TO) phonon; whery is varied from 0 to d—Ey)(z):o and iq, E{)(2)=0. (14
/2, these modes gradually become 4 PO) and a E(LO) z

phonon, respectively, without having a proper LO or TOThe polarization is thus separated into an s-polarized part
character and Aor E; symmetry. For wurtzite GaN and AIN P.= (O,PS: Py,()), Corresponding to the Ordinary phonon,
though, long range Coulomb force effects dominate over theng a p-polarized paR,=(P, =P,,0P,), corresponding to

anisotropy in short range interatomic forces. Hence, ffor the extraordinary phonons, which are completely decoupled
#0,m/2, the extraordinary waves are mixed &nd E quasi  gnd satisfy:

LO or TO modes?*3The angular dispersion of the extraor-

dinary phonons is given in the long wavelength limit 5y d _
X i(@PP@)]=0 (15
€ (0)07 + &(w)qZ=0. ®)
and
B. Polar modes in a wurtzite heterostructure: iqLXIJj-(w)P(sj)(Z) -0 (16)

the dielectric continuum model

. . for the s-polarized part, and
We now study polar optical phonons in heterostructures

composed of wurtzite GaN and AIN. We assume throughout dP)(z) _
this paper that the heterostructures are grown along the XL}(w)T— iqLX;jl(w)PQ)(z)zo a7
[0001] direction (c axis) of the bulk materials; we choose the
z axis along this direction and denote the perpendicular difor the p-polarized part. Furthermore, E40) gives:
rections asL . In order to describe the long wavelength op- '
tical phonons dispersion, we use the dielectric continuum e (o) €,j(w) dPY(2)
modef and neglect the effects of retardation, as well as the iq, ———=PP@)+

. XL,]((‘)) Xz,](w) dz
wave vector dependence of bulk phonon frequencies. We
also neglect the lattice mismatch between GaN and AIN. Thé&rom Eqgs.(17) and (18), we deduce that the and L com-
assumption of fully relaxed layers is obviously unrealistic inponents ofP, are described by functions which have oppo-
physical AIN/GaN systems. As the distribution of strain be-site parity with respect to the=0 plane. We shall consider
tween the different layers strongly depends on the geometrihroughout this paper the symmetry of vecRyr. In the case
of the structures and on the nature of the buffer layer, weof a QW, for instance, we shall call symmet(i) all modes
choose to ignore it first, and then to analyze its consequencédsr which thez=0 plane is a symmetry plane &, (i.e. for

=0. (18
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a) 2

dc _

AIN ‘ GaN ‘ AIN EP(LJ)(Z)"‘Q;](@)P(J)(Z):O (21
lo > whereq, () is given by the angular dispersion of the bulk
= constituents(8). The p-polarization then takes the general

- form:
b) d
d d . ) .
- -l P =A,gi92i(©)74 B e~ 10zj()7 (22)
GaN| AIN | GaN| AIN

when z belongs to alayer. In this paper, we only consider
‘ ‘> z modes that cannot propagate through the barriers, hence we

can sete; ,(w)/ e, (w)=0 without loss of generality. More-

over, the fields in the barriers must vanish when * oo,
Y With these new boundary conditions and with EG®) and

(20) at thez= *+d/2 interfaces, we obtain the secular equa-
FIG. 1. Description of the two wurtzite heterostructures studiedtjon:

in this paper:(a) a GaN QW of width d embedded in infinite AIN

barriers andb) an infinite GaN/AIN SL; the widths of the GaN and [ — g, (w)sin(q, ;(w)d/2)+ a,(w)codq, 1( w)d/2)]

AIN layers ared,; andd,, respectively, and=d; +d, is the period ' ’

of the SL. In both cases, the growth directi@naxis is parallel to X[a;(w)codq,,(w)d/2)+ay(w)sin(g,(w)d/2)]=0

the c axis of wurtzite GaN and AIN. (23

evenP, and oddP,), and antisymmetri€AS) all modes for ~ where

which thez=0 plane is an anti-symmetry plane B, (i.e.

for odd P, and everP,). a(w)=e,1(w)q,1(w)/q,
Solving Egs.(15—(18), with electrostatic boundary con-

ditions at each interface, namely and
_ _ a =Ssi N .
XK@ PD@ i =X PP @) (19 Aw)=sigl ez w)Vedwle, Ao)
for the continuity ofE, , and A. Interface modes and quasi-confined modes
(@) (@) IF modes may appear wheyy(w) is imaginary for both
€21(® €(w the well and barrier$) i.e. whene, ;(0)/e, (w)=0 for
Z_pgl)(z) :Z_p(Z)(Z) (20) Lj(w) e (o)

Xz1(w) i Xz2@) z it both GaN and AIN. Thus, the waves cannot propagate
' ' through the structure alormand the associated fields decay
for the continuity ofD,, we can obtain the dispersion rela- €xponentially away from the interfaces. In addition, we must

All these conditions imply that the existence of IF modes

strongly depends on the relative values of the zone center
IIl. POLAR OPTICAL PHONONS IN A WURTZITE phonon frequencies of the bulk constituents, which is
(AIN/GaN/AIN) QUANTUM WELL not the case for cubic materials. These modes are not

We consider a wurtzite GaN QW of width d, as describegPurely LO or TO modes,j_ﬁ’w zera compo-

in Fig. 1(a). The z axis origin is taken at the center of the "ent. Setting y;(w)=q, Ve, 1(w)/ez3(w) and a;(w)

QW. A recent theoretical study of this systéhelassified its = SIgM €,,1(w) [Vez1(w) €, 1(w), their dispersion relation-

polar optical phonons into four distinct types of modes: in-Ships are given by:

terface modeglF), quasi-confined mode&C), half space

modes(HS), and propagating modéBR). As we are mainly ai(w)cosh(yi(w)d/2)+ay(w)sinh(y;(w)d/2)=0

interested in the comparison of the polar modes dispersion of (24)

a QW to that of a SL, we ignore the HS modes, as the

cannot be observed in an infinite SL, and the PR modeﬁ,Or the AS modes and

because they do not appear in an unstrained wurtzite GaN/ . _

AIN heterostructuré. On the other hand, we shall briefly a1(w)sinh(y;(w)d/2)+ax(w)cosiy;(w)d/2)=0

present the IF and QC modes dispersion, and focus our at-

tention on the existence of proper confined modes in a wurtzfor the S modes.

ite QW, which was ruled out in Ref. 3 and Ref. 4. Indeed, the QC modes appear Wh@.‘Q‘j is real for the well and imagi-

authors restrict their analysis to guided modes wgth“0,  nary for the barriers They display an interface behavior in

since the continuity of the scalar potential they used is imthe barriers and a confined behavior in the well; this situation

plicitely taken as equivalent to that &, . . is very similar to that of electrons confined in a QW of finite
We examine the p-polarized# o), andw# ) 1 solu-  depth*> The confinement in the QW leads to a quantization

tions; Eqgs.(17) and(18) yield: of g, ; characterized by an integerwhich defines the order

(29
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of the corresponding QC modes. Settind(w)
=sigr e,1(w)]V|€,1(w) €, 1(w)|, the QC modes dispersion

relationships are given by:
b1 (w)cogq7y(w)d/2)+ay(w)sin(ayy(w)d/2)=0 (26)

for the AS modes, with thr/d<q7y<(2m+1)/d, where
m=0,1,2...,% and

ay(w)cogd7y(w)d/2)—by(w)sin(a7y(w)d/2)=0 (27)

for the S modes, with (&+1)w/d<qy;<2(m+1)w/d,
wherem=0,1,2... .1°

B. Confined modes

. . . (
We now consider the existence of proper confined mode5'L

in a wurtzite QW. Clearly, as pointed out by Komiren&b
al.,* all g, #0 modes cannot be properly confined due to t
anisotropy of wurtzite materials. The situation is differen
however, wherg, =0. Equation(21) is not valid anymore,
so we must use Eq$17) and (18) and the boundary condi-
tions (19) and(20). We shall focus our attention on the fre-
guencies of interest at, =0, namely the GaN £LO) and
E,(LO) frequencies. Setting,?’=0 andq, =0, we obtain
the boundary conditions:

X1 {(@)P1(2)],= 2 42=0 (28)
and
X71(@)€,2(0)P(2)] 1o 2 gp=0 (29)

Furthermore, inside the well, Eq&l7) and (18) become:

d
X1 i(0) 5 PH(@)=0 (30
and
-1 d (1)
X1 (@) &1(0) - P (2)=0 (31)

asx,1(w)#0 andy, j(w)e, 1(w)#0 for the frequen-
cies of interest.

When o=, €,1(0)=0 and x; }() and y, ()
#0,¢. Equationg29) and(31) are then satisfied for arfy,
and Eq.(30) givesdP, ;/dz=0. With the boundary condi-
tion (28), we obtainP, ;=0. Confined A(LO) phonons can
therefore exist in the GaN well fay, =0. As in the case of
a cubic heterostructuré;*®the confinement leads to a quan-
tization of their phonon wave vectay,; whose values can
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the S modes, wheren=0,1,2..., andq,,;=(2m+1)x/d
for the AS modes, wherm=0,1,2 ... .

The w=w} andw=w7 | cases only lead to trivial solu-
tions, hence no confined;ATO) or E(LO) modes are al-
lowed in a wurtzite heterostructure grown along {6€01]
direction.

We have thus demonstrated the existence of confined
modes in a wurtzite QW, which appear to be the=0 limit
of the QC modes. However, the values we obtained for the
quantizedy, , lead to a discontinuous ionic displacemarst
the interfaces. This is one of the major drawbacks of the
dielectric continuum model which uses electrostatic bound-
ary conditionst® We must note that in the particulgr =0
case though, these conditions are satisfied for Bw.
Y(z) and P{Y)(z) are then arbitrary functions. So, addi-
tional matching boundary conditions achieving the continu-

hdty of atomic displacements at the interfaces could be
1 adopted. This was done by Jusserand and Cafdomahe

case of cubic heterostructures, in order to recover the same
symmetry patterns as predicted by microscopic mo¢sse
also Ref. 23 This choice, however, would give values of
0,1 which could not be related to treg — 0 limit of the QC
mode dispersion.

We consider finally the s-polarized solutions. Equations
(15) and(16) with the boundary conditions at= +d/2 yield
w= wiT andPs=0in the barriers for anyg, . We thus have
confined ordinary E(TO) phonons in the GaN well which
are not dispersive. As in the case of the=0 p-polarized
modes, the electrostatic boundary conditions are satisfied for
any Pgl), but they are also satisfied for any . So, we can
choose boundary conditions which yield zero displacement
at the interfaces. The values of the quantiggd wave vec-
tor are theng,;=(2m+1)x/d for the S modes andj,
=2(m+1)7x/d for the AS modes, witm=0,1,2... .

C. Comments

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

Since the A-E; splitting domains of unstrained AIN and
GaN do not overlap, the, ;(w) €, ,(w)=<0 condition for the
existence of IF modes is fulfilled for two distinct frequency
ranges. Thus, four IF phonon branches are obtained, as in the
case of a cubic QW. Two IF branchéS and AS belong to
the LO range, between the GaN,(EO) and the AIN
A;(LO) frequencies, and the two othefS and AS are
found in the TO range, between the Gah BO) and the

be derived from the dispersion relationships of the QCAINAl(TO) frequencies. In the limig, d>1, the S and AS

modes in the limitw— o} : q)y=(2m+1)=/d for the S
modes, wheren=0,1,2... andqy;=2ma/d for the AS
modes, wheren=0,1,2... .

We now examine the = w!'} solution, i.e.y, J(w)=0
and x; 1 () €,1(w)#0s°. In this case, Eqs(30) and (28)
are satisfied for any’, ; and Eq.(31) givesdP,;/dz=0.
With the boundary conditioii29), we obtainP,,=0. Con-

modes of each region become degenerate and correspond to
decoupled vibrations which are strongly localized at the QW
interfaces. A striking consequence of the anisotropy of the
bulk constituents of the wurtzite QW is that the AS IF branch
lying in the LO range reaches the GaN [EO) frequency,

for whichq,,=0, for a non zera, . Consequently, for very
smallq, , g, becomes real and this branch corresponds to

fined K (TO) phonons can therefore exist in the GaN well AS QC phonons withm=0 (see insert in Fig. 2

with g, =0. Their wave vectoq, ; is also quantized and its

As far as the QC modes are concerned, we notegigis

values can be obtained from the dispersion relationships daefined using Eq(8), which gives the angular dispersion of

the QC modes in the Iimicb—miT: 0z1=2(m+1)7/d for

bulk GaN. Hence, their dispersion is similar to the angular
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900 F " " " " ] system, where the GaN QW is lattice matched to the infinite
""""""""""" ANA(LO) | AIN barriers. In this case, due to the 2.4% lattice mismatch
s between GaN and AIN, the GaN QW experiences a compres-
sive strain and the zone center phonon frequencies of GaN
are shifted to higher values. Using the deformation potentials
measured for biaxially strained wurtzite GaN, we calculated
the shifts of the A(TO) and E(TO) modes’! and of the
A(LO) phonon?? The values we obtained are 16 cihy
____________________________ 32 cm!, and 9 cm?, respectively. On the other hand, the
GaN A (LO) intervals which separate the unstrained AIN and GaN pho-
“wroas ! ] non frequencies are 152 crhand 55 cm* in the LO and
AS1 TO range, respectively. Hence, although the IF domains are
reduced, particularly in the TO range, the relative position of
the GaN zone center phonon frequencies with respect to
AN A(TO) those of AIN remain unchanged and our general comments
----- S ranne R ELEELLEELEIE ST et on the polar phonon dispersion in a GaN QW are still valid.

800 | As |

GaN E,(LO)

-1
Wave number (cm )
~
o
o

600

o GaNE,(TO) | IV. POLAR OPTICAL PHONONS IN A WURTZITE
T (AIN/GaN) SUPERLATTICE
GaNA(TO)  Aso 50 ASt S We shall now study the polar optical modes in an infinite
500 ] 5 3 4 5 wurtzite (GaN/AIN) SL as described in Fig.(). The GaN
q,d and AIN layers have gdand ¢ width, respectively and the

period of the SL is é-d;+d,. Due to the periodic stacking of
FIG. 2. IF and QC mode dispersion curves for a GaN QWlayers in the[000]] direction, we can use Bloch’s theorem
embedded in infinitely wide AIN barriers. Both the well and the and express the electric field in thd" rperiod as:E(z)
barriers are supposed to be unstrained. The modes are symmetEieE(z— nd)eiQZ”d, where Q, belongs to the first Brillouin
(S) or antisymmetrio/AS) with respect to the middle plane of the zgne of the SL:— m/ld<Q,<+ w/d. In this case, we only
GaN layer. In the case of QC modes, the value of their oé&  need to take into account the boundary conditions atzthe
also displayed. = +d,/2 interfaces, which, using E§21), yield the secular

] ] i i equation:
dispersion of the polar modes in this mateffalThe QC

branches are found in the LO domain, between the GaN

A,(LO) and E(LO) frequencies, and in the TO domain, €09 Qd) = C0oKqz 1( ) d1/2)C0Kqz o ) d2/2)
between the GaN £TO) and E(TO) frequencies. They are a(w) ayw)
more dispersive for decreasimg (i.e. for decreasingj, y). Tl e) ale)
For g, =0, the vibrations(at the A(LO) and E(TO) fre- 2 !
quencie} are totally confined in the QW and for non zero X Sin(g,,( w)dy/2) (32

g, , they can penetrate in the barriers. For lagge the LO

and TO QC branches approach thglED) and A(TO) fre-  with aj(w)=¢,;(w)q,j(w)/q, . This equation gives the
guencies, respectively, as would be the case in bulk GaN fadispersion relationship of the polar modes in an infinite
an angled betweenc and q approaching the valuer/2.  wurtzite SL. Due to the periodicity in this system, tg
Nevertheless, such values could not be reached, for example;0 modes have the same symmetry with respect to the
in a Raman experiment whetg'¥*=4m(n)/\ ({n) is the  middle plane ofany layer (GaN or AIN), whereas theQ,

Sin(0,,1(w)d;/2)

mean refractive index of the structiirédndeed, for\ in the  =w/d modes have opposite symmetries with respect to the
visible-UV domain and a QW of 10 monolayers width, middle planes of the AIN and GaN layers. In the following
q'®d is typically in the 0.1-0.3 range. subsections, we shall denote a4 @ind AS) the modes

Although our calculations were performed for unstrainedWhiCh are symmetrip and antisymmetric with respect to the
materials, the results we obtained still give a qualitative in-middle plane ofany jlayer, respectively.
sight into the polar phonon dispersion of a more realistic
o ) A. Interface modes
TABLE |. Zone center frequencie§n cm) of polar optical

phonons and optical dielectric constants of wurtzite GaN and AIN.  Interface phonons appear when j(w)/€,;(w)=0 for
both GaN and AIN ande, (w)e,(w)<0, as already dis-

Material A(TO) Ef(TO) ALO) E(LO) €72 cussed in Sec. lll. The dispersion relationskg®) can be
simplified for the valuesQ,=0 and =/d; setting a;(w)

GaN’ 532 559 734 741 5.35 .
=sign e, ; VEy i € i and
AIN® 614 673 893 916  4.84 gl (o) Ve (w)e (@)
aThe values fore” are taken from Ref. 1. Yi(w)=d, Ve, j(w) €, j(w),

bReference 25.
‘Reference 26. we obtain:
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ai(w)coth(y1(w)d/2)+ay(w)coth(y,(w)d,/2)=0
(33

for the Q,=0 AS) and AS?) modes,
ai(w)coth(yi(w)dy/2)+a(w)tanh(y,(w)d,/2)=0
(34)
for the Q,=w/d AS™) and $? modes,
al(w)tanf‘(yl(w)dl/Z)-i- a2(w)tanr(72(a))d2/2):0
(35
for theQ,=0 SV and $2) modes, and
ai(w)tanh(y1(w)d;/2)+a(w)coth(y,(w)dy/2)=0
(36)
for the Q,=w/d S and AS? modes.

B. Quasi-confined and confined modes

QC phonons appear whea, (w)/€,(w)=<0 for either

GaN or AIN. They display a confined behavior in layers
denoted a$ and an interface character in layers denotel as
The confinement in th¢ layers leads to a quantization of

d,j, which we shall label by an integen. Settinga,(w)

=sigr e, (o) [Vez(w) €, ((w),
bj(w)=Sigr‘[€Z’j(w)] \/lez,j(w)fl,j(w”v

and

Yw)=0q, Ve, ((w) e, (w),
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E 620 ST0 . ANA(TO)

G
£ —me Q,=0

3 —— Q, =7/

(]

>

(3]

=

570

Ty

GaNA(TO) g agMy M4

0 2 4 6 8 10
q, d

520

FIG. 3. Dispersion of IF and QC modes for an infinite and
unstrained AIN5 nm)/GaN5 nm) SL in the TO frequency range.
The shaded areas are bands which correspond to all the valQgs of
lying in the first Brillouin zone of the SL. The symmetry of the
modes is given with respect to the middle planes of jthayers,
wherej=1 for GaN andj=2 for AIN. The QC modes are identi-
fied by their ordem.

the QC modes dispersion relationships can be expressed as:

bj(w)cot(q?j(w)dj/2)+a|(w)coth(y|(w)d|/2)=0 -
3
for the Q,=0 ASY) modes and

bj(w)cot(qy(w)d;/2)+ a(w)tanHy|(w)d,/2)=0
(38)
for the Q,=w/d ASY) modes, with the condition /d,
<qz<@m+1)m/d; if e,1(0)e,(0)<0 and (2n
+1)7/dj<qy;<2(m+1)w/d; if €,,(w)e,(0)>0 where
m=0,1,2..., and:

bJ(a))tar'(q'ZTfJ(w)dJ/Z) - a|(w)tanl‘( ’}/|((1))d|/2) =0
(39

for the Q,=0 SV modes and

bj(w)tar’(qgjj(w)dj/Z) — a|(a))C0tk( y|(a))d|/2) =0
(40)

for the Q,=n/d S¥ modes, with the condition A/d,;
<ql<@m+1)mld; if e, (w)e,(0)>0 and (an
+1)mld;<qf<2(m+1)a/d] if €,y(0)e,(0)<0 where
m=0,1,2...

corresponding quantized wave vectqgs is then performed
as in Sec. Il B, raising a similar problem concerning the
validity of electrostatic boundary conditions.

C. Discussion

The IF and QC dispersion curves for an infinite and un-
strained 5 nm AIN /5 nm GaN SL are given in Figs. 3 and 4
for the TO and LO frequency range, respectively. We have
used in our calculations the GaN and AIN parameters listed
in Table I. We obtain series of branch@e for each value
of Q, lying in the first Brillouin zone of the SL.which form
bands.

As already discussed in Sec. lll, four IF modes bands are
found. Two IF bands belong to the LO region between the
GaN E(LO) and the AIN A(LO) frequencies, and the two
others lie in the TO region between the Gal\ ED) and the
AIN A 4(TO) frequencies. The two IF bands found in the LO
or TO domain become degenerate for latge, which cor-
responds to independent vibrations strongly localized at the
SL'’s interfaces. As in the case of cubic materials, the sym-
metry of the Q,=0 branches depends on tha, /d,
ratio?*?3Ford,=d,, theQ,=0 andQ,= =/d branches lim-
iting a same band have the same symmetry with respect to
the middle plane of layers 1 and 2 in the LO and TO do-

Proper confined modes can also appear in a wurtzite GaNnhains, respectivelyS for the upper band and AS for the
AIN SL. Following the procedure described in Sec. Il B, we lower ong. However, althoughl,=d,, the Q,=0 branches

obtain confined p-polarized phonons at the AlfNj=2) and
GaN (if j=1) A(LO) and E(TO) frequencies fog, =0
and s-polarized phonons at the Al j=2) and GaN(if j

=1) E(TO) frequency for anyq, . The derivation of the

are not degenerate, as they would be in a cubic¢®g In-
deed, due to the anisotropy of the wurtzite layers, the energy
gap between the upper and low@y=0 branches disappears
for different values ofd,/d; in the TO and LO regions
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FIG. 4. Dispersion of IF and QC modes for an infinite and  FIG. 5. Angular dispersion of the polar optical mod&s and
unstrained AIN5 nm)/GaN5 nm) SL in the LO frequency range. QC modesin the wurtzite GaN/AIN SL. These curves are deduced
The symmetry of the modes is given with respect to the middlefrom the results displayed in Fig. 3 and Fig. 4 tpi=0.6. All QC
planes of thg layers, wherg =1 for GaN andj=2 for AIN. The modes show a very weak dispersion with the exception ofnthe
QC modes are identified by their order =0 AS™ modes.

(d,/d;~2.50 and d,/d;~0.74, respectively Conse- shows the calculated angular dispersion da=0.6, as a
quently, the dependence on the layers widths of the symmédunction of the angled between thec axis and the phonon
try of the Q,=0 IF mode branches is different for the LO wave vectorg. This value can be obtained in a backscatter-
and TO ranges. ing Raman experiment, for example, wheyés typically q

QC modes are found in the,EA; splitting regions of =4#(n)d/\, for A\=488 nm. The curves corresponding to
GaN and AIN. Indeed, the finite width of the AIN layers most QC modes are almost flat. This is due to the narrowness
turns the half space modes, which are obtained for af the corresponding bands shown in Fig. 3 and Fig. 4, and to
GaN/AIN QW in the AIN E-A; splitting domairt® into  the small value ofjd. On the contrary, the IF modes show a
modes which are quasi-confined inside the AIN layers. Asstronger angular dispersion, particularly the two branches
pointed out in Sec. lll, these QC branches display a disperwhich are partly QC and partly IF. These are confined modes
sion which is similar to that of the polar optical phonons offor §=0 (i.e., q, =0) and IF modes fod=x/2 (i.e., Q,
bulk GaN and AIN. Generally speaking, the QC mode bands=0). When the angl# is varied from 0 tor/2, they gradu-
are very narrow: the dispersion curves do not appear to deally lose their confined character and become IF modes.
pend onQ,, with the exception of the A m=0 GaN QC Our calculations were performed under the assumption
band found in the TO region. More important, the AIN that both GaN and AIN were unstrained, which is not true in
Ay(TO) frequency, for whicty,,=0, is now reached for a real SLs?* As no data are currently available concerning the
non zerog, . This is essentially due to the finite thickness of deformation potentials of wurtzite AIN, further work is
the AIN layers which introduceg, »(w) dependent terms in needed to obtain reliable theoretical dispersion curves for the
the IF and QC phonons dispersion relationships. Thus, thpolar optical phonons in wurtzite AIN/GaN heterostructures.
same feature which was observed in the case of a GaN QWowever, in the case where the GaN layers are lattice
at the GaN E(LO) frequency appears in an AIN/GaN SL at matched to the AIN layers, the frequency shifts of the zone
the AIN Ay(TO) frequency. The correspondin@Q,= =/d center phonons of GaN can be estimatetf.As pointed out
branches extend in a frequency range which includes an Ik Sec. lll, the TO range IF domain is then drastically re-
and a QC region and the associated modes are QC phonodaced and the corresponding IF bands should become very
for smallq, d and IF phonons for largey, d. In addition, we  narrow and display very little angular dispersion. In addition,
must note that the symmetry of these particuly= =/d the TO range GaN QC region is enlarged, andrtire0 GaN
branches is conserved as they evolve from a QC to an IRC band should become wider and display a stronger angu-
behavior. lar dispersion than for unstrained materials. On the contrary,

The periodic stacking of layers in ttzdirection does not the LO range bands should hardly be changed by strain ef-
alter the hexagonal symmetry. Thus, all polar modes show afects in the GaN layers, as the IF modes domain is still much
angular dispersion which depends on the valug.dfigure 5  larger than the QC modes region.
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V. CONCLUSIONS wave vectorq, . Whenq, #0, the polarization associated

. . . ith the polar optical modes can penetrate in the surrounding
We have calculated the dispersion of the polar opncaa ers, where they decay exponentially, and these modes are
phonons in wurtzite AIN/GaN heterostructures grown along YETS, y y exp Y

A o ; : . _“quasi-confined. The most striking feature due to the anisot-
the [0001] direction within the dielectric continuum frame ropy of GaN and AIN is the change of mode type from QC to

work. Features appear in the dispersion curves, due to thl'lgf which occurs when the dispersion curves reach the GaN

anisotropy of the bulk constituents. :
Our calculations, however, neglect the lattice mismatchEl(LO) frequency(and the AIN A(TO) frequency in the
case of a S).for non zeroq, .

. i i o
which exists between wurtzite GaN and Atebout 2.4%. For a SL, the dispersion curves form bands which are

In a real SL, the GaN and AIN layers are strained and then rrower for higher order QC modes. Consequently, the an-
bulk zone center frequencies used as input data are no Ionge?1 ) g > q Y,
ular dispersion of these modes is very weak compared to

valid. On the other hand, the following features in the dis-2
persion of the polar phonons in wurtzite SLs, which are onl fhat of the IF modes. The symmetry of the QC and IF modes

due to the anisotropy of the layers, are still valid. ydepends on the layers widthls andd, and an energy gap is
The existence of IF modes strongly depends on the rel observed between IF branches of opposite symmetry in the

tive values of the zone center frequencies of GaN and Allﬁ'O and TO ranges, even fai, = d».

and the confined modes branches become dispersive. More-

over, proper confinement of the extraordinary phonons inside

one type of layer can only be achieved for zero in-plane ESA 5477 assoc&au CNRS.
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