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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 Fralich-like Hamiltonian are derived using the transfer-matrix method. The analytical formulas
can be directly applied to single heterojunctions, single and multiple quantum(@&l%), 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/AIN
single and coupled QW's. We find that there are f¢eighy interface optical-phonon branches with definite
symmetry with respect to the symmetric center of a siriglupled 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.
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. INTRODUCTION given wave vectorq. The frequencies of the ordinary
phonons are independent of the anglbetween the phonon
RPave vectorﬁ and thec axis. The extraordinary phonons are
associated with z2 and 1 -polarized vibrations. The
rE—polarized mode ha8; symmetry and the -polarized one
SI?asE1 symmetry. When the anglé is 0, one vibration is a

Quantum heterostructures based on the wide-band-g
group-lll nitrides GaN, AIN, InN, and their ternary com-
pounds have recently attracted much attention due to co
spicuous device applications, such as the high-brightne

blue/green light emitting dioded.ED’s) and laser diodes ; .
(LD’s).}° Besides their potential applications in eIectronicsAl(LO) phonon and the other is &,(TO) phonon. 16 is

and optoelectronics, they are also quite attractive from Ja7€d from O tox/2, these modes gradually become a
purely physical viewpoint. Their fundamental physical prop-~'1(TO) and ak4(LO) phonon, respectively, without having
erties can be largely affected and even determined by th@ Proper LO or TO character aid or E, symmetry. There-
spatial quantization of the electron states, the anisotropy dfre the phonon spectra in wurt2|te325are much more compli-
the crystal structures and the strains of the heterostructure§ated than those in cubic crystafs® It has been known
Group-lll nitrides usually crystallize in the hexagonal that, at room and higher temperatures, the scattering of elec-
wurtzite structure(space groufCe,), which is composed of trons by optical phonons play a dominant role for various

two interpenetrating hexagonal close-packed sublattices, di€/€ctronic properties. The electron-phonon interactions and
placed along the axis (z axis) by 5/8 of the cell height.  SCaitering govern a number of important properties of quan-
The primitive cell in wurtzites contains four atoms. Conse-tum heterostructures, including hot-electron relaxation rates,

quently, there are nine optical and three acoustical phonoi’i‘terba“d transition rates, and room-temperature exciton life-
branches for a given phonon wave vecfbrOnly two

times, etc. The optical and transport properties of wurtzite
optical-phonon branches are both Raman and infrared activd4@ntum heterostructures can also be strongly influenced by
They correspond to the extraordinaky andE; phonons in

the electron-phonon interactiofs.? Hence the understand-
irreducible representation at tfie point'~15 The wurtzites ing of lattice dynamics and electron-phonon interactions in
are uniaxial crystals with the optical axis coinciding with the WUrtZite semiconductor quantum heterostructures has been
¢ axis of the crystal structure that is perpendicular to thePrimitive, which has not only important theoretical meaning

hexagons. Due to the optical anisotropy of uniaxial crystalsPUt also practical significance for device applications.
In order to investigate optical-phonon modes and

the long-wavelength optical lattice vibrations can be classi-

fied according to mutual orientation between thexis, the electr_on-ph(_)non interactions in polar semiconductor quasi-
h tai. the electric fieldE dth lari two-dimensional(Q2D) quantum heterostructures, several
phonon wave vectaq, the electric ields, and the polanza-  ,aqretical models have been proposed successively. The

tion P.*** This classification divides the lattice vibrations principal models are the microscopic calculation model of
into two groups: the ordinary and extraordinary opticalthe phonon spectra based on first-principles interatomic force
phonons. The ordinary phonons wity symmetry are al- constant$?3°the standard dielectric-continuu(@®C) model
ways transverséoth E andP are perpendicular tq and the  using the electrostatic boundary conditigBE’s), X831 ~3%the
c axis simultaneouslyand polarized in thel. plane for a guided-mode model considering the hydrodynamic BC's at
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the interfaces? and the modified dielectric-continuum dynamic properties of wurtzite QW’s and SL's. A micro-
(MDC) model®**® The MDC model was introduced by scopic theory for the generation and propagation of coherent
Huang and Zhu in Ref. 35, in which only nonorthogonal acoustic phonons in {iGa, _4N/GaN multiple quantum wells
polarization eigenfunctions are derived. With the help of(MQW’s) was presentetf: Phonon sidebands in InGaN/GaN
Schmidt’s orthogonalization method, Haupt and Werifiler MQW's were also investigated in Ref. 52. The LO phonon-
found a complete set of orthonormalized confined eigenassisted luminescence of the shallow donor-bound excitons
modes satisfying both electrostatic and mechanical BC's, i.e@nd free excitons in the GaN films was also investigated at
the continuity of the tangential component of the electricdifferent temperature¥. By using Raman-scattering technol-

. - - ogy, Bergmaret al>* investigated phonon lifetimes in wurtz-
field E, thez component of the electric displacement vectorite AIN and GaN: Alexsoret al5® further studied the con-

D, and the relative ionic displacement field~E at the  fined phonons and the phonon-mode properties of wurtzite
heterointerfaces. The work of Haupt and Wentflean thus  j-v nitrides. Resonant Raman scattering on free and bound
be regarded as an improvement of the MDC model of Refexcitons in GaN was also treatd8iHowever, as we know,
35. The main difference of the DC, MDC, and the guided-MQW'’s or finite SLs rather than the single QW’s or infinite
mode models is the choice of BC’'s for the polarizationSL's are adopted in the commonly used GaN-based optoelec-
eigenmodes, which can be reflected in some physical prokironic devices, such as LED’s and LI¥S:” Obviously, it is
lems, in which the selection rules become important. This isiecessary and imperative to investigate the lattice dynamic
because the LO phonons have different symmetry in thesproperties of a wurtzite Q2D multilayer heterostructure due
models. However, as pointed out by Klimiet al,®’ the to the strong influence of electron-phonon interactions on the
choice of the BC's becomes less critical if the observecoptical and transport properties of group-lll nitride
physical quantities include sum over all phonon modes_ser;gconductor%.‘ Moreover, as pointed out by Zharej
Moreover, the microscopic calculations of the phononf’il-’ the_phonor! modes and the electron-phonon interactions
spectr& clearly show that both the DC and the MDC modelsin wurtzite multilayer heterostrupturgs are less under;tood.
are more reliable than the guided-mode model for the deThe subje_ct of the present contribution is to solve the inter-
scription of the phonon modes in Q2D multilayer hetero-faceé optical-phonon modes and derive the electron—
structures and the improvements of the complicated MDGnterface-phonon interaction Hiltich-like Hamiltonian in
model to the DC model are small in magnitude, which haswvurtzite Q2D MQW's or SL's with arbitrary layer numbers
also been confirmed by the numerical calculations of thédy means of the DC model and Loudon’s uniaxial crystal
electron-phonon scattering rates in a quantum WeW) in model.
Ref. 36. Hence the DC model has been extensively used in The paper is organized as follows. In Sec. Il, basic equa-
the recent literature due to its good agreement with the mitions to describe the polar optical phonons in bulk wurtzite
croscopic calculations of the phonon spettrand the crystals are outlined for self-sufficiency. The interface
experiment® and its simplicity. optical-phonon modes in a wurtzite Q2D multilayer hetero-
Based on the DC mod& and Loudon’s uniaxial crystal structure with arbitrary layer numbers are solved. Moreover,
model®'” some theoretical investigations have been dethe electron—interface-phonon interaction “Hich-like
voted to the polar optical phonons in wurtzite GaN/AIN Hamiltonian is also derived. The numerical results for the
single heterojunctions, single QW'5?and infinite superlat-  dispersion relations, the electron—interface-phonon coupling
tices (SL's).™® Electron-optical-phonon scattering in wurtzite functions in GaN/AIN single and coupled QW's, are given
crystals and single QW's was investigated in Refs. 14 anénd discussed in Sec. Ill. Finally, the main conclusions ob-
15. The polaron properties of IlI-V nitride compounds weretained in this paper are summarized in Sec. IV.
studied in Refs. 39—41. The polar optical phonons and their

interactions with electrons in GaN/AIN quantum do@D’s) Il. THEORY
were also treated in Refs. 42—44. The size dependence of _ _
exciton-LO-phonon coupling in L®a_,N/GaN-based A. Phonons in bulk wurtzite crystals

QW's and QD's was also studied in Ref. 45. The lattice For a bulk wurtzite crystal and within the framework of
dynamics of group-III nitride110) surfaces was studied us- the DC model, the field associated with the polar optical

ing the adiabatic bond-charge model within a supercell apmodes in the nonretardation limit satisfies Maxwell's equa-
proach in Ref. 46. Demangeet al™" investigated resonant tjons,

Raman scattering in hexagonal ,&a _,N alloys, which

confirmed the role of the Fhich electron-phonon interac- VXE=0 2.1)
tions in the scattering processes. Phonons and free-carrier ’
effects in wurtzite GaN/AlGaN SL's were studied by infrared -

V-D=0, (2.2

spectroscopic ellipsometry and micro-Raman scattering in
Ref. 48. Angular dispersion of polar phonons and Raman .

: . . . with
scattering due to extraordinary phonons in wurtzite GaN/AIN
SL's were also investigatéd:>° The experimental results of - .

Refs. 49 and 50 were found to be in good agreement with the D=eoE+P=eoe(w)E, 2.3
calculations based on the DC model, which confirmed the _ _
correctness of the DC model for the description of the lattice P=¢ggx(w)E, (2.9
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€(w)=1+x(w), (2.5 o |1 |2 i |+ N1 N | N+

wheregg is the absolute dielectric constant.
Due to the anisotropy of wurtzite crystals, the polar pho-
non frequencies and the dielectric function become direction

dependent. The dielectric tensor can be written as ' — : ' : — : >
Z, Z, Z, Zy I} Zyy Zyp Zyy Zy z
€ (w) 0 0
FIG. 1. A generalN+2-layer Q2D wurtzite heterostructure.
é(w)= 0 e(w) 0 (2.0 Here thez axis is taken along thE0001] direction (¢ axis).
0 0 €,(w)

where

w?—w?
€ (w)=e(°°)—i'|'
L L2 2

W T T

for E; phonons and

w?— w?
e(w)=¢el") zL
z z 2 2

W~ w7

g, thus becomes purely real, which corresponds to the oscil-
lating waves-> Moreover, if we let,

2.7) @), (2.13

€w) '

q, is purely imaginary, and the corresponding waves become
the decaying one¥.

(2.8 . : . :
B. Interface optical-phonon modes in a wurtzite multilayer

) heterostructure
for A; phonons. Here the subscriptsandz denote the per-

pendicular direction and the parallel direction of thaxis,
€™ and e{) are the optical dielectric constants, | and
w, are the zone center longitudingh(LO) and A;(LO)
phonon frequencies, and, t and w, 1 are the zone center
transverseE (TO) andA4(TO) phonon frequencies of the
bulk materials.

We have known that there are two kinds of important
optical-phonon modes in a bulk wurtzite crystat’ One is
the so-called ordinary phonons. Their polarization modes ar
purely transverse modes-polarization modes Since these
modes are completely decoupled from the other vibration

modes, we will not discuss them in this paper. The other is: ) \
the extraordinary phonons. for which the orientationEof will not be discussed in the present paper because the elec-
yp ! tron does not couple to TO phonotfsMoreover, in the case

and PI.Wi:hdre_Sr%eCtdFoqz(qi :QZ)I ét\_nd th?‘ihaXiS its mczjr.e of q, #0, we can derive the equations for thgolarization
complicated. The dispersion relation of the extraordinary, & - —(p — ; ; :
phonons depend on the anglebetween the phonon wave field m(q,,2)=(P, =Px.,P,) in the layerj as follows:

vectorq and thec axis and is given &7

In order to investigate the optical-phonon modes and the
electron-phonon interactions in wurtzite MQW'’s or finite
Sl's, let us now consider an arbitrary wurtzite Q2D
multilayer heterostructure shown in Fig. 1. The heterointer-
faces are located &=z,,z4, ...,zy.1, andzy. Here, we
take thez axis (c axis) to be perpendicular to the interfaces.
In the limiting case ofj, —0, we can prove from Eq2.11)
that the completely confined modes can exist in a wurtzite
QZD multilayer heterostructure. These phonons are strictly
confined by the heterointerfaces and are highly degenerate
yibrating modes withA,(LO) phonon frequencyy) in the
ayerj. The confined(TO) phonons of the laygr(Ref. 13

d . .
X j(@) ;PP (@ =iy, f(0)PP(2)=0, (214

€, (w)Sif+ e,(w)cosH=0. (2.9
If we define and
q.=g-sind, i, S oy €l @) 9 oGy o o
qLXl’j(w) L( ) Xz,](w) dZ z ( ) . ( . 5)
g,=(-Ccosé, (2.10

Based on the standard DC mod&lthe solutions of Egs.
(2.14 and (2.195 should satisfy the following electrostatic
BC’s at the interface=z (j=0,1, ... N), namely

Eqg. (2.9 can be further rewritten as
€. (0)0 + € w)q5=0. (2.11

. . X1 j(@PP(@) = x1 j11(0)P (D), (216
Without loss of generality, we can assume that bgth ‘ !
and w are real and positive-*In the case ofj, #0, one for the continuity of the tangential component of the electric
can obtain from Eq(2.11) the following important conclu-  fie|ld E. and
sions. If we let '
fz,j(w)
<0| (2'12 XZ,J(w)

D) PY(2) =;‘—1((Z)) PY" M| (217
z,j+1 .

ew)

Z:ZJ
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for the continuity of thez component of the electric displace- the corresponding quasiconfined modes of the layerthe

ment vector D across thez=z; interface of the Q2D limit w—od] .** Compared with the well-studied cubic
multilayer heterostructure. Q2D multilayer systems, such as GaAs/AlGaAs?! the

It is easier to solve the coupled differential Eq42.14 optical-phonon modes in Wurtzit_e Q2D multilayer h.etero—
and (2.15 by first transforming them into one differential structures are much more complicated due to the anisotropy
equation. This can be done by differentiating E2j14 with  effects of wurtzite crystals. It is well known that, in cubic
respect taz once and using Eq2.15 to eliminateP{(z). Q2D multilayer heterostructures, there are only three types

We finally obtain of the p-polarized optical-phonon modes, i.e., the interface
modes, the confined LO and TO modes, and the half-space
dz > i modest®—?1 Our above results clearly indicate that two new
d_zzp(f)(ZH q;PY(2)=0. (218  phonon modes, i.e., the propagating modes and the quasicon-
fined modes, together with the interface modes, the exactly
The general solutions of E42.18 can be written as confined modes, and the half-space modes, coexist in wurtz-

_ _ _ ite Q2D multilayer systems. It is more interesting to note
PO(z)=i[A/€92(# 8+ B/e 92/"3)]. (219  that, even in GaAs/AlGaAs SL's, the propagating modes
) were observed experimentallywhen adjacent regions have
Based on the above analy$jslease refer to Eq$2.10—  gmg]| differences in dielectric properties. Consequently, the
(2.13], we can confirm from Eq(2.19 that there are five aforementioned standard classification scheme of the optical-
distinct types of optical-phonon modes in a wurtzite Q2D phonon modes in cubic Q2D multilayer heterostructures is
multilayer heterostructure. Following Refs. 11-13, thesgnsyfficient to describe the complicated optical-phonon
modes can be classified as follows. The interface modes modes in wurtzite Q2D multilayer systems, which need to be
with q,; purely imaginary in the layej(j=0,1,...N  complemented suitably, as adopted by some authors in Refs.
+1). The corresponding waves cannot propagate through_13.
the structure along theaxis and the associated fields decay |n the present paper, we will pay attention to the interface
exponentially away from the interface) The propagating modes only. For simplicityg, ; is substituted byq, | in the
modes exist in the whole structure, for whigh; is purely  next. By using the BC'$2.16 and(2.17) at thez=2z inter-
real in the layer. (i) The quasiconfined modes witll,;  face, we can obtain the following matrix formula relating the

purely real in the layej, andq,; purely imaginary in the g, ccessive coefficients!, ; andB/, ; :
layerj" (j'+#]). The related waves display a confined be- ! !

havior in the layeij. The situation is similar to that of elec- (A’
j+1

!
Bj+1

Aj’

B/

trons confined in a QW of finite depth. The confinement in
the layerj will lead to a quantization of,;. (iv) The half-
space modes with both,, and q, ., purely real mainly
exist in the two semi-infinite layerg € ON+1) in the form  whereA;=0 for the interface modes, and the mathi is
of the oscillating waves, an@/) the exactly confined modes called the transfer matrix from the laygto the layerj + 1
with g, =0 exist in the layej, which can be obtained from and has been defined as

), i=0,1,...N—-1, (2.20

1( (A4 a0 Byjere irtdier (1- “LJ+1),3j,j+1e_qz,i+1dj+1) 021
12\ (1 ajji 1) By 18% %51 (1 a4 q) By 1% 1%+ '
|
Hered;;1=z,,—2 is the thickness of the laygr+1, and Aliq Al
@;jj+1 and Bj;, 1 are defined as =Myl _, (2.24
0 By
€ (w) with
j+1= ﬁ (2.22
AR 1 (At annid) BN (1_CYN,N+1)BN,N+1>
and N2l (1N Bunir (Lt anniDBunit)
X1 jr1(®@) The coefficienBy in the j=0 layer and the coefficie{, ,
Bij+1=— (223 i thej=N+1 layer have the following matrix relation:
XL,]((J’))
- : : ’ 0
Similarly, using Eqs(2.16 and(2.17) at thez=zy interface (AN”) = Mm( ,), (2.26)
and lettingBy. ;=0 for the interface modes, we have 0 Bo
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where Let us now further discuss Ed2.28 for some special
cases. First, for a single heterojunction composed of two
Mo M1 Mg MMM (2.27 wurtzite materials denoted as the1 and 2 layers, the dis-
My, My, NTEN-1 0 ' persion equation of the interface modes can be derived from
Eq. (2.28 as follows:

We can obtain from Eq2.26) the following implicit dis-

persion relation for the interface phonon modes in a wurtzite Ve, (o) e, () + Ve fw)e, (w)=0.  (2.29
Q2D multilayer heterostructure: Furthermore, if we let, (w)=e¢,(®)(j=1,2), Eq.(2.29
Moo= 0 (2.29 reduces to the corresponding result of the cubic single
22— = ' heterojunctiorf? as it should be. Moreover, in the case of a

This equation is the most general expression of the interfaceurtzite double heterostructure, for example, an AIN/GaN/
phonon dispersion relation for an arbitrary wurtzite Q2D AIN single QW, we can obtain the following dispersion re-
multilayer system. lation for the interface modes from E(2.298:

2_ 2 2_ 2 2_ 2 2_ 2
2l?) (2) WO LAN @ T Oz AN @ T W) 1caN @ T Dz GaN
€2,AIN€Z,GaN 2_ 2 T2 2 T2 2 T2 2

WO TAN @ T WzTAN @ T @) Tgan @ T Wz TGaN

2_ 2 2_ 2 2_ 2 2_ 2
(2@ T@LLAN @ T Oz AN ()2 @ T @l LGaN @ T ¥z1GaN
€ZAN 5 3 T 2 €2GaN 5 T2 2

W T W) TAN @ T @WzTAN W T, 7gaN @ T Wz TGaN

'tanhqz,Gal\ﬂGaN):Ov (2.30

+

wheredg,y is the thickness of the GaN well layer. Further- 1 2
more, we can from Eq(2.30 derive the same dispersion 2+| apt o1 -tanh(gz candan)
relations as Eqs24) and (25) of Ref. 13 for the interface ,
modes. Our numerical calculatioriBigs. 2 and 3 clearly 72

: . - - . Az,ANAAIN =
show that, for a symmetric AIN/GaN/AIN wurtzite double o1 o1 tanmqZ'Ga'\dGaN)e ANTAN=0,
heterostructurgsingle QW, there are only four interface (2.31

optical-phonon branches with definite symmetry with respect

to the symmetric center of the QW structure for a givenwhered,y is the thickness of the AIN barrier layer sand-

phonon wave numbaey, . wiched between the two GaN well layers with the thickness
For an AIN/GaN/AIN/GaN/AIN symmetric coupled QW, 0f dgan, anday, is defined as

we can obtain from Eq.2.28 the following dispersion rela-

tion: o= JzaNEzAN(©®) . (232
qz,GaNfz,Gal\(w)
25
115 : : 151
.\S‘\._*-__ ;\:‘-\
1051 E 5
[y >
> 95 ,”As g -5¢
< =
g 85] 1 A5}
75 ::éﬁsiw-------———-----—-----—----; -25
S 45 40 -5 0 5 10 15 =20
65 ‘ ‘ z (nm)
0 1 2 3 4

FIG. 3. Spatial dependence of the coupling functlofy, ,z)
divided by (1e%/8As)Y? for the interactions between an electron

FIG. 2. Dispersion curves of the interface optical-phonon modesnd interface optical phonons for the same QW as in Fig. 2 with the
for a GaN QW of widthd=5 nm sandwiched between two semi- heterointerfaces located z& 0 and 5 nm, respectively. Here and in
infinite AIN barrier layers. The soliddashed lines are for the un-  Figs. 4, 6, and 7, the numbers by the curves represent the interface
strained(strained QW structure. The symmetric and antisymmetric phonon frequency in order of increasing magnitude. The solid and
modes are denoted as S and AS, respectively. dashed lines have the same meaning as in Fig. 2.
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The phonon wave numbets an andd, canin Egs.(2.30,  nitions of 7(w) andw,; are given in Ref. 22. The coefficient
(2.31, and(2.32 are given by B; in Eq. (2.35 can be obtained from E¢2.37 as follows:

2_ 2 2_ 2
]9 T @ AN @ T @z TAN 2
qZ,A|N_ 2 2 : 2 2 .ql ' Béz K (23&

W TW) TAN @ T Wz AN

0z,can™ 2 2 o 2 YL
W T W] TgaN @ T @Wz| GaN (233 1 A2
. N+1
| T A= Qo (@)t Quip (@)
In the general case, E€R.31) has eight solutions with defi- Qz0 Azn+1
nite symmetry with respect to the symmetric center of the N
QW structure for a given phonon wave numisgr (Figs. 5 +> —{4AB;q,d,Q, _(w)_[Ajz(l_equjdj)
and 6. =1 Uz, T
We know from Eqs(2.20) and(2.24) that all of the other g, d
qs(2.20 and(2.24 —B(1—e 2%%)]Q; 1 (w)}. (2.39

coefficientsA{ andB; (j#0) can be expressed as the coef-
ficient B, times a proportionality constant, i.e., In Eq. (2.39, Q, - (w) is given by
A]-’ =AjBé,

ni,j(w) - 2772’]((1))

'—R.R’. i+(w)= - 2.4
B/=B;Bj. (2.34 Qj = (@) o, Y] o2, (2.40

The two-dimensionalp-polarization eigenvecton?r(qL ,Z)

for the interface modes can thus be obtained from Eqslyloreover, we have the following formulas for the interface

(2.14, (2.19, and(2.34 as modes®
) Qi(q, ,2), Z<_ZO’ 7. j(®) _ Lej(w)— e(lofj)]z
m(0.,2)=Bg) Qa1 2), Za<2<7, J=12...N, 0?5 02 gles (0) =117’
QB(QL 12)1 > ZN!
2.3 o
Qu(0, ,2)= %05 i y], 239 mio) _ lef@ el
w2y wiplew)—11%(eQ—€l)

Qa(a, ,2)=[i(Ae~ %i*~ %+ Bjeki*~4)),
(22 (-2 Here, ef} and egf)j) are the static dielectric constants of the
yi(— A ST Biet ], layerj.

Qa(0y ,2)=Ans 18 Fane 120, —yy 4] . o . .
C. Electron-phonon-interaction in a wurtzite multilayer
In Eq.(2.39, %, (j=0,1,... N+1) is defined as heterostructure

Uy ixs i @) The electron-phonon interaction ileh-like Hamil-
= Dzl (2.3  tonian H.,p can be obtained by quantizing the energy of

i= (o) 2
X () interaction of an electron at the positionwith the scalar

Considering the anisotropy effects of wurtzite crystals, wepotential produced by the phonons, i.e.ta_¢(F) 1859For the
take the orthonormality condition of the two-dimensionalinterface optical-phonon modes given in the above, we can
p-polarization eigenvector(q, ,z) as follows: obtgln _the eleqtron—mterfgce—phonon interaction Hamil-

tonian in an arbitrary wurtzite Q2D multilayer heterostruc-

- [ o) ture as follows'
| dz(%wpﬂqbzx%‘wpimbz))
- L.pj Z,p) o o R .
S on Nrwen) Hepr=2 2 €4 Tn(d, 2lan(d,) +an( =0,
° T’J]PL(QL vz)!T’ijZ(QL ,Z) :5mn- (242

(.37 where the electron-phonon coupling functidfy,(q, ,2),
Here the subscripten and n indicate the different phonon which describes the coupling strength of a single electron at
modes. Equatiof2.37) can be regarded as a direct extensionthe positionz with the mth interface optical-phonon mode, is
of the corresponding formula EQR9) of Ref. 18. The defi- given as
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2 12 fl(qJ_ 12)1 Z<ZO!
fhe .
I'(q, ’Z)ZBé(—SAsowm(ql)> f2(q,,2), 74,<z<gz, j=1.2,...N, (2.43
f3(qi ,Z), Z>ZN1

whereA is the cross-sectional area of the heterostructure. The normal frequsticy) of the mth branch of the interface
modes can be obtained by solving the dispersion relatioE88), andf;(q, ,z)(i=1,2,3) are defined as

N
f1(0, ,2)=§_ U2+ (g, o= ¢ gekdr D+ [(AE, je%i—Bié_ e~ %ih)et (=51
i

+(Big_ = AL et AT+ Ay &y €, (2.44)

i1
fo(q, ,2)=¢&, g% 02+ 241 [Aé_ e%2h—Bi¢, e %+ (BiE, |~ Aé_ peddet 172 (Af_ g%

—Bj¢, e Azd) @1 (Z1=2) (£, & ’j)(Ajeqz,j(ZrZ) + Bjeqz,j(zfzj)) +(Bjé_ j— Ajgﬂ)eqi(zfzj)
N
+AN+1§+,N+1(‘3‘qi(zizN)4’I Zrl [Ag, g%0—B£_ e %+ (B¢ |- A, e Wdlet@a-1 (245
=]

and

N
fa(a, ,Z)E§+,oeql(zo_z)+jzl [Ajg- jg%f—Bié, o~ %+ (Bg, j— A jetd]et (5172

+ANa[ €4 nrr€n I ENTD L g (e anTD —glanta(enT D) ], (2.49

In Egs.(2.44—(2.40, ¢, jandé_;(j=0,1,... N+1) are sions and the electron—interface-phonon coupling functions
given by for a symmetric AIN/GaN/AIN single QW and an AIN/GaN/
AIN/GaN/AIN coupled QW, respectively. The parameters
used in our calculations are listed in Table I. In the case of
GaN and AIN, the anisotropy effect art™) ande(®) is weak,

and we will assume that{”)=¢{") (Refs. 11-13,6pand

The above analytical expressiof8.43~(2.46 for the  ,(0)_ ,(0) 60 considering the lattice mismatch between GaN
electron—interface-phonon coupling function in an arbitrary

. il h _ L whi hand AIN, the thin GaN well layer experiences a biaxial com-
wurtzite Q2D multilayer heterostructure are universal, whichyesgjve stress and the zone-center phonon frequencies of

can be directly applied to many important Q2D multilayer 5o are shifted to higher values. The magnitudes of these

systems, dSUC!] as smglz k;etﬁrowncuons, .S!gglemu't'pl%hifts can be estimated using the deformation potentials mea-
QWs, and SL's composed of the group-lil nitrides. More- g0 for piaxially strained wurtzite GaN as follof/<?
over, our results are also useful in further investigation for

the optical properties of the commonly used GaN-based de- Aw,=2a,6,,+Dbye
vices, such as LED's and LD’s. XX “

£ = (2.47)

R

A=A1(LO),A((TO),E{(LO),E4(TO). (R
IIl. NUMERICAL RESULTS AND DISCUSSION

In Sec. I, we have derived the dispersion equations andlerea, andb, are the two deformation potential constants
the polarization eigenvectors of the interface optical-phonorande,, ande,, the strain elements of the GaN strained layer.
modes and the electron—interface-phonon interaction Figure 2 shows the dispersions of the interface phonons in
Frohlich-like Hamiltonian in an arbitrary wurtzite Q2D an AIN()/GaN(5 nm)/AIN@) symmetric single QW. We
multilayer heterostructure. However, the corresponding anacan see from Fig. 2 that there are only four interface optical-
lytical formulas are quite complicated due to the anisotropyphonon solutions with definite symmetry for a given phonon
of wurtzite crystals. In order to see more clearly behaviors ofvave numberg, . The modes 1 and 42 and 3 (labeled
the interface phonons and their interactions with electrons, asom lower to higher frequengyare exactly symmetri¢an-
important special cases of wurtzite Q2D multilayer hetero-tisymmetrig modes with respect to the middle plane of the
structures, we have calculated the interface phonon dispe®W structure(Fig. 3). The dispersions of the modes 1 and 2
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TABLE |. Zone-center energie§n meV) of polar optical phonons, and optical and static dielectric
constants of wurtzite AIN and GaN.

Material A,(TO) E,(TO) A;(LO) E,(LO) e e©
AIN 2 75.72 83.13 110.30 113.02 4.77 8.5
GaN?2 (unstrained 65.91 69.25 90.97 91.83 5.35 9.2
GaN (strained 67.89° 73.22° 92.08" 94.06

8Reference 60.
bReference 13.

are obvious ifg, d<2 (d=5 nm). A common limit value of In Fig. 4, we show the absolute valud¥q, ,z)| as func-
71.62 meV can be obtained whend—o. For the higher- tions of wave numbeq, for the same QW structure as in
frequency modes 3 and 4, the dispersions are evident ffig. 2. According to Fig. 3, we have choser 2.5 nm for
q,d<3, and a common limit of 103.15 meV can also bethe mode 1, and=0 nm for the modes 2, 3, and 4. Figure 4
reached in the case of, d—o. Moreover, the influence of indicates thail'(q, ,z)| is a complicated function ofy; .

the strains on the dispersions of the interface phonons i¥he long-wavelength optical phonons are more important for
evident for the two lower-frequency modes 1 and 2, and catthe electron-phonon interactions. The @phas the most
be ignored for the higher-frequency modes 3 and 4. It isstrong electron-phonon interaction. In the long-wavelength
more interesting to note from Fig. 2 that a striking conse-imit of q, —0, e-g2) and e-4) become more important.
quence of the anisotropy of wurtzite crystals is that the moddhe strain effects will largely modify the electron interac-
3 reaches the GaN;(LO) phonon energy of 91.83 meV tions with the lower-frequency modes, such as(®-@nd
(unstrained GalN[94.06 meV (strained Gal] for which  €-p2). The strength of the electron interaction with the
0zcan=0 andg, #0. Consequently, for very smadl, , this  higher-frequency modes will basically not be affected by
branch becomes the quasiconfined phonons of the GaN layé&trains of the QW structure. Figures 3 and 4 clearly show that

because, oy is real. strains of the QW structure will reduce the strength of the
Figure 3 shows the spatié) dependence of the electron— electron-phonon interactions. _ _

interface-phonon coupling functiofi(q, ,z) for the same We further investigate the interface phonon dispersions

symmetric single QW structure as in Fig. 2q and the electron—interface-phonon interactions in an AIN/

=0.1 nm ). We can see from Fig. 3 that the electron inter-GaN/AIN/GaN/AIN symmetric coupled QW with thickness

action with the mode Idenoted as e(th)] is main|y local- /5 nm/3 nm/5 nm#. The dispersion curves shown in Fig.
ized in the GaN well layer, which is symmetric mode with 5 clearly indicate that, in general case, there are eight inter-
respect to the center of the QW structurezat2.5 nm; face phonon solutions with definite symmetry for a given
e-p2) and e-3) are exact antisymmetric modes and peaksPhonon wave numbex( d=3.92). The modes 1, 3, 6, and 8

at z=0 or 5 nm interface; e{d) is symmetric mode and are antisymmetric modes, and the modes 2, 4, 5, and 7 are
peak atz=0 or 5 nm interface. Moreover, Fig. 3 indicates Symmetric ones with respect to the center of the QW struc-
that e-§2) has the most strong electron-phonon interactiorfure at z=6.5 nm (Fig. 6). The dispersions of the four
among the four interface phonon modes. Figure 3 furthehigher-frequency modes 5-8 are more obvious whed
shows that the effects of strains due to mismatch of the lat=10. A common limit of 103.15 meV can be approached if
tice constants between GaN and AIN have an obvious influd, d—. It is very interesting to note that the mode 5 will
ence on the electron-phonon interaction for the lowerbecome the quasiconfined mode of the GaN layers for very
frequency modes, such as, €p 115

105}
2 951
£
g 85|
75 ~AS s
S
AS
65 : - : :
0 2 4 6 8 10
qd

FIG. 5. Same as in Fig. 2, but for a symmetric AIN/GaN/AIN/
GaN/AIN coupled QW structure with thickness

FIG. 4. Absolute valueH'(q, ,z)| divided by (:e?/8Agg)*2as  «/5 nm/3 nm/5 nmk. We take d=2dgan+ dan =13 nm. Here
functions ofq, for the same QW structure as in Fig. 2. The solid and in Figs. 6 and 7, the calculations are performed only for un-
and dashed lines have the same meaning as in Fig. 2. strained QW structure.
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15 30— w w ‘ ‘
10} 251 () |
s 220
[ = o 1
3 0 151
g g
: -5+ \E’103
10+ 5¢
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FIG. 6. Same as in Fig. 3, but for the same coupled QW struc- (G, 7. Same as in Fig. 4, but for the same coupled QW struc-
ture as in Fig. 5¢, =0.35 nm*) with the heterointerfaces located e as in Fig. 5. Heréa) for the four lower-frequency modes, and
atz=0, 5, 8, and 13 nm, respectively. Hei@ for the four lower- (b) for the four higher-frequency modes.
frequency modes 1-4, arit) for the four higher-frequency modes

5-8.
the dispersion relation, and the electron—interface-phonon in-
small values ofq, (g, <0.055 nm‘l) becauseq, gay be- teraction Fralich-like Hamiltonian are derived by means of

comes real. The physical reason has been deeply analyzedfpf transfer-matrix method. We find from the present theory
the above(please refer to Fig.)2Similarly, mode 4 will also ~ that there are five distinct types of phonon modes in a wurtz-

become the quasiconfined mode of the AIN layers. This idte Q2D multilayer heterostructure. The propagating modes
because the wave numbeg o becomes real due to the and the quasiconfined modes, together with the interface
anisotropy effects of wurtzite crystals for a small value ofmodes, the exactly confined modes, and the half-space
q, (g,<0.3 nm1). Figure 6 shows the spatial dependencemodes, coexist in a wurtzite Q2D multilayer heterostructure.
of the electron-interface-phonon coupling functibfq, ,z) Hence the polar optical-phonon modes in wurtzite hetero-
for our symmetric coupled QW witly, =0.35 nm't. We  structures are much more complicated as compared with the
can see from Fig. 6 that the different modes are localized awell-studied cubic multilayer systems. However, to the best
different interfaces. The efp) is antisymmetric mode and of our knowledge, it is less understood for the properties of
localized in the two GaN well layers; €, e-p3), e-p6),  the propagating modes and the quasiconfined modes, which
and e-7) peaks az=0 or 13 nm interface; e{g), e-g5),  need to be investigated deeply in the future.
and e-f§8) are localized at=5 or 8 nm interface. The values We have further studied the dispersions of the interface
of |['(q, ,2)| for the four lower-frequency modes are larger optical-phonon modes and the electron-phonon coupling
than those for the four higher-frequency modes, which igunctions for the commonly used GaN/AIN symmetric single
different from the case in the GaAs/AlGaAs QW%2123-25  and coupled QW's, respectively. We find that there are four
Moreover, Fig. 7 indicates thaf'(q, ,z)| is a complicated (eight interface optical-phonon branches with definite sym-
function of the wave numbey, . The long-wavelength op- metry with respect to the symmetric center of the single
tical phonons are more important for the electron-phonoricoupled QW structure for a given phonon wave number
interactions. The e{8) and e-|§7) become more important q, . The anisotropy effects of wurtzite crystals have a large
in the long-wavelength limit ofj, —0. influence on the dispersion behaviors of the interface phonon
modes for wurtzite QW'’s. The different modes are localized
IV. CONCLUSIONS at the different heterointerfaces. The lower-frequency modes
are much more important for the electron—interface-phonon
Within the framework of the DC model and Loudon’s interactions than the higher-frequency modes. The strain ef-
uniaxial crystal model, we have solved the interface opticalfects have a definite influence on the dispersions and
phonon modes in a wurtzite Q2D multilayer heterostructureslectron-phonon interactions for the lower-frequency modes.
with arbitrary layer numbers. Thepolarization eigenvector, The strength of the electron-phonon interactions will be re-

165335-9



JUN-JIE SHI PHYSICAL REVIEW B 68, 165335 (2003

duced due to strains of the QW's. These results are important ACKNOWLEDGMENTS

and useful for further experimental and theoretical investiga-

tions of the electron-phonon interactions and for device ap- This work was supported by the National Natural Science
plications. We hope that the present work can stimulate furFoundation of China under Grant Nos. 60276004 and
ther studies of the lattice dynamic properties, as well a$0390073, and by the Scientific Research Foundation for the
device applications based on the quantum heterostructures Beturned Overseas Chinese Scholars, State Education Min-

group-IIl nitrides.

istry of China.

1S, Nakamura and G. FasdThe Blue Laser DioddSpringer-
Verlag, Berlin, 1997.

2B. Gil, Group Il Nitride Semiconductor CompoundSlarendon,
Oxford, 1998.

30. Ambacher, J. Phys. B1, 2653(1998.

4S. Nakamura, Scienc281, 956 (1998.

30H. Ricker, E. Molinari, and P. Lugli, Phys. Rev. B4, 3463
(1991); 45, 6747(1992.

31R. Fuchs and K.L. Kliewer, Phys. Re¥40, A2076 (19695.

32AA. Lucas, E. Kartheuser, and R.G. Badro, Phys. Re®, B488
(1970.

333.J. Licari and R. Evrard, Phys. Rev.18, 2254 (1977.

5s.C. Jain, M. Willander, J. Narayan, and R.V. Overstraeten, J**M. Babiker, J. Phys.: Condens. Mattt, 683 (1986; Physica B

Appl. Phys.87, 965 (2000.

6S. Nakamura, AAPPS Bulletitio, 2 (2000).

7S. Nakamura and S.F. Chichibmroduction to Nitride Semicon-
ductor Blue Lasers and Light Emitting Diodé€Baylor & Fran-
cis, London, 2000

8Jun-jie Shi, Solid State Commum24, 341 (2002.

9Jun-jie Shi and Zi-zhao Gan, J. Appl. Phggl, 407 (2003.

10¢. Kittel, Introduction to Solid State Physi¢3ohn Wiley & Sons,
New York, 1996.

1B.C. Lee, K.W. Kim, M.A. Stroscio, and M. Dutta, Phys. Rev. B
58, 4860(1998.

125 M. Komirenko, K.W. Kim, M.A. Stroscio, and M. Dutta, Phys.
Rev. B59, 5013(1999.

& C 145B 111 (1987; B.K. Ridley, Phys. Rev. B39, 5282
(1989.

35Kun Huang and Bangfen Zhu, Phys. Rev3B, 13 377(1988.

36R. Haupt and L. Wendler, Phys. Rev.Z8, 1850(1991).

37S.N. Klimin, E.P. Pokatilov, and V.M. Fomin, Phys. Status Solidi
B 190, 441(1995.

%K. Sood, J. Menedez, M. Cardona, and K. Ploog, Phys. Rev.
Lett. 54, 2115 (1989; R. Hessmer, A. Huber, T. Egeler, M.
Haines, G. Trakle, G. Weimann, and G. Abstreiter, Phys. Rev.
B 46, 4071(1992.

39M.E. Mora-Ramos, F.J. Rodjuez, and L. Quiroga, J. Phys.: Con-
dens. Matterll, 8223(1999.

4OM.E. Mora-Ramos, Phys. Status SolidiZB9 R1(2000.

133, Gleize, M.A. Renucci, J. Frandon, and F. Demangeot, Phys"*M.E. Mora-Ramos, Phys. Status SolidiZ23 843 (2001).

Rev. B60, 15 985(1999.

1435 .M. Komirenko, K.W. Kim, M.A. Stroscio, and M. Dutta, Phys.
Rev. B61, 2034(2000.

15B.C. Lee, K.W. Kim, M. Dutta, and M.A. Stroscio, Phys. Rev. B
56, 997 (1997).

16R. Loudon, Adv. Phys13, 423(1964).

"W, Hayes and R. LoudorScattering of Light by Crystal@niley,
New York, 1978, p. 169.

18] wendler, Phys. Status Solidi B29 513 (1985.

190, wendler and R. Pechstedt, Phys. Status Solidi4, 129
(1987.

20L. Wendler and R. Haupt, Phys. Status Solidl®1, 493 (1987.

21l Wendler and R. Haupt, Phys. Status SolidL&3 487 (1987.

22 Jun-jie Shi, Ling-xi Shangguan, and Shao-hua Pan, Phys. Rev.
47, 13 471(1993.

23Jun-jie Shi and Shao-hua Pan, Phys. Re%1B17 681(1995.

24Jun-jie Shi and Shao-hua Pan, J. Appl. Pt86.3863(1996.

42D. Romanov, V. Mitin, and M. Stroscio, Physicad6-317 359
(2002

43D.A. Romanov, V.V. Mitin, and M.A. Stroscio, Phys. Rev.s,
115321(2002.

44D. Romanov, V. Mitin, and M. Stroscio, Physica B, 491
(2002.

453, Kalliakos, X.B. Zhang, T. Taliercio, P. Lefebvre, B. Gil, N.
Grandjean, B. Damilano, and J. Massies, Appl. Phys. (8.
428 (2002.

46H M. Titlincl, R. Miotto, G.P. Srivastava, and J.S. Tse, Phys.
Rev. B66, 115304(2002.

4’F. Demangeot, J. Frandon, M.A. Renucci, H.S. Sands, D.N.
Batchelder, O. Briot, and S. Ruffenach-Clur, Solid State Com-

B mun.109 519(1999. .

“8M. Schubert, A. Kasic, J.iB, S. Einfeldt, D. Hommel, V. Hde,

J. Off, and F. Scholz, Mater. Sci. Eng.,&, 178(2001).
493. Gleize, F. Demangeot, J. Frandon, M.A. Renucci, M. Kuball, B.

25Jun-jie Shi, B.C. Sanders, Shao-hua Pan, and E.M. Goldys, Phys. Daudin, and N. Grandjean, Phys. Status Solidil83 157

Rev. B60, 16 031(1999.

26x B. Zhang, T. Taliercio, S. Kolliakos, and P. Lefebvre, J. Phys.
Condens. Mattel3, 7053(2001).

2’R. Zheng, T. Taguchi, and M. Matsuura, J. Appl. P8&. 2526
(2000.

285 M. Komirenko, K.W. Kim, M.A. Stroscio, and M. Dutta, J.
Phys.: Condens. Matter3, 6233(2002.

295, Baroni, P. Giannozzi, and E. Molinari, Phys. Rev4B 3870
(1990.

(2001).

:503. Gleize, J. Frandon, F. Demangeot, M.A. Renucci, M. Kuball,

J.M. Hayes, F. Widmann, and B. Daudin, Mater. Sci. Eng82B
27 (2001).

51G.D. Sanders, C.J. Stanton, and C.S. Kim, Phys. Re4B
235316(2001).

52R. PecharromaGallego, P.R. Edwards, R.W. Martin, and .M.
Watson, Mater. Sci. Eng., B3, 94 (2002.

535.J. Xu, W. Liu, and M.F. Li, Appl. Phys. Letf7, 3376(2000.

165335-10



INTERFACE OPTICAL-PHONON MODES AND . . . PHYSICAL REVIEW B8, 165335(2003

54, Bergman, D. Alexson, P.L. Murphy, R.J. Nemanich, M. Dutta, in Low-Dimensional Semiconductor Multilayer Heterostructures
M.A. Stroscio, C. Balkas, H. Shin, and R.F. Davis, Phys. Rev. B (Macquarie University, Sydney, 199%. 62.
59, 12 977(1999. %9H. Haken,Quantum Field Theory of Solid®lorth-Holland, Am-
55D, Alexson, L. Bergman, M. Dutta, K.W. Kim, S. Komirenko, sterdam, 1976
R.J. Nemanich, B.C. Lee, M.A. Stroscio, and S. Yu, Physica B0, Harima, J. Phys.: Condens. Mattet, R967(2002.

. 263-264 510(1999. 61\.Y. Davydov, N.S. Averkiev, I.N. Goncharuk, D.K. Nelson, I.P.
A. Kaschner, A. Hoffmann, and C. Thomsen, Phys. Re\643 Nikitina, A.S. Polkovnikov, A.N. Smirnov, M.A. Jacobson, and
. 16531.4(2001). 0.K. Semchinova, J. Appl. Phy82, 5097(1997.
D.S. Kim, A. Bouchalkha, J.M. Jacob, J.F. Zhou, J.J. Song, anatz,:. Demangeot, J. Frandon, M.A. Renucci, O. Briot, B. Gil, and
J.F. Klem, Phys. Rev. Letfi8, 1002(1992. R.L. Aulombard, Solid State Commugi00, 207 (1996.

58Jun-jie Shi,Electrons, Phonons, Photons, Excitons and Polarons

165335-11



