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Phonon modes in column-III–nitride ternary semiconductors are investigated theoretically within the modi-
fied random-element isodisplacement model. It is found thatA1 andE1 branches of optical phonons in wurtzite
GaxAl12xN and InxGa12xN exhibit one-mode behavior. This result is explained by the fact that atomic mass of
nitrogen is much smaller than those of other atoms.@S0163-1829~98!05447-2#
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I. INTRODUCTION

Recently, much attention has been focused on colu
III–nitride ~III-N ! compound semiconductors as a result
developments such as the blue-emitting laser diode and
light-emitting diode.1 One of the prominent examples is th
achievement of Nakamuraet al.;2 they recently reported an
estimated lifetime of 10 000 h~about 1 year! for a continu-
ous wave laser diode operating at room temperature.
though there have been many technological breakthrough
this field,1,3 relatively little is known for the fundamenta
physical properties of III-N semiconductors. For example
is not well understood why nitride-based devices oper
successfully in spite of ultrahigh unintentional backgrou
impurity concentrations for which GaAs-based devices
hardly operate.

The purpose of the present work is to study one of
basic physical properties of III-N semiconductors: the opti
phonon, especially the optical-phonon-mode behavior in
nary semiconductors. Ternary semiconductors (AB12xCx)
are essential to realizing many physically important para
eters necessary to achieve so-called bandgap enginee
Generally, optical-phonon characteristics in such tern
semiconductors can be categorized by three classes:
mode, two mode, and intermediate mode.4 One-mode behav
PRB 580163-1829/98/58~23!/15283~5!/$15.00
n-
f
he

l-
in

t
te

n

e
l
r-

-
ng.
y
ne

ior exhibits only one set of longitudinal-optical~LO! and
transversal-optical~TO! phonons whose frequencies vary a
most linearly with compositional changes. Two-mode beh
ior exhibits two sets of phonons for each LO and TO ph
non; each set is due to the lighter and heavier componen
the two binary semiconductors that represent the comp
tional extremes of the ternary system. The intermedia
mode behavior exhibits two-mode behavior for a cert
range of composition and one-mode behavior for the rem
ing compositional range. Phonons in GaxAl12xAs and
InxGa12xAs exhibit two-mode behavior, thus, the dielectr
function for these ternary materials should be based on
two-pole model for accurate calculation.5,6 Consequently, it
is appropriate to understand the phonon-mode behavio
ternary III-N semiconductors (GaxAl12xN, InxGa12xN, and
etc.! before proceeding with calculations involving phonon
In this paper, the modified random-element isodisplacem
~MREI! model7 and the uniaxial model of Hayes an
Loudon8,9 are applied to III-N ternary material to determin
the nature of the phonon modes in III-N ternary material.

II. MODIFIED RANDOM ELEMENT ISODISPLACEMENT
MODEL

We adopt the MREI model for the ternary semiconduc
AB12xCx ; the basic assumption of the MREI model is tha
15 283 ©1998 The American Physical Society
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fraction (12x) of B ions and a fractionx of C ions are the
nearest neighbors ofA ions. The long-range Coulomb inte
action is included in the form of the local field. The adva
tage of using the MREI model is that this model does
require an a priori result—frequencies of gap or loca
modes—or an assumption as to whether the material is c
acterized by one-mode or two-mode behavior. This mo
requires only physical constants such as the atomic mass
the component atoms and the phonon frequencies of the
binary materials, which represent the compositional extrem
of the ternary system.

The MREI model as explained in Ref. 7 assumes a cry
of cubic symmetry. However, the nitride-based semicond
tor devices, such as blue laser diodes, are usually grown
wurtzite structure. Hence, unlike the case of a cubic crys
dielectric constants (e0 ,e`), electronic polarizability~a!, ef-
fective charge~e!, and other physical constants must
treated not as scalars but as tensors. Since the wurtzite s
ture is the simplest within a uniaxial crystal, the governi
tensor equations for optical phonons at theG point can be
simplified into two uncoupled equations, i.e., compone
parallel (E1 or G5 branch! and perpendicular (A1 or G1
branch! to the c axis of the crystals.8 It is noted that this
macroscopic model, which utilizes the dielectric functio
can only deal with the infrared-active phonons that contr
ute to the low frequency polarizability. Hence, other phon
branches in wurtzite crystals such asB or G3 ~silent! andE2
or G6 ~Raman active! cannot be described by the MRE
model.8

We have extended the MREI model to the case of wu
ite semiconductors. Considering only nearest-neighbor in
actions, the phonon governing equations for wurtzite se
conductorAB12xCx in the long wavelength limit are given
as follows:

mAüAi52~12x!Fbi~uAi2uBi!2xFci~uAi2uCi!

1$~12x!ebi1xeci%Eloc,i , ~1!

mBüBi52Fbi~uBi2uAi!2ebiEloc,i , ~2!

mCüCi52Fci~uCi2uAi!2eciEloc,i , ~3!

Eloc,i5Ei1
4p

3
g i Pi , ~4!

Pi5~12x!H ebi

vb
~uAi2uBi!1

aAi1aBi

vb
Eloc,i J vb

v

1xH eci

vc
~uAi2uCi!1

aAi1aCi

vc
Eloc,i J vc

v
, ~5!

where the subscripti 5' ( i 5i) corresponds to componen
perpendicular~parallel! to thec axis. The other subscriptsb
and c refer to binary materialsAB and AC, respectively.
Here,m andui are the mass andi th component of displace
ment of the ionsA, B, and C. Fbi and Fci are effective
nearest-neighbor force constants,v is the volume of the unit
cell of the mixed crystal whilevb and vc are the unit cell
volumes of the binary materialsAB and AC, respectively.
The dielectric functione i of the ternary semiconductor i
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defined by the usual expression between the macrosc
field Ei and the polarizationPi , i.e.,Pi5(e i21)Ei /4p . The
local field Eloc,i deviates from the Lorentz relation, which
expressed by introducingg i . We take the ideal wurtzite
structure values forg i from Ref. 10, i.e., g'5110.2
3(3/4p) and g i5120.13(3/4p). Relations between mi-
croscopic and macroscopic parameters for the wurtzite c
tal structure can be obtained by following the Born-Hua
relation.11 For crystalAB(x50),

4p

3

aAi1aBi

vb
5

e`bi21

31g i~e`bi21!
, ~6!

Fbi

mb
[vFbi

2 5
31~e0bi21!g i

31~e`bi21!g i
vTbi

2 , ~7!

4p

3

ebi
2

mbvb
5

3

g i@31g i~e`bi21!#
~vFbi

2 2vTbi
2 !, ~8!

wheremb is the reduced mass of crystalAB. e0b , e`b , and
vTb are the static and high-frequency dielectric constant,
long-wavelength TO phonon frequency of the crystalAB,
respectively. The above relations for crystalAC(x51) can
be obtained by interchangingC with B andc with b.

The optical phonon frequenciesvTi and vLi of ternary
AB12xCx semiconductor are obtained by solving Eqs.~1!–
~5! simultaneously. The frequencies are given by the follo
ing roots:

vXi
2 5

VXbi
2 1VXci

2

2
6F S VXbi

2 2VXci
2

2 D 2

1x~12x!VXbci
4 G1/2

,

~9!

VXbi
2 5vbi

2 1~12x!bXivbi8
2 , ~10!

VXci
2 5vci

2 1xbXivci8
2 , ~11!

VXbci
4 5H S dbi

dci
D 1/2

bXivbi8vci81
m̄

mA
vFci

2 J
3H S dci

dbi
D 1/2

bXivbi8vci81
m̄

mA
vFbi

2 J , ~12!

where X stands forT and L, respectively, andbXi is bTi
52g i for the transverse case andbLi5(32g i)/e` i for the
longitudinal case. The explicit analytical expression fore` i
of mixed crystalAB12xCx is

e` i21

31g i~e` i21!
5~12x!

vb

v
e`bi21

31g i~e`bi21!

1x
vc

v
e`ci21

31g i~e`ci21!
, ~13!

which is the modified weighted Clausius-Mossotti relatio
The static dielectric constante0i is obtained from the
Lyddane-Sachs-Teller relation, i.e.,e0i5e` ivLi

2 /vTi
2 . In the

present work, we takee`'5e`z . This is quite a good as
sumption sincee` is due primarily to electrons. The othe
quantities are given by
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vbi
2 5vFbi

2 S 12x
mb

mA
D , ~14!

vbi8
2

5dbi

vb

v
31g i~e` i21!

g i@31g i~e`bi21!#
~vFbi

2 vTbi
2 !, ~15!

dbi512x
mb

mA
S 12

eci

ebi
D , ~16!

m̄5Ambmc. ~17!

The variablesvci , vci8 , and dci can be obtained by inter
changingb by c andx by (12x) simultaneously in the equa
tions given above. For simplicity, we assumedbi , dci , vb /v,
andvc /v to be one.7 This assumption changes only the d
tailed curvature of phonon frequencies and the behavio
phonon mode is not affected.

The dielectric functione i(v) can be also obtained from
Eqs.~1!–~5!, that is,

e i~v!5e` i

~vL1 i
2 2v2!~vL2 i

2 2v2!

~vT1 i
2 2v2!~vT2 i

2 2v2!
5e` i1

f 1 ivT1 i
2

~vT1 i
2 2v2!

1
f 2 ivT2 i

2

~vT2 i
2 2v2!

, ~18!

where the oscillator strengthf 1 i is given by

f 1 ivT1 i
2 5e` i

~vL1 i
2 2vT1 i

2 !~vL2 i
2 2vT1 i

2 !

~vT2 i
2 2vT1 i

2 !
. ~19!

The oscillator strengthf 2 i can be obtained by interchangin
1 and2 in the equation shown above. The subscripts1 and
2 correspond to the two solutions ofvXi in Eq. ~9! by taking
~1! and ~2! signs, respectively. In order for the oscillat
strengths to be positive, the order of the frequencies m
satisfy the following inequality:7

vL1 i>vT1 i>vL2 i>vT2 i . ~20!

III. RESULTS AND DISCUSSION

Figure 1 indicates that GaxAl12xN exhibits typical char-
acteristics of one-mode behavior as illustrated in Ref. 7;
no gap mode and local mode at the boundaries (x50 and 1!,
almost linear dependence on compositional change,
large difference in oscillator strengths between the up
four strong modes, which take~1! sign in Eq.~9! and the
lower four weak modes, which take~2! sign in Eq.~9!. The
total number of phonon branches is doubled as compa
with cubic semiconductor crystals. This occurs as a resu
the doubling of the number of equations for the wurtz
structure. Recent Raman experimental values for GaxAl12xN
are marked in Fig. 1.12–14The circles~squares! represent the
measurement data forA1 (E1) modes of GaxAl12xN. For LO
phonons, the theoretical and experimental results match
tively well. However, TO phonons show some discrepan
between the two. Considering the simplicity of MREI mod
and ignoring some factors, such as strain, our model giv
rather good prediction for phonon characteristics of wurtz
GaxAl12xN. Moreover, Demangeotet al.12 have analyzed
of
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Raman data for the case of GaxAl12xN using a generalized
dielectric model for coupled LO modes and have obtain
support for the apparent one-mode behavior of the polar
phonons; the model adopted by these authors takes the
dielectric constant of GaxAl12xN to be the composition-
weighed sum of the dielectric constants for GaN and AlN

As mentioned in Ref. 7, the lower four curves of Fig. 1~a!,
which take~2! signs forvLi andvTi in Eq. ~9!, are the weak
modes where the two cations vibrate out of phase; thus, th
modes have not yet been reported experimentally. This
be confirmed in Fig. 1~b!, since their corresponding oscilla
tor strengths represented by the lower two curves are vi
ally zero for all composition. The equations of the MRE
model that determine the dispersion relations for the vari
phonon modes predict phonon frequencies for differ
modes that are nearly equal for a selected compositio
range of the ternary wurtzite structures. For these comp
tional ranges, it is unclear that the assumed orderings of
quencies in the MREI model are valid. Furthermore, t
weak modes of four curves are confined in a relatively sm
space. Thus, the ordering of the frequencies in Eq.~20!, i.e.,
vL2 i>vT2 i , may not be fully guaranteed from this simp
MREI model. As a consequence, the small negative value
the oscillator strengths in Fig. 1~b! are taken to mean only
that the effective oscillator strength is small.

Figure 2 is a plot for the phonon dispersion curves
InxGa12xN, which also indicates one-mode behavior. Sin

FIG. 1. ~a! Optical phonon frequencies ofE1 andA1 branches
for GaxAl12xN as a function of Ga compositionx. Lower four
curves below 500 cm21 belong to the weak modes ofE1 andA1 as
mentioned in the text. Circles~squares! represent experimental val
ues of E1 (A1) modes~filled circles and open squares, Ref. 1
squares with plus, Ref. 13; filled squares, Ref. 14!. ~b! Oscillator
strengths as a function ofx. The upper~lower! two curves corre-
spond to the upper~lower! four curves of~a!.
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InN is hard to grow and its electron bandgap is readily av
able from by other materials, there has been relatively li
attention given to binary InN.15–17 The experimental value
of E1(LO) for InxGa12xN with In composition less than
11% are marked in the figure.18 Although the oscillator
strength plot for InxGa12xN is not shown here, it also exhib
its almost the same features as GaxAl12xN. The parameters
used in this calculation are summarized in Table I.

Some criteria have been proposed to determine the m
behavior of phonons in ternary semiconductors; in particu
these criteria distinguish between one-mode and two-m
behavior.4,19 Since the atomic mass of nitrogen is mu
smaller than gallium, indium, and aluminum, the reduc
masses of GaN, InN, and AlN are almost the same as tha
N. This means that infrared-active optical-phonon vibratio
in InxGa12xN and GaxAl12xN are influenced strongly by th
nitrogen atom. This observation is in accord with our resu
that A1 and E1 optical phonons of GaxAl12xN and
InxGa12xN exhibit one-mode behavior. Hence, fo
GaxAl12xN and InxGa12xN, more sophisticated criteria19 or
MREI models20 may not be needed to specify the phono

FIG. 2. Optical phonon frequencies ofE1 andA1 branches for
InxGa12xN as a function of In compositionx. Lower four curves
below 300 cm21 are the weak modes ofE1 andA1 . Filled circles
represent experimental data ofE1 ~LO! modes from Ref. 18.
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mode behavior, although a more detailed model could p
vide better fitting with experimental results. Due to the la
of good quality III-N ternary samples for a wide range
composition, it may be too early to compare the detai
phonon frequency profile between the theoretical and exp
mental work, especially for InxGa12xN. Therefore, the main
aim of this paper is not to seek a better fit to experimen
results, but to find a theoretical framework for characteriz
the phonon-mode behavior in the nitride ternary material

IV. CONCLUSION

We have calculated the phonon frequencies for the tern
nitride semiconductor over the entire compositional ran
Based on an MREI model, it is found that optical phono
(A1 and E1) in GaxAl12xN and InxGa12xN exhibit one-
mode behavior unlike GaxAl12xAs and InxGa12xAs, which
exhibit two-mode behavior. This result supports recent R
man experiments on GaxAl12xN.
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TABLE I. Optical phonon frequencies~in cm21! and high-
frequency dielectric constants used in the calculations.

AlN GaN InN

\v(E1 ,LO) 912.0a 741.0a 574.0b

\v(A1 ,LO) 890.0a 734.0a 574.0b

\v(E1 ,TO) 670.8a 558.8a 475.0b

\v(A1 ,TO) 611.0a 531.8a 446.0b

e` 4.84c 5.29c 8.40d

aReference 21.
bReference 16; theA1(LO) andE1(LO) peaks of InN are indistin-
guishable from each other in Raman experiments.

cReference 22.
dReference 23.
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