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Phonons in ternary group-lll nitride alloys

H. Grille and Ch. Schnittler
Institut fir Physik, Technische Universttdmenau, PSF 100565, D-98684 lImenau, Germany

F. Bechstedt
Institut fur Festkapertheorie und Theoretische Optik, Friedrich-Schiller-Universitdax-Wien-Platz 1, D-07743 Jena, Germany
(Received 28 July 1999

The lattice dynamics of random,B,_,N alloys (A,B=Al, Ga, In) is studied with a method based on the
modified random-element isodisplacem@iREI) and a rigid-ion model. The MREI description is generalized
so that no additional force constants are needed but all lattice vibrations can be considered. Phonon frequencies
and spectral weights are studied versus composkitor zinc-blende and wurtzite mixed crystals. The one-
and two-mode behavior of the zone-center optical phonons is discussed in the light of the interplay of elastic
and electric forces as well as of the atomic masses. The results are compared with data from recent Raman and
IR measurements.

I. INTRODUCTION wide composition rang& 1’ Recently, such ordering phe-
nomena have been also reported for theGs, ,N system:

The 1II-V nitride semiconductors have recently becomelnstead of a random alloy, for an intermediate composition
important materials for the fabrication of optoelectronic de-region a tendency for the formation of self-organized super-
vices operating in the green, blue, and ultraviolet spectralattice structures has been foulfd.
region® This holds in particular for their ternary or pseudo- A standard method to characterize the strain and the com-
binary A,B;_N alloys, e.g., AlGa,_,N, In,Ga _,N, and  position in epitaxial IlI-N alloy layers is Raman scattering. A
Al,In;_,N. Alloying among the group-III nitrides allows us, distinct feature of the nitrides among the tetrahedrally coor-
in principle, to change the band gap from about 1.9 eV indinated zinc-blende and wurtzite 1lI-V and 11-VI compounds
InN to 6.3 eV in AIN with an intermediate value 3.5 eV for IS the polar character of the chemical bondSherefore,
GaN. Despite of the fact that the growth of IlI-N alloys has Strong long-range electric forces play an important role for
proven to be extremely challenging in the last years, therthe nitrides, particularly in the lattice vibrations that are

remain important questions concerning their atomic strucpmbed by Raman spectroscopy. They give rise to an angular

ture, the miscibility of these compounds with a common an_dlspersmn of optical modes. Meanwhile, Raman spectra have

ion from the first row of the periodic table, and the charac—been recorded for Afsa N solid solutions crystallizing in

terization or spectral indication of effects like miscibility or wurtzite structuré* and zinc-blende structteas well
P Y OF The first studies of cubic e, N samples with low-In
phase separation.

. . .__content have been publishédHowever, zone-center modes
Under ambient conditions AIN, GaN, and InN crystallize have been also studied using infraé®) reflectivity?® and

in the hexagonal wurtzite (2) structure with the space ponan spectroscofy?® for hexagonal IpGa,_ N mixed
groupCg, . Recent epitaxy of thin AIN, GaN, and InN films crystals.

has been demonstrated to result in the cubic zinc-blende In a||oyed systems one important phenomenon is the

(3C) structure with space group3.> Remarkable progress mode behavior of the long-wavelength optical phonons.
in the synthesis of such@GaN films3* but also L-AIN Pseudobinary mixed crystal&,B;,_,C with fully pro-
(Ref. 5 and X-InN (Refs. 6 and Ylayers are related to the nounced random alloy character are classified into two main
plasma-assisted molecular-beam epitaxf§MBE) on  classes according to the behavior of their zone-center optical
GaAg001) or 3C-SiC(001) substrates. Meanwhile, also ter- phonons’® In the one-mode class, the frequencies vary con-
nary cubic AlGa_,N as well as IgGa_,N layers have tinuously and approximately linearly with the molar fraction
been deposited®® x of the alloy. In the case of the two-mode behavior the two
Independent of the cubic or hexagonal crystal structuresets of optical modes correspond nearly to that of the two
another important concern of the epitaxial alloy layers is thepure crystalsAC or BC that compose the alloy. These extra
phenomenon of phase separation or clustering, more strictinpodes may persist very close to the end compositians,
the miscibility or immiscibility of two nitrides. While in the =0 andx=1. The modes occurring in the composition re-
past it has been believed that nitrides are fully miscible, thergion where the materials are almost pure can be usually at-
are strong indications for a miscibility gaB-*°In a closely  tributed to either a local or a gap mode arising from a re-
lattice-matched AlGa N system the miscibility gap tem- sidual concentration of the minority component. However,
perature was shown to be rather févand, hence one may the Raman spectra could be more complicated due to the
expect to have more or less a true solid solution under norappearance of defect-induced mod&sor solid solutions
mal conditions. In InGa, _,N alloys, however, phase sepa- Al,Ga _,N the one-mode behavior of the longitudinal opti-
ration problems have been observed experimentally in &al (LO) phonons has been clearly obser{é;?°in agree-
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ment with predictions of model calculatiofs?>3!=33The [0001]
situation in the LO case is similar for J6a,_,N. %2628
However, the interpretation of the experimental findings
seems to be more complicated in the frequency region of the
transversal opticalTO) phonons.

In this paper, a theoretical study of the zone-center optical

as

phonons of pseudobinary crystalsA,B;_,N (A,B _

=Al, Ga, In) with fully random alloy character is presented. /j/ 22

In Sec. Il we introduce the treatment of disorder and compo- [2110] [0170]
sition, the lattice-dynamical model, and the computational .
methods. In Sec. Il zone-center phonon frequencies and

their spectral weights are derived. The theoretical results are
compared with recent experimental data and discussed in the
light of the strong chemical bonds and their remarkable ionic

character. Finally, in Sec. IV a brief summary is given. e |\

Il. MODEL AND METHOD

A. Atomic structure

We assume that the considered mixed systems represent B
ideal pseudobinary alloys or ideal ternary solid solutions o
AB; N (A,B=Al, Ga, In). Usually such solutions of
[1I-V and II-VI compounds exhibit common structurally spe-  FIG. 1. Bonding and stacking sequence for the two polytypes
cific features:(i) The AB-sublattice, consisting of atoms of 2H (wurtzite) and 3 (zinc-blendé. Hexagonal Cartesian coordi-
two types, is structurally close to a virtual crystal and nearlynates have been chosen.
obeys Vegard's law. Atoms in this sublattice are randomly
distributed.(ii) The N sublattice is distorted, so that nearest- ag
neighbor(NN) distances show only a slight dependence on =7 (-1-1D
the composition. We omit this effect and assume, that the
virtual crystals possess the same crystallographic structure-of the ideal tetrahedron. In the unit cell there is a cation (
zinc-blende (&) or wurtzite (H)—as the pure crystalsN ~ =1) atr;=0 and an anionr{=2) atr,=m (cf. Fig. 1. In
andBN, and that the tetrahedron structure of the surroundthe wurtzite case the tetrahedrons are slightly deformed
ings of an atom is nearly conserved. This assumption of
nearly “ideal” zinc-blende and wurtzite alloys seems to be 71=(0,010),
more or less fulfilled for AlGa, _,N with practically the
same covalent radii of Al and G4.n the case of IgGa, _ N
stronger deviations may be expected, in particular for the
wurtzite alloy® Nevertheless, the ideal random alloy repre-
sents an important model system and should be realized not
only for smaller and larger molar fractions but also within 3=
the miscibility gap, where a decomposition into alloys with
other compositions occuf&113

The Bravais lattices of the virtual crystals are defined by —lo- a _( 1 —u) Cl @)
the primitive basis vectors a;=(a¢/2)(0,1,1),a, T3 12
=(ay/2)(1,0,1), andaz=(ay/2)(1,1,0) (zinc-blend¢ or a; ] . ] )
=a(1,0,0), a2=(a/2)(—1,\/§,0), andag=c(0,0,1) (wurtz- and.tW|sted by_ 180° around theaxis (the cubic[111] di-
ite) with the lattice constanta, (3C) and, respectivelya ~ 'ection according to

andc (2H). The cubic and hexagonal Cartesian coordinate 1 0 o0

systems are related against each other, so that the [dutiif

direction gives the axis in the hexagonal case. The atomic 7= 0 -1 0fq. 3
structure of the & crystals is related to the vectors 0 0o 1

a, The deviations from the ideal tetrahedrons are indicated by

n=7, (11D, (1)  variations around the ideal ratio of lattice constants
=/8/3 and internal cell parameter=3/8. In this limit the
hexagonal lattice constants can be related to the correspond-

Tzz%(l,— 1,-1), ing cubic one bya=a,/\2 andc=2a,//3. The parameter

u characterizes the bond lengths parallel to ¢hexis (Fig.

1). Together with the two lattice contandsandc it defines
. :@(_1 1-1) the atomic coordinates in the hexagonal unit cell of the
374 " ' wurtzite structure. There are cations=1) in both bilayers,
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FIG. 2. Schematic representation of the three elastic short-range
forces considered. +(1—8y)| Ssg[3(a—B—0)8,,+28]
s=1 ands=2 (cf. Fig. 1) at the positiong ;=0 andr,; 9 7
=7,— 7. The anions 1=2) are situated at;,=7, andr,, +(1—bsy) E(a—,B—U) —y2
=27,— 74. In the case of strain-free alloys the atomic posi- |74l

tionsR,=R+r, (3C) andRs,=R+rg, (2H) are described 2 5.2

. , . Ty T4z
using Vegard'’s rule. Consequently, we interpolate the char- — y—5az) +6,8) ] ] (6)
acteristic geometry parameteps=ag, a, ¢, andu between EAR

the valuespay and pgy Of the pure compounds with the

molar fractionx: The self-interaction terms are calculated by the sum rule due

to the infinitesimal translation invariance. It follows

aa’

Mn

P(X)=Xpan+(1—X)pey- (4) F3°,(nn)= 5" (4a+58-20), @)

Consequently, for a given compositiarthe atomic positions S
are assumed to be fixed. The nitrogen atoms are situated oF>" (snsn=F>,(nn)+ ﬂ[ [(4a—3B—-20)—12a
the anion sublatticen=2), whereas the substituted atos M
and B share the sites of the other sublattioe=(1). The
occupation of these sites is completely random, but con- iy_Tiz 9
—g(B+20)

1
. - 5 T
serves the compositionin the averagé® —B—0) 50,2]—' 2
Ta

|7l? = 4] 7ol | 747 + 372,
>< azZ|

B. Lattice-dynamical model e (8)
T4
In order to describe the lattice dynamics of the group-Ili
nitrides under consideration, we apply a rigid ion model. The
short-range elastic forces are characterized by a threavherer,,=—a/\3, 74,= — (3 —u)c, and|z|?= 75, + 75,.
parameter Keating mod®&r38 for tetrahedrally coordinated In expression$6) and(8) we have resigned to generalize

materials. The interactions with the first-nearest-neighbothe force constants to the wurtzite structure. Only the defor-
and second-nearest-neighbor atoms are characterized bynwtion of the tetrahedra with,,# \87,, is taken into ac-
central  (x,bond-stretching), a noncentral angular count. In fact, in the limit of ideal tetrahedra with= 3/8 and
(B,bond-bending), and a stretch-stretah) (Keating force  c/a=+/8/3, i.e., 74y=\874,, the self-interaction terms be-
constani(cf. Fig. 2. The constanB (o) represents an effec- come equal for the two crystal structures. Moreover, expres-
tive three-body interaction related to a change of the bongion (6) describes the same first- and second-NN interactions
angle(length. Since we are mainly interested in the Ramanas Eg.(5), only rewritten in hexagonal coordinates. There-
frequencies, we only consider zone-center phonons with varfore we use the same constaats 8, ando as in the zinc--
ishing wave vector. However, the model can be also applie§!ende case. In the real wurtzite case the interaction of neigh-
to the description of lattice vibrations with arbitrary wave Pored atoms depends on the bilayer indexl,2 and, hence,

vectors® Without the self-interaction of the atoms the Fou- différs for the interaction with upper or lower atoms. As a
fier transformation of the force-constant matrix givesn(’ consequence the three Cartesian directions are not equivalent

—12; 55'=1,2) anymore. We do not apply the mass approximéfida the
T = mixed crystals. Rather, we interpolate the force constants
and use arithmetic mean values of the parameters of the pure
crystals weighted with the composition. The structrural pa-
rameters used are given in Table I. The first sets are taken
Onar (80 into account.
\/W nn’ In the polar group-lll nitrides the atomic displacements
are accompanied by electrostatic forces. They are calculated
+B-0)}, (5) by means of an Ewald summatiéhThe resulting Coulomb

FC (n'[0)= - A+ 20)+ (A= bur)4le
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TABLE |. Parameters of the group-Ill nitrides. The structural parametéasand u, describing the
deformation of the tetrahedron i are taken from parameter-free calculatioRefs. 19, 40, and 43and
experiment(cf. data collection in Ref. 45 The phonon frequencidi cm ) arise from the samab initio
calculations(Refs. 19, 40, 43, and 44They are compared with those from Raman studiefs. 7, 8, and
55). The cation masses are given in atomic ufitsamu (Ref. 39.

Parameter AIN GaN InN
cl/a 1.6052 1.607° 1.60F 1.626° 1.631° 1.627 1.632° 1.61%
u 0.38220.382° 0.382 0.377%0.381° 0.377F 0.378
w o) 9072 890° 90 750€ 746° 737 596° 588"
w7o(T) 6622 665° 655 560€ 567P 552 467° 458
wio(L) 7502 735 720! 708 573
wra(L) 2302 226° 139! 138 78
My 26.98 69.72 114.82
8Reference 19. ®Reference 40.

bReference 43. 'Reference 44.

‘Reference 45. 9Reference 55.

dreference 8. PReference 7.

contribution to the dynamical matrix can be written asconsidered. Deriving expressidf) we have assumed that

(n,n"=1,2; s,s'"=1,2S: number of bilayers in the unit cell
C,.(snsn’'|Q)

—-1 n+n’A
o

MM,

W 1S e GG, G, e (51207
S &Fo are

i Qo
+QuQu— 777 2 (1= 9r00%s o)

E
XVaa,(R—rsn—rS/n,)

os 5 s 1 9
- E ss' Onn’ Caa’ ﬁ ) ( )
with
. 3X o Xor — 8| X|?
Vaa’(x): erfc( 'y|X|)

x|°

2 X Xgor
! e‘<“"2[ Saar [2(y]x])2+3]

 Jax? X

|2
(10
and the Coulomb force constant
. 477e*2
f= 0, (11

where (), denotes the unit-cell volume angdrepresents an

each ion carries a certain effectively screened dynamic
charge 1)""'e*. Preliminarily, the tensor character of
this charge in wurtzite crystalgf. Refs. 19 and 40has been
neglected. The contribution of the long-range macroscopic

electric field to the dynamical matrix proportional @,Q.,
in expression9) gives rise to an angular dependence of the
polar phonon mode®*! Such a dependence of the propaga-

tion directionQ=Ql|Q| of the phonons is a consequence of
the interplay with the structural anisotropy included in the
short-range elastic and Coulombic contributions to the dy-
namical matrix:? Finally, we mention that the Coulomb con-
tribution to the self-interaction has to be calculated numeri-
cally starting from the results using expressi@. Elastic
and Coulomb contributions together define the total dynami-

cal matrixD ., (snsn’|Q).

C. Parameter fit

At least, we have to determine four parameterss, o,

and f to complete the lattice dynamical model in the zinc-
blende case. Unfortunately, there are no four well-known
frequencies for the bulk nitrides AIN, GaN, and InN, in par-
ticular not for the zinc-blende layers. For that reason, we take
results ofab initio phonon calculations into account. For the
3C polytype frequencies are available for several high-
symmetry points®4%4344Since we are interested in a reli-
able description of Raman frequencies, we take into account
the modes LON'), TO(I'), LO(L), and TA(). Correspond-

ing frequencies are listed in Table | together with character-
istic structural parameters of the wurtzite polytyped2434°
TheL point in the Brillouin zongBZ) of 3C is of particular
interest, because it is folded onto thepoint in the BZ of
2H. According to the folding argument the LO( [ TA(L)]
mode can be identified as the upgyr (lower E;) mode in

arbitrary parameter that determines the convergence d® the the wurtzite structure. AlthougB, is not Raman active, we
and G sums withG as vectors of the reciprocal Bravais take this modémore strictly LOL)] into the fit procedure.

lattice. Expressionf9) is valid for both the wurtzite and zinc-
blende case. The crystal structure is specifieRbys, r,,
and(),. For zinc-blende only one bilayes,s’'=1) has to be

The use of the uppeE, mode insteadin the cubic case
TO(L)] leads to a too-tough restriction in the parameter

space. The use of the parameters 3, o, and f, which
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TABLE II. Parameters of the lattice-dynamical model. The elastic Keating parame{8ts and the

Coulomb force constant are given in units of N/m. The first valugsecond valugarises from a fit to
experimentaltheoretical phonon frequencies.

Nitride a B o f

AIN 75.479(78.4) 1.852(2.20 1.666(3.70) 208.891(208.79
GaN 72.89(75.38 1.247(1.13 8.139(8.39 163.859(171.02
InN 51.346(54.95 —1.247(-0.73 3.753(5.72 103.36(100.85

reproduce the TQ() frequency, gives negative frequency E,=(4a+58—20)+2[(B+20)+0.28768],
squares for the TA() modes. In order to avoid such un-
physical situations, we give up the exact reproduction of the
TO(L) (upper E, modes within the considered four-
parameter model.

E_=(4a+58—20)—[(B+20)+0.28768],

In general, the experimentBFpoint frequencies are over- F.=2(a+B~0)—2[2(a—B~0)—0.55680],
estimated by about 1% for AIN and GaN by the results of the
density-functional perturbation theory of Karch and F_=2(a+B—0)+[2(a—B—0c)—0.55680] (14)

co-workerst®4%44|n the case of thab initio calculation of
the force constants by Grossnefral,*® this overestimation have been introduced. The mads, of the group-Ill atoms
is increased for TO, but is remarkably weakened for LO. Thds also given in Table |. The nitrogen mass My
situation in the case of InN is not very clear, since the ex-=14.01 amu. In the fit procedure we use two different sets
perimental frequencies scatter over a wide range. Howevegf frequencies for the pure crystals. Calculated frequencies
the Raman frequencies 588 and 457 ¢rmeasured recently are taken from Refs. 19AIN), 40 and 44(GaN), and 43
for cubic MBE samplesapproach the theoretical values dis- (InN). The results are listed in Table Il in parentheses. The
regarding the 1% overestimation. On the other hand, the T®aman frequencies are taken from Ref$A8\ ), 55 (GaN),
frequency of 490 cm* measured in another Raman and 7(InN). Since no reasonable Raman data are available
experimerf® and the LO and TO modes at 694 andfor the zone-boundary phonons, they are combined with
478 cm ! (Ref. 26 derived from reflectance data deviate scaled theoretical values at tHe point. The frequency
remarkably from our data. The same holds for a frozenLO(L) [TA(L)] is scaled with the ratio of the experimental
phonon calculation of the TO frequency of 540 thi’ The  and theoretical values for LO() [ TO(I')]. From the result-
older data of Ref. 26 arise in the TO case from an extrapoing “experimental” frequencies a second set of parameters
lation of InGa N values to thex=1 limit. The LO- 4, B, o, andf of the lattice-dynamical model arises. It is
phonon frequency of InN was deduced using the Brout sunaiso presented in Table Il. The variation between the two
rule?® The range of possible frequencies of the LO and TOparameter sets is weak in agreement with the small differ-
phonons is confirmed by recent Raman stutffes? ences of about 1% in the calculated and measured phonon
The dynamical matrix defined in Eq¢5), (6), and (9)  frequencies. Consequently, we use in the following only the
gives rise to the following expressions for the frequenciesset based on the “experimental” frequencies. Also the varia-
used in the fit procedur: tion of the model parameters with the group-Ill atom in the
nitride is weak.
1 A The Coulomb force constant varies with the bond lerthth
wa(I‘)z —[4(a+ B—0)+21/3], nearly asd /. This variation mainly arises from the volume
K dependencel 2 and the variation of the dielectric constant
with d. On the other hand, the variation of the unscreened
1 ) Born effective charge is negligibl€:**** The central force
wo(N)==[4(a+B~0)—-1/3], (12 constant decreases with rising bond length according to
K ~d ™27, This is rather close to other predicted relationships,
e.g.,d 355" The angular force constag is much smaller
) 1 1 1\2 ) than the bond-stretching one. The suggested rati@/«
= —{ — -+ —_— . .
wiomall)= Z[M EH—N My Mm) Sa ~0.3(1—9) (Refs. 56 and 5)7gives values, which approach
the fit parameters in Table I, if the bond ionicityis iden-
N 4 » F/z] 13 tified with the charge asymmetry coefficieqt 0.794(AIN),
MM, /- ' 0.780 (GaN), and 0.853(InN) derived from ab initio
calculations’® Comparing the absolute values in Table II
with parameter sets given in the literatthé’ indicate
smaller values forr and 8. However, in our case we try to
describe correctly the optical-phonon frequencies and not the
Vp=1My+1My elastic properties. Moreover, we consider a thistretch-
stretch elastic force constant. Furthermore, we found that
and the force-constant combinations the combination3+ 2o follows better thans a relationship

where the reduced mass
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FIG. 3. Angular dispersion of the zone-center phonon frequencies of wurtait¢ (frides, (a): AIN, (b): GaN, (c): InN. The mode

symmetriesE;, A;, B;, andE, are indicatedQ= (sin 6,0,cos#) is assumed. AIE, modes have been rigidly shifted by 15 chtowards
higher frequencies. The theoretical values are compared with experimentdReé&ta41, 52, 53, and 59 indicated by dots and triangles.

with « of the form (8+20)/a~2(1—g). In any case, such in the fit procedure. The calculated uppEs modes are
relations to the bond polarity explain why the noncentralabout 15 cm? too low in frequency in comparison to the
forces in the strongly ionic nitrides are so small in compari-experiment. Therefore we rigidly shift thE,-mode fre-
son to the central forces. guency by this value for all nitrides. This shift is already
A test of the reliability of the parameters, 3, o, andf  included in Fig. 3, giving a good agreement for the position
fitted for cubic systems is the application of the lattice-0f the E; phonons, too. The results are also extremely satis-
dynamical model to th&-phonon frequencies of the wurtz- fying for the angular dispersion. The variation of the LO
ite nitrides. The most sensitive test could be the angular disdower TO) mode from itsA;(LO) [E;(TO)] value for 6
persion of the LO and TO frequencies, more strictly the=0 to the E;(LO) [A;(TO)] value for §=90° is excel-
dependence of these frequencies on the phonon propagatittly reproduced. In the case of InN the resulting frequen-
direction. Since the four-parameter model neglects the cryscies 586 cm* [A4(LO)], 594 cm * [E4(LO)],
tal anisotropy, it is unable to describe correctly the angula#76 cm ' [E;(TO)], and 447 cm* [A,(TO)] agree ex-

dispersion of the frequencies. Therefore, we have replacedctly with the recent findings of Davydoet al>® and
the parametersr and e* by tensors with two independent Harima®®

diagonal elements, and«| and, respectivelye? and eﬁ* ,

where the directions perpendicular and parallel todlais _

are considered. We use the following small relative varia- D. Generalized MREI model

tions with respect to the cubic valuesel(—e*)/e* The dependence on the compositionf ternary nitrides
=0.015 (0.005,0.055),  &f —e*)/e*=0.04 (0.03,0.01), AB; ,N (A,B=Al, Ga, In) and the accompanying compo-
(af —a)/a=—0.025 (—0.015-0.055), and & —a)/a=  sitional disorder are described within a generalization of the

—0.06 (—0.025-0.01). The sequence of the values corre-modified random-element isodisplaceméMiREl) model*
sponds to the sequence of the nitrides AIN, GaN, and InNWhile the original MREI modéP has been developed to de-
The relative changes follow a chemical trend with the bondscribe zone-center optical phonons in ternary-mixed zinc-
ionicity (perpendicular componentsaand the size of the blende crystals by means of additional force constants, it has
group-lIl cation (parallel componenjs Despite their small- been generalized to the case of arbitrary phonons and arbi-
ness of about a few percent, the variations are important t&rary composition profiles in zinc-blende based layered struc-
reproduce the correct angular dispersion of the modes. Wilires with tetragonal symmetry without taking into account
note that the generalization of the radial force constant anény additional parametét:** Here we generalize the model
the screened dynamical charge does not violate @  to both zinc-blende and wurtzite alloys, to the use of an
space symmetry of wurtzite crystals. arbitrary dynamical matrix, and to an arbitrary propagation
The results for the zone-center phonons of the thredlirection of the phonons. The same parameters as in the case
wurtzite nitrides are presented in Fig. 3 versus the angie  Of the pure binary compound&N and BN are used and
the phonon propagation direction with teeaxis. Foro=0 linearly interpolated for a given composition
and =90 ° the theoretical values are compared with experi- We consider occupation numbeyx(snR)=1, if an atom
mental datd™5>%35°The same holds for the complete angu- ©f kind j=A,B, N and mas3vl;(n) is placed on an atomic
lar dispersion of the LO and one of the TO mod&&’ First  Site R, or 7;(snR)=0, otherwise, and a configuration av-
of all, our simple lattice-dynamical model gives the correcterage( . . .) with (n;(snR))=c;(sn), wherec;(sn) are the
energetical ordering of the zone-center frequencies¢oncentrations of atoms of theh species in the cationn(
E,(LO)>A;(LO)>B;. The same holds for the lower modes =1) or anion f=2) part of thesth bilayer. In the case of
B, andE, that are not plotted in Fig. 3. The model also givesthe ideal alloys under consideration, it holtg(sn) = 61X,
the correct ordering,(TO)>E, (high) for AIN. The oppo-  Ca(sn)=dn1(1—x), and cy(sn)=4,, and, respectively,
site one for GaN cannot be properly reproduced. This is #a(1)=Ma, Mg(1)=Mg, and M\(2)=My. We study
consequence of the fact that the mode TPEf 3C, that the Fourier transforme;,(snQ) of the configurationally
appears in the folded scheme dfil &AsE, (high), is not used averaged polarization vectors
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\/W Il. The additional modes are automatically included due to
eja(sn|R):<ni(snR)ua(snR»W (15 the consideration of the equations of motion for the correla-
i tion functions.
of the atomic displacements,(snR). Their motion is influ- In the wurtzite(zinc-blende case the system of equations
enced by the Fourier transforrhé(s|®) of weighted corre-  Of motion (16) and (17) describeq S=2(1)] 30 (15 zone-
lation functions of cation displacements and two occupatiorfenter modeso, (Q) and configurationally averaged polar-
factors?® Following the Appendix one obtainsj,(’ ization vectorse},(snQ). For each compositiorx and
=AB, N; a,a’=xyy,z; p=172) propagation direction® this ensemble contains 189)
mixed-crystal phonon modes and a certain number of impu-
E 02518 rity modes as well as disorder-induced modes. However, the
ot ij"aa’ total spectral weight of all modes should be conserved and
’ independent of the composition, i.e., equal to thaAbf (x
jjr = VCj(sn)Cj.(sn) i R =1) and BN (x=0) crystals. The wave-vector-resolved
- MO D). (0) €. (snQ) (more strictly here, angle-resolvedne-phonon density of
! ! states can be expressed by the spectral weight®) ac-

DD 1 i’ | cording to @>0),
-~ ———— DI (sngn’|Q)
i"a' s'.n" VMj(MM;.(n") ] 1
o [a[1—c,(sD)] D(0|Q)=gg 2, 20dle’~w}(QIgNQ), (19
X €j14(8'N"|Q)+ 8n1(Sja— Ojp) M, (DM

with
X > 1+8,5kehe(s|Q), (16)
p=12

el (snQ)|?

NQ= [2 ci(sn)

a,s,n j

1 N
(wZ—M—NDZZ&m}h‘;(le)

+2JcA<sn>cB<sn>Re{eka<sn|Q)eﬁﬁ(snl@)}] :
=2 (5a=d8) (19
J

Because of the orthonormalization of the polarization vectors
4[1—-cj(s1)] A : ANA) = =
— 1+ 5p2k’§ejra(8n|Q), (17) it holds =,g*(Q)=2,sn2jcj(sn)=6S. We have to men-
M; (1)My tion two points. First, the same Eq4.6)—(19) are also valid
for arbitrary wave vectors not considered here. Second, the
where D! ,(0)=D! ,(snsp denotes the self-interaction Raman intensities are not only given by the spectral weights
term that can be, in general, off-diagonal and dependest on(19). Rather, they are modified by the modulus square of a
andn. The dependence o however, plays no role either matrix element that involves the Raman tensor of the ternary
for zinc-blende(because o$= 1) or for wurtzite(because of alloy and, hence, depend on the light polarization vectors.
Cg‘v-space-group symmetryThe force constants governing
the coupling to the correlators are given Ie];,:a+,8—a

and k?=a— B—o—(4/\277)f and, hence, related to the
well-known interatomic forces. The two indice$,j’ A. One- or two-mode behavior of optical phonons
=A,B, N of the dynamical matrix of the ternary nitride in-  |n order to study the mode behavior of the optical-phonon
dicate which sorts of atoms interact with each other. In genfrequencies versus the alloy composition, we restrict our
eral, averaged force constants are considered and weighte@nsideration to the AGa _,N, In,Ga,_N, and AlIn;_,N
according to the compositich. systems and the zinc-blende polytype in a first step. In such
The model represented by the system of Ed$) and 3 zinc-blende system of the tyggB,_,C the pure binary
(17) is generalized in several aspects. In the conventionadrystalsAC and BC only possess two Raman frequencies
REI approximation for polar ternary-mixed crystals with two wo(AC), wro(AC), and w o(BC), wro(BC), respec-
atoms per unit ceff?®® more strictly speaking in the so- tively. There are two distinct classes of behavior of the Ra-
Ca”ed m0d|f|ed REI approximation, the COI’re|ati0n funCtiOHSman frequencies in the mixed_ternary Crysta's_ Well known
h2(s| Q) have been decoupled, so that no hierarchy of equais the two-mode behavior, that is clearly realized e.g., in the
tions has to be considered. The elastic forces of each enthse of AlGa, _,As in the frequency regions of both LO and
material are described by a single force constant and only th€O phonon branche¥. There are two LO-TO pairs, which
influence of the long-range electric field is taken into ac-are energetically well separated for a given composition
count. Usually additional impurity force constants are intro-and degenerate to an impurity mode eithekatl or x=0.
duced to describe correctly the position of the impuftdgp In the one-mode case one LO-TO pair is dominant. In the
or localized modes. Here, we are using the complete dy-clearly pronounced form of the one-mode behavior the LO-
namical matrices based on the force constants given in Tabknd TO-phonon frequencies shift continuously from the fre-

Ill. RESULTS AND DISCUSSION
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FIG. 4. Wave-vector-resolved density of states in the optical-phonon region for cyl&ALN (a), In,Ga, N (b), and ALIn; _,N (c)
mixed crystals vs the composition The positions and weights of the zone-center phonons are calculated according (b6Eq47), and
(19 using the parameters from Table Il. A numerical spectral broadening of 1 srassumed.

quencies of thé\C crystal atx=1 to those of thé8C crystal  cjes are larger than the TO phonon frequencies®& _,N)
atx=0. The spectral strength of the other LO-TO pair nearlyor at least of the same order (#i;_,N). Therefore, the two
vanishes. An example for this behavior is represented by thep phonons are strongly coupled and appear as one branch
alkali halogenide RIK,_Cl.*! The lattice dynamics of this i the alloy. The remarkable mass differences allows the al-
alloy can be nearly described within the virtual-crystal ap-|gy |attice to vibrate with two different TO frequencies. The

proxi_mation (VCA). The simplified REI mode.ls, where the it ation is completely different for the jGa, N alloy as
elastic properties of one compound are described by only ong,

X — emonstrated in Fig.(8). One only observes a significant
nearest-neighbor force constant, end up in inequalitities, th"’Bne-mode behavior. Both the LO phonon and the TO phonon
have to be fulfiled for the appearance of one type of ’

- 5960 vary in frequency more or less linearly between the values of
behavior:™ GaN and InN. An additional impurity mode appears about
For instance, a clear two-mode behavior occurs(ipa ) purity PP

clear separation of thE-phonon frequencies of the two ma- 50 cm * .above the TO .frequency. However, its _spectral
terials AC and BC. The second condition concerii) a strength is so sma]l t.hat it shoulq not be observed in Raman
weak dispersion of the optical-phonon branches from the BZN€asurements. Within a more simple MREI model one finds
center ) to the BZ boundarye.g.,L or X). The condition & ©ne-mode behavior 023 TO phonon modes for both
of no energetical overlap also outsilerequires certain ra- 'xGa N and ALGa _,N.** In the latter case it seems to
tios of the total pair mass and the anion mass. Whereas ip€ @ consequence of the simplified description neglecting
Al,Ga,_,As the anion possesses the heaviest mass, the ophy statistical correlations.
posite is valid for AJ(Gai_XN Since the common anion pos- In the fO”OWing figures we StUdy the reasons for the dif-
sesses the smallest mass of all atoms, the AIN and GaN L&&rent mode behavior in more detail in comparison with the
branches come close in energy and may destroy the twdsaAs/AlAs system. Apart from the smaller energetical sepa-
mode behavior. In contrast to AlAs/GaAs system, anotheration of the GaN and AIN optical branches along thie
energetical ordering of LO and TO modes, at least fodine due to their common light anion, the observations are
AlL,Ga N and InGa _,N, occurs and may also influence traced back to the considerable bond ionicity, which is much
the mode behavior. This has to be studied in detail. larger than that of GaAsg=0.32) and AlAs ¢=0.38).
The actual consequences are observed in Hig. deft  Therefore, we believe that the one-mode behavior of the LO
pane). The two-mode behavior is destroyed for the LO phonons is strongly affected by the accompanying electric
phonons, whereas the TO phonons show a more complicatdild. In order to test this idea we show results for several

behavior. For AlGa;_xN only one LO phonon mode ap- smaller Coulomb force constantsof the AL, Ga, N alloy
pears. Its frequency increases from that of GaN to that ofy Fig. 5. Indeed, for smaller electric forces the two-mode
AIN more or less linearly. Two TO phonon modes with re- pehavior of the LO phonons is recovered. The two-mode
markable spectral strength are observed. For pure binamyehavior of the TO phonons remains conserved in the entire
compoundsx=0 andx=1, they change over into the impu- range of considered Coulomb force constants. Below a cer-

rity m(_)des with vanishing spectral_weight. Since their fre- i critical value forf one observes groups of AIN-like and
guencies are below the corresponding LO phonon frequenqé;a,\l_”ke modes. For vanishing Coulomb fordes0 the LO

they represent localized modes fo=0 andx=1. In be- .
tween the two TO branches one observes an additional irﬁa-nd TO phonons of the corresponding alloys possess the

purity mode with a small spectral strength, that moreovesame frequency. For smdilthe classical two-mode behav-
vanishes close to the binary end components GaN and AINOT, well known from AlGa_,As alloys, appear: The
The behavior of the wave-vector-resolved density of states i5O-TO splitting of one material is proportional to the Cou-
very similar for ALIn,_,N [Fig. 4(c)] for the same reasons, lomb force constant according tmfo(l“)—w$o(l“):f/;/,.62
since the ionic bonding and the mass differences are similatf the LO-TO splittings of the two binary end components
In both cases, AGa (N and AlIn; N, the LO frequen- AIN and GaN are larger than the frequency difference be-
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FIG. 5. Density of states of th& phonons in zinc-blende
Al,Ga, N alloys of different compositions The same parameters FIG. 6. Density of states of thé& phonons in zinc-blende
as in Fig. 4 have been used. However, the strength of the long-rande,Ga, N alloys of different compositions. The same parameters
electric field has been varied between zero and the actual value @f in Fig. 4 have been used. However, the mass of the “indium”
the Coulomb force constana) 0f, (b) 0.3, (c) 0.6f, (d) f. atom has been varieda) M,,=114.82 amu(b) M,,=60 amu,(c)
M |n:40 amu,(d) M n— MAI =26.96 amu.

tween the AIN-like and GaN-like TO modes, the mode be- . . . . .
eases its spectral weight with decreasing cation mass on

. . . Cr

e Do o hoseces rherCafe In e Whn the Massincuced spitng of e o

- . ) . o S fhodes is large enough, indeed two TO phonon branches oc-
pling of the different AIN-like and GaN-like “sublattices ur [cf. Figs. 6c) and Gd)]. Our findings seem to be in
only one LO mode is observable. Our results are Comc'rme‘iualitative agreement with the criteria for the one- or two-
by the applicatiof? of the generalized dielectric model of \4de hehavior derived within the framework of the modified
Hon and Faust Assuming a two-mode behavior of the RE| model?® However, explicit MREI studies also give one-
TO phonons the total dielectric function in the region of themode behavior for AlGa,_,N.3® Therefore, the argument
optical-phonon frequencies can be expressed by a weightefat since the atomic mass of nitrogen is much smaller than
sum of two oscillator dielectric functions. However, the re- Al Ga, and In, the reduced masses of AIN, GaN, and InN are
sulting inverse dielectric function exhibits only one pole at aalmost the same as that of N, has to be studied in more detail.
LO phonon frequency with a significant spectral strength.The reduced mass of InN comes closer to that of GaN than to
The spectral strength of the corresponding peak at lower frethe AIN reduced mass. Consequently, a more qualitative ar-
quencies vanishes. In contrast, the modified REI midel gument seems to be more appropriate. It reads that an InN
also gives only one-mode behavior for the TO-like phononsunit can easily follow the frequency of a GaN vibration,
in Al,Ga,_,N. Such an oversimplified model therefore fails whereas this is hardly allowed for an AIN unit. This picture
in the nitride case, where two-mode behavior of the TO-likelS also supported by the fact that if the electric force constant
modes has been observed experimentally. f (cf. discussion of Fig. bis reduced, a two-mode behavior

Figure 6 shows the wave-vector-resolved density of statesf the TO modes is also recovered. The same holds for the

for theI" phonons in zinc-blende JGa; N alloys for dif-  TO modes of AlGa _,N, if f is inceased to higher values
ferent masses of the “indium” atoms varying between thethan in Fig. 5: the TO modes are shifted into similar fre-
real value[Fig. 6(a)] and that for aluminuniFig. 6(d)]. The  quency regions of that of the pure binary compounds and
transition from the one-mode behavior of the TO phonons irthen show a one-mode behavior.
real InGa, _,N to a two-mode behavior, when the atom on
an indium atomic site vibrates with the mass of an Al atom,
is clearly demonstrated. The impurity mode in®a _,N
slightly above the TO modécf. Figs. a) and Gb)] in-

B. Influence of crystal structure on mode behavior

The wave-vector-resolved one-phonon densities of states
resulting for the three alloys AGa N, In,Ga N, and
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FIG. 7. Composition dependence of the spectral density of states FIG. 9. Composition dependence of the spectral density of states
for zone-center phonons in wurtzite &a, ,N mixed crystals and  for zone-center phonons in wurtzite A, N mixed crystals and
phonon propagation direction perpendicular to ¢raxis. The peak  phonon propagation direction perpendicular to ¢hexis. The peak
positions are indicated by dotted lines. Impurity and disorder-positions are indicated by dotted lines. Impurity and disorder-
activated modes are not indicated by lines. A spectral broadening dgictivated modes are not indicated by lines. A spectral broadening of
1 cm ! is assumed. 1 cm ! is assumed.

AlyIn;_«N, which crystallize in wurtzite structure, are pre- However, the two LO phonons appearing #+0 ° and 6
sented in Figs. 7, 8, and 9. According to the comparison with-gg ° are only slightly shifted against each other in agree-
Raman spectra only vanishing wave vectors are con&deyephem with the LO angular dispersion discussed above.
We restrict OL_Jrs_eres to the phonon propagation perpendicu- 1he spectra of the three alloys in Figs. 7, 8, and 9 quali-
Igr to thec axis i.e., 0:.90 ). Spectra for phono_n propaga- tatively exhibit the same behavior in the frequency range of
tion parallel to thec axis are not shown. In principle, the the LO phonons. For thE,(LO) [and also forA,(LO), not
corresponding information is already included in Figs. 7, 8’showr] ohonon and the tppeB mode a signlificani one
. . _ 1 -

{arno'ltrﬁ.sli:é)rorveiocﬂip_errhsgngzs) mﬁgﬁg,@;&nggé Ss){qrgvTr? In mode behavior occurs. The frequencies of all modes vary
a():i/dition theA (Td) phohon ocF():urs Instead of tlﬁq(LO)I almost linearly with the composition of the alloy between

! ) their values inBN and AN. The corresponding composition

honon in spectra fop=0 ° the E;(LO) branch appears.
P P 1(LO) PP dependence is rather weak for tBg mode in AlGa _,N.

This is due to its derivation from the cubic LO( mode,
which is dominated by displacements of the comniiro-
gen anion. The strongex dependence for g _,N and
AlyIn; 4N is a consequence of the stronger variation of the
force constant¢cf. Table I). In contrast toB; the composi-
tion dependence of the frequency &7 (LO) [and also
A1(LO)] shows a slight bowing with a negative bowing pa-
rameter, at least for AGa _,N and AkIn,;_,N. The entire
frequency range of the LO-like phonons is free from addi-
tional impurity modes.

The one-phonon densities of states in Figs. 7, 8, and 9 are
much more complicated in the frequency range related to the
transverse-optical-phonon branches in the cubic crystals.

Nk x=1 This is a consequence of the weak wave-vector dispersion of
. B, . , the cubic TO phonon branches along the line and the
500 600 700 two-mode behavior, at least found in the cubic case of
AlLGa N and AlLIn; _,N. In the case of IfGa_,N (Fig.
8) the situation is more clear. A one-mode behavior also

FIG. 8. Composition dependence of the spectral density of state@CCUrs in the TO region. The frequencies of Bg E4(TO),
for zone-center phonons in wurtzite Ba_,N mixed crystals and andA;(TO) vary more or less linearly between their values
phonon propagation direction perpendicular to ¢hexis. The peak in GaN and InN. However, the frequencies are close to each
positions are indicated by dotted lines. Impurity and disorder-other. This fact indicates the experimental difficulties to
activated modes are not indicated by lines. A spectral broadening dflentify correctly the measured broad Raman peaks of the
1 cm ! is assumed. alloys with a phonon with a well-defined symmetry.

DOS (arb. units)

Frequency (cm'1)
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FIG. 10. Raman frequencies ofC3Al,Ga, _,N vs Al content(a) and 3-In,Ga, _,N vs In content(b). The solid lines represent the
results of the calculation, thick lines indicate that the spectral strength of a mode is near 1. Tthéddatsd squares or diamon@EO) are
from Raman measuremen(iRefs. 8 and 55(a) or (Ref. 9 (b). In addition, theoretical results are presented f6rAl,In; _,N (c).

Disorder-activated modes do not occur in the range of thalloys. The figure indicates the appearance of an InN#ike
TO phonons. There is only a rather weak gap mode in bemode for small molar fractions whereas the more AIN-like
tweenB; andE,. E, phonon vanishes in this composition region. The strong

The situation in the case of the two other alloys is morepeaks below 500 cit correspond to loweB; modes.
confusing. For instance, in the case of @& _,N (Fig. 7) a

significant two-mode behavior is observed for TO phonons

with E; symmetry. On the other hand, tHe, phonons, C. Comparison with experiment
which are derived from cubic TQ( vibrations, as well as
the TO phonon withA; symmetry show a one-mode behav-

8,20-25,5
ior. The AIN-like E;(TO) phonon has a measurable spectralmeasurements on the alloy systgn;g@dg,xN. 5They
weight only for compositiong— 1. The composition varia- &€ supplemented by recent first-order Raman studies of

tion of the lower GaN-like TO phonons is much stronger.MGa-xN samples"_:”*zngB%Xvever_, there are also infrared
Interestingly, their spectral weights keep reasonable valueflection investigation&>***In principle, the available ex-
over a wide composition range. Fre0 the frequency of periments confirm our theoretical predictions. This is clearly
the E;(TO) phonon is below that one of t®, phonon. For demonstrated in Fig. 10 for cubic Aba_,N and
rising Al molar fraction the modes cross at a certain compo{nGa,—xN alloy layers. The AlGa N alloy layers studied
sition. E;(TO) occurs abové, in the limitx—1. The one- experimentally were grown by a gas-source MBE on cubic
mode behavior of the high&, mode seems to be a conse- 3C-SiC substrates. The alloy layers were found to be prima-
guence of not so different force constants of AIN and GaNrily in the cubic phase and their properties exhibit a linear
and the fact that the excitation &, phonons is mainly re- dependence on the Al molar fraction fe=0.75. The mea-
lated to displacements of the two nitrogen atoms in oppositsurements for alloy layers with=0, 0.11, 0.75, and {Ref.
directions perpendicular to tteeaxis. The different behavior 8) indicate an almost linear variation of the Raman frequen-
of the A{(TO) and E{(TO) phonons with respect to the cies with the compositiom. Only one LO phonon has been
mode behavior is hard to explain. Careful studies for com-observed for a giver, whereas two TO modes, one AIN-like
positionsx— 1 prove that the second AIN-IikE,(TO) pho- and one GaN-like mode, occur in the corresponding fre-
non rapidly decays with the inclusion of Ga atoms in thequency region. The impurity modes have not been observed
alloy. As a consequence of this decay several impurityat the end compositions for intensity reasons. These findings
modes occur in between the tiEg(TO) phonon branches in clearly confirm that the LO mode inG3-Al,Ga, _,N shows a
the region of an expected AIN-lik&, phonon. However, one-mode-type behavior, whereas the TO mode consists of
none of these little spectral structures can be really related ttwo branches that converge separately to respective limits.
a seconcE, or A;(TO) phonon. The displacement patterns Two previous results forx=0.23 and 0.38 are also
belonging to these spectral features are different. The conpresented® In these backscattering measurements from a
plicated behavior of the vibrating lattice of a wurtzite cleavage plane only GaN-like TO phonons have been ob-
AlL,Ga _,N alloy in the spectral region of the TO phonons served. The reason is not clear and may be related to sample-
makes the interpretation of the experimental spectra difficultquality problems or phase-separation tendencies.
Our prediction of the appearance of disorder-related or Our theory[cf. Fig. 10b)] is also able to describe the
disorder-redistributed extra modes with different spectrabne-mode behavior of both the LO and TO phonons in
weights inbetween the tw&,(TO) phonons should be re- 3C-In,Ga _,N as well as the almost linear variation of the
lated to broad spectral features in the Raman spectra. corresponding frequencies with the composition observed in
The slightly confusing behavior of the wave-vector- recent Raman measurementslowever, for the highest In
resolved density of states oH2Al,In;_,N in Fig. 9 arises content of the cubic kGa_,N films with nominally x
from the crossing of the upper AIN-lik&,(TO) andE, =0.31 besides the LO Raman peak at 698 ¢ralso an LO
branches with thé3; phonon at intermediate compositions. peak at 625 cm® occurs. This peak indicates at least the
The situation is additionally complicated by the weak two-occurrence of a second,l@a _,N phase with an In molar
mode behavior of th&, vibrations not occurring in the other fractionx=0.8 in agreement with the expectation of immis-

The majority of the experimental studies concern Raman
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FIG. 13. Zone-center phonon frequencies vs composkioal-

FIG. 11. Calculated(solid and dashed lingsand measured culated for H-AlIn, .

(symbols phonon frequencies ink2-Al,Ga _,N. The theoretical
mode identification is also given. The Raman data and mode fre-
guencies from IR measurements are indicated by empty circles We begin the discussion with theH2Al,Ga _,N alloy
(Ref. 22, filled squares(Ref. 23, open trianglegRef. 20, and  (Fig. 11). There is consensus between theory and the experi-
filled triangles(Ref. 24. mental studies concerning the LO phondh&2*The axial
A;(LO) phonon[but also the plandEt;(LO) modg of mixed
cibility tendencies®~?In addition, Fig. 10c) shows predic- crystals clearly shows one-mode behavior. The absolute po-
tions for the frequencies versus composition for the opticakitions of the phonon frequencies agree widely. The almost
phonons in £-Al,In; _4N. linear composition dependence with a slight negative bowing
In principle, the studies of the hexagonal@k,_ N and is observed theoretically and experimentally. In the lower
InGa,_N alloy system&2*2"28confirm the findings for frequency range of the TO phonons the interpretation is more
the 3C ternary-mixed crystals. This is demonstrated in Figs.complicated concerning) the identification of mode sym-
11 and 12, where the Raman frequenCieS are pIOtted Versmﬁetry, (||) the appearance of one- or two-mode behavior, and
the alloy composition. In these figures the calculated compagjji ) the relation of the observed absolute values of the fre-
sition dependences are compared with measured values. §yencies to other measurements or theoretical frequencies.
addition, a similar plot is presented in Fig. 13 for ° thg mode shown as the third highest one in energy in Fig.
2H-Al,In; _,N. However, for this ternary nitride no experi- 11 paq 19 be identified with the, symmetry. Its frequency
mental data exist up to now. Many more modes have to b9aries nearly linearly from the GaN to the AIN value. This

discussed due to the larger unit cell of the wurtzite Structur"c"signiﬁcant one-mode behavior has the same reason as that of
in comparison to the cubic case. Theoretical results are pre;

sented for all these modes and are compared with experime he uppermosEl(LQ) mode. According to the fgldmg argu-
tal peak positions in Figs. 11 and 12. ments theB; mode is related to LQ() phonons in the zinc-

blende case. Nominally thB; mode is silent and should be
not observable in Raman spectra. However, in the Raman
spectra of the solid solutions Aba 4N, a weak dip was
observed®?° close to theB; frequency for the whole range

of composition for parallel polarizations of incident and scat-
tered light. The authors relate their observation to alloy ef-
fects. The exact mechanism is unclear. The observed line
shape is interpreted as a result of the interference between a
discrete mode and a continuum of excitations. The hypotheti-
cal continuum might proceed from a breakdown of the wave-
vector selection rule due to disorder in the alloy. However,
there is a strong argument against the interpretation given

700p-.

600

Frequency (cm™)

[$2]
o
o

A,(TO) above. The dip structure has been observed only by one
E(TO) groug>2® for layers grown on top of AIN buffer layers by
0 025 05 075 1 low-pressure metalorganic vapor-phase epitédOVPE).

The dip position is about 50—70 ¢rh below the frequency
of the upper B; phonon as calculated byb initio

FIG. 12. Calculated and measured phonon frequencies ifnethods:®*° Therefore, another interpretation related to the
2H-In,Ga,_,N. The theoretical mode positiorsolid and dotted ~ r€al structure of the layers is perhaps more reliable, in par-
lines) are denoted by the mode symmetry. The experimental pealicular, since this dip has been observed for both GaN and
positions are indicated by filled squaréRef. 26, open triangles AIN. The seeming agreement of the dip position with the
(Ref. 28, open circlegRef. 27, and filled circlegRefs. 52 and 58 theoretical AIN-like E;(TO) is not very helpful, since the
The mode identification of these authors is not given. spectral weight of the theoretical mode is too small.

Composition x
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The interpretation of Fig. 11 is also difficult in the energy position. However, fox—0 a strong InN-likeE, mode and
regions 610—680 cm" as well as 540-580 cnt, since the  AIN-like one with vanishing spectral weight appear.
Raman-allowede;(TO) and E, modes come close in en-
ergy. Considering the angle dependence the lower TO mode
even degenerates with the highey mode for a certain ar- IV. SUMMARY
bitrary phonon propagation direction and a certain composi-
tion x. In both frequency regions our generalization of the
REI model indicates a two-mode behavior only &#y(TO)

Summarizing, we have presented a generalization of the
modified random-element isodisplacement model for the lat-

modes. The indication of tw&, branches by Crost al?? tice V|bra_1t|ons n m'xed crystalg,B,_,N. We also stz?\rted .
. P with the idea of displacements of atoms in an effective unit

follows the correct identification of thE, phonons for alloy : . .
" cell of a mixed crystal. However, besides averaged atomic
compositions close to that of GaN and AIN. Because of the;. . . .
. displacements, equations of motions for higher-order corre-
broadening of the Raman spectra and the tendency of ﬂ]gtion functions have also been considered. This allows us to
alloy system for intermediate compositions to decompos%escribe the various phonon modes in a.n alloved system
into alloys with smaller and larger GaN contents the inter- o P . . alloy y
. . ? - without taking into account additional impurity force con-
pretation remains at least questionable. The additional prob- . )
; . : ' . stants. The elastic forces are derived from the constants of

lem that makes the interpretation complicated is the crossin

o e raph and te ower GalvKE,(T0) brancn. W e (72 CmBonenié sndEfl, The sectic feiia 1 e
prefer another interpretation. Th&,;(TO) and E(TO) Y : ’

phonons found for lower Al content of the sampfes 2325 frequencies of optical phonons, “impurity modes, and

X . o disorder-induced vibrations have been obtained. Their ex-
agree reasonably with the theoretical predictions. For

A,(TO) this holds for the entire composition range both forperimental relevance is described by spectral weights that are

the absolute values and the one-mode behavior. The corrEz‘ala’[ed to the eigenvectors of the generalized lattice-

. . . . vibrational problem. The advantage of our generalization is
sponding frequency varies weakly with until values of

e the possibility of the description of arbitrary phonons in ar-
aboutx=0.65. Then the variation increases to reach the po;.. T :
sition of theA, (LO) frequency of AIN. The mode behavior bitrary crystal structures, whereas the modified REI model is

. - . . restricted to crystals with nominally two atoms per unit cell.
for Al-rich Al,Ga_,N alloys needs additional investiga- —,.. : :
) X : This progr I llow he di ion of the angular
tions. Theory indicates three modes: AIN-likg(TO), E,, s progress also allowed us the discussion of the angula

. dispersion in alloys based on the wurtzite structure, the equi-
23 ,
andA,(TO). Experimentallf”**only two modes have been librium crystal structure of the group-Ill nitrides. Moreover,

observed, however with frequencies in the range indicated b% addition to the LO and TO derived phonons wi and
the theory. A; symmetry the Raman-actiie, as well as the silenB;

2le: g'g‘ I\}z thel ttzc()jne-cente:h olptlcal tpf:onfotnhs ?fmodes of wurtzite crystals have been described.
"IN, o3\ are piotted versus the 1n content of e al- - zq. a1 cypic nitride alloys we have clearly observed a

loys. The Raman and IR measurements have been done f8f1e—mode behavior of the LO phonons. This behavior has
MOVPE layers grown on sapphire substrates covered b)Seen traced back to the large bond ionicities. The TO
buffer layers’”?® The agreement between theory and phonons _ exhibit  either a  two-mode  behavior
experiment”#is excellent. In the case of th&;(LO), E;, (4 Ga N, ALGa N) or a onemode behavior

H X —X'%1 X —X
and E(TO) phqnons, we observe this excellen_t.agreemenEInXGalixN) in dependence of the cation masses. Our results
not only qualltatw_ely with respect t_o the composition deDen'are in excellent agreement with recent Raman studies of
Qencg but also W|th_r_espect o their absolute frequency postin . pende nitride films. The various Raman-active modes
tlr?nls n th? composnlogsrgnge (tj)glow%.l&'_;. In. thﬁ case.(.)f of wurtzite alloys are also derived as functions of the com-
the larger In content=0.33 the discrepancies in the position position. However, the interpretation is more complicated, in
of the A,(LO) and theE,(TO) phonons are increased. We particular for H-Al,Ga _,N. For this material thé&(TO)

trace these discrepancies back to the sample quality becaugﬁdE phonons are close in frequency. WhereasherO)
of the decomposition tendency for intermediate composi—and tfweEz vibrations show a one-mdde behavior. a two-

tions. In addition, some uncertainties up to 4 cirdue 0 mode behavior has been found tBg(TO) as for the zone-
fluctuations in the In content occur as probed by selectively. . .. 19 phonon in the zinc-blende case. In addition, we

excne;d rgsonant Rat:?an scatterﬁ'ﬁtg'lfh_(ta-ht?ﬁorgtltcal r.eSl:.ItS %‘lscussed the appearance of a peak close to the $lent
are also in reasonable agreement wi e determination Qf '\ . Raman spectra of Ba_,N wurtzite alloys by a

the TO _[probably E;(TO)] phonon position in IxGa N disorder activation or another disorder-related mechanism

synthe_S|zed by the use of eIectrpn-b_eam plasma technique %{f\/ing rise to gap modes. Also, in the hexagonal case the
sapphire substratéS.The resulting films were polycrystal- agreement with the experimental findings is satisfying. In

C;‘?articular, the theoretical results give an opportunity for a

measurements in the far-infrared spectral region. ecorrect identification of vibrational modes of the alloys.

Figure 13 summarizes the theoretical predictions for th
zone-center phonons versus composition of a hypothetical
2H-Al,In; N alloy. The results are rather similar to those
already discussed for f6a _,N. However, there are addi-
tional complications due to mode crossing as a consequence Various discussions with H. Harima, J.R. Leite, M.A. Re-
of the remarkable mass difference between Al and In. Morenucci, and N. Wieser are acknowledged. This work was sup-
over, E, also shows a two-mode behavior. The t&g ported by the Deutsche Forschungsgemeinschaft under Grant
modes converge witk—1 to nearly the same frequency No. Be 1346/8-4.
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APPENDIX: DERIVATION OF EQUATIONS OF MOTION These equations are translational invariant and allow us to
introduce a “pseudoelementary” c&lwith weighted cation

We generalize the derivation of equations of motion of ¢ each typeA andB at one cation site.

mixed crystal given in Ref. 30 to the case of a more complete Neglecting the small anisotropy ia and e*, the eight

Sﬁgﬁ;ﬁ:gzl arpeattrr'])é chr;/\éuerézgteo;%?é?f;gegg;&girs)s tlngdifferent nearest-neighbor correlation functidifisr a given

! . Cartesian componentan be related to two new functions
=[1/\/Mj(n)]eja(sn| R) and correlation  functions B7(sR) with 0=12 b
W;j;r,(snR|s'n’R’) [Eq.(8) in Ref. 30 of fluctuations in the o(SR) with p=1,2 by
site occupation and the atomic-dependent displacement. The .
right-hand side of the equations of motion of the latter quan- ~q o
tities is decoupledEq. (10) in Ref. 3Q and long-range cor- _(5J'A_518)[1_Ci(51)]ha(5R):i21 Wina(SIR[s'2R’)
relations in the site occupation are neglected in agreement (A3)
with the assumed random alloy. Within the first-nearest
neighbor approximation it holdswjj,a(snR|s’n’R’) and
:5n15n’2(5jA+ 5jB)5j’NWjNa(51R|S’2R’)' The firSt—

nearest nitrogen neighbors of a catio are situated at e
gen neig Rk —(8ja— 8ie)[1—c;(s1)IA%(sR)

Ronrr=Rinr* 7 (i=1,...,4),wheres are the vectors of
the deformed tetrahedron. The force constant matrix 4
Ly I ! !
D! ,(snR—s'n’R’) is that of an ordered system but de- T4 Zl T o' Wina' (SIR[S'2R"), (A4)

pends on the occupation of an atomic site with a certain

atomic species. It includes the elastic and electrostatic forcegyith the geometry factor of the nearest-neighbor tetrahedron
From Egs.(7)—(9) (Ref. 30 it follows TLa/:sTiaTia'/|7i|2_ S -

o The translational invariance of the configurationally aver-
E {szj(n)éw,—D‘Cia,(O)}vja,(snR) aged ternary system with “pseudoelementary” cells allows
o Fourier transformations of the forms

- > DE;,(snR—s’n’R’) 1

a’\j" s'n",R’ Vj4(SNR)=
><Cj/(Sln,)Uj/a/(S,n,R,)+(5J'A+ 5“3)

_—_ iQRy,
M;(n)c;(sn) % e'¥ej4(snQ) (A5)

and

4
x> > DN (— 7w (SIR[S'2R'), (A1)
i1

. 4(1+6,,) _

P = iQRpp
w e \/MNcusl)[l—cj(sl)]% eTnE)!

> {0®My8aq—DLY,(0) Wy, (SIR|S'2R) (AB)

!
o

By means of the relation®3)—(A6) the equations of motion

= 2 D:J'a',(,-i)[gjj,_Cj,(sl)]vj,a,(is), (A2) (A1) and(A2) can be transformed into Eq&l6) and(17) in
a'j’ Sec. IID.
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