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Phonon modes in column-Illi—nitride ternary semiconductors are investigated theoretically within the modi-
fied random-element isodisplacement model. It is foundAhandE; branches of optical phonons in wurtzite
GaAl,_,N and InGa _,N exhibit one-mode behavior. This result is explained by the fact that atomic mass of
nitrogen is much smaller than those of other atof5§163-182@08)05447-3

[. INTRODUCTION ior exhibits only one set of longitudinal-optic4LO) and

transversal-opticalTO) phonons whose frequencies vary al-

_ most linearly with compositional changes. Two-mode behav-
Recently, much attention has been focused on columng, o, hipits two sets of phonons for each LO and TO pho-

ll—nitride (Ill-N) compound semiconductors as a result of - o4ch set is due to the lighter and heavier component of

c_JeveIop_m_ents §uch as the blue-emit'ging laser diode _and Mfe two binary semiconductors that represent the composi-
light-emitting diode: One of the prominent examples is the (jona1 extremes of the ternary system. The intermediate-

achievement of Nakamuret al;? they recently reported an  oqe pehavior exhibits two-mode behavior for a certain
estimated lifetime of 10 000 fabout 1 yearfor a continu-  an4e of composition and one-mode behavior for the remain-
ous wave laser diode operating at room temperature. All'ng compositional range. Phonons in @& ,As and
though there have been many technological breakthroughs il'ﬁXGai,XAs exhibit two-mode behavior, thus. the dielectric
this field," relatively little is known for the fundamental nction for these ternary materials should be based on the
physical properties of IlI-N semiconductors. For example, ittwo-pole model for accurate calculati®f.Consequently, it
is not well understood why nitride-based devices operateg appropriate to understand the phonon-mode behavior in
.succe.ssfully in spit_e of ultrahigh unintentional bacl_<gr0undternary IIl-N semiconductors (GAl, N, InGa_,N, and
impurity concentrations for which GaAs-based devices canyc) pefore proceeding with calculations involving phonons.
hardly operate. _ In this paper, the modified random-element isodisplacement
The purpose of the present work is to study one of the(MREI) model and the uniaxial model of Hayes and
basic physical properties of 11I-N semiconductors: the optical 5,dorf° are applied to 1lI-N ternary material to determine

phonon, especially the optical-phonon-mode behavior in terghe nature of the phonon modes in 1lI-N ternary material.
nary semiconductors. Ternary semiconductodsB{ ,C,)

are essential to realizing many physically important paramy, \\y5F1ED RANDOM ELEMENT ISODISPLACEMENT
eters necessary to achieve so-called bandgap engineering. MODEL

Generally, optical-phonon characteristics in such ternary

semiconductors can be categorized by three classes: one We adopt the MREI model for the ternary semiconductor

mode, two mode, and intermediate mdd@ne-mode behav- AB,_,C,; the basic assumption of the MREI model is that a
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fraction (1-x) of B ions and a fractiorx of C ions are the defined by the usual expression between the macroscopic
nearest neighbors & ions. The long-range Coulomb inter- field Ej and the polarizatioi®; , i.e.,P;=(€;—1)E;/4m. The
action is included in the form of the local field. The advan-local fieldEj,; deviates from the Lorentz relation, which is
tage of using the MREI model is that this model does noteXpressed by introducing;. We take the ideal wurtzite
require ana priori result—frequencies of gap or local Structure values fory; from Ref. 10, ie. y, =1+0.2
modes—or an assumption as to whether the material is char¢ (3/4m) and y;=1-0.1X(3/47). Relations between mi-
acterized by one-mode or two-mode behavior. This modefroscopic and macroscopic parameters for the wurtzite crys-
requires only physical constants such as the atomic masses'@f structure can be obtained by following the Born-Huang
the component atoms and the phonon frequencies of the twiglation:* For crystalAB(x=0),

binary materials, which represent the compositional extremes

of the ternary system. Amapitagi  €api—1 ®
The MREI model as explained in Ref. 7 assumes a crystal 3 Up 3+ yi(€wpi— 1)’

of cubic symmetry. However, the nitride-based semiconduc-

tor devices, such as blue laser diodes, are usually grown on a Foi  , 3+(ei—Dvi ,

wurtzite structure. Hence, unlike the case of a cubic crystal, P WEpi 3+ (€xpi— 1) ©Tbis (

dielectric constantse, €..), electronic polarizability ), ef-

fective charge(e), and other physical constants must be 4r €2 3

. . a bi 2 2
treated not as scalars but as tensors. Since the wurtzite struc- — = (0Zpi— w3p),  (8)
ture is the simplest within a uniaxial crystal, the governing 3 movy  Yil3Fvi(€npi—1)]

t(—;-nso.r_equ.ations for optical phonon; at Ilh_epoint can be where u,, is the reduced mass of cryst@B. ey, , €..,, and
simplified into two uncoupled equations, i.e., components,, g the static and high-frequency dielectric constant, and
parallel €, or I's branch and perpendicularA; or 'y |ong.wavelength TO phonon frequency of the cryst,

branch to the ¢ axis of the crystal§.lt is noted that this respectively. The above relations for crysteC(x=1) can
macroscopic model, which utilizes the dielectric function, o ghtained by interchangir@ with B and ¢ with b.

can only deal with the infrared-active phonons that contrib- 1,4 optical phonon frequenciesy; and w,; of ternary
. . | |
ute to the low frequency polarizability. Hence, other phononABl_XCX semiconductor are obtained by solving E¢S—

branches in wurtzite crystals suchBor I'; (sileny andE, (5) simultaneously. The frequencies are given by the follow-
or I's (Raman active cannot be described by the MREI ing roots:

model®
We have extended the MREI model to the case of wurtz- 02+ 02
ite semiconductors. Considering only nearest-neighbor inter- 2 =————"

2
+X(1=X) Qe

1/2

2 _ 02 .
4 (Qxbi QXC|

actions, the phonon governing equations for wurtzite semi- 2 B 2 9
conductorAB,; _,C, in the long wavelength limit are given ©)
as follows: 5 5 2
Q5pi= wpi+(1=X) Bxiwy;, (10)
Malai= = (1= X)Fpi(Uai— Ugi) = XF¢i(Uai—Uc;) , , ,
O5ci= weit XBxiwnir 11
+{(1=X)epi+Xe:i}Ejoc,i » (1) Xoi = Wort XBxie 1y
mMglgi= — Fpi(Ug;— Uai) — €piEloc.i 2 a4 _|[Obi 2 Koo,
BUBi bilUgi ™ Uai biEloc,i + O%pei= 6—0' Bxiwbi’wci""m_A WEi
Mclci=—F¢i(Uci—Uai) — €¢iEioc,i » ©) PYREL: —
X1 | — Bxiwpir ® -,—I—i w2, (12
Ao 5bi XiWhi’Wci Ma Fbi|
E,.i=Ei+— vP;, 4 . .
loci = =i 37 Vit @ where X stands forT and L, respectively, andBx; is B
= — v, for the transverse case aml;=(3— y,)/e.,; for the
€hi apnit ag; Up longitudinal case. The explicit analytical expression &y
Pi=(1-x) e (Uai—Ugi) + T on Bloc.i | o of mixed crystalAB; _,C, is
€ apitaci Ve €xi—1 Up  €xpi— 1
Mo (a0 E'°°"] o © TrnenD )% T plen D

where the subscrigt=_1 (i=I) corresponds to components Ve €xci— 1
perpendiculakfparalle) to thec axis. The other subscripts X v m
and c refer to binary materialAB and AC, respectively.

Here,m andu; are the mass anidh component of displace- which is the modified weighted Clausius-Mossotti relation.
ment of the ionsA, B, and C. Fy,; and F; are effective The static dielectric constané is obtained from the
nearest-neighbor force constantsis the volume of the unit Lyddane-Sachs-Teller relation, i.eg= €..j0’;/ w3 In the
cell of the mixed crystal whiles,, andv. are the unit cell present work, we take.., =€..,. This is quite a good as-
volumes of the binary materialdB and AC, respectively. sumption sincee,, is due primarily to electrons. The other
The dielectric functione; of the ternary semiconductor is quantities are given by

(13
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w5 = wep| 1—x —1, (149 L ]
bi Fbi My 900 — ,:
—_ ¥ ]
2 vp  3t7yi(exi—1) 2 2 =800 f ]
Wy =0 A (WEpi@Tp), (19 = :
v il Yi( €xpi )] S 700f k
Mo eci) g’ 1
Opi=l—-x—|1-—], 16 600 T 4
b Ma ( Cpi (18 g 3
g" 500
H= N Mphhe 17 ;;j .
The variablesw,;, w.j:, and &;; can be obtained by inter- 400
changingb by c andx by (1—x) simultaneously in the equa- C
. . N 300
tions given above. For simplicity, we assud\g, &, vy /v,
andv./v to be on€. This assumption changes only the de- =
tailed curvature of phonon frequencies and the behavior of g" 6
phonon mode is not affected. @
The dielectric functione;(w) can be also obtained from ¢
Egs.(1)—(5), that is, o
S %t ]
2 2y( .2 2 2 :
()= e (w;+| wz)(w; i w2)=6mi 2+.wT+.2 = , [ Weak modes A
(074~ 0)(wT_;— 0) (0T~ %) 2 T e I
5 o GaAl N
fioT_; (18) X Ix
(w%_i— w?)’ FIG. 1. (a) Optical phonon frequencies &; andA; branches
. L for GaAl,_4N as a function of Ga compositiorn. Lower four
where the oscillator strength, ; is given by curves below 500 cm! belong to the weak modes &, andA, as
2 2 2 2 mentioned in the text. Circlegquaresrepresent experimental val-
2 _ (L4~ o1 (0L~ 0T4) ues ofE; (A;) modes(filled circles and open squares, Ref. 12;
f+iw-|-+i— €oj . (19)

squares with plus, Ref. 13; filled squares, Ref). 18) Oscillator

. . . _strengths as a function of The upper(lower) two curves corre-
The oscillator strength_; can be obtained by interchanging spond to the uppeiower) four curves of(a).

+ and — in the equation shown above. The subscriptand

— correspond to the two solutions of; in Eq. (9) by taking ] ]

(+) and () signs, respectively. In order for the oscillator Raman data for the case of &4, _,N using a generalized
strengths to be positive, the order of the frequencies muglielectric model for coupled LO modes and have obtained

2 2
(07— wTy)

satisfy the following inequality: support for the apparent one-mode behavior of the polar LO
phonons; the model adopted by these authors takes the total
OL4iZ 0TSO = 07_j. (200  dielectric constant of Gal,_4N to be the composition-
weighed sum of the dielectric constants for GaN and AIN.
IIl. RESULTS AND DISCUSSION As mentioned in Ref. 7, the lower four curves of Figa)l

which take(—) signs forw ; andwr; in Eq. (9), are the weak

Figure 1 indicates that GAl,_,N exhibits typical char- modes where the two cations vibrate out of phase; thus, these
acteristics of one-mode behavior as illustrated in Ref. 7; i.e.modes have not yet been reported experimentally. This can
no gap mode and local mode at the boundanes@ and 1, be confirmed in Fig. (b), since their corresponding oscilla-
almost linear dependence on compositional change, antr strengths represented by the lower two curves are virtu-
large difference in oscillator strengths between the uppeally zero for all composition. The equations of the MREI
four strong modes, which taketr) sign in Eq.(9) and the  model that determine the dispersion relations for the various
lower four weak modes, which take-) sign in Eq.(9). The  phonon modes predict phonon frequencies for different
total number of phonon branches is doubled as comparechodes that are nearly equal for a selected compositional
with cubic semiconductor crystals. This occurs as a result ofange of the ternary wurtzite structures. For these composi-
the doubling of the number of equations for the wurtzitetional ranges, it is unclear that the assumed orderings of fre-
structure. Recent Raman experimental values foAGa N guencies in the MREI model are valid. Furthermore, the
are marked in Fig. #27*The circles(squaresrepresent the weak modes of four curves are confined in a relatively small
measurement data féy; (E;) modes of GgAl,_,N. For LO  space. Thus, the ordering of the frequencies in(26), i.e.,
phonons, the theoretical and experimental results match rela__;=wy_;, may not be fully guaranteed from this simple
tively well. However, TO phonons show some discrepancyMREI model. As a consequence, the small negative values of
between the two. Considering the simplicity of MREI model the oscillator strengths in Fig.(d) are taken to mean only
and ignoring some factors, such as strain, our model gives that the effective oscillator strength is small.
rather good prediction for phonon characteristics of wurtzite Figure 2 is a plot for the phonon dispersion curves for
GaAl;_N. Moreover, Demangeoet al!? have analyzed In,Ga,_,N, which also indicates one-mode behavior. Since
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800 [rrr[rr T e TABLE |. Optical phonon frequencie§in cm™) and high-
L 1 frequency dielectric constants used in the calculations.
ool InXGa1 ) XN,
o i AIN GaN InN
,_E, 600 - ] fw(Ey,LO) 912.6¢ 741.6 574.00
~ “ fiw(Ag,LO) 890.6 734.6 574.0
2 500 F — . fiw(E,,TO) 670.8 558.8 4750
S | (TO) } fw(A,,TO) 611.0 531.8 4460
S, 400 ] €. 4.84 5.2¢ 8.4¢f
@ I ]
;: 300 L ] ®Reference 21.
] bReference 16; thd;(LO) andE,(LO) peaks of InN are indistin-
200 L B guishable from each other in Raman experiments.
E bbb b ‘Reference 22.
0 02 04 06 08 1 ‘Reference 23.
X

mode behavior, although a more detailed model could pro-
vide better fitting with experimental results. Due to the lack
of good quality IlI-N ternary samples for a wide range of
composition, it may be too early to compare the detailed
phonon frequency profile between the theoretical and experi-
mental work, especially for )5 _,N. Therefore, the main
aim of this paper is not to seek a better fit to experimental

InN is hard to grow and its electron bandgap is readily availyeq s put to find a theoretical framework for characterizing
able from by other materials, there has been relatively littl

) ; ) L 17 ) &he phonon-mode behavior in the nitride ternary material.
attention given to binary InN°~1 The experimental values

of E1(LO) for In,Ga _,N with In composition less than
11% are marked in the figuré. Although the oscillator
strength plot for IgGa; _«N is not shown here, it also exhib- e have calculated the phonon frequencies for the ternary
its almost the same features as,@a _,N. The parameters njtride semiconductor over the entire compositional range.
used in this calculation are summarized in Table I. Based on an MREI model, it is found that optical phonons
Some criteria have been proposed to determine the modgh; and E;) in GaAl,_,N and InGa_,N exhibit one-
behavior of phonons in ternary semiconductors; in particularmode behavior unlike Gal;_,As and IrGa,_,As, which

these 'crit?ria distinguish between one-mode and two-modgxhibit two-mode behavior. This result supports recent Ra-
behavior’*° Since the atomic mass of nitrogen is muchman experiments on Gal, ,N.

smaller than gallium, indium, and aluminum, the reduced
masses of GaN, InN, and AIN are almost the same as that of
N. This means that infrared-active optical-phonon vibrations
in In,Ga, _yN and GaAl,;_N are influenced strongly by the The authors gratefully acknowledge many fruitful discus-
nitrogen atom. This observation is in accord with our resultssions with Professor B. C. Lee. The authors are also thankful
that A; and E; optical phonons of G&l;_,N and to Dr. Kwiseon Kim for informing them of recent theoretical
In,Ga, _\N exhibit one-mode behavior. Hence, for and experimental data on InN. This work was supported, in
GaAl;_,N and InGa;_,N, more sophisticated criteffaor  part, by the U.S. Army Research Office and the Office of
MREI model€® may not be needed to specify the phonon-Naval Research.

FIG. 2. Optical phonon frequencies Bf andA; branches for
In,Ga, N as a function of In compositior. Lower four curves
below 300 cmi?* are the weak modes &, andA;. Filled circles
represent experimental dataBf (LO) modes from Ref. 18.

IV. CONCLUSION
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