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First-order Raman spectra of wurtzite GaN made from natural Ga and isotopically ueand natural N
(99.63%1“N) were measured at low temperature. The Raman frequencies of the polar optical gher(@as
LO), E;(TO,LO)] shift according to the inverse square root of the reduced masses, as expected. The isotope
shifts of the two nonpolaE, modes deviate significantly from the reduced-mass behavior as well as from the
dependence expected for pure N or Ga vibrations which might be expected in view of their large frequency
difference. This indicates that tf® modes involve mixed Ga and N vibrations. From fits to the experimental
data with a coupled two-mode model we determine the mode eigenvectors. They confirm the resuétb of an
initio calculation which we have done for the zone-center vibrations of wurtzite GaN. Our calculations also
predict a vanishing coupling between the tBg silent modes. We also measured¥Gal*N, s'°N 5 alloy
sample. Additional negative frequency shifts due to isotope disorder are observedAq(T®, E,(TO), and
the high-frequency¥e, modes as compared to the reduced-mass or coupled-mode behavior. An estimate from
second-order perturbation theory provides a quantitative explanation of this [&€163-182807)05346-(

[. INTRODUCTION active) E, modes shift mainly, however not exactly, with the
mass of either the S or the Cd atoms. Isotope substitution

GaN and some other nitrogen-based IlI-V semiconductorsllowed us to determine tHe,-mode mixing and their eigen-
have been at the focus of intensive studies in recent yeaigctors in Cds.
due to their unique electronic and mechanical propetties. As already pointed out by Foreman and Lomer in 1857,
These materials, with a direct wide band-gap and high thercomplete lattice-dynamical description of a crystal requires
mal stability, are now being used to make blue-to-ultravioletthe determination of phonon eigenvectors in addition to their
light emitting devices and high-temperature electrofics. €igenfrequencies. Inelastl_c neutron scattering is a sunabl_e
However, in spite of the technological perspectives of theVay t0 measure phoné){]lelgenvectors_ and was previously uti-
lII-V nitrides, little work has been performed on the funda- ized in Si and GaAs™** However, this technique requires
menta' properties Of the materia|s Compared to Other |||_Van accurate measurement Of Scatte”ng IntenSItleS, Wh|Ch IS
semiconductors. not always easy to achieve.

Semiconductors made from pure stable isotopes can be Using perturbation theory one can derive that the isotope
used to investigate the influence of the average atomic mag&ift of phonons in compounds is proportional to the squared
on the lattice-dynamical propertiés.g., phonon frequencies, magmtude 0f2 the corresponding atomic component of the
linewidths and lifetimes, lattice parameters, thermal expanelgenvector§.
sion, thermal conductivily and the electronic structure, as
well as the isotopic-disorder induced effet#.considerable dwn _ n 2 | 2
number of studies in elemental group-IV diamond-type semi- M, 2M, Ui.a(MI%,
conductors have been published during the last few y&ars.

Recently these investigations have been extended teohere w, is the frequency of mode, M; represents the
compound$8In contrast to elemental crystals, the shifts of mass of atoni, and U; »(n) gives theith component of the
the phonon frequencies, when the constituent atoms of therthonormal eigenvector of modealong the directionr («
compound are isotopically substituted, depend strongly or= X, y, or z). By measuring the phonon frequency shifts
the vibrational eigenvectors. Therefore, the different phonorinduced by the change of the mass of a certain atom one can
eigenstates exhibit different isotope shifts. In CuCl differenttherefore obtain information about the corresponding phonon
isotope shifts with Cu and Cl substitution led to the identifi- eigenvectors. In this work we present experimental and the-
cation of the anomalous TO phonon struct®fdn wurtzite-  oretical investigations of the effects in wurtzite GaN for dif-
type CdS, different isotope shifts have been found for polaferent N isotopes. The experimental phonon frequencies and
and nonpolar optical modésWhile the polar phonons eigenvectors derived from these effects compare well with
[A1(TO,LO), E4(TO,LO)] change with the reduced mass asthose obtained from first-principles lattice-dynamical calcu-
expected, the high- and low-frequency nonpdlart Raman- lations.
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FIG. 1. Raman spectra of & (a), Gal*N,s°N 5 (b), and Ga*N (c), respectively. The spectra were taken at 10 K with 514.5 nm
excitation using the scattering geometries indicated in the figure. Peaks marked by asterisks are phonons from the sapphire substrates.

Numerous studies have been performed also on isotopi@lastic-recoil-detection-analyfsas[1*N]=(54.0 = 0.5) %
disorder effects in monoatomic crystals, such as&& > and[1*N]=(46.0+ 0.5) %.
a-Sn? and Cg,.*2 Disorder-induced resonant band modes ~ Raman spectra were recorded using a DIL®R spec-
as well as additional frequency shifts and phonon linewidthrometer equipped with a liquid-nitrogen-cooled charge-
broadenings have been observed in these systems. Calculgupled-device detector. Either the 5145 A line or the
tions based on the coherent-potential approximat©@RA) 4880 A line of an Ar-ion laser was used to excite the
give good agreement between experiment and theory. Howsamples, both lines are below the band-gap energy in the
ever, reports on isotopic-disorder effects in compound semigansparent region of GaN. Long accumulation times were
conductors are scareln the present work, we US€ a necessary to measure the low-frequeriey modes since
"Ga'*N ¢ 5°N g 5 alloy sample with maximum mass disorder their intensities are rather weak. To obtain these phonon fre-
at the N sites for an investigation of these effects. Additionabuencies more accurately we recorded several spectra with
frequency shifts are observed for tAg(TO), E{(TO), and  gjightly shifted spectrometer positions. A combination of
the high-frequencyE, modes compared to those expectedthese measurements results in spectra with effectively one
from the average mass in the alloy. A calculation based ogatg point every 0.5 cm’.
second-order perturbation theory gives a qualitative and The samples were kept at 10 K in a closed-cycle helium
quantitative explanation of the results. cryostat to reduce the luminescence background. A laser
power of about 50 mW, focused to a poifabout 50 um
diamete), was used. Because both GaN and sapphire are
IIl. EXPERIMENT AND RESULTS transparent to the visible laser lines, sample heating is neg-
Isotopic GaN thin films were grown op-axis oriented ligible. To observe all six Raman-active phonons propagat-

Al,O, substrates with plasma-assisted molecular-beanid parallel or perpendicular to the uniaxibxis (along the
epitaxy (MBE) at a substrate temperature of 800 °C. TheZ direction, the growth d|.rect|on in_our sampleseveral
deposition rate was around OEm/h. The flux rates of the rlght-anglior back-scattering geometries were selected, such
isotopically pure nitroger(0.5% “N, 95.5% °N) plasma as z(yy)z [for Ay(LO), E;], x(zX)y [Ey(LO,TO)], and

and natural gallium atoms were 10and 9.5¢10™ cm™2  y(xx)y [A(TO), E,], etc”*” For the polar modes in wurtz-
s~1, respectively. A reference sample grown with naturalite crystals one has to keep in mind that mixed transverse and
gallium and natural nitrogeri99.634% “N,0.366% *°N),  longitudinal phonons appear when the propagation directions
which is denoted by !N in the following, and the are not exactly along the principal ax€s® To avoid this
naGal®N, 51N 5 alloy sample were prepared under identi- direction-dispersion effect and to obtain the pure phonon fre-
cal conditions. Atomic-force-microscopy measurementsquencies, several measurements were made turning the
showed that all samples have a flat surface morphologysample by a small angle. Spectra for which a small rotation
The measured free-carrier concentrations are2x 10%, did not result in a frequency shift, i.e., for which direction
1x 10 and 2<10%° cm~3, and the thicknesses of the lay- dispersion was minimal, were used to determine the phonon
ers are 1.0, 1.3, and 1.am for the films of "®Ga!>N,  frequency.

naGal“N, and the alloy sample, respectively. The accurate Figures 1a), 1(b), and Xc) show Raman spectra of
concentrations of N isotopes in the alloy sample were meaGa®N, Ga*N N5, and GaN, respectively, measured
sured by secondary-ion-mass-spectroscoply*#¢] = (51.7  at 10 K in the frequency region between 460 and 780 ém

+ 20 % and [I°N] = (482 + 2.0 % and by Expanded regions of the high- and low-frequefigymodes
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AL IR B B A A R S ing geometries given by the selection rules. Sevéglor
569.2cm .
(a) high-frequency E, 1 Eilfrgm A1y modes from the sapphire substrate are also obsétved.
238 These lines are quite narrow and were used for calibration
Ga'N ' purposes. All Raman peaks were fitted with Lorentzian line-
a ' shapes. In Table I, we list the frequencies of all the modes

' observed in natural G4N and isotopic G&N.

Ga"'N.."°N ! Numerous papers have been published recently dealing
0 22 with strain-related phenomena in GaN thin filfig! In

pseudomorphically grown GaN films on the most commonly
used substrates, such as sapphire and SiC, large strain is
expected to be introduced because of the large lattice mis-
N N S S T S match(—13% and 4%, for sapphire and SiC substrates, re-

540 550 560 570 580 spectively and different thermal-expansion coefficients.
However, in our plasma-assisted MBE grown GaN films, no
» AIN buffer layer was generated prior to the growth of GaN
2cm with a nitridation of the sapphire substrafésUnder these
conditions we believe that the strains due to lattice and
thermal-expansion mismatch in our films are completely re-
laxed through the formation of dislocatiofisThis can be
confirmed by comparing the Raman frequencies measured
for the natural sample with the data measured on bulk GaN
or strain-free GaN films on GaN substratés?°also listed in
Table I. Furthermore, if there is any residual strain left it
should be the same in G and Gd*N,°N 5 as for the
natural sample since all were grown under the same condi-
tions with a comparable thickness. Thus, we do not need to
take into account strain-induced frequency shiffsany),
which would be hard to separate from isotope shifts.

As shown in Table I, all the observed Raman modes ex-
hibit prominent frequency shifts after the substitution'eX.
However, the magnitudes of the shifts differ for different

Intensity (arb. units)

(b) low—frequency E, | 144
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40 .159. T 160
Raman Shift (cm )

130

FIG. 2. Raman spectra of &, Ga'®Ny°Ny 5, and G&N in
the energy region of higke) and low frequenciegb), respectively.

Spectra were taken at 10 K with 514.5 nm excitation inzbey) z modes. For the polar optical modes, i.A,(LO,TO) and

_conflgur_atlon. T_he solid lines |(t_)) are fitted curves with L_orentz- E,(LO,TO), within the experimental error bars the frequency
ian profiles, while the dashed lines connect the data points of twg fi | to the i t of th duced
measured spectra for each samislee text ratios are equal to the inverse square root of the reduce

mass ratio:
are shown in Figs. @) and Zb), respectively. All Raman-
active phonons, except for the two LO modes in the alloy 5 2
sample, which has a high carrier concentration resulting in ©(Ga™N) = 1\ /'“(Gal N):0.9722, )
strong phonon-plasmon coupling, are observed in the scatter- o(GaN) w(Ga™N)

TABLE I. Experimental Raman-active phonon frequencies fol8aand Ga°N at 10 K. Other experi-
mental results for natural GaN are also listed.

Symmetry »(Ga*N) »(Ga®N) o(GaN)

w(Ga*N)
(cm™1) (cm™1)
Present work Others Present work

E,(low) 144.2£0.5 142, 144’, 144 143.4-0.4 0.9945-0.0062

A(TO) 533.5-0.2 534, 531 518.8-0.2 0.9724-0.0008

E.(TO) 560.0+-0.2 56(?, 560 544.2+0.2 0.9718-0.0007

E,(high) 569.2+0.2 566.5, 56§’, 568 551.8+0.2 0.9694- 0.0007

A(LO) 739.3-0.4 734 719.2-0.2 0.9728-0.0008

E.(LO) 746.6-0.8 725.3:0.4 0.9715-0.0013

®Reference 23: relaxed GaN films on GaAs o,®@k, the TO and LO phonon from the GaAs substrate were
at 266 and 291 cm!, respectively.

bReference 24: bulk GaN, Raman at 20 K.

‘Reference 25: bulk GaN, Raman at room temperature.
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FIG. 3. Raman frequencies of the higlay and low-frequencyb) E,, E;(TO) (c), andA;(TO) (d) modes versus the N isotope mass. The
solid lines are predictions from E@3) using the fitted parameters in E@) for the E, modes[(a) and (b)] and from w~1/\/; for the
A1(TO) and E;(TO) modes[(c) and(d)]. In (a) and(b), the predictions from the reduced-mass behavior are shown by the dashed-dotted
lines. Expected shifts for the high- and low-frequerityyphonons as pure vibrations of N and Ga atoms, respectively, without mixing are
represented by the dotted lines.

where u " '=m_} +m_L and the masses are calculated This allows us to determine the ratio of the Ga and N dis-

by using the actual atomic percentages®d and N inthe ~ placements just from center-of-mass invariance. However,

samples. for nonpolar modesE, and B;), which can be associated
For the two nonpolaE, modes the isotope-induced fre- with the back-folded Brillouin-zone edge at the X point of

guency shifts deviate significantly from the above-mentioned

reduced-mass behavior. As can be seen clearly in Figs. 3

and 3b), the frequency shift from'N to N is larger

(smallep than that expected from the reduced-mass behavior

(dashed-dotted linefor the high-(low-) frequencyE, mode,

respectively. These deviations are much larger than the error A E,
bars of the experimental data marked in the figure.

~

We show in Fig. 3 the Raman frequencies of the high- and
low-frequency E,, A;(TO), and E;(TO) modes in the
Gal'N 5N 5 alloy together with the data in the two isoto-
pically pure samples. The alloy sample with large N-mass
fluctuations has Raman frequencies which are lower than

those expected from its average masselid lineg. These

additional frequency shifts are-3.4 + 0.7) cm™ %, (—3.1

+ 0.7 cm 1, and(—2.5+ 0.7 cm™ ! for A,(TO), E{(TO), B B,,
and the high-frequencl, mode, respectively. We attribute !

these shifts to anass disordeeffect>!* No additional fre-
guency shift, however, is observed for the low-frequekgy
phonon.

IIl. CALCULATIONS AND DISCUSSIONS
A. Eigenvectors

Similar to CdS and ZnO, hexagonal GaN has a wurtzite E, E,,
structure possessing two formula units per primitive unit cell.
Group theory predicts the following-point optical phonon
modes for the wurtzite structurépoint group G,):%
A,+E;+2E,+ 2B, which are all Raman active except for
the silentB; modes. Figure 4 shows some vibrational eigen- O-c

. . . . - Ga

vectors of the four atoms in the unit cell. The direction of ®-N
motion can be derived from group theory for all the optical
phonons. Concerning the polar modés, @ndE,), two Ga FIG. 4. Eigenvectors of thE-point optical phonons in wurtzite
(N) atoms in the unit cell move in the same directiand by ~ GaN. B, (E,) and By, (E,,) correspond to the low- and high-
the same amount since they are equivalent by symmetryfrequencyB; (E,) modes, respectively.

c-axis



56 RAMAN SPECTRA OF ISOTOPIC GaN 14 403

TABLE II. Experimental and calculateB-point optical phonon frequencigs cm™1) and eigenvectors
of nonpolar modes for GAN. The relative signs o, andey cannot be obtained from the experiment. They
are determined by the calculations.

Optical Experiment Calculation
modes Frequency Eigenvector Frequency Eigenvector
Present work Others
E,(low) 144.2+05  |egd = 0.677+ 0.012 143 148 150 e, = 0.664
len] = 0.204= 0.045 ey = -0.242
A,(TO) 533.5-0.2 541 534 537
E.(TO) 560.0+0.2 568 558, 555°
E,(high) 569.2+0.2  |egd = 0.204+ 0.045 579 560 558  eg, = 0.242
len] = 0.677+ 0.012 ey = 0.664
A(LO) 739.3:0.4 749
E,(LO) 746.6-0.8 757
B, (low) 338 338 33  eg, = 0.707
ey = 0.028
B, (high) 720 697 677  eg,= 0.028
ey = -0.707

aReference 35: linear muffin-tin orbitals.
bReference 36: first-principles pseudopotential with mixed-basis approach.

the corresponding zinc-blende structure, the two(Bpat-  Figs. 3a) and 3b). Since there are four atoms in the unit cell
oms vibrate in antiparallel directions. Thus the eigenvectorand the two inequivalent catiorfanions vibrate with oppo-
of these two phonons cannot be derived from the abovesite phase but with identical magnitudes at thepoint, ei-
mentioned simple feature. The magnitudes and signs of thgenvector normalization requires
atomic displacements for the, andB; modes shown in Fig ) 5
4 are those either measured or calculated in the present work. 2(egatey)=1. )
The two E, nonpolar normal modes of Ga and N can ) , )
couple since they belong to the same representation of the With the obtained force constants, the eigenvector com-
Ce, group. In the harmonic approximation we can use goonentseg, and ey can be calculated. They are shown in
simple (but fully general for our purposgphenomenologi- Table Il. These elgenvector§ allow us to cqnclude t_hat the
cal model to describe these two modes. Three force constarf@V-frequency mode mostly involves the motion of Geth

are used: the pure vibrations of N and Ga atoms in the unif, G2 content of 92%, aha N admixture of 8% while the
cell are described by, and ke,, respectively, while the high-frequency mode is dominated by the vibration of N
coupling is determined by the force constdagy. Diago- atoms(with a N content of 92%, and a Ga admixture of 8%
nalization of the dynamical matrix in the eigenvalue equationThIS explains W_hy the_ Iow—frequenc&z mode (“Ga pho-
non”) hardly shifts while the high-frequendy, mode(“N

phonon”) exhibits nearly the full isotope shift with N sub-

— w2+ Kea _Koan stitution.
Mea  Vmgamy €Ga An independent way to predict phonon frequencies and
K K ey =0 3 eigenve_ctors in crystals is_ b_as_ed on lattice-dynamical model
a2y N calculations, such as the rigid-ion, shell or bond-charge mod-
VMgaMy My els. However, such calculations for the wurtzite structure are

usually rather complicated due to the large number of adjust-

yields the eigenvalues. Fitting these values to the experimery, ) parameters and the correctness of the corresponding

tal data, using a least-squares procedure, the three force con- ; . X .
stants are determined as elgenvector§ is questionable without mdepen.dent checks.
Moreover, fitting procedures cannot be applied to most
kes=(1.89+0.33 X 107 N/m, wurtzite crystals because only infrared and first-order Raman
data exist, while neutron-scattering data are scare. This is the
kn=(2.47+0.08 X 107 N/m, case especially for materials which contain Cd, such as CdS,
|Kgan = (1.540.32 X 107 N/m. (4)  because'Cd (natural abundance 12.3%as a very large
thermal neutron absorption cross section. Only very recently,
The sign ofkgay cannot be determined from this proce- a large'“CdS sample was grown and the phonon-dispersion
dure, which implies that the relative sign ef, andey can-  relations were measuréin the case of GaN, high-quality
not be obtained from these experiments. Note that the fisamples can almost only be grown by thin-film deposition
involves four experimental quantitigswo frequencies and and experimental phonon-dispersion data are not available.
their slopes versus the isotopic mass ofaxid three fit pa- On the other hand, even though an excellent agreement of
rameters, i.e., it is overdetermined. The fitted eigenvalues d@be phonon frequencies between experiment and theory is
a function of the N mass are represented by the solid lines inften achieved, the associated eigenvectors usually differ
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significantly!!3? Fortunately, the density-functional pertur- while the high-frequencyd; mode should show the full N
bation theory(DFPT) developed in recent years provides aisotope shift. Unfortunately, measurements of these two si-
powerful  method to perform lattice-dynamical lent modes are not available at present, and hence, the ex-
calculations’’*3Such parameter-free first-principles calcula- perimental determination of their eigenvectors is still an
tions have been used successfully for the accurate predictio¥pen task.
of both phonon-frequencies and eigenvectors, not only for
cubic but also for lower symmetry structure®:28-31

We have performed such calculations within the frame- ) _ ) )
work of the density-functional theo§DFT) using the local- In monoatomic crystals, the single-site CPA gives a good
density approximation and a plane-wave pseudopotentiglescription —of weakly disordered systemsle.g.,
method. The optical-phonon frequencies at th@oint and mass-disorderéd@ The masses are considered complex and
the corresponding eigenvectors were obtained by solving thEéguency dependent in terms of the dimensionless self-
secular equation for the dynamical matrix. The pseudopoterfnergy. This self-energy is determined from the self-
tials for Ga and N in our calculation were generated accordeonsistency condition that the average scattering from a real
ing to the scheme of Troullier and Martfsincluding the ~ atom embedded in the effective material must be_ zero. Using
nonlinear core correctiofNLCC) for the 3 states of Ga. the phc_)non. density of states generated_m the virtual-crystal
Special effort is demanded in the conventional plane-wavéPProximation, one can easily obtain the frequency-
calculation for nitrogen, since its pseudopotential is verydeépendent self-energy and thus the disorder-induced fre-
deep, due to the lack gf electrons in the core, and thus the dUency shift and broademng of Fhe phonon linewidth which
plane-wave expansion requires a high kinetic-energy cutofforrespond to the real and imaginary part of the self-energy,
(50 Ry) for good convergence. The Brillouin-zone integra- féspectively.

tion was carried out using 12 Chadi-Cohen special points. 1his calculation is more complicated in polyatomic crys-
Further details on the calculation can be found in Refs. 27als since mass fluctuations can exist at different atomic sites

and 33. where the atoms have different eigenvectors. In addition, the

Together with the experimental results, we list in Table [1Phonon density of states of GaN with wurtzite structure,
the calculated -point phonon frequencies of all the optical Whose accuracy should be as high as possible when it is used
modes and the corresponding eigenvectors of the nonpoldf @ CPA calculation, is not available at present. We per-
E, andB; vibrations. The data of two other calculations for formed a rough estimate of the disorder-induced frequency
GaN available are also listd83 The longitudinal vibration ~Shifts from second-order perturbation theory while avoiding
frequencies of polar modes were also obtained in our calcih€ full calculation in the following. _
lation by taking the long-range Coulomb interaction into ac- APPlying perturbation theory to second order in such a
count within DFPT in contrast to the frozen-phonon method SYStem, one can obtain the mass-disorder-induced shift of the

Keeping in mind the accuracy of our first-principles cal- squaredlgrequencymth respect to the average virtual crys-
culations of 2962 the calculated and measured frequencied@) from
agree very well with each other. The discrepancy between
theory and experiment, however, is systematic, i.e., the cal- ( it)
culated frequencies overestimate the experimental data by A(w2)=w4f — > Ny(@j)do;, (6)
about 3%. We suggest that this tendency, which is nearly @@
always present in phonon calculations using the NLCC
approact® is due, at least in part, to the NLCC approxima- WhereAM ;= [ey(i)/ VM;]AM[ey(f)/M¢], in which AM is
tion which takesd electrons frozen in the core, while in the matrix of the mass fluctuations aegl are the virtual-
reality a non-negligible fraction of the charge contributes crystal eigenvectors. As shown in Fig. 4, for the high-
to the bonds. Nevertheless, Karehal. obtained a significant frequency optical phonons, eigenvectors of N atoms are
improvement of the agreement between the calculated arf@uch larger than those of Ga atoms because the mass of Ga
experimental lattice constant, high-frequency dielectric conis much larger than that of N. These vibrations are mainly
stant, and phonon frequencies by an inclusion of theldc- ~dominated by N atomgwith a Ga admixture of less than
tron effects in cubic GaN using the NLCC approdth. 17% forA,(TO) andE;(TO) and less than 10% for the high-

The ab initio predictions of theE, mode eigenvectors are frequencyE,). We make the reasonable approximation that
in excellent agreement with the experiment. The mixing bethe Ga atoms do not move and only the N atoms vibrate. In
tween the twcE, vibrations is somewhat smaller than in CdS addition, we assume that the &dlos™Ns alloy sample
(17%).” This decrease of coupling from CdS to GaN can behas only isotope disorder in the N sites, while there are no
attributed, at least in part, to the increase of the mass ratiB1ass fluctuations on the Ga atomic sites. Further, we assume
from mey/ ms = 3.51 tomg,/ my = 4.98, which increases that mass fluctuations only occur at two equivalent atomic
the energy difference between the tEg vibrations from  Sites (there are totally four atomsn the unit cell. These
213 cem L in natural CdS to 425 cmt in natural GaN. approximations simplify the mass-disorder problem in GaN

The mixing between the twB; modes in GaN, however, 0 one similar as in the monoatomic diamond structures, and
nearly vanishes. According to our calculatitsee Table )i,  thus one obtains
the high-frequencyB; mode is almost a pure N vibration
(with a Ga admixture of 0.2%and the low-frequencyB, 3fm

B. Isotopic disorder

w
mode a pure Ga vibration. Therefore, with an isotopic sub- Aw=gz§

stitution of N the low-frequencyd; mode should not shift,

1
— 3 Na(wj)do;. )

0 wz—wiz
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Normalization gives ;Ny(w;)dw;= 12, corresponding to IV. CONCLUSIONS

the fact that there are X 3 phonon states in the unit cell.

The mass-fluciuation parameter is calculated with We have investigated the effect 6IN isotopic substitu-

tion on the optical phonons in wurtzite GaN thin films using

YRE first-order Raman spectroscopy at low temperatures. While
92=2 Xi| 1— — (8) the observed phonon frequency shifts of the polar optical
M phonons[A;(TO,LO), E;(TO,LO)] follow, in the isotopi-

wherex; is the concentration of the N isotope M; is its ~ cally pure crystals, the inverse square root of the reduced
mass, andVl is the average nitrogen mass. In the approxi-mass: the behavior of the two nonpolas modes is quite
mations made above, is characterized only by N mass different. The low-frequencye, mode hardly shifts, while
fluctuations without taking into account the atoms at the Gdhe high-frequency vibration exhibits almost the full isotope
sites. Equatiori8) givesg,= 1.2x 103 for the alloy sample. shift. Fits to the experimental data with a coupled two-mode
Unfortunately, as already mentioned above, the phonon dernodel yield the eigenvectors of these two modes and reveal
sity of states of GaN with wurtzite structure is not availablea Ga(N) admixture to the high¢low-) frequencyE, vibra-

at present. We therefore use the values from a first-principleon of only 8%. The results of aab initio calculation of the
calculation for zinc-blende Gaﬁ.Proceeding in this fash- zone-center phonon frequency and eigenvectors are in good
ion, the calculation yields an average disorder-induced shifagreement with the observations.

Aw = (=2.0 = 0.8) cm™? for the three optical phonons Deviations between the experimental phonon frequencies
[A.(TO), E4(TO), and high-frequenci,]. In contrast to Ge, and the average-mass behavior have been found for the three
C, anda-Sn whereA w is positive, the N isotopic disorder in high-frequency optical modes in ®Ga*N N5 alloy

GaN causes a decrease of the phonon frequency. This é&mple where the isotopic disorder causes an additional shift
because the main part of the density of states, which effecsf about—3 cm~1. The magnitude and sign of this shift are

tively contributes to the frequency shifts, has an average fresypported by a calculation in second-order perturbation
guency higher than those of the three modes. Considering ﬂ‘tﬂeory_

approximations made in this calculation, the value\af is
in reasonable agreement with the experim¢atgrage value
(—3.0£0.70 cm~1]. Concerning the low-frequencyE,
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