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Studies of first- and second-order Raman scattering in hexagop@&aAl,N alloys are reported. The
dependences of frequencies of all Raman-allowed optical phonons versus Al content are traced in detail in the
entire composition range. The one-mode behavior of LO phonons and the two-mode behavior of the other
phonons is established. It is shown that the composition dependendeg ©D), A,(LO), E;(LO), and
E,(low) phonon energies are convenient tools for the quantitative characterization of the Al content in
Al,Ga N alloys. The energy position of tH#&, (high) silent mode is proposed. A narrow gap separating the
dispersion regions of transverse and longitudinal optical phonons is revealed in the phonon density-of-state
function. The composition dependence of the phonon line broadening is investigated experimentally and
theoretically. It is shown that the broadening is due to elastic phonon scattering by the composition fluctua-
tions. A theoretical approach is used where the statistical and dynamical aspects of the phonon scattering are
treated separately. The type, size, and number of the fluctuations responsible for the phonon line broadening are
estimated. The theory is qualitatively consistent with the observed composition dependences.
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[. INTRODUCTION dicted by different theoretical models, were found to agree
well with experimental data. The behaviors 8§(TO),

The interest in isoelectronic alloys stems from the possiE;(TO), and E,(high) phonons are more complicated be-
bility to change their basic physical properties over a widecause of mixing and crossing effects in some composition
range by intentionally varying the alloy compositions. Theranges, and the agreement between experimental and theo-
distinguishing feature of alloys is a disorder in atomic distri-retical data is rather poor. The nonpolés(low) phonon
butions over lattice sites, producing properties of electrormode was not discussed at all in the literature. Information
states and lattice dynamics. Wide-gap®&, _,N alloys are  about the silenB,(high) andB;(low) modes, which are
widely used for the fabrication of optoelectronic devices op-forbidden in Raman and IR spectra, is very scarce. The en-
erating in the blue and violet regions of the spectfudow-  ergy of the silent;(high) mode was reported in Ref. 12,
ever, despite significant progress in the preparation of thesehere a weak dip in the continuum Raman spectrum in the
materials, achieved in recent years, many of their basic chafrequency interval between longitudinal and transverse opti-
acteristics still remain poorly studied. This is particularly cal phonons was identified with the position of this mode.
true for the phonon spectrum. However, the calculated positions of tBg(high) mode in

Vibrational spectra of alloys were studied in many theo-Refs. 9 and 10 differ considerably from the data given in
retical papers, where a variety of approaches and modeRef. 12. Thus only observations of long-wave lattice vibra-
were developed. The coherent potential approdcises the tions and calculations of spectral DOS at the zero wave-
idea that the spectrum of a disordered system can be classiector have been reported so far.
fied in terms of the quantum states that characterize the regu- To our knowledge, no data on second-order Raman scat-
lar crystals. The phenomenological random element isodistering in ALGa, 4N were published. Second-order Raman
placementREI) and modified REIMREI)*~® methods were spectra are of particular interest because they are formed by
developed to describe the lattice dynamics of alloys. Accordphonons with arbitrary wave vectors, and provide informa-
ing to the REI and MREI models, ternary alloys are dividedtion about the phonon density-of-staté®OS) function
into two main classeéone- and two-mode clasgeslepend-  which can be used as a test for lattice dynamics calculations.
ing on the behavior of optical phonons at thepoint. An inherent feature of alloys is the composition fluctua-

The lattice dynamics of hexagonal Ma N alloys was tions, which play an important role in their physical
studied theoretically and experimentally in Refs. 7—16. Theproperties:’ The phonon lines of alloys are inhomoge-
one-mode behaviors &;(LO) and E;(LO) phonons, pre- neously broadened due to composition fluctuations, in con-
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trast to the phonon lines of regular crystals. Phonon line TABLE I. Raman selection rules for optical phonons in
broadening was considered within the framework of perturwurtzite-type crystals.
bation theory®~?°and the coherent potential approathis- - ——
ing the so-called single-site fluctuation approximation. TheScattering configuration Allowed modes
investigation of this effect provides valuable information —

: . 2(yy)z Ez. A(LO)
about alloys, because it can answer the question of whether i

the atom distribution over the lattice sites is governed by a  Z(x¥)Z E

statistics law or not. Therefore, the composition dependence y(z2y A(TO)

of the phonon line broadening can be an indicator of the y(xz)y E,(TO)

degree of randomness o_f the alloy. o y(X0y E,, A,(TO)
Data on the phonon line broadening in, 8l N crys- v(zy)x E,(TO), E4(LO)

tals are rather scarce. Experimental data on broadening af
some of the optical modes were reported in Refs. 11 and 12.

Theoretically, the disorder-induced broadening of thenucleation layeré? 1—4-um-thick layers of AlGa_,N al-
E,(high) mode was considered in Ref. 21 using the spatialoys in a composition range of 0s5x<1 were grown by
correlation model. hydride vapor phase epitaxy ¢hl1) silicon substrates with-

In this paper we describe studies of first- and secondoeut buffer layer€® The structural quality of the layers and
order Raman scattering in &ba, _,N alloys over the entire the alloy composition were controlled by x-ray diffraction
composition range. The composition dependence of the freand electron probe microanalygEPMA). According to the
quencies of all phonon modes active in the Raman scattering-ray data, all samples were single-crystal layers with a hex-
including the nonpolaE,(low) phonon mode, is traced in agonal modification without any polycrystalline inclusions or
detail. A comparative analysis of the first- and second-ordephase separation. The details of the x-ray measurements can
Raman spectra is used to obtain data about the phonon DO found in Ref. 16.
and energy position of theB;(high) silent mode in Raman spectra of the Xba,_,N layers were measured in
Al,Ga _,N alloys. a backscattering and 90° configuration at room temperature

Another subject of our experimental and theoretical studand at 100 K. Owing to the use of a large number of scatter-
ies is the influence of fluctuations on the phonon spectrum oing geometriegTable |), we were able to avoid ambiguity in
alloys. Our theoretical approach assumes that the concept agsigning the observed features in the spectra to phonons of
phonons characterized by a wave vector is appropriate for a definite type of symmetry. The scattering geometries used
consideration of the vibrational motion of the system in thein the experiment are given in Porto’s notationsygy)x
zero approximation, and that the elastic phonon scatteringype. Here the direction is parallel to the optical axis, and
can account for the composition-dependent part of the Rax andy are mutually orthogonal and oriented in an arbitrary
man line broadening. manner in the substrate plane. An*Alaser A =488 nm)

This paper is organized as follows. In Sec. Il, the experi-was used as an excitation source. The spectral resolution was
mental procedure and the samples used in the experimentscm !, Frequencies and the full width at half maximum
are described. In Sec. I, we present experimental results qFWHM) of the phonon modes were determined by fitting
the first-order Raman scattering, and discuss the obtaingcbrentzian line shapes to the measured Raman lines.
composition dependences of the optical phonon frequencies. To exclude possible errors in measuring phonon frequen-
An analysis of the second-order Raman spectra is also preies caused by the effect of strain in8la, _,N layers, we
sented. In Sec. 1V, a theoretical approach to the phonon lingtudied alloys with the same composition but different layer
broadening caused by fluctuations is formulated. Experimenthicknesses. It was found that layers with a thickness of more
tal data are presented and analyzed within the framework ahan 4 . were nearly strainless. In addition, strain relax-
the developed theory. ation near the sample cleavage was observed even for thinner

Section V contains a summary. Preliminary results of oursamples. Note that the geometries of scattering from the
study of the composition dependence of optical phonon encleavage were used to detect the majority of Raman-allowed
ergies in_hexagonal AGa N alloys were described optical phonongsee Table)l As a result, we obtained com-

elsewheré? position dependences of phonon frequencies for nearly
strainless AlGa _,N samples. The effect of strain in
Il. SAMPLES AND EXPERIMENTAL PROCEDURE g{(eGS:pxeNr alloys will be discussed in more detail in a sepa-

We used a large set of Aba; N samples with a differ-

ence in Al content of not more than 3-5% in the entire Ill. EXPERIMENTAL RESULTS
composition range. 0.pim-thick Al,Ga_,N epilayers in
composition range of €x<0.5 were grown on thin GaN
buffer layers deposited on tleeplane sapphire in a Riber 32 Hexagonal GaN, AIN, and AGa _,N alloys crystallize
molecular-beam epitaxy  systérh. 2-4-um-thick  in a wurtzite structuréthe Cgv (P6smc) space group Ac-
Al,Ga,_«N epilayers with G<x<0.5 were grown by cording to a factor group analysis at tfie point, phonon
reduced-pressure metal-organic chemical vapor depositiomodes in a hexagonal crystal belong to the irreducible rep-
on sapphire substrates, using low-temperaturgGAl_,N resentations

A. Phonons in wurtzite structure
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FIG. 1. Room-temperature po-
larized Raman spectra for GaN
and AIN, and AlGa,_N alloys.
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A1(TO), A (LO), E4(TO),
E,(low) active in the first-order Raman scattering. Theof A;(LO) and E;(LO) modes in AlGa _,N alloys shift
I'-point phonon frequencies were well studied both for GaNtoward higher energies with increasing Al concentration.
and AIN?"~3! Figure 1 shows polarized Raman spectra ofHowever, the presence of free carriers in epilayers can result
GaN and AIN, and AlGa, N alloys with different compo- in an additional high-frequency shift of LO-phonon lines due
sitions. For the Ga-rich region, the measured first-order poto the formation of mixed plasmon—LO-phonon mode$:
larized Raman spectra were found to be consistent with th&o exclude this effect, samples with low carrier concentra-
selection rules for the wurtzite structure. However, the moddions were investigated. Hall measurements show electron
behavior in the Al-rich composition range is more compli- concentrations in the range ¥610" cm 2 for our
cated. Here we describe results which allow us to obtain @amples.

E.(LO),

and

500 600 700 800 900

complete and self-consistent picture of the behavior of pho-
non modes in AlGa _,N alloys.

Among optical phonons, th&,; and E; modes are both
Raman and IR active, thé, modes are only Raman active,
and theB; modes are silerf® There are six optical modes
E(high),

B. A;(LO) and E;(LO) modes
It was found earlier in Refs. 11 and 12 that the frequencies
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FIG. 2. Room-temperature Raman spectra fQG&,_,N alloys GaN-like
obtained in a geometry corresponding to Eghigh) andA,(LO)
phonon modes. The full triangles show positions of thgTO) 530 ) L .
phonon line forbidden in this scattering geometry. Z(c)' — T 1 'AlNllike'
Note that the observation of tHe;(LO) mode is forbid- 230 o-0-oy
den in backscattering geometry, in contrast to #£€LO) [ ]
mode. To make the assignment more reliable, we used a 90° 200 GaN-like §
scattering geometry in which thg;(LO) phonon mode is W
allowed according to the selection rul€&able ). 150 poo—™ " ]

The experimental data obtained 85(LO) andE;(LO) 0.0 0.2 04 0.6 0.8 1.0
modes are shown in Figs. 2 and 3, respectively, and positions Al content, x
of these modes as a function of Al content foxR<1 are
presented in Fig. @). It is clear that in the entire composi- FIG. 4. Frequencies of optical modes vs @&, _,N alloy com-

tion range each LO mode manifests itself as a single lineposition. Top panelE,(LO) (squares and A;(LO) (diamonds.
and the separation between the lines grows monotonicallifliddle panel:A;(TO) (circles, E;(TO) (triangles, E,(high) (in-
with increasing Al concentration. This observation is consis-verted trianglel open circles, triangles, and inverted triangles are

tent with the fact that the€E,(LO)-A,(LO) separation for for GaN-like modes, and full circles, triangles, and inverted tri-
AIN is larger than that for GaN. angles are for AIN-like modes. Bottom pangl;(low) (open sym-

Note that our results differ from the data of Ref. 12 wherebols cqrrespond to GaN-like modes, and full symbols correspond
the frequencies of thé,(LO) and E;(LO) phonons coin- 0 AlN-like modes.

1 cided within an interval of 0.5x<<0.7. In our opinion, this

(TO) E (LO) AlGa, N could be due to a relaxation of selection rules in the samples
JL A e with x>0.5 used in Ref. 12. As an illustration, Fig. 5 shows
0.0 | N\ > Raman spectra obtained for two samples having the same Al
z “_/\/\ = content, but exhibiting different structural perfections. It is
ot 0’2_ 7 e _2 seen that for a sample with a poorer crystal structure, a single
% 04:_4//‘& — N 5 broad line rather than twpA;(LO) andE;(LO)] modes is
s — N > detected in the scattering geometries used.
3 0.6 __f/\\ 3 Our results forA;(LO) phonons also revealed a discrep-
< | § ancy with the data of Ref. 11 for Ox<<0.6. A;(LO)
0.8 A= phonons were detected in Ref. 11 at higher frequencies com-
: pared with our data for AlGa, _,N alloys with an identical
1.0 Al content. It can be supposed that this discrepancy could be

caused by a higher concentration of free carriers in the
samples used in Ref. 11.
No extra lines were found for AGa N alloys in the
frequency range of LO phonons. Thus our findings clearly
FIG. 3. Room-temperature Raman spectra fqG%,_,N alloys  confirm the theoretical predictions of the one-mode type be-
obtained in a geometry correspondinggg(TO) andE,(LO) pho-  havior of longitudinal phonon&?'?The one-mode behavior
non modes. The full triangles show positions of kgTO) phonon  of LO phonons and the high sensitivity to the Al contéhie
line forbidden in this scattering geometry. frequency of each LO phonon changes by about 160 ‘tm

500 600 700 800l 900
Raman shift (cm)
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' = : : scribed their experimental results in terms of the two-mode

AI;’(Z(Z});MN i ,-“"'\(i(w) ) behavior of theE,(high) phonon. Our findings agree with
— A(TO) o \ ,,yfff)yw their interpretation. In our studies, we succeeded in traqing
§ L : ALOLA 4 ELO) o | the behavior of this phonon mode in the range of very high
= o e ‘.,“.‘ Ve Al contents. At extremely h!gh Al c_oncentranonrsjé 0.98),
= . ¥ a narrowing of the GaN-likeE,(high) phonon line was
} 800 825 850 found to take place. This points to a preferentially localized
'z nature of this vibration. Positions of tl&,(high) mode ver-
‘é’ sus Al content for 82x<<1 are presented in Fig.(4).

Let us return to thé&,(TO) phonon mode. The theoretical
considerations presented in Refs. 9 and 10 predicted a two-
mode behavior of this phonon. The experimental evidence of

500 600 700 800 900 such a behavior was found in IR reflection and IR ellipsom-

Raman shift (cm™) etry spectra in Refs. 13 and 14. However, no reliable Raman
data pointing to a two-mode behavior Bf(TO) phonons

FIG. 5. Raman spectra for two samples having the same Alyas available so far. The pattern of transformation of Raman
content, but exhibiting different structural perfections. The insetspectra revealed in our experimefig. 3 provides a con-
shows that for a sample with a poorer crystal structure, a Singl‘?/incing proof of the two-mode behavior of th& (TO) pho-

broad line, rather than twpA,;(LO) and E;(LO)] modes, is de-

, ! , non. Positions of th&;(TO) mode as a function of Al con-
tected in the scattering geometries used.

tent for 0<x<<1 are presented in Fig.(H).
. L Our data for the GaN-likeE;(TO) mode are in fairly
from GaN to AIN) are suitable for estimating the Al content good agreement with the IR reflection and IR ellipsometry

in AlL,Ga_,N alloys. Positions ofA;(LO) and E,(LO) ata given in Refs. 13 and 14; however, the results for the
phonons as funct|.ons .Of the Al content can be approximatedn_jike E,(TO) mode differ considerably. In our opinion,
by equations taking into account a slight bowing of they,iq giscrepancy can be caused by several factors. First, the
curves: set of ALGa _,N samples used in Refs. 13 and 14 was
_ _ _ small, and the difference in Al contents was very lafig@re
Ad(LO) =734+ 15— ba,LoX(1=X) @ than 25%). In our experiments, a much larger set of samples
and was employed to obtain information about the Al-like
E;(TO) mode. Second, Raman spectroscopy is a direct tech-
E1(LO) =742+ 17— bg, (LoyX(1—X), (2 nique for the observation of optical phonons because
phonons manifest themselves in the Raman spectra as sepa-
with negative bowing parameteb, ( 0)=—75 cm ' and rate lines. In IR spectroscopy, a fitting procedure is needed to
bEl(LO): —65 cm L. deduce the data on phonon frequencies. As a consequence,
the accuracy of the determination of the phonon position
C. E,(high) and E,(TO) modes depends on fitting parameters and the procedure used.
In the composition range ©x<0.28, E,(high) and
E,(TO) modes have appreciably differing frequencies, and D. Mode of the A,(TO) symmetry
each phonon is detected as a single line in a relevant scatter- Figure 6 depicts the transformation of the Raman spec-
ing geometry(Figs. 2 and B However, starting fromx  trum depending on Al content in the scattering configuration
=0.28, a mixing of these modes occurs and, as a conseorresponding to thé,(TO) phonon mode. We found that
quence, the spectra in the scattering configurations correhis mode manifests itself in a Ga-rich composition range as
sponding toE,(high) andE;(TO) phonons have identical a single line which experiences a high-frequency shift with
shapes. As a consequence, it is impossible to distinguish ongcreasing Al content, and whose FWHM remains nearly the
phonon from the other within the interval 02&<0.7. In  same in a wide composition range ok&<0.4. These data
addition, forx>0.36, a shoulder in the line appears at aare consistent with other works12
higher frequency. Its intensity grows with increasing Al con- At high Al contents, this line exhibits an asymmetric
tent, while the intensity of the lower-frequency peak de-broadening toward higher frequencies, the low-frequency
creases. In the interval G<7x<1, the higher frequency peak edge remaining as sharp as before. In addition, two features
narrows, and is again detected at different frequencies fosappear at the high-frequency edge of this band. They change
E,(high) andE;(TO) modes in corresponding scattering ge-their positions and shapes as the alloy composition is varied.
ometries. The lower frequency peak has the same shape apd evidenced by our polarization measureme(fi. 1),
position for both scattering configurations. Thus it can bethese features cannot be interpreted as resulting from the
stated that the presence of two lines in polarized Ramamodes of other symmetries. It was also found that intensities
spectra corresponding t6,(high) andE;(TO) phonons is  of the most low- and high-frequency peaks in this scattering
an inherent property of these modes for G:36<1. configuration are proportional to the Ga and Al contents,
The behavior of theE,(high) phonon described above respectively. The relative intensity of the third feature occu-
was earlier observed in Refs. 11 and 12. The authors deying the position between the peaks discussed above has a
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weak dependence on Al content within a composition inter- £~ 7 paman spectra for fBa,_,N alloys obtained in a ge-
val of 0.87<x<1, where all three lines are well resolved. ometry corresponding to the,(low) pﬁonon mode.

The spectrum transformation described above can be un-
derstood if we assume 'that two lines having the opposite \\ a4 found that the intensity of the low-frequency line in
depe_ndences of intensities on the Al content are GaN- ang,o spectrum becomes less intense with increasing Al con-
AIN-like phonon modes of\,(TO) symmetry. This conClu- o |y the limit of very high Al concentrations, it is a weak
sion is consistent with the theoretical predictions of the tWO'peak, with a maximum at 190 cm. The intensity of the
mode be_h_awor 0R(TO) phonon given in Refs. 8 and 10. high-frequency line grows with increasing Al content. It nar-
The positions of GaN- and AIN-liké\,(TO) modes as a o5 and shifts toward lower frequencies, and in the limit
function of Al content for 6<x<1 are presented in Fig(l). 1 tands toward the position typical of tiE(low) pho-
The dependence of the GaN-likg(TO) phonon mode on non in AIN. For pure AN, only a single line at 249 c¢rh,

the Al content can be approximated by the equation corresponding to theE,(low) phonon, is detected in the
spectrum.
A,(TO)=531.8+ 64.5<—bA1(To)x(1—x), (3 The pattern described above can be understood in terms

of a two-mode behavior of thE,(low) phonon. We assume

with small positiveb —1.9 cm'l Due to a nearly lin-  that two lines vyhose intensities are proportional to the con-
beh .p d Alr(:.o;] . he Al y hi tent of two basic components of the alloy are the GaN- and

ear behavior and a high sensitivity to the Al content, thisy . jixe phonon modes oE,(low) symmetry. The positions

approximation can be efficiently used for an estimation ofAIOf these modes versus Al content fo@< 1 are presented

content in hexagonal AGa, _,N. A more detailed descrip- in Fig. 4c). The dependence of the GaN-lia(low) mode

tion of the A;(TO) phonon mode transformation in Al-rich |00 A content can be approximated by

alloys, together with a theoretical approach which describes

changes in the vibration spectrum at a sufficiently strong -~ B B

perturbation resulting from the isoelectron substitution, was Ez(low) =142.8+43.5¢= be,1owX(1 —X), @)

iven elsewheré? _ L ,
g with the positive bowing parameték oy) = 14.5 cmt.

We have found only one paper concerniag(low) pho-
E. Mode of the E(low) symmetry non in ALGa;_,N alloys!! It gives data for an alloy with
The experimental data obtained for thg(low) mode are x=0.36, where this phonon was detected as a broad line
shown in Fig. 7. At low Al contents, this phonon is detectedcentered at 152 ciit. We obtained the position of the
as a single peak. With increasing Al content, the phonon lin€E,(low) line at 154 cm?® for x=0.36, which is consistent
shifts toward higher frequencies and experiences a strongith the data of Ref. 11.
broadening. At high Al contents>0.6, a feature appears in Recently a paper appeared that was concerned with Fou-
the spectrum at higher frequencies. It changes its positiorier transform infrared reflectance and Raman measurements
and intensity as the alloy composition is varied. A carefulof the composition dependence of energies of five optical
analysis has shown that this feature in the spectrum reprghonons in AlGa;_,N alloys. For the Al content €x
sents an intrinsic first-order scattering, and is not associated 0.8, the composition dependences fof(TO), E,(TO),
with disorder-activated acoustic DOS'’s. E,(high), andA;(LO) phonons, given in Ref. 34 are quali-
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FIG. 8. Room-temperature second-order spectra for GaN and

AIN, and AlLGa _,N alloys in the range of overtones of optical FIG. 9. Experimental phonon DOS obtained from neutron ex-
phonons. The arrows show the positions of overtones of zone-cent@eriments in Refs. 35 and 36 for Gdddp panel, curve land AIN
phonons for GaN(top) and AIN (bottom) lying in this spectral  (bottom panel, curve)l and second-order Raman spectra for GaN
region. (top panel, curve Pand AIN (bottom panel, curve )2 plotted by
scaling the frequency axis by a factor of 1/2. The arrows show the
positions of overtones of zone-center phonons for Geig) and

tatively similar to those shown in Fig. 4 of our paper. How-eAIN (bottom lying in this spectral region.

ever, the dependences exhibit a low-energy shift for all th
phonons compared with our data for the same composition%

This difference can be explained by the fact that, as stated > . . ; ,
b y rities in the experimental DOS. Of particular interest is an

the authors of Ref. 34, their samples had a strong tensil ) . )
in-plane strain, while our samples were nearly strainless. Un(_a_xcellen_t correlation between the gap separating the disper-
fortunately, the data for the Al content within the range 0.g>'0n regions of transverse and longitudinal optical phonons

<x<1, which is of particular interest, were not given in Ref. in the phonon DOS and the corresponding minimum in
34 second-order Raman spectra.

It is clearly seen in Fig. 8 that, for all alloys, a distinct
minimum similar to the minimum in the second-order Ra-
F. Second-order Raman scattering andB ;(high)-symmetry man spectra of GaN and AIN is present. This suggests that
silent mode dispersion regions of TO and LO phonons are separated for
all compositions of AlGa, _,N. Figure 8 also shows the po-
sitions of overtones of th& -point optical phonons, from
We managed to measure the second-order polarized Rahich it is evident that the dispersion region of LO phonons
man spectra of AlGa 4N alloys for O<x<1. Figure 8 becomes wider and the dispersion region of TO phonons
shows room-temperature second-order spectra in the range loécomes narrower with increasing Al content.
overtones, and a combination of optical phonons for the en- Another distinctive feature of all the second-order spectra
tire composition range, from GaN to AIN. It is known that of alloys shown in Fig. 8 is a sharp maximum in the region
features of the two-phonon spectra are determined by thef 1300-1340 cm®. It can be seen that the position of this
singularities in the phonon DOS function closely associateanaximum depends only slightly on the Al content. As is
with flat regions of phonon dispersion curves. In Fig. 9 weapparent from Fig. 9, similar maxima in second-order spectra
compare our second-order Raman spectra for GaN and Aldf GaN and AIN correlate well with singularities in the pho-
plotted by scaling the frequency axis by a factor of (tf®2  non DOS'’s that lie near 695 and 725 cthrespectively. As
overtone approximatiorand the experimental DOS obtained noted above, no data on the phonon DOS ofG¥, _,N are
from neutron experimentS:*® It can be seen that basic fea- available; however, it can be supposed that a similar corre-

res of the second-order spectra correlate well with singu-

1. Second-order Raman spectrum
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lation between the maxima in second-order spectra and pho- L AL L L
non DOS is valid for alloys. In this case the phonon DOS of ' AlGa, N |

Al,Ga _,N alloys must have a corresponding singularity [\AI(TO) :X40/ % =0 yzz)y

within the range 695-725 cni. Below, we try to under- : !

stand the origin of this singularity. -\.M_____ ]
x40

Optical phonons oB; symmetry in crystals of the:gv = i

[(P6smcC)] space group are silent i.e., boBy(low) and ] )\ M x:0~28_

2. Silent B,(high) mode i

B, (high) modes are forbidden in Raman and IR spetra. 7 .

There have been numerous theoretical calculations of the po- g \.//-:/\""‘\..._. -
sition of these modes in AIN and Gal(;*? but only the £ _‘/Lw._. ¥=0.39
authors of Refs. 38 and 42 succeeded in meas@ingodes = T 1
in these compounds by inelastic x-ray scattering. In Ref. 12, 2 _\..__,-/‘\"f/\“"‘\“_ |
a weak dip in the first-order Raman scattering was observed g M\ - x20 A x=0.74
for hexagonal AlGa,_,N alloys in the spectral region be- s F 0 1
tween longitudinal and transverse optical phonons. Its Ra- - W\___

man shift increases linearly with Al content. The hypothesis - k‘: 10 0]
was put forward that this feature suggests an interference - . |
between a discretB,(high) silent mode and the continuum |

of excitations caused by-dependent processes in alloys. As - ) 40 =092
a result, the energy of the sileBt (high) mode was identi- J\. M '
fied with the position of this dip. However, lattice dynamics [ ' 1
calculations for hexagonal ABa _,N alloys, reported in W—'\-

B | -
Refs. 9 and 10 demonstrated that Byghigh) mode position A,(TO) ‘\ : k0 N\

is 50—70 cm! higher than the dip position.

We tried to reveal the origin of the dip in the first-order . L L .
spectrum by comparing its position with the features in the 500 600 700 ,800 _]900 1000
second-order spectra. Figure 10 presents first-order Raman Raman shift (cm )
spectra for some of AGa N alloys together with second- FIG. 10. Room-temperature first-order Raman spectra for
order spectra for these samples plotted by scaling the freNXGaiiXN (0<x<1) in a geometry corresponding to thg(TO)

quency axis by a factor of 1/2. In the first-order spectra ofy,onon mode and second-order Raman spectra for alloys plotted by
alloys shown with a magnification, a dip and a distinct maxi-scaling the frequency axis by a factor of 1/2.

mum at the high-frequency edge of this dip are clearly seen.
It is evident that the positions of the dip and the minimum inAl,Ga, _,N alloys, a distinctive feature of th&;(high) pho-
the second-order spectra discussed above correlate well. #on mode is a weak dependence of its position on Al content.
good correlation is also seen between the maximum in théust this dependence is typical of the behavior of the singu-
first-order spectra and a corresponding sharp maximum itarity at 697—725 cm? in the phonon DOS of AGa, _,N
the second-order spectra. We have found that both correlaloys.
tions hold for the entire composition range<@<<1. Figure 11 shows the position of the maximum under dis-
Compared with GaN and AIN, AGa, _,N alloys exhibit  cussion in the first-order spectra as a function of the Al con-
a lower structural quality and, therefore, a disorder-activatedent. This figure also shows the calculated dependences of
phonon DOS can manifest itself in first-order spectra. In outthe position of theB,(high) mode taken from Refs. 9 and 10
opinion, the dip in the first-order Raman scattering of theand experimental data for AIN and GaN from Refs. 38 and
AlL,Ga N alloys results from the gap in the phonon DOS 42. It can be seen that our data are in good agreement with
between the dispersion regions of TO and LO opticalboth calculations and experiment for Ga-rich alloys. This
phonons. The maximum at the high-energy edge of this dip indicates that the energy of the sileBt(high) mode in
also attributable ta-dependent processes, and results fromAl,Ga, _,N alloys can be identified with the position of the
the singularity in the phonon DOS of &g _N alloys at  maximum in the first-order spectra at 695—725 “¢nrather
697—725 cm. This conclusion is supported by the absencethan the dip position. At the same time, in the Al-rich region,
of a dip and a maximum in first-order Raman scattering ofour data differ from theory and experiment. The difference
perfect GaN and AIN crystals shown in Fig. 10. between our data and inelastic x-ray scattering data for AIN
As shown in Refs. 10, 38, 42, and 43, the dispersionRef. 38 can be explained by the fact that the maximum in
branches of theB,(high) phonon modes of GaN and AIN the phonon DOS associated with tB¢ mode does not cor-
occupy a narrow energy range along high-symmetry direcrespond to thd” point. Indeed, as seen from Fig. 2 of Ref.
tions in the Brillouin zone. This can result in a strong singu-38, the dispersion curves along theK-M andI'-M direc-
larity associated with this mode in phonon DOS. Accordingtions, which most probably form this maximum in phonon
to theoretical calculations performed in Refs. 9 and 10 forDOS's, are situated lower in energy than that in thpoint.
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FIG. 11. Positions of the digfull triangles and the maximum FIG. 12. Statistical factors of the scattering process calculated in

that can be ascribed tB;(high) silent mode(full circles) as a  different approximations. Curve 1 is the factor of the single-site

function of Al content. The asterisks show the experimental dat%\pproximation}‘l[c,(l—c)]=c(1—c)2. Curve 2 is the cluster sta-

taken from Refs. 38 and 42b initio calculations of the position of ' tistical factorF, [c,(1—c)] of Eq. (6) for the single-site clustes

B, (high) mode, taken from Ref. @open diamondsand Ref. 10 =1 _Curves 3, 4, and 5 are the cluster statistical factors defined by

(open squargsare also shown. Se=s,/n[C.(1-c)] for s,=3, 4, and 6, respectively. Curves 6, 7,
and 8 are the statistical factafg, ;[c,(1—c)] as given by Eq(9)

The discrepancy of our data with theoretical calculations foor n=15, 20, and 30 ap=0.255, 0.235, and 0.215, respectively.

Al-rich alloys can be resolved with future lattice dynamics

calculations and additional inelastic x-ray-scattering mea- 1 1

surements. l(q'w):;Imwz—wz(jQ)+tjjq q(w). ©

IV. COMPOSITION DEPENDENCE OF THE FIRST- Heret is the complex scattering matrix which can be written
ORDER PHONON LINE BROADENING IN ALLOYS astjjqq(®@)=Ajg(®) —iyjq(w).
. The multiple-scattering approachto the calculation of
Regular crystals are characterized by a long-range ordefq gcattering matrix and phonon Green's function is used if
which restricts the first-order Raman spectrum t0 phonong,e geattering process can be considered as a sequence of
having small wave vectors equal to the difference betweeﬁhdependent scattering events. For a crystal with substitution
defects, the calculation procedure was developed in Refs.

the wave vectors of incident and scattered photons. Thi
wave-vector conservation law is violated in alloys which are;g 54" 45 and 46 The broadening can be presented as

systems with broken long-range order, and quantitative data
i(;ge;[fhis violation are important characteristics of the alloy ik (@) ={Filc,(1-c)]GA+ Fi[(1-c),c]G®}, (6)
There are two mechanisms for this conservation lawwhere F;[x,y] are the statistical factor andy are the
breaking. The first is concerned with electron motion in theconcentrations of atom& and B constituting the solid solu-
alloy. The localization of electron®r holes, or their scat- tion, and functionsG*'® are the weighted density of phonon
tering by the fluctuation potential of a disordered medium,states. In the single site approximati@™? can be ex-
gives rise to a violation of the wave-vector conservation lawpressed through the single-site Green’s, function of the ideal
in Raman scattering if the disturbed electron states play therystal!®?° and the statistical factors are equal &[X,y]
role of intermediate states in the Raman process. This is=xy?. Figure 12 shows the single-site functiof[c,(1
highly probable for resonant Raman scattering at excitation-c)], and gives a comparison with statistical multipliers of
near the band edge. The second mechanism of wave-vecthirther approximations.
conservation law breaking, which is due to specific features It follows from lattice percolation theofy>°that the con-
of the lattice dynamics of disordered systems, can be moreentration dependence of the correct number of spatially iso-
important for the Raman process if the incident photon eniated single-site fluctuations differs significantly from that
ergy is far away from the resonance. This mechanism is ansed in the simplified approach. This restricts the region of
elastic scattering of phonons by composition fluctuations. applicability of the single-site perturbation approach, and
The efficiency of the first-order Raman scattering is de-shows that it can be useful only in the limit of very low
fined by corresponding Raman polarizabfiftyvhich is lin-  concentrations of scattering centers.
ear in atomic displacements. The shape of the phonon Raman In order to improve the approach to the statistical prob-
line of a branclj, as a function of frequenay which defines lem, we consider scattering over the lattice clusters. The
the Raman shift of the scattered photon energy at a phonamumber of clusters at a given concentration can be found for
wave-vector equal to the difference between the wave veahe AlLGa, _,N alloy by using the results available for the
tors of incident and scattered photas K—k', can be pre- fcc lattice and neglecting, therefore, a small difference be-
sented for the Stokes process at zero temperature as tween the wurtzite and zinc blende lattices. The percolation
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threshold occurs in the fcc sublatticeat 0.2. The same is (1-0)2[ ¢ n(c+p)
true for B atoms in the region of small values of k). Faplc,(1-0)]= (__)
We assume that in this case the major role of factors oc- ' V27 \c+p
curring due to statistics will be preserved. Therefore, we re- —
: " _ . \n-c—p)
duce the solution of the problem of the composition depen- l1-c
dence of the scattering efficiency to finding statistical factors X 1_0_5 ©

which can be written as

G, andGg are assumed to be analogous to the parameters
}‘ns[c,(l—c)]zns{c,(l—c)}(l—c)z, (7)  introduced in Eq.(6). The functionF, [ (1—c)c] can be
obtained from Eq.(9) by replacing the argumerg by (1
—c), and vice versa.
or as rapidly converging sums of such expressions, where Figure 12 presents functions, [c,(1—c)] for n

ng{c,(1-c)} is the concentrations of the clusters consist- =15 20, and 30 ap~0.2. The last value was taken to be

ing of s atomsA.*"~ nearly equal to the percolation concentration over lattice
Figure 12 demonstrate’, [c,(1—c)] and some sums of sijtes for the fcc sublattice. This value makes possible the

J—'ns[c,(l—c)] for clusters of different sizes. A comparison formation of a “percolation” cluster of finite siza by extra

of F,[c,(1—c)], with a statistical multiplier 73[c,(1 ~ np atoms. A comparison of functiong, ,fc,(1—c)] at p

—c)] of the single-site approximation, reveals a narrow™0-2 with the cluster statistical factors shows that their full

range of concentrations where both approximations coincidéoincidence can be reached in the region of sw=lD.10 as

and where, therefore, the single-site approximation is statisa result of small variations ofip. Functions 7, jfc,(1

tically acceptable. —c¢)] can be used to extrapolate the composition dependence
The factor7; [c,(1-c)] and sums off, [¢,(1-c)] for of the scattering probability from the cluster region to the

s=3, 4, and 6 in Fig. 12 demonstrate a rapid decrease in thBigh concentration region. N
number of clusters and the scattering efficiency, both with ~The results of this section show that the composition de-
increases of the cluster sis@and concentration. Therefore, ~Pendence in the region 6f0.1 is very sensitive to the size
finite-size fluctuations of a more general character should bef fluctuations. A position of the maximum of the factor
considered to describe the scattering in the entire compostn,plC:(1—C)] also shifts withn, and can be informative
tion range. about the fluctuation size. Th(_a_results obtained allow us to
Above the percolation threshold almost all atoms of a@SSume that a regular composition dependence, asymmetrical
given Component of the a”oy belong to the network Of theW|th reSpeCt t(I:=05, I’esu|ts from a random dIStI’IbutIOI’] Of
percolation clustet’ ~**The random distribution of atoms of the alloy constituents.
two kinds over sublattice sites gives rise to the formation of
regions where the concentration of the alloy deviates from » .
the averaged value. The size of such a region and the mag- A omposition dependence of the linewidth o&,(LO),
nitude of the deviation of the concentration, together with the A1(LO). E2(high), E4(TO), and A,(TO) phonon modes
amplitude of the perturbation caused by the extra atoms, de- The experimental data for ABa _,N alloys demonstrate
fine the phonon scattering efficiency in this case. a pronounced broadening of the phonon lines which depends
First of all, we have to find the probability of the compo- on the alloys composition. Figure 13 shows the dependence
sition fluctuation at a random filling of the volume consisting of the linewidth of E;(LO), A,(LO), E,(high), E,(TO),
of n lattice sites by atoms of the first and second kinds, withand A, (TO) phonon modes on aluminum content. In all the
average concentrations afand (1—c), respectively. The cases the experimentally measured broadening of the phonon
probability to find configurations with,, ;=n(c+p) atoms  lines has a background which, for given phonon lines, has
of the first kind anml,c,gzn(l—c—ﬁ) atoms of the other dlfferer_lt.values. at the limiting COhCGhtFE}tION? 0' and 1.
kind is proportional to the binomial coefficient, and can be I he origin of th|s background can be attributed first of all to
presented as the_ anharmonic decay of a phonon state. Prqbably the scat-
tering of the phonons by structural and chemical defects, as
well as phonon interaction with free careers, can give detect-
0! able effects in some cases.
W= ‘ CMesp(1—c)Mcp, (8) The composition dependence of the broadening of all the
S P B lines exhibits an asymmetry with respect to the pant
=0.5. The sign of the asymmetry is opposite for the pair of
o lines A;(LO) andE;(LO) as compared with lineé;(TO)
where the possible deviatiam,=np is restricted by the in- and E,(TO). The A;(TO) andE;(TO) linewidths increase
terval —n.<np=<n;_.. At sufficiently largen, the factorials slowly at a low aluminum concentration, and reach a pro-
N, N¢;p, andny_._; can be transformed into a continuum nounced maximum atx~0.65-0.7. The A;(LO) and
form with the help of the Stirling formula. As a result, for the E;(LO) linewidths increase much faster at a low aluminum
composition dependence of the statistical factors we obtainconcentration, and show a maximum »#0.35. On the
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E,(LO) and A;(LO) phonons resemble the mirror reflec-
tions of curves forE,(TO) andA;(TO) phonons. The cal-
culated curves were obtained by the assumption gt
>Gg in the first case anG,<Gg in the second one.

It is also worth noting that the ratidS,/Gg andGg /Gy
used to fit the experimental data have comparable values in
all the cases considered. This fact can be attributed to the
common nature of the perturbation of the phonon motion,
namely, to the difference in masses of substituted and host
atoms.

At the same time, the experimental points have a consid-
erable spread as compared with smoothed theoretical curves.
These deviations exceed the possible experimental errors and
have a random character which, as can be supposed, reflects
the differencies in the quality of the samples used in experi-
ments. All of the theoretical dependences were obtained for
randomly distributed atom& andB, and any deviation from
randomness can cause a corresponding change in the broad-
ening resulting in the spread of the experimental points. All
of the fitting curves were obtained far=30 in Eq.(9). This
corresponds to the linear size of the fluctuation approxi-
mately equal to three interatomic distances in the disordered
sublattice. This value has to restrict the region of the wave
vectors allowed in the Raman process by values satisfying
the inequalityq=< 7/3a, wherea is the lattice constant. Tak-
ing into account the data on dispersion of the phonon
branches, we can conclude that the observed broadening
does not in contraduction with the estimated size of the scat-
Al content, x terers.

The obtained results provide the possibility to estimate the
FIG. 13. Experimental and calculated composition dependence b P Y

fiumber and size of fluctuations of a given type, and, there-
of the phonon line broadening. Full dots are the experimental de; . - '
pendences of FWHM's vs Al content in Aba_N alloys for fore, the fraction of the crystal volume OC(Epled by these

E,(LO) and A,(LO) phonons, and for GaN-like branches of fluctuations. For fluctuations of size=30 atp=0.2, only
E,(high), E;(TO), andA,(TO) modes. The dashed line presents about 1% of the whole volume is occupied by fluctuations of
the composition dependence of,[c,(1-c)]G,. The dash- the given kind. This value is insufficient to form complexes
dotted line is the dependence &, [(1—c),c]Gg, and the solid due to an overlapping of neighboring fluctuations of this
line is their sum. kind, and most of these fluctuations remain spatially isolated.
This justifies a multiple-scattering approach to the lattice

other hand, the linewidth of thE,(high) mode has a less motion used in our consideration.
asymmetrical composition dependence.

FWHM (cm')

V. CONCLUSION

B. Fitting of the experimental data and discussion To summarize, a comprehensive study of the behavior of

Before fitting, the background of the phonon linewidth all optical-phonon modes in Raman spectra of hexagonal
was subtracted. The values of the background for intermediAl,Ga 4N alloys has been carried out. It has been found
ate concentrations were obtained by means of a linear intethat the Raman spectra of the alloys can be treated in terms
polation between the two limiting concentrations. The com-of the same types of lattice vibrations as in regular crystals.
position dependence of the remaining fraction of theThe one-mode behavior of the (LO) andE(LO) phonons
broadening was fitted by means of the curves obtained bgnd the two-mode behavior of the,(high), E;(TO), and
using Eq.(9), with a substitution ok for c. A;(TO) phonons has been confirmed and traced in detail for

The results for five phonon branches are presented in Fighe entire composition range. The two-mode behavior of the
13. A comparison of calculated curves with experimentalE,(low) phonon has been revealed by Raman spectroscopy.
data shows that there is a resonable agreement with the elt-has been that the obtained composition dependences of the
perimental points in the entire composition interval. A(TO), A (LO), E{(LO), and E,(low) phonon energies

Despite a considerable difference in the absolute values afomprise convenient tools for the quantitative characteriza-
the broadening for five phonon bands in Fig. 13, we shouldion of the Al content in A|Ga, _,N alloys.
note a similar behavior of the observed dependences. The A detailed analysis of the second-order Raman spectra has
experimental data show a pronounced asymmetry of a comrevealed a narrow gap separating the dispersion regions of
position dependence with respectxe-0.5, and curves for transverse and longitudinal optical phonons in the phonon
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DOS of alloys. A correlation between the dip in the first- statistical and dynamical aspects of the phonon scattering are
order spectra in the 690—700-Cthrange and the gap be- treated separately. The type, size, and number of the fluctua-
tween the dispersion regions of transverse and longitudinalons responsible for the phonon line broadening has been
optical phonons was found. The energy position of theestimated. This theory, using the statistical approach, is
B1(high) silent mode has been proposed from an analysis Qjualitatively consistent with the experimental broadening de-
the first- and second-order Raman spectra Q58] _,N al-  pendences.
loys. The observed behavior for optical phonons is qualita-
tively consistent with the theoretical predictions given in the
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