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Raman scattering of indium-rich Al In,;_ N: Unexpected two-mode behavior of A;(LO)
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Al In;_N films (0.03 =x=0.80), particularly indium-rich AlInN films, are studied by Raman scattering. We
clearly observe a two-mode behavior of A;(LO) phonon and prove that the previous theoretical prediction and
experimental attribution of InN-like A;(LO) to E? mode are incorrect. Using the modified random-element
isodisplacement model of Chang and Mitra, the information about AlInN lattice vibration is extracted. We
believe that these results imply a strong positive force interaction between In and Al sublattices in AlInN. The
strong interaction makes AlInN different with AlIGaN in A;(LO) phonon mode behavior.
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The lattice dynamics of random alloys is a complex issue.
The complexity results from the interplay of different lattice
bonds due to composition variation. An important phenom-
enon in this field is the mode behavior of long-wavelength
optical phonons. It is known that ternary mixed crystals
A,B,_,C with fully pronounced random alloy character are
classified into two main classes according to the behavior of
zone-center optical phonons. In the one-mode class, the fre-
quencies vary continuously and approximately linearly with
the molar fraction x of the alloy. In the case of two-mode
behavior, there are two sets of optical modes corresponding
nearly to those of two pure crystals AC or BC which com-
pose the alloy. These extra modes may persist very close to
the end compositions, i.e., x=0 and x= 1.!

In order to determine the mode behavior of long-
wavelength optical phonons in mixed crystals, using the
modified random-element isodisplacement (MREI) model,
Chang and Mitra? deduced their criteria in 1968. These cri-
teria are for A,B,_,C, my,mg,mc are the atomic masses of
atoms A, B, and C, and my<mg. If my<uge [wpce
=mgme/ (mg+mg) is the reduced mass of atoms B and CJ, it
exhibits two-mode behavior; whereas the opposite is true for
the one-mode behavior. These criteria succeed in interpreting
many experimental results, such as the two-mode behavior
for longitudinal optical (LO) phonons in AlGaAs (Ref. 3)
and AllnAs (Ref. 4) and the one-mode behavior for A;(LO)
in hexagonal MgZnO.>

For II-nitride alloys, the most extensively studied one is
AlGaN. Raman scattering has shown that Eg phonon shows
two-mode behavior and A;(LO) shows one-mode behavior.®
The one-mode behavior for longitudinal phonons A(LO) is
in good agreement with the one-mode criteria of Chang and
Mitra,” i.e., ma; > pgan» because of the much smaller mass of
nitrogen atom than Al and Ga atom. Those observations have
stimulated a lot of theoretical research to interpret the experi-
mental results of AlGaN and predict the future results of
other III-nitride alloy, including AlInN, for which one-mode
criteria my > uy,y are still satisfied well. They have usually
adopted various versions of MREI model as theoretical
basis.”® For example, Grille et al.” predicted that for AlInN,
A;(LO) also exhibits one-mode behavior and EI; exhibits
two-mode behavior.

Naik e al® used Raman scattering to study the mode
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evolution of their Al In;_,N samples grown by molecular-
beam epitaxy (MBE) with 0.3=<x=1. Guided by the theo-
retical results of Grille ef al.,” Naik et al.® concluded that
A,(LO) shows one-mode behavior and attributed the two
modes below A;(LO) in their Raman spectra to AIN-like and
InN-like E;I modes. However, they had noticed the abnor-
mally large splitting of two “E};” modes in Al-rich samples.

The convincible knowledge about AlInN phonon requires
a careful study of AlInN over the whole composition range.
Nevertheless, the expected large immiscibility of AlInN alloy
makes the material preparation a great challenge, especially
for indium-rich AlInN. Recently, attracted by AlInN 0.7-6.2
eV wide band-gap energy coverage and the resulting poten-
tial applications, we have developed an AIN buffer technol-
ogy to grow high-quality indium-rich AlInN by metal-
organic chemical vapor deposition (MOCVD). Using this
technology, we can grow Al ,InygN with full width at half
maximum (FWHM) in (0002)6/26 scan (w scan) being
595 arc sec (2276 arc sec), which is much better than the
reported MOCVD AlInN films,!®!" and even some better
than MBE-grown AlInN reported by Chiba university.'?
These high-quality AlInN films facilitate the re-examinations
of the viewpoints of Naik e al.’ and Grille et al.” To our
surprise, it is found that they are both incorrect.

All AlInN films were grown by MOCVD on C-plane sap-
phire using an AIN buffer, with pressure around 730 torr and
growth temperature around 600 °C. The systematic report on
the AlInN growth will be published elsewhere.!3> The Al-
contents x are obtained through x-ray diffraction (XRD)
measurements employing Vegard’s law. Raman spectra are
measured on the AllnN surface in a backscattering configu-
ration at room temperature with 514 nm laser excitation.

The Raman spectra of Al In;_N films are shown in Fig.
1(a). In order to follow the phonon mode evolution, not only
indium-rich Al,In;_ N (0.03=x=0.31) but also some Al-
rich AlIn,_ N (0.45=x=0.80) were prepared and measured
by Raman scattering. When x=0.03, only the modes at
494.6 cm™' (denoted as ¢) and 596.0 cm™! (denoted as al)
are visible. Since the Al content in this sample is very low,
they are easily attributed to EI; and A,(LO) originating from
those modes of InN (488 and 586 cm™!, respectively). If Al
content increases further, a peak (denoted as a2) is develop-
ing at the high-frequency side of al when x=0.14. The a2
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FIG. 1. (Color online) (a) Raman spectra of Al In;_N films with 0.03=x=0.80. The spectra at x=0.45, 0.61, and 0.80 are given with
background subtraction. C-plane sapphire Raman spectrum is also given for reference. The phonon frequencies, whose position cannot be
determined directly, are deduced by multiple peak fitting and indicated by dotted arrows. (b) The Raman spectra of Al-rich Al,In;_,N from
Ref. 9 (up side, excitation laser A=244 nm) and Ref. 14 (low, excitation laser A=275.4 nm). The Al content x are indicated inset; the two

maxima in 500—750 cm™! are labeled as I and II, respectively.

mode intensity is enhanced greatly when the Al content x
increases. At x=0.31, a2 mode becomes dominant over al
mode and this dominance is enhanced further for more Al-
rich samples. At the same time, with an increase in Al con-
tent, al and a2 modes both shift to high frequency. At x
=0.80, the evolution trend of a2 mode to AIN A,(LO)
(890 cm™') mode can be determined undoubtedly. Therefore
we believe that a2 mode comes from AIN A(LO). The fre-
quency shift and intensity change in al and a2 modes
strongly indicate their two-mode behaviors. Therefore we at-
tribute a1 mode to InN-like A;(LO) mode and a2 mode to
AlN-like A;(LO) mode.

For ¢ mode, no mode splitting can be detected in Fig. 1(a)
within our experimental precision. In addition, the increasing
Al content shifts e mode continuously from InN E;I
(488 cm™') to AIN EY (657.4 cm™'). We think that these
results are due to the one-mode behavior of E5 in AllnN and
e mode is identified as AlInN EX.

Also in Fig. 1(a), it is noted that the Al In,_ N related
Raman signals are badly observed for Al-rich samples, espe-
cially when x=0.8. As the same as in Ref. 9, this phenom-

enon can be well understood as resonant excitation effect.
According to another recently published AlIn;,_ N band
gap,'? the excitation laser energy (2.41 eV) used here is near
the band gap of Al In;_ N with x~0.55. Because the band
gap of Alyglny,N sample is much larger than the excitation
laser energy, resonant excitation effect is reduced, resulting
in the weak AlInN Raman signals. Fortunately, for indium-
rich samples, in spite of the factor that the 514 nm photon
energy is larger than the sample’s band gap, AlInN phonons
are still very clear. On the other hand, in Fig. 1(b), Raman
spectra of Al-rich AlInN from two other authors,”!# whose
excitation laser is 244 nm and 275.4 nm, respectively, also
show these three phonon maxima clearly and are consistent
with our Al-rich samples (x>0.3) in line shape. Therefore
there is no additional maximum structure produced by 514
nm laser-related resonant excitation effect in Raman spectra
of this Brief Report.

These modes’ frequencies as functions of Al content for x
are extracted and presented in Fig. 2. Additionally, the ex-
perimental results provided by Naik et al.® and the theoreti-
cal predictions provided by Grille et al.” are plotted along
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FIG. 2. (Color online) Phonon frequencies versus Al composi-
tion x of Al In;_,N. The full dots with a bar inside means that their
positions are produced indirectly by multiple peak fitting. The dot-
ted and dashed lines are the linear fittings to our experimental data.
The data at x=0, 1 are quoted from Ref. 1. The results of Naik ez al.
in Ref. 9 (in hollow dots) and the theoretical results of Grille et al.
in Ref. 7 (in full lines) are given for comparison.

with our results in Fig. 2. For our results, the evolution of all
three modes can be fitted well by linear functions of x. The
major difference between our fitting lines and the theory of
Grille et al.’ lies in Al-rich side (x>0.6). With respect to
Raman shift difference, our line for mode al is much larger
than mode e line but closer to mode a2, which support the
viewpoint of two-mode A;(LO). The results of Naik et al.’
agreed well with the predictions of Grille et al.” when

-+ K+ 47'rZ%/.9Oo
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x>0.6, especially x=0.88, resulting in an obvious deviation
from our fitting lines. Figure 1(b) compares their results with
the Raman spectra in Ref. 14. We believe that their attribu-
tions of tonzH—mode peaks (627 and 677 cm™') to the maxi-
mum I are incorrect [see Fig. 1(b) for the definition of maxi-
mum I and IT]. The maximum II also changes in Ref. 14 with
x value and cannot be overlooked. Therefore the maximum I
and II should be attributed to two different mode peaks of
AlInN. After removing the unreliable results of Naik et al.’
at x=0.88, the experimental points of us and Naik et al.” can
both agree with our fitting lines.

In order to interpret these results semiquantitatively, we
resort to the original MREI model proposed by Chang et
al®> At the same time, some modifications have to be
adopted. In MREI, first, it assumes that the cation and anion
of like species vibrate as a rigid unit, i.e., the units vibrate
with the same phase and amplitude. Under this assumption,
nonpolar mode E;I, concerning the two N atoms in one unit
cell vibrating in opposite direction, seems to be out of the
scope of this MREI model.® Therefore our theoretical efforts
are limited to only A;(LO). In the following, LO (TO) means
A (LO)[A(TO)] mode. Second, it assumes the same linear
compositional dependence for all force constants involved
and all force constants are of the same order in magnitude.
We abandon this assumption and set different linear compo-
sitional dependence for different force constant. These
changes will improve MREI model in interpreting the Ra-
man results of AlInN.

According to MREI model, for Al In;_.N, the LO phonon
frequency w; g is determined by the following equation:

Kio(pin pan) ' + 472, 2, &

=0, 1
KZI(IU‘AIN//‘LIHN) 172 + 47TZ1Z2/SOC - 0)2 + K2 + 47TZ§/800 ( )
where
F F F F F F
K =(1-x) WN TN lnAl’ =% AN AlN+(1_x) InAl,
my mp, mp, my UDNI UON
F F F, F,
Klzzx AIN —x InAl’ K21=(1 _x) InN _(1 _x) InAl’ (2)
my mp, my UON|
Z% 2 2 Z% 2 2
dm— = (wLO,InN - wTO,lnN)(l -x), 4m—= (wLO,AlN - wTO,AlN)x >

=)

where my, my,, my, are the atomic masses; upn(uan) is the
reduced mass of In(Al) and N atoms. F oy (Fuy) is the force
constant between Al(In) ion and surrounding N ion. Fy,y; is
the force constant that describes the interaction force be-
tween In and Al sublattices. &., is the high-frequency AlInN

©

dielectric constant and assumed to be varying linearly with
Al content x,

Exp = (1 _X)SDO,IHN-'-XSOO,AIN' (3)
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From Egs. (1) and (2), the boundary conditions for
x=0,1 are given by

2
Flana=o N 4nZy
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where ., and w, ., are determined to be 620 and
720 cm™!, respectively, by extrapolating the w; o experimen-
tal data to x=0,1 through the linear fitting functions, as
shown in Fig. 2.

The relations between F' and TO phonon frequency wj g
are

FAN=1
— = w%O,AlN' (5)
MmN MAIN
Different from the original MREI method,? we assume the
linear dependence of the force constant ' on Al content x as
follows:

Fl'(.x) = Fi,X=O + (Fi,X=1 - Fi’x=0).x, (l = InN,AlN, Il’lAl) . (6)

The values of my, My, Ma;, pan, and ppn are well-
known, and wroaiN: WLOAINY @TOIN> PLOIN> Ew,AIN, AN
€N Can be easily found in literature and we take them
from Ref. 1. Now only F'N = and Fy,y ,-; are unknown and
we set them to be adjustable parameters. After the tedious
Optimization of FA]N,X:() and FInN,x:l on wLO’A”nN(X), we find
the optimal values as below

Franamt = 1.5F N cm0 = 3.7424 X 10° amu cm™2,

FAlN,x:O = 1'2FA1N,)(:I =4.1311 X 106 amu Cm_z,

PHYSICAL REVIEW B 79, 033301 (2009)
Frarx=0=0.2144 X 10° amu cm™2,

Froai=1=55.772 X 10° amu cm™2.

According to Chang and Mitra,> one-mode behavior for

long-wavelength optical phonon in alloy can be realized

FANa=0tFnAL=0
TANOTTIALS0 ()2

2 -
when the boundary modes w, ,_,= e 1 ael

Fron =1+ Fnans1 . 2 2
= p are either equal to @1q p,y and w7t A, rESPEC-

tively, or both to zero. As deduced before, compared with
Fin and Fapy, the large positive value of Fy,, particularly
Fraalx=1» would push the boundary mode frequency well
above the values required by one-mode behavior and results
in two-mode behavior. We think that this strong positive
force interaction between In and Al sublattices is related to
the obvious differences between In-N bond and AI-N bond.

One important thing responsible for the bond differences
is the factor that InN A, reststrahlen band,> which means the
phonon frequency region from A;(TO) to A,;(LO)
(447-586 cm™') is so low that it does not overlap with that
of AIN (611-890 cm™'). While the GaN A, reststrahlen
band (531-734 cm™!) overlaps with the AIN A, reststrahlen
band remarkably. This A; reststrahlen band overlap satisfac-
torily explains why A;(LO) displays a one-mode behavior in
AlGaN but a two-mode behavior in AllnN.

In summary, AlInN over the whole composition range,
especially indium-rich AlInN, was prepared and character-
ized by Raman scattering. The two-mode behavior of
A(LO) mode is clearly observed for indium-rich AlInN.
Through MREI analysis, the force interaction constants
among Al, In, and N atoms are deduced. The large positive
value of Fj,a; that describes a strong positive force interac-
tion between In and Al sublattices is believed to be account-
able for the two-mode behavior of A;(LO) modes.
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