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Ultraviolet and visible resonance-enhanced Raman scattering in epitaxial
Al1Àx InxN thin films
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We report the observation of ultraviolet and visible near-resonance enhanced Raman scattering in
epitaxial wurtzite Al12xInxN ~0001! (0<x,0.7) thin films. The films (thickness;150 nm) were
grown by plasma source molecular beam epitaxy on sapphire~0001! substrates. A substantial
spectral enhancement is seen for Al-rich samples using 244 nm~5.01 eV! radiation due to the
closeness of their band gap energy to the excitation energy. On the other hand, samples withx
;0.6~energy band gap;2.5 eV! show significant enhancement with 514.5 nm~2.41 eV! excitation.
The A1(LO) and E2 zone center phonons have been observed for all the samples. TheA1(LO)
phonon frequency shows the expected decrease with increasingx. TheE2 mode shows a two-mode
behavior supporting the recent theoretical predictions. Due to increased resonance enhancement,
strong second- and third-order spectra are seen in some films. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1404402#
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Growing interest in developing optoelectronic devic
operating in blue, green, and ultraviolet regions has stim
lated the study of nitride ternary alloys: InGaN, AlGaN, a
AlInN.1,2 Alloying among the group III nitrides allows ban
gap tuning from 1.9 eV in InN to 6.2 eV in AlN with an
intermediate value of 3.5 eV for GaN. However, there ha
been few studies on Al12xInxN films due to the difficulty
associated with their growth.3–8

The hexagonal wurtzite Al12xInxN system belongs to
the space groupC6v

4 with four atoms in the primitive unit
cell. The representation at theG point is reducible to

G51A111E112E212B1 .

The A1 andE1 phonon modes are both Raman and infra
active; theE2 modes are Raman active, whileB1 modes are
silent. The lattice dynamic calculations on Al12xInxN crys-
tals based on the modified random element isodisplacem
have been reported by Grille, Schnittler, and Bechste9

Their calculations predict a two-mode behavior forE2 and
E1(TO) modes, whereas almost a linear increase with
concentration for theA1(LO) mode. However, there are n
reported experimental Raman scattering data on these
films. Here, we report the observation of near-resonan
enhanced Raman scattering in Al12xInxN thin films, using
ultraviolet ~UV! and visible light excitation~244 and 514.5
nm!.

The epitaxial Al12xInxN alloy thin films (0<x,0.7)
have been grown on sapphire~0001! substrates using plasm
source molecular beam epitaxy.10 X-ray diffraction ~XRD!

a!Electronic mail: vmnaik@umich.edu
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u–2u scans of these films confirm wurtzitec-plane growth
without any alloy segregation. The films are typically 15
nm thick. The energy band gaps of these alloys have b
determined using optical transmission and reflection m
surements in the UV and near-IR region.11 These values de
crease with increasingx, as expected from the band gaps f
the end point compounds. The band gap energies for
samples studied in this letter are shown in Table I. The al
compositions were estimated by~0002! XRD peak positions
using Vegard’s rule.

The Raman spectra were recorded using two differ
spectrometers. Micro-Raman measurements were mad
backscattering geometry with a Renishaw 1000 system u
244 nm excitation. A single monochromator~Instruments
SA-Triax 550!, equipped with conventional optics, holo
graphic supernotch filters, and a charge coupled device
tector, was used to record spectra using 514.5 nm excita
line. The experimental scattering configuration used in t
work allows the detection ofA1(LO) andE2 phonons.

Figure 1 shows the Raman spectra of an AlN film, i.

TABLE I. Energy band gaps of Al12xInxN thin films.a

Sample x Eg ~eV!

i 0.00 6.0060.10
ii 0.12 4.2060.25
iii 0.28 3.3060.10
iv 0.34 3.2060.10
v 0.55 2.6060.15

vii 0.67 2.5060.15

aReference 11.
9 © 2001 American Institute of Physics
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sample~i! in Table I, obtained using both visible and U
laser excitations. The lower trace~a! obtained with visible
laser excitation~514.5 nm! shows only the phonon modes o
the sapphire substrate without any Raman signal from A
On the other hand, trace~b! obtained using UV laser excita
tion ~244 nm! shows strong enhancement of the Ram
modes from AlN. TheA1(LO) and E2 phonons of AlN are
clearly identified and their energies are 884 and 653 cm21.
However, these observed frequencies are 6 and 4 c21

lower than those for bulk~strain free! AlN,12,13 perhaps in-
dicating a small tensile strain in the film.

Figure 2 shows the Raman spectra of samples~ii !–~v!
obtained with 244 nm excitation. Sample~ii ! @Fig. 2~a!#
shows strongly enhancedA1(LO) at 859 cm21 and twoE2

modes at 677 and 627 cm21. Samples~iii ! and ~iv! show
A1(LO) and E2 modes that shift downward in frequenc
with increasingx. However, the intensity enhancement
these samples is considerably reduced. Further, no disc
ible peaks are observed in samples~v! and ~vi! due to the
much lower band gap energy (;2.5 eV) of these sample
compared to the excitation line. Samples~ii !, ~iii !, and ~iv!

FIG. 1. Raman spectra of AlN film obtained with~a! 514.5 nm and~b! 244
nm excitation. Trace~a! shows Raman peaks of only sapphire~* !, whereas
trace~b! shows both AlN and sapphire peaks.

FIG. 2. Raman spectra of 150-nm-thick Al12xInxN samples obtained using
244 nm excitation:~a! x50.12,~b! x50.28,~c! x50.34,~d! x50.55. Note
the strong enhancement in~a! and~b!. The second- and third-order feature
are seen in~a!, ~b!, and ~c!. The vertical lines are drawn at two and thre
times the measuredA1(LO) frequency. Raman peak of sapphire is indicat
by * .
.

n
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also show distinct steps at frequencies corresponding
twice and three times theirA1(LO) frequencies, which are
indicated by the vertical arrows in Fig. 2. These steps a
from the cutoffs in the second- and third-order Raman sc
tering, and they appear at multiples of theA1(LO) mode,
since that mode is near the top of the phonon bands.
strength of these cutoff features is another indication of
strong resonance enhancement that occurs with near-
gap excitation.

Raman spectra of all samples were also recorded w
514.5 nm excitation. While Al-rich samples (x<0.34)
showed only sapphire peaks, samples~v! and ~vi! showed
strong Raman signals due to the closeness of their en
band gap (;2.5 eV) to the excitation energy~2.41 eV!. For
example, Fig. 3 shows the Raman spectra of sample~v! ob-
tained using both visible@trace~a!# and UV excitation@trace
~b!#. Strongly enhancedA1(LO) at 743 cm21 and two E2

modes at 648 and 560 cm21 are seen. The Raman data fro
the samples listed in Table I are plotted in Fig. 4.

Figure 4 shows the comparison of Raman frequencie
Al12xInxN samples studied in this work with the theoretic
predictions of the zone-center phonons versus compos
(x) in 2H-Al12xInxN alloys.9 The A1(LO) phonon clearly
follows the predicted behavior. An important phenomenon
alloyed semiconductor systems of the form A12yByC relates
to the behavior of the frequencies of the long wavelen
optical phonons with changing concentrationy. In these
mixed crystals, there are two types of observed beha

FIG. 3. Raman spectra of sample (v) @x50.55# obtained using~a! 514.5 nm
excitation and~b! 244 nm excitation. Note the strong enhancement in~a!
compared to~b!. The alloy peaks are marked with vertical arrows.

FIG. 4. Zone-center phonon frequencies vs Al content of Al12xInxN. The
symbols represent the data obtained in the present work. The dotted
represent theory~Ref. 9!. For InN the data are from Refs. 15 and 16.
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upon alloying. In the one-mode class the frequencies v
continuously and approximately linearly withy, whereas in
the two-mode behavior, two sets of frequencies correspo
ing approximately to those in pure AC and BC are obser
throughout the alloying range. Grille and co-workers ha
performed the lattice dynamical calculations on t
Al12xInxN alloy system and the results indicate thatE2 and
E1(TO) modes show a two-mode behavior. We clearly o
serve two-mode behavior forE2 phonons. We cannot detec
the E1(TO) in the scattering geometry used here. Figure
shows the experimentally observedE2 modes are in good
agreement with the theoretical predictions. The splitting
two E2 modes in Al-rich samples~iii ! and ~iv! is somewhat
larger than predicted by theory. Perhaps, this may be du
the strain in these films. It is possible that the phase sep
tion is suppressed, particularly in the Al-rich alloy films, d
to strain. Indeed, theoretically it has been shown that
phase separation is suppressed due to strain in the ca
cubic InxGa12xN alloys.14

To summarize, we present the observation of first- a
higher-order Raman scattering in epitaxial wurtz
Al12xInxN ~0001! (0<x,0.7) thin films using UV and vis-
ible excitations.A1(LO) and E2 zone center phonons hav
been observed as a function of Al composition. TheA1(LO)
phonon frequency shows the expected increase with incr
ing Al concentration. TheE2 mode shows a two-mode be
havior supporting the recent theoretical predictions. Due
increased resonance enhancement, strong second- and
order spectra have been observed in some films.
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