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Acoustic barriers and observation of guided elastic waves in GaN-AlN structures
by Brillouin scattering
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We report on the localization of acoustic waves in GaN-AlN heterolayers deposited on Si that lead to the
observation, by Brillouin light scattering, of distinctive guided excitations associated with the hexagonal (2H)
GaN epilayers. These elastic modes include the longitudinal guided resonance~LGR! propagating parallel to
the film surface and a shear horizontal resonance~SHR! polarized in the plane of the surface. The observation
in light scattering of guided excitations arise from the strong elasto-optic properties of the GaN thin films as
well as the presence of AlN that acts as a barrier by reducing energy leakage to the substrate. Calculations of
the mode density and displacements disclose characteristics of the LGR and SHR and account for their
localization and polarization features. Several of the principal elastic constants of the GaN layer are determined
from the data that also reveal the bulk acoustic phonons and the Rayleigh surface mode.
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INTRODUCTION

Recent improvements in material processing techniq
and contact technology for GaN-based material systems h
led to rapid progress in the fabrication of GaN opt
electronic and electronic devices.1–3 The growth of GaN in
specific polar directions is also conducive to exploiting th
lattice polarization effects that are uniquely suited for app
cations in high-temperature piezoelectronics and as pyroe
tric sensors. In fact the piezoelectric constants of GaN, w
being 4–5 times larger than those of GaAs, are compar
to those of more traditional piezoelectric materials such
AlN and ZnO.4 These characteristics have led to the grow
and applications of GaN/AlxGa12xN heterolayer
structures.5–8 The growth of GaN on AlN also provides a
avenue for the epitaxial growth of the dominant hexago
GaN polytype onto Si substrates—a highly desirable fea
for merging the advantages of the nitride material to the
based electronic industry.9 This important step was recentl
realized through deposition of either a single AlN layer
AlN/3C-SiC bilayers to grow thick GaN films on Si.10 In
this paper we report on the acoustic properties of GaN/A
heterostructures and show that, for a given GaN film thi
ness, the AlN layer also provides an active, high-frequen
acoustic barrier that leads to enhanced localization of spe
guided acoustic excitations to the GaN layer. Observation
such surface and near-surface guided excitations by Brillo
light scattering enables several of the principal elastic c
stants of the supported GaN layer to be determined non
structively in a straightforward backscattering geometry.

EXPERIMENTAL DETAILS

The single-crystal GaN layers were grownin situ in a
chemical vapor deposition~CVD! reactor described
elsewhere10 on a sequence of designed buffer layers
3C-SiC(200 nm) and 2H-AlN(200 nm) on Si~111! sub-
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strate. In some instances the SiC seed layer was elimin
with the AlN grown directly on silicon. The GaN film wa
grown on top of AlN at 1050 °C using trimethylgallium an
ammonia. The thicknesses of the two GaN layers descri
in this work were 1300 and 500 nm and were, respective
grown with and without the SiC buffer layer. The hcp stru
ture of the GaN film and the~0001! film orientation were
confirmed by x-ray diffraction scans as shown in Fig. 1 f
one GaN/AlN/SiC/Si stack. The figure shows that on
~0002! and~0004! planes of GaN and AlN are present with
out direct evidence of any other plane in the diffraction p
tern. The^0001& axis of the GaN and AlN films is parallel to
the @111# axis of the Si. The crystal perfection of the Ga
films was analyzed by x-ray double diffraction and w
slightly better than that obtained from a 2.1-mm-thick GaN
film grown on sapphire with the same reactor. The in-pla

FIG. 1. X-ray diffraction scans for a GaN/AlN/SiC Si~111!
structure. The peaks associated with GaN, AlN, and Si are in
cated. The apparent splitting of the~0002! GaN peak is a scaling
effect due to detector saturation.
©2001 The American Physical Society02-1
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~a andb axes! crystallographic relationships between the e
ilayers and the Si substrate was analyzed using selected
electron diffraction and revealed the following

GaN@11̄00#iAlN @11̄00#i3C-SiC@211#iSi@211#.10 The Bril-
louin light scattering~BLS! measurements were performe
in a backscattering geometry at room temperature with a
dem Fabry-Perot interferometer operated in a sequential
pass configuration.11 Approximately 100 mW ofp-polarized
l5514.5 nm laser radiation was used to record the polari
~p! and depolarized~s! scattered radiation; a typical measu
ing time for each spectrum was 15 min. The dispersion of
phonon velocities was measured by varying the magnitud
qh, the product between the in-plane wave vectorq and film
thicknessh, through tuning the angles of incidenceu be-
tween 40° and 80°. In order to reduce broadening of the B
peaks arising from collecting radiation within a finite sol
angle, an aperture was used to restrict the range of pho
wave vectors detected.12 The effects of structural anisotrop
on the acoustic waves were investigated by also record
the BLS spectra when the wave vectorq was tuned from the

@11̄00# direction in steps of 10° through a total in-plan
angle of 180°. As discussed below the observed isotrop
the in-plane wave velocity is consistent with the sixfold sy
metry of the GaN lattice.

RESULTS

Figure 2 shows typical polarized (p-p), depolarized
(p-s), and unpolarized (p-p1s) Brillouin spectra below 30
GHz from the GaN~1300 nm!/AlN ~200 nm!/SiC~200 nm!/
Si~111! stack for angle of incidencesu560° and 70°. In
addition to the principal Rayleigh mode~R! another mode,
identified as the longitudinal guided resonance13–15~LGR! of
GaN, is present in the polarized (p-p) spectrum. The fre-
quencyn of both R and LGR modes increases withu and
hence with wave vectorq@5(4p/l)sinu#. Note that the in-
tensity of the surfaceR mode is weaker than the LGR, whic
is a manifestation of the strong elasto-optic properties
GaN. The low-frequencyp-s spectra reveal the presence
the mode labeled SH that corresponds, as discussed belo
the in-plane polarized acoustic wave.16 The frequency of this
mode is also dispersive and occurs at a frequency slig
above the Rayleigh excitation. The unpolarized (p-p1s)
spectrum reflects a superposition of the three excitati
(R,SHR,LGR). Figure 3 illustrates typical spectra in t
high-frequency range up to 80 GHz, recorded in the sa
backscattering geometry as the low-frequency modes sh
in Fig. 2. Two additional modes—a strong peak at 71 G
identified with the bulk longitudinal acoustic~LA ! phonon
and a very weak excitation at 39 GHz associated with
bulk transverse~TA! phonon—are now evident. The lowe
frequency peak~23 GHz! in Fig. 3 corresponds to the LGR
in Fig. 2. In contrast to the low-lying excitations, the fr
quency of the bulk modes is essentially insensitive to
angle of incidence. Similar spectra were observed from
other GaN/AlN/Si sample.
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ANALYSIS AND DISCUSSION

In order to gain insight into the character of the LGR a
SH modes, the local density of phonon modesni(v

2,q,z)
was evaluated within a Green’s-function formalism.17 Here
i (51 – 3) identifies the mode polarizations, wherei 53,2
are, respectively, the sagitally polarized transverse and s
horizontal modes andi 51 is the longitudinally polarized
mode,v~52pn! the angular mode frequency, andz the dis-
tance from the film-substrate interface where the mode d
sity is calculated. In analyzing the response function of
sample consisting of the stack of GaN/AlN/Si layers w
evaluate the response~i.e., elastodynamic Green’s function!
of the medium to the presence of a fictitious drivingd force
F acting at the sample surfacez52h. The mode density is
given by the imaginary part of the corresponding Gree
tensor Gii (v

2,q). In evaluatingGii (v
2,q) we follow our

previous work15 that was based on a method proposed
Every and co-workers.17 The elastic constants and densi
utilized for the AlN layer were taken from Ref. 18.

The local longitudinal, shear horizontal, and transve
density of states~DOS! were determined by, respectively
evaluatingG11(v

2,q), G22(v
2,q), andG33(v

2,q) as a func-
tion of frequency for the sample stack GaN~1300 nm!/
AlN ~200 nm!/Si~111!. The angle of incidence utilized in thi
calculation was 60°. In order to account for instrumen

FIG. 2. Low-frequency Brillouin light scattering spectra r
corded in backscattering from GaN/AlN/SiC Si~111! film for p-p,
p-s, andp-p1s polarizations. LGR labels the longitudinal guide
resonance, SH the shear horizontal mode, andR the Rayleigh mode.
The angle of incidenceu is as indicated and the thickness of th
GaN layer is 1.3mm.
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broadening, each peak in the DOS was convoluted wit
Gaussian with a full width at half maximum of 0.3 GHz. Th
results for the convoluted DOS are shown in Fig. 4. Note t
the presence of a resonance in the longitudi
DOS@G11(v

2,q)# at approximately 25 GHz is in excellen
agreement with the frequency shift of LGR observed in
experimental spectra~Figs. 2 and 3!. The mode velocity
VL

LGR@5ln/(2 sinu)# deduced for the LGR from these da
corresponds to the in-plane longitudinal sound velocity a
allows for a direct determination ofC11 as we will discuss
later. Furthermore, consistent with measurements, the ca
lated velocityVL

LGR shows little dispersion with the angle o
incidence in these relatively thick films.

Figure 5 shows the calculated spatial displacement fi
~squared! at 25.2 GHz, the frequency of the LGR in th
1300-nm GaN film atu560°. Confirming our assignment o
this mode to a guided resonance, the displacements
dominantly longitudinal in character and localized in t
GaN film. Being principally longitudinally polarized, th
light scattering associated with LGR is mediated primar
by the elasto-optic properties of GaN. The longitudinal d
placement amplitudeU1 is found to attenuate sharply in th
AlN layer prior to emerging as a very weak component in
Si substrate. The shear horizontal and sagittal transverse
placementsU2 and U3 associated with LGR in the GaN
layer are significantly weaker thanU1 . The feeble displace
ment components within the substrate indicate that t
carry little mode energy away from the film, causing neg
gible decay of the mode with distance. This localization
the LGR to the GaN layer accounts for its observation a

FIG. 3. High-frequency Brillouin spectra recorded in bac
scattering geometry from GaN/AlN/SiC/Si~111! (h51.3mm). LA
and TA label the bulk longitudinal and bulk transverse modes
spectively. LGR is the longitudinal guided resonance.
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relatively sharp peak in the Brillouin spectra. In order
illustrate the effect of the AlN layer on the localization o
LGR, the inset to Fig. 4 shows the calculated displacem
field in the absence of the AlN layer. It is clear that, in th
case, the larger relative displacement fields inside the s

-

FIG. 4. Calculated local density of states as a function of f
quency for GaN/AlN/Si~111! after convoluting with a Gaussian
with a full width at half maximum of 0.3 GHz. TheG33 andG22 are
the sagittal and transverse horizontal components, respectively
G11 is the longitudinal component.

FIG. 5. Calculated spatial distributions of the square displa
ment field at 25.2 GHz for the LGR in 1.3-mm GaN film. The solid
line represents the longitudinal component (U1

2) while the dotted
line is the transverse component (U3

2). Note the localization and
polarization of the displacement fields inside the film. The in
shows the same calculation when the AlN layer is removed.
2-3
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strate associated with both transverse and longitudinal c
ponents would lead to greater energy transmission into
substrate. In particular, since the phase velocity of the lon
tudinal resonance (VL

LGR57264 m/s) satisfies the conditio
VT

Si,VL
LGR,VL

Si viable decay channels exist in the Si su
strate, leading to the finite partial components evident in
inset to Fig. 5. HereVT

Si andVL
Si are the transverse and lon

gitudinal acoustic phonon velocities of Si. On the other ha
the AlN layer has a significant effect on the localization
the LGR to the GaN layer since it minimizes the coupling
partial wave components within the nitride layer with tho
that radiate energy into the substrate. We note that the ex
of the leakage of the LGR into the Si substrate will, for
given AlN thickness, also depend on the thickness of
GaN layer. Such behavior is due to the oscillatory dep
dence of the LGR localization on the GaN thickness.13

The sharp resonance at 12 GHz in the calculatedG11 and
G33 components of the DOS~Fig. 4! corresponds to the Ray
leigh excitationR observed inp-p scattering. In transparen
materials such as GaN, the effective mechanism media
the light scattering from the Rayleigh mode is elasto-op
coupling, while the ripple mechanism, which provides t
primary coupling in opaque systems, contributes weakly
contrast to the Rayleigh mode there have been only
reports16 on the observation of the guided shear horizon
excitation that is polarized parallel to the surface, as evid
in the DOS@G22(v

2,q)# in Fig. 4. In this work we assign the
mode labeled SH~Fig. 2! in thep-s scattering spectra to thi
excitation. The calculated DOS@G22(v

2,q)# correctly repro-
duces this feature~Fig. 4!. The displacement fields assoc
ated with the shear horizontal mode are illustrated in Fig
The results confirm that at the frequency of the SH mo
~14.7 GHz atu560°! there is a strong shear~in-plane! dis-
placement fieldU2 associated with the wave. The longitud

FIG. 6. Calculated spatial distributions of the square displa
ment field (U2

2) at 14.7 GHz for the SH mode in the 1.3-mm GaN
film. The longitudinal and sagittal transverse components (U3

2,U1
2)

are several orders of magnitude weaker at this frequency. The
shows the same calculation when the AlN layer is removed. N
the rapid decrease of the displacement field at the GaN/AlN
GaN/Si interface. This suggests that either AlN or Si could play
role of an acoustic barrier for the SH mode.
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nal displacement component is, by contrast, smaller by s
eral orders of magnitude. Again, it is evident from th
variation of the displacement fields with depth~Fig. 6! that
the AlN layer provides an effective means to localize the
mode to the GaN layer. We also studied the effect of rem
ing the AlN layer, and the results are shown in the inset
Fig. 6. A dramatic decrease in the shear displacement fie
evident near the GaN/Si interface with the profile of t
shear displacement field being similar to that when the A
layer is present. This suggests that either the Si substra
the AlN intermediate layer can act as an effective acou
barrier to the SH resonance. For the SH mode all par
components of the displacement field decay inside the s
strate since the SH mode phase velocity,VSH54160 m/s, is
smaller than the transverse and longitudinal velocity,VT

Si

55844 m/s andVL
Si58433 m/s of Si.

The spectra recorded in backscattering at a larger
spectral range shows peaks associated with the bulk aco
excitations. In particular, in Fig. 3, the bulk LA mode and t
very much weaker TA peak occurs, respectively, at 71 a
39 GHz. Thus five distinct excitations~the LGR, SHR, Ray-
leigh mode, bulk LA, and bulk TA! are observed in the back
scattering geometry in these BLS experiments. The first th
excitations propagate parallel to the surface, while the la
two are phonons whose propagation direction is, due to
relatively large refractive index of GaN, essentially norm
to the film surface. Given the distinctive polarization featur
of the two guided modes they directly allow for the elas
constantsC11 (532163 GPa) andC66 (510562 GPa) to
be determined from the mode velocity@(Cj j /r)1/2# for a
given q. The values ofn52.44 andr56.09 g/cm3 were uti-
lized for the refractive index and density respectively.1,19The
peak position of the bulk TA and LA modes allow for
direct determination ofC44510362 GPa andC335342
62 GPa via the relationsCii 5@ln/(2n)#2r. The lack of
anisotropy in the mode frequencies as the direction ofq was
varied in the film plane is consistent with the hexagonal sy
metry of the GaN surface; the isotropy conditionC66
5@C112C12#/2 leads toC12511162 GPa.

Previous BLS experiments on GaN have mainly focus
on the bulk material20,21 with one report on measuremen
from an epitaxial film.22 These experiments on bulk sampl
utilized several scattering geometries that included transm
sion through the sample, 90° scattering, and, as in the pre
study, in backscattering. These configurations of the b
samples enabled coupling to excitations propagating par
to the surface with sagittal and shear horizontal polarizatio
We note that while the value ofC44 agrees with that of the
bulk, theC11, C66, andC33 values deduced in this study fo
the GaN films are about 20% smaller than those of the b
crystals. Reasons for this discrepancy between the ela
constants bulk and thin films are unclear at present and
be related to differences in density and the presence
stresses in the thin films. Such differences between ela
constants of bulk and thin films have been reported in ot
systems.23

Information on the elastic constants of thin GaN films
valuable where a major problem in their growth is the lar
misfit stress that appears at the GaN substrate interf

-
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Knowledge of the elastic constants is crucial in determin
interface stresses and stress distributions that develo
GaN. Correctly evaluating these stresses is important b
for assessing GaN film quality and for estimating stra
induced energy-band shifts at the film/substrate interface
Al xGa12xN/GaN heterointerface that influence the elect
properties of GaN-based devices. For instance, due to
large GaN piezoelectric constants, strain-induced elec
fields would lead to spatial separation of electrons and h
in Al xGa12xN/GaN quantum wells.4,7,8 This in turn can
strongly affect the performance of light-emitting devic
based on III-N quantum-well structures.

CONCLUSIONS

In summary, we have reported on the observation in B
louin light scattering of a longitudinal guided resonance a
.
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of a shear horizontal resonance in 2H-GaN films grown on
AlN films deposited on Si. Theoretical simulations based
evaluating the elastodynamic Green’s tensor reveal the p
erties of these resonances and emphasize the role of the
layer that acts as an acoustic barrier to these high-freque
modes and that augments their localization inside the G
layer. In addition, bulk LA and TA phonons as well as th
surface Rayleigh excitation is observed. Observation of s
eral distinct excitations in a single backscattering experim
has also allowed for four of the five independent elastic st
ness constants~C11, C44, C66, andC33! of the GaN layer to
be determind.

The work at the Ohio State University was supported
the Army Research Office under Grants No. DAAD 19-0
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