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Abstract

We theoretically inveSgated acoustic phonon spectrum anduwgy velocities in an ultra-thin
layer of wurtzite GaN embedded within two AIN cladding layers. The core GaN layer thickness
has been chosen on the order of the room-temperature dominant phonon wavelength so that the
phonon spectrum in such a structure is strongly modified compared to bulk. We derived equations of
motion for different phonon polarizations in the anisotropic medium approximation, which allowed
us to include specifics of the wurtzite lattice. Based on our model we calculated phonon density
of states and phonon group velocity. Using several other example material systems, it has also
been demonstrated that the phonon group velocity in the core layer can be made higher or lower
than that in corresponding bulk material by a proper selection of the cladding material and its
thickness. Presented results shed new light on the effect of barrier material on the phonon spectrum of
heterostructures and can be used for modeling the thermal and electrical properties of such structures.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Acoustic phonons play an important role in electrical and thermal properties of
samiconductor materials. Together with optical phonons they limit room-temperature
electron (hole) mobility of technologically iportant semiconductors such as Si, GaAs
or GaN. Acoustic phonons are dominant heat carriers in moderately doped semiconductors
in a wide range of temperatures from cryogenic to almost the melting pgimi§oustic
phonons in bulk semiconductors are characterized by a nearly linear dispersion relation
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near the Brillouin zone center, wide continuous spectral range and high population
densities even at low temperature. In semiconolubeterostructures and nanostructures
with feature sizeW smaller than the phonon mean free path the acoustic phonon
spectrum can undergo strong modification and appear quantized provided the structures
are free standing or embedded within material of different elastic propefjed ljis
modification is paticularly strong when the structure feature size becomes much smaller
than the phonon mean free paW, <« A, and gproaches the scale of the dominant
phonon wavelengthy = 1,48Vsh/kgT [3]. Herekg is the Boltzmann constant, is
the abslute temperaturd; is Plank’s constant, an¥s is the ound velocity. This scale for
many crystalline materials is on the order of a nanometer at room temperature.

Quantization of acoustic phonons, much like quantization of electrons (holes) affects
electrical, optical and thermal propertie$ witra-thin films and nanostructures. The
signatures of phonon quantization can be foundradiational and non-radiational
relaxaion of electrons 4-6], phonon bottleneck effec[ 8] and gimulated far-infrared
emission from quantum dot®][ More recently it has been shown theoretically that
confinement-induced modification of the acoustic phonon spectrum in free-surface ultra-
thin films [2] and nanowires 10-12] leads to a significant decrease of the in-plane lattice
thermal conductivity even at room temperature. The decrease of thermal conductivity due
to phonon confinement may bear important consequences for the electronic industry in
a view of continuous miniaturization. The feature size of the state-of-art transistor is
already on the order of or below the room-temperature phonon mean free path. In some
applications, such as thermoelectrics, smaller thermal conductivity is strongly desirable.
These two facts stimulated a large body of work on phonons in heterostructures and
nanostructures. Intentional modification of the phonon spectrum to achieve enhanced
device performance has been termed phonon engineering.

The investigation of acoustic phonon spectra in the context of semiconductor structures
dates back to as early as half a century ayonomenclature of analytical results for
free standing slabs can be found, for example 1i§.[Theoretcally, the folded acoustic
phonons in layered medium have been studied by Rytdi Later, the folded phonons
have been observed experimentally in quantum well superlattices (Q¥&5)Mlany
theoretical results for quantized phonons in free standing films, nanowires and spherical
guantum dots were obtained using the analogy with acoustics and classical mechanics
[16-18]. Dispersion of dilatational, flexural and shear vibrational modes in thin films
has been described i€, dispersion of hybrid thickness and width modes has been
obtained in L7]. More recently, phonon dispersion gquantum dot superlattices (QDS)
has been calculated taking into account elastic constants of both dot and barrier material
[19]. The above cited results for confined phonons in thin films and nanowires were
obtained under the assumption of the freface, e.g. free standing, or clamped surface
boundary conditions16-18]. In the core of electronic and optoelectronic devices are
multilayered structures made of materials, which are rather similar in terms of elastic
properties. Thus, the assumption of free or clamped surface boundary is rather crude for
such deice structures.

The important question for phonon transport in the plane of a thin film or along
the axis of ananowire, which has not been properly addressed yet, is the effect of the
surounding material (matrix, barrier, or cladding) on acoustic phonon spectra of ultra-thin
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Fig. 1. Phonon energies as the functions of the phononweater for the shear polarization for (a) a 6 nm width
semiconductor GaN slab and for (b) a AIN/G&AIN three-layered heterostructiwith dimensions 2.5/1/2.5 nm.
Insets show ta slab geomtey and coordinate system.

films and heterostructures. In this paper vdeligess this issue and investigate the acoustic
phonon spectrum of a three-layered semiconductor structure with ultra-thin inside layer
and cladding (barrier) material made of a “harder” or “softer” semiconductor. We carry
out our calculations for wurtzite AIN/GaN/AIN hetostructures and several other related
heterostructures in order to elucidate the effect of “hard” and “soft” cladding material. The
rest of the paper is organized as followsSaction 2ve derive tle equations of motion for

the elastic vibrations in the three-layered structure. Results and discussion are presented in
Section 3We giveour conclusions irsection 4

2. Theoretical model

In order to investigate the role of the cladding material on the acoustic phonon spectrum
of ultra-thin films we consider a free-standing single thin film, e.g. slab, and a free-standing
three-layered structure, e.g. double heterostructure. Both structures have a nanometer
feature size along the growthirdction. A schematic view of the slab and three-layered
structure are shown in the insets k@y. 1(a, b). The axes<1 and Xz in the Cartesian
coordinate system are in the plane of the layers while theXxis directed perpendicular
to the layer surfaces. The layer thickness is denoted;iy= 1, 2, 3). As an example
system we first consider the AIN/GaN/AIN heterostructure. GaN and related compounds
crystallize in the wurtzite (hexagonal) aincblende (cubic) lattice. Here we limit our
analysis to wurtzite GaN as it is technologically more important. It is further assumed
that the layers have hexagonal symmetry with a crystallographiccadirected along a
coordinate axis{s.

The equation of motion for elastic vibrations in an anisotropic medium can be written as

82Um aUmi

— Zom 1
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whereU (U1, Us, Us) is the displacement vectop, is the mass density of the material,
omi is the elastic stress tensor givendyi = Cmikj Uk, andUy; = (1/2)((8Uk/dx;j) +
(dUj/9xk)) is the strain tensor. The normal acoustic modes in multilayer structures and
superlattices have been studied by Rytdd][in homogeneousciym = cons} and
isotropic medium approximation by enfongj the boundary conditions on all interfaces of
the structures.

In this paper we modify the form of the boundary conditions to make them more
convenient for numerical solution for a multi-layered wurtzite heterostructure. When
taking derivatives in Eq.1), one has to take into account that the system is non-uniform
along theX3 axis. The elastic moduleseathe piece-wise functions of:

Cmikj = Cmikj (X3). (2)

To reduce the number of subscript indexes in the coefficiesitg , we adopt the two-index
notations according to the prescription

1111— 11; 2222— 22; 3333— 33;1122— 12;1133— 13; 1313— 44;
2323— 55;1212— 66.

In crystals with hexagonal symmetry the following equalities are valid:

C1313 = C2323 = Ca4; C1212 = Ce6 7 C44- (3)

Thus, we have six independent elastic constants to characterize the material. An
application of the anisotropicontinuum model allows us to eligitly include the specifics
of lattice structure of wurtzite crystals. The equations of motion obtained in anisotropic
medium approximation with such a selectioitloe ebstic constants will be completely
different from the equations of motion in the isotropic elastic medium approximation or
anisotropic medium approximation for cubic crystals.

The axisXj is assumed to be along the propagation direction of the acoustic waves.
Since he three-layered structure is homogeneous in the plXaeX2), we look for the
solution of the Eq.X) in thefollowing form

Ui (X1, X3, 1) = Uj (xg)€ @00 (i =12 3), (4)

whereu; are the amplitudes of the digigement vector components, is the phonon
frequencyk is the phonon wavevector arids imaginary unit.

A shear polarization, e.g. the displacement veds$ parallel to the structure surfaces,
can be distinguished from the otlsaising the following definition

92Uy dovi
V2 _ doai. 5
at2 0X; ®)

By substituting Eq.4) fori = 2 to Eq. 6) and taking into account Eqs2)and @), one can
turn the partial differential equatioB)into an ordinary scond order differential equation

dPuy(xz)  dcas duz(xs)

— k2 )
2 oG dxs CoeK“U2(X3) (6)

2
—pw U2(X3) = Ca4
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Derivatives djx/dx3 account for the fact that the structure is heterogeneous. In the case of
a slab,one can obtain a simple analytical solution from E).lfy setting cca4/dx3z = 0

(see, for examplelf3, 16]). The external surfaces of the three-layered structure are assumed
to be free. As a result, the force components along all coordinate axes are equal to zero,
e.g.PL = P, = P3 = 0 whereP, = ojknk andz is the vector normal to the surfaces

of the gructuren = (0, 0, n3). Thus, on the outer surfaces of the structure the following
relationship $ saisfied

8U2__

— =0. 7
3% (7
For the two dher vibrational polarizationgi = 1, 3) with the displacement vector
components$); and Ué = —iU3 we obtain the system of two interrelated equations using
Egs. ) and @). These equations are given as
d?us(x3) duly(X3)
—pw?ur(xa) = —kPC11U1 (Xg) + Caa— 5 + K(C13 + Cag) —2
dx3 dxs
dcas (dui(x3)
— kus(x3) | , 8
o (52 1 ko) ®

dPuj(xa) | dega duj(xs)

—,oa)zué(X:J,) = —k2044U/3(X3) + C33

dx3 dx3 dxs
— k| (Caa + C13) du1(x3) + k ui(Xa) |, 9)
dxs dxs
with the following boundary conditions on the outer surfaces of the structure
duy du’.
— +kuz =0 —kcysug + c33—2 = 0. 10
dX3+ 5=0, 13U1 + 33 s (10)

Due to the spatial symmetry of the considered three-layered structure and the
mathematical form of Eqs8] and @), the displacement vector should have components
with an opposite parity, e.guy, u3) or (uf, u3), whereuS(xs)(i = 1, 3) is a symmetrical
function of x3 while uiA(X3) (i = 1, 3) is an anti-symmetrical function of;. The upper
indexes SA and AS of displacement vectard' = i(u$, ug) and S = i(up, u3)
distinguish independent vibrational poleations which, together with the shear modes,
compose a full set of normal vibrational modes in the structure. In the case of a slab the SA
modes are referred to as dilatational modes while AS modes are termed the flexural modes
[13, 14, 16, 17].

3. Resultsand discussion

To obtain the vibrational spectrum, e.g. phonon dispersion, of the three-layered
structure we solve the differential equatio®) (with the boundary condition of
Eq. (7) for shear polarization, and the system of E(®). dnd Q) subject to the boundary
conditions of Eq. 10) for SA and ASpolarizations. The equations are solved using the
finite difference method. The calculatioase performed for each value of the phonon
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Fig. 2. Phonon group velocities as the functions of the phavmawevector for the shear polarization. Results are
shown for (a) a 6 nm width semiconductor GaN slab and fordlAIN/GaN/AIN three-layeed heterostructure
with dimensions 2.5/1/2.5 nm.

wavevectork from the intervak € (0O, w/a), wherea is the lattice constant in the plane

(X1, X2). Since weare interested in the properties of ultra-thin films (quantum wells),

we assume that the structure is non-relaxed and, thus, the lattice constant is the same for
both the thin film and barrier materials. The phonon dispersion is calculated for all three
polarizations: shear, SA and AS. Materiagrpmeters used in our simulations have been
takenfrom [20-23].

3.1. Phonon modesin ultra-thin GaN layer embedded within AIN cladding layers

The characteristic features of the phonon dispersion relations can be easily seen on the
plots of the phonon group velocity as a function of the wavevdctahich isgiven as

vr?A,AS,Sh(k) — %wrS]A,AS,Sh(k). (11)
Here the superscript denotes the polarization type, while the subacispthe quantum
number of the modes with a given polarization. Using the above expression we then
calculate the group velocity for each mode.

First, we consider phonon modes of the shear polarization, for which the effects of
guantization and the system heterogeneity are exhibited in a more pronounced way than
those for SA and AS polarizationsig. 1(a, b) and-ig. 2(a, b) show the dispersion relation
ha)ﬁh(k) and the group velocityﬁh(k) for a set of shear modes. Fig&a) and2(a) present
data for a GAl slab with thicknessd = 6 nm. Figs1(b) and2(b) present data for a
three-layered AIN/GaN/AIN with dimensior®s5/1/2.5 nm. For the convenience of further
discussion, we refer to such a heterostructure as a type-l structure to emphasize that the
cladding layers are thicker than the core layer. One can see Figni that near the
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Brillouin zone center (small values &j the phonon modes are quantized and the modes
with n # 0 ae quadratically dispersive. In the zone center the phonon group velocity is a
linear function of the phonon wavevecmﬁ“(k) = apk (seeFig. 2a)).

With increasingk all dispersion curves approach a linfitog(k) = wvohk, where
vo = v™2(GaN) andv™2 is the velocity of the transvee acoustic wave propagating
along theX; axis and polarized along thé, axis (TAz polarized waves). The mode with
n = 0 is buk-like for all values ofk. For large alues ofk (seeFig. 1(a, b)) modes with
n £ 0 dso become GaN bulk-like. Note, that in the case of the clamped surface boundary
conditions the zero bulk-like mode vanishes. Strong size-quantization of phonon spectra
for small values ofk, emergene of quasi-optical modes and significant decrease of the
phonon group velocityun (k) < v™2(GaN)) constitute the phonon confinement effects in
an ultra-thin slab. These effects were winado have a pronounced influence on the lattice
(phonon) thermal conductivity of semiconductor quantum wells [

The inhomogeneity of the three-layered stune changes the shape of the dispersion
curves both quantitatively and qualitatively (compare panels (a) and @Eysland?2).

The steep segments of each of the dispersion curvEgirl(b) distinguish these curves
from the monotonic dispersion curveskify. 1(a). These segments are arranged in order
of increasing mode number and can be joined together by a straight line, which is
indicated inFig. 1(b) by the symbol “L". One can alsdefine a charactestic velocity
ashw (K) = v kK. As one can see frorkig. 2(b), the phonon group velocities on these
segments coincide approximately with the velocities op DAlk phonons in AIN. Thus,

on a straight line L the phonon modes are (AIN,;JAulk-like.

The dispersion curves to the left and above the line L appear to look like dispersion
curves in a slab. This region of strong phonon size-quantization is qualitatively similar
for all considered structures apolarizations. The modes with smalland large phonon
wavevectork split off down from line L and are(GaN, TAp) bulk-type. For largen at
largek the phonon modes are (AIN, TA bulk-type (seeFig. 2(b)). The phonon modes
in the multi-layered structure are formed as a result of superposition of vibrations from
different layers on the structure interfaceghich leads to the mode hybridization. It is
interesting to notethat depending on the& value the hybrid modes can reveal signatures
of the specific layers rather then those of the averaged structure properties. For example,
the group velocity for the mode with = 1 at noderatek is v ™ 2(AIN), while at large
k the group velocity iw ™2(GaN), dthough the total width of the cladding AIN layers is
five times larger than the width of the core GaN layer. The group velocity of the mode
n = 5 tends monotonically to the bulk velocit/A2(AIN). Fig. 3illustrates “retraction”
of the moden = 0 to the “®ft” core GaN layer from the “hard” AIN cladding layer as the
phonon wavevectdt increases. As a result the group velocity of this mode changes from
v = v2(AIN) at smallk to v = v™2(GaN) for largek.

In Figs4(a—d) ands(a—d) we present the evolution of the phonon dispersion and group
velodty for SA (solid line) and AS (dashed line) modes in a three-layered structure when
the core layer width increases from 0 nm (AIN slab (Higa), 5(a))) to 6 nm (GaN slab
(Figs 4(d), 5(d))). One can notice irFig. 4a, d) that the characteristic line L can be
identified for the slab SA and AS modes wherg#sabsent for the star slab modes shown
in Fig. 1(a). The slopey of theline L is approximately equal to** (AIN), wherev™* is
the velocity of the longudinal acoustic wave propagating aloXg (LA polarized waves).
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In the limit of large phonon wavevectoks the group velocityis the same for almost all
modes. Its value is slightly lower that the bulk transverse sound velo&ty(AIN) (see

Fig. 4(a)) andv™1(GaN) (seeFig. 4(d)) due to the phonon confinement or “slab” effect.
Herev ™1 is the velocity of the transverseoustic wave propagating along tke axis and
polarized along the reference axis (TBolarized waves). The appearance of line L in the
phonon energy dispersion for a simple slab is explained by mixing of waves with potential
and solenoidal polarizations (LA and TAvolarizations ira bulklimit).

Fig. 4(c) presents results for the structurehich we refer to as structure type-Il to
identify that it consists of a “thick” core layeand “thin” cladding layers. In the three-
layered heteroatictures of type-I and type-Il one can spot two characteristic lines (L and
L) shown inFig. 4(b, c). Correspondingly, the group velocity curve&ig. 5b, c) display
two different maxima. The sequence of the higimaxima corresponds to the line L with
the slopev. ~ v*A(AIN) while the quence of the lower maxima corresponds to the



164 E.P. Pokatilov et al. / Superlattices and Microstructures 33 (2003) 155-171

line L’ with the slopev. ~ v“*(GaN). The exisence of two lines (L and ) in the
phonon energy spectra is a result of wave mixing and hybridization in the heterostructure.
Both lines are learly seen inFig. 4(b) for the type-I heterostructure while for the type-

Il heterostructure Kig. 4(c)) the line L is defined by the initial segment of the mode

n = 0 curveonly. The reduction of the AIN-like modes in the type-Il heterostructure is
explained by a much thicker GaN core layer, which leads to the decrease of the group
velocities of all phonon modes. The lines L and divide the phonon dispersion into
three distinctively dferent regions (sekig. 4(b, c)): (i) region of the strong phonon size
guantization for smalk and to the left from line L; (ii) region with abrupt change of
dispersion characteristics between lines L ahdbhd (iii) region to the right from line L

with low-frequency modes and with group velocities approaching the low bulk velocity
v™A1(AIN) (seeFig. 4b)) andv™1(GaN) (seeFig. 4(c)). One can notice that AS and SA
modes display more the individual layer properties rather than the averaged properties of
the heterostructure, although the narrow region between lines L aodribe thought of as

the region having properties, which is the average of the core and cladding layer properties.
Another observation is that the Rayleigh line (RJ]f which is present irFig. 4(a, d) for
simple slabs doesot appear in the heterostructure energy spe€i 4(b, c)).

The behavior of the phonon dispersion and group velocity is determined by the specifics
of the distribution of the displacement vectan the layers of the heterostructure. As an
exampe, in Fig. 6(a—d) we show the component§ the displacement vecto:@A(x@

(sdid line) and u3 A(x3) (dashed line) for the type-I structure. The chosen madasd

values of the phonon wavevectdr are the following:n = 0, k = 0.05 nnT! (a);

n =2k =125 nnmm! (b);n = 2,k = 144 nnt! (c); andn = 2, k =
6.28 nnT! (d). These four cases (a—d) shownFiy. 6 correspond to the points on the
group velocity plot inFig. 5b) indicated by filled circles. One can see frdfiy. 6(a)
that the amplltudeul n_o(X3) is constant in all layers of the heterostructure. The latter
together with the fact that the combineddkness of the cladding layers is much larger
than the thikness of the core layer explain the (AIN, LA)-like nature of this mode. The
moden = 2 atk = 1.256 nnt! (seeFig. 6(b)) is also (AIN, LA)ike since the amplitude
qun ,(x3) is distributed predominantly in the cladhgj layer. The contributions of different

polarizations, e. .g. potent|al lemoidal, to the displacement vecUrcan be obtained by
calculating divU and curlU. Suchcalculation for moden = 0 atk = 0.05 nntt
demonstrates thatigimode is LA bulk-like, which is in complete agreement whily. 4(b)
since arl U = 0 anddiv U # O for this case.

For calculation of different macroscopic ata&teristics of nanostructures, such as
thermal and electrical conductivity, heat capacity, etc., it is required to know the
spectral density of the phonon mode distribution, e.g. phonon density of states. In the
considered plane structures with thin core and cladding layers the phonon wavevector
is two dimensional. Thus, the phonon density of states for each of the SA, AS or shear
polarizations with given mode numbeis definedby the expression

dkSA AS, Sh( )

[

271 (12)
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The total phonon density of states for all polarizations is obtained by a summation over
alln

FSAASSN ) = 37 fSAASSN,). (13)

n

For the type-1 and type-Il three-layered structures the total phonon density of states
FSAASsh,) is presented irFig. 7. For comparison, the total phonon density of states
in simple GaN and AIN slabs is also shown. The oscillatory behavior of the density of
states functions in the three-layered structfoeeach polarization is a manifestation of
the phonon mode quantization and thgirasi-optical naturgw(k = 0) £ 0). Local steps
in the density of states correspond to the onset of new phonon branches when their cut-off
frequencies are reached. Altering the phonon igoéstates in the three-layered structure
for low frequencies can lead to significant change in the electron—phonon scattering rates
particularly for low temperatures.

The average phonon group velocity is an important characteristic that determines, for
example, the lattice thermal conductivity of bulk semiconductors or nanostrucfre3 [
We calculate the average phonon group veloéityeach polarization as a velocity of a
wavepacket with the modes populated in accordanitl the Bose—Einstein distribution
function



166 E.P. Pokatilov et al. / Superlattices and Microstructures 33 (2003) 155-171

T T T T T

w
T

GaN slab

N
()]
T

AlN slab |

=
P o N

o
[}

Phonon Density of State (arb. units)

o

1 1 | 1
10 20 30 40 50
Phonon Frequency{0*2Hz)

— — 25nm/1nm/2.5nn
—— 1nm/4nm/1nm

Fig. 7. Total phonon density of states as the function of the phonon frequency for the GaN slab, for the AIN slab
and for type-l and type-II heterostructures. The structures sizes are shown in the figure.

/wnmax don ( hT_w ) ) UEA,AS,sh(w) f nSA,AS,sh(w)

—SAAS,sh T, __ Y@nmin
v (M) = SAAS sh
Zn n (w)

wheren(hw/T) is the Bose—Einstein equilitinm distribution function for phonongig. 8

shows the average phonon group velocity®ASSY(T). The resits are presented for all
three phonon polarizations: SA (solid line), AS (dotted line), and shear (dashed line). In
type-l and type-Il heterostructures, the average velocity of the thermal phonon current
is considerablyhigher than that in the GaN slab, which is explained by the influence
of the AIN cladding. For example, in the type-I structureTat= 300 K the following

ratios for the group velocities were found(type-l) /vSA(GaN) = 1.35,0”5(type-l) /vAS

(GaN) = 1.29, andvS(type-)) /vS(GaN) = 1.26.

Our results demonstrate that it is possible to tune the velocity of the phonon flux in a
semiconductor guantum well layer over a wide range of values. By proper selection of the
material and wdth of the cladding layers one can attconsiderably increase or decrease
the phonon group velocity in the core quantumll layer. This is an important capability
for heat transport. Indeed, thermal conductivity coeffici&it can be approximately
written as Kt ~ CyV A, whereCy is the specific heaper unit volume,A is the
average phonon mean free path, avid= 3 v5AASsh is the phonon group velocity
avelged over all polarizations and directiod®r small waewectors in bulk material
this velocity coincides with the sound velocity. Thus, the thermal conductivity coefficient
depends on the phonon velocity implicitly and through the phonon mean freedpath
which is astrong function of the phonon group velocity. In the next subsection we
examine the nage over which the group velocity can be changed by combining “hard”
and “soft” materials.

: (14)



E.P. Pokatilov et al. / Superlattices and Microstructures 33 (2003) 155-171 167

AIN slab d(GaN)=1 nm
d(AIN)=6 nm 4 d(AIN)=2.5 nm

[=2)

L

=

d(GaN) =4 nm

)
T

Average Group Velocity (x10°ms")

d(AIN) =1nm . d(GaN) = 6 nm
100 200 300 400 500
Temperature (K)
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3.2. Three-layered heterostructures with the “ soft” and “ hard” cladding layers

In order to demonstrate a psbility of strong modificatio of the phonon group velocity
and, correspondingly the heat current in cordisguctures, by choosing cladding layers,
we consider two new structures. Structure type-Ill is a GaN layer embedded in some “soft”
plagic material: plastic/GaN/plastic. We consider that the GaN layer is very thin, on the
order of 1 nm, so that it can be considered as a quantum well. The chemical structure
of the plastic material used for the cladding layers is not essential for our analysis. We
only assume that the sound velocity in bulk plastic is 2000 and massiensty is
1 g sn13. The chosen values of these parameters correspond to those of a large number of
materials use in practice 4]. Another structure under consideration, type-IV, consists of
a very thin layer of plastic embedded within two layers of “hard” material such as sapphire:
Al 203 /plastic/ AbO3. We cary out simulations for these two new structures following the
procedure outlines above.

In Figs 9(a, b) and10(a, b) we show the dispersion relatiohs (k) for SA modes in
structure type-lll (the thickness of the core GaN layer is fixed at 1 nm while the thickness
of each of the two cladding layers spans tlaues 3 and 10 nm) and in structure type-

IV (the thickness of the core plastic layer is fixed at 1 nm while the thickness of the
Al,03 cladding layers spans the values 3 and 10 nm}ith 9a) the slope of the line

L is gproximately equal to the velocity of LA phonons in plastic ~ v“*(Pl) while

the slope of the dispersion L brancHes>(k) to the right from ths line approaches TA
phonon velocity in plastie™ (Pl). The GaN core contribution is suppressed in this type

of structure since the plastic cladding effect and the slab-like phonon confinement effect
both lead to the same dispersion flattening. Therefore the type-IIl heterostructure becomes
effectively plastic slab-like. The “soft” cladding of the GaN thin films results in strong
phonon deceleration in such a structure. Thedase of the width of the plastic cladding
does not change much in this picture.
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Fig. 9. Energy dispersion of the SA acoustic phonon modesype Ill heterostructures. The results are shown
for (a) the keterostructure with theladding layer thicknesd; = d3 = 3.0 nm and the are layer thickness
dyr = 1.0 nm; as wellas for (b) the heterostructureittvthe cladding layer thicknesy = d3 = 10.0 nm and the
core layer thicknesd, = 1.0 nm.

Fig. 10(a, b) demonstrates the accelerating action ofQAl claddings on phonon
velodty in the type-1V heterostructure with the plastic core layer of thickress 1 nm.
In this case, the phonon confinement “slab effect” and the influence of t@sAladding
act in opposite directions and the inhomogeneous nature of the heterostructure is strongly
manifested. The type-1V heterostructure does not become slab-like even with very thick
Al,03 cladding layers. IrFig. 10(b) one can see both characteristic lines (L afdwith
the slopeequal tov* (Al,03) andv ™1(Al,03), correspondingly. An intermediate region
between these lines is characterized byugband multiple changes in phonon velocity
in the interval of valuesy(™ (Pl), v*A(Al»03)). To the right from line L there is a
region of low-velocity phonons ((plastic, TA)-like modes). With increasing width of the
cladding layers the intermediate region extends and the number of “fast” phonon modes
increases. At the same time, the “hard” cladding layers do not completely overcome the
“slowness” of the core layer. Therefore, the effect of the phonon acceleration in the type-1V
heterostructure is weaker than the effect e€eleration in the type-Ill heterostructure.

Quantitatively, the effect of phonon decelgoa and acceleration, e.g. change in the
awverage group velocities, in heterostructures can be illustrated with the following ratios,
which correspond to several points Kig. 11 In the type-Ill heterostructure (3/1/3 nm)
at the temperatur& = 20 K the ratio of the average phonon group velocity in the
heterostructure to the gup velodty in the slab isv(heterg/v(GaNslah = 0.17
(see Fig9(a) and1l). In the type-lll structure with dimensions 10/1/10 nm, the ratio is
v(heterg/v(GaN slah = 0.16 (see Fig®9(b) and11). At room temperaturel{ = 300 K)
the ratio for both heterostructures is themeaand equal to 0.26. The latter is a factor of
3.84 decrease in the average phonon group velocity in the three-layered heterostructure
compared to GaN slab (thin film) due to the presence of “soft” cladding layers. One
should point out here that the average phonon group velocity in the slab (ultra-thin film)
is already smaller than the phonon (sound) velocity in the corresponding bulk. In the
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type-1V heterostructure (3/1/3 nm) at the temperatlire= 20 K the ratio of the
average phonon group velocity in the heterostructure to the group velocity in the slab is
v(heterg/v(plastic slab = 1.06 (see Figs8(a) and10). In the type-IV structure with
dimensions 10/1/10 nm, the ratiogheterg /v(plastic slah = 1.4 (see Fig8(b) and10).

At room temperaturel{ = 300 K) the ratios for these two heterostructures are 1.36 and
2.36, correspondingly.

Itis also important to compare the averaged phonon group velocity in the three-layered
heterostructures and in the corresponding bulk material. For example, in the type-IV
structures, the average velocity of the thermal phonon current in the core layer can be
made higher than that in the corresponding bulk material. Such a velocity increase is due
to the influence of the “hard” and “thick” cladding layer. In the type-Il structure (“thin”
cladding layer, “thick” core layer) the avage velocity in the core GaN layer is lower than
that in the bulk GaN. The latter is due to the fact that the effect of the barrier here is less
pronounced and the velocity change in the core GaN layer is mostly defined by the phonon
mode quantization and flattening of the polarization branchesHigmsel and2). This is
in line with the prediction of the significant decrease of the phonon group velocity in free
stending quantum wells (or slabs?][andnanowires 10].

4, Conclusions

We have theoretically investigated phonon dispersion and phonon group velocity
in AIN/GaN/AIN and other related heterosttures. The focus of this study was on
understanding the effect of the cladding (barrier) layers on the population averaged phonon
group velocity in such structures. It has been shown that by proper selection of the cladding
material parameterand its thickness, one can make the group velocity in the core layer
of such heterostructures either larger or smaller than in the corresponding slab and bulk.
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For example, it \as demonstrated that in a structure that consists of a 1 nm thick GaN
core layer embedded in 2.5 nm thick AlNadding layers, the population averaged phonon
group velocity at 300 K is about 30% higher than in the GaN slab. The fact that the phonon
group velocity in heterostructures can be modulated bears important consequences for
phonon heat transport and thermal management of electronic devices.
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