HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 5 2 AUGUST 2004

A phonon depletion effect in ultrathin heterostructures with acoustically
mismatched layers

Evgenii P. Pokatilov and Denis L. Nika
Department of Theoretical Physics, State University of Moldova, Kishinev, Republic of Moldova

Alexander A. Balandin®
Nano-Device Laboratory, Department of Electrical Engineering, University of California — Riverside,
Riverside, California 92521

(Received 18 March 2004; accepted 25 May 2004

We demonstrate theoretically that modification of the acoustic phonon spectrum in semiconductor
heterostructures with large acoustic impedance mismatch between the core and cladding layers may
lead to strong phonon depletion in the core layer. The latter is achieved if the heterostructure
parameters are properly tuned, i.e., the structure thickness is in nanometer scale to ensure phonon
quantization and the cladding layers are acoustically “softer” than the core layer. Using a numerical
solution of the elasticity equation, we show that one can achieve conditions when almost all acoustic
phonon modes are squeezed in the cladding layers with the exception of a small fraction of phonons
with very small wave vector& < 0.3 nnT?). The predicted phonon depletion effect in the core layer

of the acoustically mismatched heterostructures may lead to increased carrier mobility in certain
regions of the heterostructure as well as improved thermal management of heterostructure-based
devices. ©2004 American Institute of PhysiddDOIl: 10.1063/1.1775033

Acoustic phonons manifest themselves practically in allof acoustic phonon spectrum in heterostructures with large
electronic, thermal, and optical phenomena in semiconducacoustic impedance mismatefye/ 7ciaqding at the interface
tors. In nanoscale structures the acoustic phonon spectrubetween the core and cladding layers may lead to the strong
undergoes modification due to spatial confinement resultinghonon depletionin the core layer. The latter is achieved if
in emergence of many quantized phonon dispersiorthe heterostructure parametgtsickness and mass dengity
branches, change in the phonon density of states, and hybridfe properly tuned and the cladding layers are acoustically
ization of phonon modes3 Strong modification of the “softer” than the core layer, i.eq.e> eladding
acoustic phonon spectrum is expected when the structure Vibrational spectrum in different structures has been
sizes are much smaller than the phonon mean free fath theoretically studied over an extended period of it
and approaches the dominant phonon wavelengtit given  has been showhthat in the freestanding three-layer hetero-
temperature. By tuning the size, shape, interface, and mas#ructures hybridization of the dilatationdL) and flexural
density of nanostructures one can change the phonon spedL) slab modes from different layers leads to formation of
trum in a desired way, thus accomplishing what has beesymmetrical(SA) and antisymmetrica{AS) normal modes
termed asphonon engineering Practical realization of the that extend through the whole three-layer heterostructure.
phonon engineering concept in nanostructures may lead to Bhe notation SA and AS, used in this letter, is related to the
progress in electronic and optoelectronic devices. symmetry of the components of displacement vedtbr

Recently, several research groups demonstrated freéU;,Us), where U; is a component parallel to the layers
standing nanostructures, such as ultrathin slabs, nanowirgghile the component; is perpendicular to ther(see inset
and quantum dot&° Li et al.” reported on fabrication and to Fig. 1. As an example material system we select GaN
measurement of thermal conductiviy in a single crystal- acoustically “hard” core layer embedded into acoustically
line free-surface Si nanowires with diameters as small assoft” plastic layer. AxisX; is perpendicular to the layer
22 nm. The experimentally observed strong decreageinf ~ surfaces and parallel to the hexagonal reference eis
such nanowiregk ~9 W/cmK at T=300 K) was in excel- Wwurtzite GaN lattice. Axes(; and X; of the Cartesian coor-
lent agreement with the earlier theoretical predictigh  dinate system are in the plane of the layers. The layers thick-
~13 W/cmK at T=300 K) of Zou and Balandiri, which nesses are denoted li(i=1, 2, and 3. The structure is
explained the decrease by the acoustic phonon confinemesymmetric,d,=ds, with total thicknessl=d, +2d,.
in nanowires. In order to solve the elasticity equation we follow the

Practical examples of a structure, where phonon specstandard approafhand choose the free-surface boundary
trum modification takes place, are nanostructures or ultrathiGFSB) conditions at the outside boundaries of the hetero-
films embedded into material of distinctively different elastic structure. We begin by writing the expansion of the phonon
properties. Invoking the concept of acoustic impedamce displacement vector over the normal modes in the standard
=pV; (p is the mass density and, is the sound velocity in form
the given materia) we term such heterostructuresaous-

tically mismatchedn this letter we show that modification U (X1, X, Xg) = EQU(S“)(r,X&q), (1)
a,S,q

dAuthor to whom correspondence should be addressed; electronic maiWhere indeXa:(SA,AS)indicates the polarization type, in-
alexb@ee.ucr.edu dexs=0,1,2,..n, is the quantum number of a normal pho-
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the dispersion for zero modg=0) is similar to the trans-
verse acousti€TA) phonon mode in bulk plastic with sound
velocity v=1 km/s. Other dispersion branché&s# 0) cor-
respond to quantized quasioptical, i.e(g=0) # 0, phonon
modes(s=1,2-9. The number of all quasioptical branches
: is determined by the ratiad/2c (for wurzite GaN c
W , | etvdem =0.51 nm). The quasioptical branches have parabolic type
0 10 20 30 40 50 60 dispersion(w~q? for phonon wave vectors close to the

. 9 () Brillouin zone center with characteristic sharp change of the
slope indicated by the straight line The slope alongd. is
close to the sound velocity of the bulk TO phonon in GaN
(~4 km/9. This narrow region ofg values with drastic
change in the dispersion slope is dominated by the elastic
properties of the acoustically “hard” core layer. For all other
values ofqg, the slopes of the dispersion curves, are signifi-
cantly smaller. It means that the average group velocity of
phonon modes, which extend through the whole heterostruc-
ture, is between the bulk TA and longitudinal acoustié)
nghonon velocities in the “soft” plasti¢the region near the

0 10 20 30 40 S0 60
7 (m’)
FIG. 1. (a) Phonon dispersiothSA(q) for symmetric(SA) hybrid acoustic
phonon modes in the acoustically mismatched heterostructure. Solid ai ] ) :
dashed curves correspond to even and odd phonon modes, respedtively. LA bulk mode velocity of 1.6—1.9 km/s is denoted by line
Phonon depletion coefficient for even SA phonon modes in the core layer o). The width of the regions with the high velocity is rela-

the acoustically mismatched heterostructure. Positive vaIuéSAéindicate tively small (~0.1 nm—l). Thus, vibrational properties of the

ranges of the phonon wave vecigrfor which the lattice vibrations in the

considered heterostructure are dominated by the acoustically
core layer of the heterostructure are suppressed.

“soft” cladding materials.

N To elucidate the phonon depletion effect, i.e., squeezing
non mode, the position vectatx;,x;) and wave vector of  he [attice vibrations out from the core layer to the claddings,
normal vibrationsg(d,,d,) have two components. The dis- we introduce a new parameter, phonon depletion coefficient,
placement vector for théx,s,q) normal mode can be writ-  through the energy considerations. The total lattice vibration
ten as energy in heterostructure is given'By

1 ‘ .
(a) — (@) a iqr 1 5 1
Ve e = EATGONE X, ? E=2 f pxa)UdV+ 2 f CikimO@ ViUV, (4)
\ \

VLo
;’(thrfel'sl’ lr‘ésarzctt?\?elsﬁesl_ozg)te;\O(‘Zgir:i:]uéea?rllo?i?u)?fgg d where U;, is the strain tensor, and,m(x3) are modules of
fy( ! thp lari lt', 2 t Sf the P | elasticity of heterostructure layers. Here, the first term repre-
Ws(a.xg)is the polariza lon vector for “’5’9) normal sents kinetic energy and the second term is potential energy
mode. The phonon polarization vectaf(q,xs), in its turn, ¢ the attice oscillations. Substituting Eq4) and(2) to Eq.

satisfies the following orthonormal conditions (4), and using orthonormalization condition of E@®), we
a2 (') B can write the energy of the normal mode in the form
f Wi (0,X3)p(Xg Wy (0, X9) X = PLY(0) sy S

-di2

a2 EL(q) = ESY(0) + ES3(0) = ()AL (o j (AELES
1
X f Wi dxg =1, &)

-di2

. . , +p2 f [wgPdxg), (5)
wherep(xz) is the coordinate dependent mass density of the 2

constituent material such thatxs)=py(constant mass den- where indices 1 and 2 are related to the core and cladding

Sity in core Iaye} Whe*.‘ [a| <da/2 andp(xg) =p, (constant layers of the heterostructure, respectively. The terms in Eq.
mass density in cladding Iayerwh'e.n dy/2< |X3,| sdiz and (5) are structured in such a way that the first one corresponds
thedlzheterost(n;lcture mass der'lsm.es are 9"(53)”/"?%((4) to the energyEs 1(q) of elastic vibrations of théa,s,q) nor-
= JZa2p(Xa) W (0, Xg)[°dxs. Polarization vectow,” defined  mal mode in the core layer while the second one to the en-
this way, determines not only the direction of the displaceergy of vibrationsEs ,(q) in the claddingbarriei layers. We
ment, but also the spatial distribution of the displac(emenhow define the pho’non depletion coefficieffjt)(q) as a ratio
vector amplitude. We find the coordinate dependenas{@lf  of the elastic energy inside the core layer to the elastic en-
and W(;‘S) components by solving the elasticity equat én. ergy in the whole heterostructufieoth energies are taken per
Material constants and deformation potentials for wurziteunit volume:
GaN were taken from Ref. 13. As an acoustically “soft” ma-
terial we used plasti¢Pl) with the value of the longitudinal £9(g) = EQq Vv Q&f W(qx,) v, (6)
velocity of sound v;=2 km/s, transversal velocity, s (W= A E(“)(q) - leJ(“) L .3 3
=1 km/s, and densitp=1 g/cn?.** s °

Figure Xa) shows phonon dispersion brancheswhereV;=L,L,d; and V=L,L,d. According to this defini-
hwg(xs,q) for SA polarization in plastic/ GaN/plastic hetero- tion, g(s”‘)(q) shows the relative amount of lattice vibrational

structure with dimensions 4 nm/2 nm/4 nm. As one can seegnergy inside the core layer with the respect to the total
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SA poiarizaiion I_,. -

- FIG. 3. Componentsv;a,(xs,q) (8) andwsa,(Xs,0); (b) of the vibration
L . \ P———— amplitude vectowgf)(x3) as the functions of the phonon wave veajand
0 10 20 30 40 50 60 coordinatexs.

q (am’)

::: | Sapolarizaton .- | pare the lattice vibrations in the core layer of the heterostruc-
240 ture with thqse in the GaN_sIgb of thg same thickness as the
Sl ] core layer, i.ed=2 nm. It is interesting to note that there
"53'1 1 exist only two modeg$s=0 and 1 in a 2-nm-thick slab. Fig-
;;22 e | ure 2b) shows the damping coefficient Igg(s“)(q,d

13 Gty om g =2 nm) for both modes. The mean square polarization vec-

o4l ® . T tors in the slab exceeds that one in the core layer of the

0 10 20 30 40 50 60 acoustically mismatched heterostructure by many orders of

g(em) magnitude for almost ali. The lattice vibrations are strongly

FIG. 2. Phonon damping coefficient for even SA phonon mo@®sCom- damped in the heterostructure core.

parison _of the square mean displacements in the_GaN slab and in't_he acous- The phvsical origin of the described phonon debletion in

tically mismatched heterostructure of the same thickness. The positive value phy g 8 X p p

of log r(s") indicates that lattice vibrations in the core layer of the hetero- the core |ayer of the aCOUSt'Ca”y mismatched heterostructure

structure are suppressed compared to the generic(slgiie same as ife) is redistribution of the displacemerw(s“) ~ A;a)W(Sa)(Xg),

but the thickness of the slab is chosen the same as the thickness of thghich leads to the situation when there are much less lattice

heterostructure core layer. vibrations in the core layer than in acoustically “soft” clad-
ding layers. The latter is illustrated in Fig. 3, which shows

energy per unit thickness of the heterostructure. It is alsg@he Componentgvf/;l(x3,q) (@) and W§A;1(X3,Q) (b) of the

illustrative to compare the mean square polarization vectorgijpration amplitudé vecton' SV (x,) as functions ofj andx,.

of the normal modes in the core layer of the heterostructur®ote that the displacemeg

: - ) nt component surfaces are nearly
with the mean square polarization vectors in slabs. For thiga: tor wSA

. . T e, and w34, and approximately equal to zero
purpose, we introduce the phonon damping coefficienysige the core layer while the amplitudes of vibrations are
r«q,d) defined as

high in the cladding layers. Similar dependence is observed

dr2 for other SA and AS modes. In conclusion, we demonstrated
d; |wgf§,)|(q,x3)|2dx3 that modification of the acoustic phonon spectrum in semi-
r9(q,d) = —a2 ) conductor heterostructures with large acoustic impedance
s G 2 w o mismatch (7core™ 7ciadding PEtWeen the core and cladding
df |Ws,h(q,X3)| dxg layers results in the strong phonon depletion in the core
/2 layer.
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