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Significant reductions in both the in-plane and cross-plane thermal conductivities of superlattices, in com-
parison to the values calculated from the Fourier heat conduction theory using bulk material properties, have
been observed experimentally in recent years. Understanding the mechanisms controlling the thermal conduc-
tivities of superlattice structures is of considerable current interest for microelectronic and thermoelectric
applications. In this work, models of the thermal conductivity and phonon transport in the direction perpen-
dicular to the film plane of superlattices are established based on solving the phonon Boltzmann transport
equation(BTE). Different phonon interface scattering mechanisms are considered, including elastic vs inelas-
tic, and diffuse vs specular scattering of phonons. Numerical solution of the BTE vyields the effective tempera-
ture distribution, thermal conductivity, and thermal boundary resistéfiB®) of the superlattices. The mod-
eling results show that the effective thermal conductivity of superlattices in the perpendicular direction is
generally controlled by phonon transport within each layer and the TBR between different layers. The TBR is
no longer an intrinsic property of the interface, but depends on the layer thickness as well as the phonon mean
free path. In the thin layer limit, phonon transport within each layer is ballistic, and the TBR dominates the
effective thermal conductivity of superlattices. Approximate analytical solutions of the BTE are obtained for
this thin-film limit. The modeling results based on partially specular and partially diffuse interface scattering
processes are in reasonable agreement with recent experimental data on GaAs/AlAs and Si/Ge superlattices.
From the modeling, it is concluded that the cross-plane thermal conductivity of these superlattices is controlled
by diffuse and inelastic scattering processes at interfaces. Results of this work suggest that it is possible to
make superlattice structures with thermal conductivity totally different from those of their constituting mate-
rials. [S0163-182€08)04523-9

[. INTRODUCTION of Capinski and Marison the temperature dependence of the
thermal conductivity of two GaAs/AlAs superlattices in the
Thermal conductivities of superlattice structures are atcross-plane direction. The temperature dependence of the in-
tracting increasing attention due to their importance in dif-plane thermal conductivity of a thick-period GaAs/AlAs su-
ferent applications such as the development of thermoelectrigerlattice was reported by Yet al® More recently, Lee,
devices and the thermal management of semiconductor l&ahill, and Venkatasubramam/ameasured thermal conduc-
sers. Studies over the past few years have demonstrated thitities of several Si/Ge superlattices in the cross-plane di-
the thermoelectric effects in quantum-well structures can beection, and further demonstrated that the thermal conduc-
greatly enhanced above their corresponding bulk matéfrfals. tivities of superlattices in this direction can be smaller than
To realize highly efficient thermoelectric devices, the ther-those of their corresponding alloys. Similar results have been
mal conductivity of superlattice structures should be mini-obtained on BiTe;/Sh,Te; superlattice§. In addition to
mized. Conversely, for semiconductor lasers, the thermademiconductor superlattices, experimental results on the ther-
conductivity of quantum wells and the surrounding struc-mal conductivities of other types of periodic thin-film struc-
tures, particularly the Bragg reflectors in vertical-cavity tures have also been reportetf.
surface-emitting lasers, should be maximiZethese appli- The thermal conductivity of superlattices may differ from
cations have inspired several experimental studies on théme prediction of the Fourier heat conduction theory based on
thermal conductivity of superlattice structures. Yamer-  bulk material properties due to the presence of interfaces.
formed the first measurement on the thermal conductivity ofThe new periodicity in a superlattice structure can alter the
GaAs/AlAs superlattice structures in the in-plane direction lattice vibrational properties, i.e., the phonon spectra, of its
His experiment showed that the thermal conductivities of theconstituent materials:~3 The change in phonon spectra re-
measured superlattices with equal layer thickness are smalleults from the interference effects among phonon waves scat-
than that of these structures calculated according to the Fotered at the interfaces, in analogy to the electron interference
rier heat conduction theory based on the thermal conductiviand transport in superlattice structutésNarayanamurti
ties of bulk GaAs and AlAs, but larger than that of et all!first observed phonon interference effects in superlat-
Gay sAly sAs alloy. Chenet al® measured the thermal con- tices by measuring phonon transmission through superlat-
ductivity of a GaAs/AlGa _,As multilayer structure for tices at low temperatures. Many subsequent studies on the
vertical-cavity surface-emitting lasers in both the in-planephonon spectra of superlattices further confirmed the forma-
and cross-plane directions. Their results indicate that th&on of minibandgaps in superlattices due to phonon
thermal conductivity of GaAs/AGa _,As in the cross-plane  interference®3 This interference effect is best observed at
direction can be smaller than their corresponding alloy. Thidow temperatures when the dominant phonon wavelength is
phenomenon is more clearly demonstrated in the experimehbdng. At room temperature, the dominant phonon wavelength
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is ~10 A in GaAs!® Phonon transport in films much thicker
than 10 A can be described by treating phonons as particles,

and is governed by the Boltzmann transport equati®FE). - .

The presence of the interfaces in superlattices, however, can n . [‘;E\);ER
affect the transport properties as long as the phonon mean ¥

free path(MFP) is comparable to or longer than the film 4 I Zho, 1

thickness. This is the classical size effect transport regime. % 2 V LAYERZ — x
Studies of such a classical size effect on the electrical con- & d 9 .

ductivity have been abundafft.There have also been in- % 1 . T01 5 LAYER 1
creasing research activities concerning size effects on the '+ /

thermal conductivity of thin films, particularly during the last 2 . PRECEDING
decadé’ The first study on the thermal conductivity of su- . LAYER

perlattices was carried out by Ren and DB\ithey modeled
the thermal conductivity of idealized Ge-type superlattice
structures by combining the classical BTE apprdaetith a
quantum-mechanical treatment of the additional scattering FIG. 1. Model and coordinate system.
process caused by the minibandgaps. The predicted reduc-
tion of the peak thermal conductivity from their model, how- lattices. Their modeling results point to the importance of
ever, is too small £25%) to explain the experimentally diffuse interface scattering in explaining the experimental re-
observed 1-2 order-of-magnitude reduction of the thermasults on the cross-plane thermal conductivity of GaAs/AlAs
conductivity of semiconductor superlattices. Cherand  and Si/Ge superlattices. These models, however, cannot deal
Hyldgaard and Mahaff, established models based on thewith interfaces that scatter phonons partially diffusely and
BTE to calculate the thermal conductivity of superlattice partially specularly, making it difficult to compare with the
structures in the direction parallel to the film plane. Neitherin-plane modéf that suggests a strong influence of the in-
of these two studies includes the phonon interference effectserface conditions on the superlattice thermal conductivity.
Results of these models, however, demonstrated reasonableln this work, several models on the effective thermal con-
agreement with the experimental data of Yaad Yuet al®  ductivity of superlattices for heat flow in the direction per-
on GaAs/AlAs superlattices in the same direction. Theseendicular to the film plane are presented, based on solving
studies suggest that the BTE is applicable for superlatticethe BTE for partially specular and partially diffuse interface
and periodic structures with relatively thick constituent lay-scattering of phonons, with different interface scattering
ers, and that diffuse interface scattering is the key factor ilmechanisms. Section Il describes these models and their un-
explaining the observed reduction in the thermal conductivderlying assumptions, followed by a discussion of the inter-
ity of GaAs/AlAs superlattices. Chen’s studyurther shows face scattering processes, the thermal boundary resistance
that the in-plane thermal conductivity is very sensitive to the(TBR), and the mathematical treatment of the governing
specularity of interface for phonon scattering. Totally specu-equations. Such a treatment leads to a set of integral equa-
lar phonon scattering at interfaces does not have much effetiobns describing the temperature gradient distribution within
on the in-plane thermal conductivity of superlattice struc-each layer, the phonon intensity distribution, and the TBR at
tures. A slight increase in the portion of diffuse phonon scatthe interfaces. Approximate analytical solutions of these
tering, however, significantly reduces the superlattice therequations, based on the observation of the numerical solution
mal conductivity. His modeling results indicate the that the majority of the temperature drop across one period
possibility of reducing the in-plane thermal conductivity of of a superlattice occurs at the interfaces, are also presented in
superlattices below that of their corresponding alloys, andhis section. Section Ill discusses the numerical solution of
suggest the possibility of engineering the superlattices to rethe governing equations, and compares the solution with ap-
duce their thermal conductivities without much penalty inproximate analytical solutions and experimental results.
the electronic transport properties. These results show that the effective thermal conductivity of
Cherf! also modeled the phonon transport and the effecsuperlattice structures is generally controlled by heat transfer
tive thermal conductivity of superlattice structures based orwithin each layer and the TBR between different layers, and
the BTE for heat flow across superlattice planes by assuminthat the TBR is no longer an intrinsic property of the inter-
that phonons are scattered totally diffusely or totally specuface but depends on the layer thickness and the phonon MFP.
larly at the interface. The diffuse scattering model resultdn the very thin-film limit, however, the effective thermal
were in reasonable agreement with experimental results afonductivity is dominated by the interface TBR.
Capinski and Maris on a GaAs/AlAs superlatticédyld-
gaard and Mah&A studied the thermal conductivity of a . THEORETICAL MODELS AND ANALYSIS
Si/Ge superlattice through the consideration of the phonon '
group velocity modification in superlattices by assuming to- The focus of this work is on the phonon transport when
tally specular interface scattering. Results from their modethe heat-flow direction is perpendicular to the superlattice
show that an order-of-magnitude reduction in the thermafilm plane, as shown in Fig. 1, although it is believed that
conductivity of Si/Ge superlattices is possible due to thesome of the results obtained in this work can be extended to
acoustic mismatch between Si and Ge. More recently, Cheheat transfer by photons in periodic structures. Phonon trans-
and Neagtf considered both diffuse and specular, but in-port in this type of structures possesses the following three
elastic, interface scattering of phonons at interfaces of supecharacteristics. First, the wave nature of phonons may be-
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come important, as indicated in the phonon spectra ofion function, because E@l) is a scalar transformation. The
superlatticed® Second, as the constituent layers becomalistribution function is a scalar in the six-dimensional phase
thicker than the phonon coherence lentthwave effects space (three space coordinates and three wave-vector
gradually disappear but the phonon MFP can be still largecoordinates?’ Its directional dependence is a result of ex-
than the layer thickness. Unlike a single layer with free surpressing the velocity coordinates in the three-dimensional
face types of boundary conditions, phonons in one layer caspace coordinates.

transmit through the interfaces ballistically, and thus affect For heat conduction perpendicular to the superlattice
the temperature distributions in other layers directly. Third,plane, the phonon distribution function does not depend on
the interface will create additional resistance to the heat flowx. A formal solution of Eq.(2) can be obtained by introduc-
To establish a model for heat conduction in a multilayering a deviation function, ,

thin-film structure, the following two approximations are

made:(1) films are thick enough such that the phonon spec- 11(zi,0)=1i(z,0;) = 1i(Ty), (4)
trum i.n each layer can be represented by that of it§ bulky rewrite Eq.(2) as

material, and2) the spectral-dependent scattering rate in the

bulk medium is approximated by an average MFP. The first iy i dly;

approximation excludes phonon wave effects, and the second Ccos 6, 97 + A Cos 6 dz - )

one is a gray-medium approximation. The validity and limi- b

tations of these two approximations have been discussed ihhe solution of the above equation in terms of the equilib-
detail in a previous paper on the thermal conductivity offium phonon intensity has been well documerfted,
superlattices in the in-plane directiGhMore discussion per-

i =i* =i 7l
tinent to transport in the cross-plane direction will be given (i, i) =17 (75 i) =17 (Oppg)e” 710
in Sec. Ill. mdl
Under the above-stated approximations, the BTE is appli- - f d_tm e~ (m—tWlkigt,
cable to phonon transport across superlattices, and can be 0 i
Z)g(g:’ezzsssed in terms of the total phonon intensity defined (for 0<pu,<1) (6)

() =1 (i) =1, (€, ) etém Mk

& dlg,
+f dlo e~ (m—t/rigt,

where the subscrip{=1,2) denotes properties of one of the n db

two adjacent layersD is the density of states per unit vol- (for —1<pu;<0) 7)

ume, f the phonon distribution functiorh the Planck con- _ o .

stant,|v | the magnitude of the phonon group velocity, andwhere w; (=cos 6) is the directional cosiney; (=z/A;)

v the phonon frequency. The summation inaiexs over the  the nondimensionat coordinate, and; (=d;/A;) the non-

three phonon polarizations. dimensional layer thickness of théh layer. The local heat
The BTE, under the single-mode relaxation-time approxi-flux in the z direction can be obtained frdth

mation, can be written 4%2°

1 Vmax,
Ii:E% fo |Umi|thDmi(V)dV, (1)

Qi(7)= L licos 6,d(};

. ;i ali 1=l 2
sin 9i003€0i(9—x+C059i(9_zi— A (2 .
— -+ —-_ . —_— . . .
wherel ,; is the equilibrium phonon intensity in th¢h layer _wao (i (o) =17 (i — i) I i, (8)

that is obtained by substituting in Eq. (1) with the Bose-
Einstein distributionp and ¢ are the polar and the azimuthal Hered(;(=27 sin#d#) is the differential solid angle. The
ang]es, respec[ive|y’ and the average phonon MFP that final EXpI’E‘SSiOH for the heat flux depends on the interface
could be estimated from the thermal Conductivky the Conditions, which determine the coefficients in E@ and
volumetric specific heaE, and the phonon group velocity (7)., and the distribution of the intensity gradiedt /dt;.
of bulk materials from To determinei; (O,u;) andi; (& ,u;) in Egs.(6) and (7),
boundary conditions for phonon scattering at interfaces must
k=CvA/3. (3 be imposed. Our previous pap&r& considered the limiting
, ) : cases when the interfaces scatter phonons totally specularly
We should point out that the purpose of introducing thegng oaly diffusely. In the following subsections, boundary

phonon intensity concept is for the mathematical convetqngitions for the more general case when the interfaces are
nience, particularly because the concept of photon intensi

artially specular and partially diffuse will be established,
is widely used in thermal radiatid. By introducing the t\ﬁ Ay P y

4 ! o .~ followed by a discussion about the interface scattering pro-
phonon intensity, the BTE becomes similar to the radlatlvecesSeS and an outline of the solution method.

transfer equation, and many results in radiative transfer can
be used for phonon transport studislthough intensity is

a function of both location and direction, as is clear from Eq.
(2), it is a scalar quantity. The directional dependence of In this subsection, appropriate boundary conditions for the
intensity is due to the directional dependence of the distributotally diffuse and the totally specular scattering interfaces

A. Partially diffuse and partially specular scattering interfaces
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will first be elucidated. The boundary conditions for partially and reflected phonons. An approximate relation will be pro-
diffuse and partially specular interfaces are established bposed in the inelastic acoustic mismatch model presented in
combining these two cases. Sec. Il B. Due to the approximate nature of these models in
By definition, the phonon intensity leaving a diffuse scat-dealing with the phonon-scattering processes at the interface,
tering interface does not depend on direction, thus coeffiwe will neglect phonon mode conversion at interfaces. There
cientsi; (0,u;) andi; (£ u) in Egs.(6) and (7) should be are reasons to believe that the neglecting of the mode con-
direction independent. Energy balance at the interface besersion does not introduce a large error and alter the conclu-

tween layer D and layer 1, as shown in Fig. 1, gives sion of this work. In a recent work,we modeled the phonon
transmission through a single film including the mode con-
f 17 (0,mq) ,dQ = RdlZf 17(0,— pq) p1dQ4 version, but neglecting internal scattering and assuming only
27 2

elastic scattering at interfaces. The results show that the
transverse phonons polarized both in and perpendicular to
+Td21f p2(é2,12) w2dQ2, the plane of incidence contribute nearly equally to the film
2w thermal conductivity. The assumption of no mode conver-
(9)  sion for longitudinal phonons may lead to an overestimation
of the phonon transmission. It will be shown, however, that
the specular, elastic-scattering model underestimates the su-
erlattice thermal conductivity. A correction for the overes-
imation of the longitudinal phonon transmissivity will make
the calculated thermal conductivity even lower. To explain
i . : . the experimental data, inelastic phonon scattering must be
| pa(£2,42) In EQq. (9) represents the phonon intensity corre- postulated to occur at the interfaces. For the inelastic-

sponding ton,= &, in the layer preceding layer 1. Because scatterin rocess, only approximate relations among the
phonons are scattered diffusely at the interfaces, phonons gp ' Yy app 9

leaving an interface are isotropically distributed, and . angIEIS_ ﬁf Clinmdent, trdanimltted and reflected waves can be
can be written as established, as stated above.

If the interfaces scatter phonons partially specularly and
. B partially diffusely, the corresponding boundary conditions
Iy (O’Ml)ZZRdHJZWIl (0,— p1) padpeg can be obtained by combining Eq40) and (11),

where the integration with respect to the solid angle is ove
the half space, anRy;; and Ty;; are the energy reflectivity
and transmissivity at an interface for phonons incident fro
theith layer towards théth layer, which are direction inde-
pendent for diffuse interface scattering. The symbol

+2Td21f277'32(52*“2)“20'“2- (1011 (0,9) = P{Raal )11 (0, pa) +teps( o) fol 2, 12)}

If phonons are specularly scattered at the interfaces, energy . —n
balance can be written down for a differential solid angle, +2(1-p){ Rarz 277' 1(0,= pa) uadpuy

17 (0,9) adpeg =Repol )17 (0= paq) palpeq

+Tau( )l pa( €2, m2) olpz, (11)

where Rg15(11) and Tg(uo) are the specular reflectivity ) ] ) )

and transmissivity for phonons incident from layer 1 at anglevherep is the interface specularity parame{érepresentlr_lg

0, . Anglesd, and 6, for specular reflection and refraction of the fraction of phonons experiencing specular scattering at
phonons obey the Snell law for acoustic waves, the interface, andsy; is related toTsy; by

+Td21f2 lpo(€2,m2) padps 13

sin ; sin 6,
ve Uy (12 ts21( o) = Topr(po) wod o/ (pm1dpq). (14

Strictly speaking, Eq(11) is valid only for transversely po-

larized phonons in an isotropic solid experiencing elastic-Similar consideration on the energy balance at the two other
scattering processes at the interface. For longitudinainterfaces forming one period of a superlattice yields
phonons or transverse phonons polarized in the plane of in-

cidence, mode conversion at the interface can occur, leading

to three transmitted and three reflected phonon waves in an 17 (&1, — 1) =P{Rero )5 (&1,1)

anisotropic crystal or two transmitted and two reflected

waves in an isotropic crystaf.Consideration of such a mode +tso(m2)l; (0,— pu2)}+2(1-p)
conversion would require modification of E@.1) to include

each of the transmitted and reflected phonon branches. This %! R J |+ d
would make the solution of the BTE much more difficult. In R P (1m0 padpny

addition, we are also interested in considering the inelastic
scattering of phonons at interfaces, for which there exist no +Td21f 15(0,— 1) ol

, 15
simple relations among angles of the incident, transmitted, 13
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13 (02)=P{Rear( o)1 5 (0 o) Htarl ) (£1,u)}  €Xtensively related to the work on the TBR™ Despite
those studies, quantitative predictions of the TBR are still not
_ satisfactory when compared with experimental restdi@ne
+2(1- p)[ Rd21J2ﬂ|2 (0,= p2) uolue possible explanation of the poor agreement between model-
ing and experimental results lies in the difficult of controlling
. the interfaces. Most existing experimental studies were per-
+Td12J’ |1(§11M1)M1dﬂ«1], (16)  formed on interfaces formed by mechanically joining two
2 materials or by deposition of polycrystalline films onto a
- + substrate. Interface structures thus formed can deviate sig-
12 (&2,— m2) =P{Re2a( o)1 5 (&2, 122) nificantly from the assumptions underlying the models. The
-n _ nearly perfect interfaces in superlattice structures offer an
F oo o) la (0~ )} +2(1-p) ideal system to study TBR. In this work, two existing ex-
treme models on the TBR, with proper modifications, will be
X[Rdﬂf 15 (&5, 10) poduy employed in evaluating the interface reflectivity and trans-
2m missivity. These two models are the acoustic mismatch
modef® and the diffuse scattering mod&IPredictions based
+Td12f In1(0,— mp)padpgp,  (17)  on the acoustic mismatch model have been relatively suc-
2m cessful at very low temperatures where heat transfer is domi-
nated by long-wavelength phonons. At higher temperatures,
where most phonons have short wavelengths, the diffuse
scattering limit model developed by Swartz and Bbhay
Pe more appropriate.

where 1 ;(0,— ;) represents the phonon intensity corre-
sponding ton, =0 in the layer next to layer 2. The above set
of interface conditions is generally applicable to multilayer
structures, and is not subject to the periodicity requiremen
of superlattices. For a periodic structure with heat flow in the 1. Diffuse scattering limit
z direction, temperatures at the corresponding locations of
two identical layers, and thus the equilibrium intensities
|;02(52) andl 5,(£&,) do not equal to each other. We argue,
however, that the angular distribution of the deviation func-
tion, i, must be similar between identical layers of a
superlattic&! i.e., i (7, i) =Kii(7, i), whereK is a

similarity constant. Substituting this similarity relation into
Eq. (8), it becomes clear tha must equal 1 when there is Taji=Ragij=1-Tg;;. (19
no internal heat generation. The above reasoning leads to

The diffuse scattering limit mod® is established based
on the assumption that phonons experiencing scattering at
the interface totally lose their memory on the side which they
come from. In this case, there is no way to tell whether a
phonon leaving the interface is due to reflection from the
same side or transmission from the other side; hence

The second equality in the above relations comes from the
energy conservation requirement. When both sides of the

[ o) =i , and i Jh1) =1 , ; S
p2 72, 142) =12( 772, 12) (71, 0) =117, 10) interface are at the same temperature, the principle of energy

(18 balance requires
Based on the four boundary conditions, EqE3) and
(15—(17), the unknown coefficients;” (0,u;) andi; (&, lezf l,1(T)cos aldﬂlszzJ lo2(T)cos 6,dQ)5.
—u;) in Egs.(6) and (7) can, in principle, be expressed in 2m 2m
terms of the unknown equilibrium phonon distributions (20

los(771) and lox(77,) and their derivatives. Expressions for At Jow temperatures, the integration limit in E€L) can

the case of totally diffuse scattering interface have been pulhe extended to infinity. Substituting E¢l) into Eq. (20)
lished before, and are very Complical?éd@\ﬁ:er the coeffi- leads to the f0||owing expression for the phonon

cients in Egs(6) and(7) are determined, these two equationstransmissivity**
can be substituted into EB) to yield two governing equa-

tions for the temperature distribution and the interface tem- S 2

perature drop. For partially diffuse interfaces, however, no - Umj

explicit expressions, no matter how complex, can be ob- Tgij= ) (21)
tained for the unknown coefficients in Eq$) and (7). It is > v+, Ui

found that the previously established mettfddsfor totally m m

diffuse and tota”y SpeCUlar Scattering interfaces are diﬁiCUlWherevmi is the magnitude of the phonon group Ve|ocity of
to apply to the partially diffuse and partially specular inter-the m branch (m is transverse or longitudinain the ith
faces. A solution method is thus developed. Before descr|b|ayer_ When the temperature is high, the above relation is no

ing this method, the phonon reflection and transmission progpnger valid. A similar relation can be obtained by utilizing
cesses at interfaces and the associated TBR phenomenon Wik relation between intensity and specific Héat,

first be discussed.
dl, 1

B. Interface properties and thermal boundary resistance dT  4m

vC

yp= (22

> J hvD df d

Z vphvD(v) ot dv=
The above formulation indicates that phonon transferAssuming that the temperature variation across superlattices

across superlattices depends on the interface transmissivity small and the specific heat can be treated as a constant in

and reflectivity. These interface properties have been studietthis temperature range, the intensity can be written as
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vC(T-T Based on Eqs(12) and(23), Eq. (27) can be written as
( ref)
iy p— 23

4
whereT . is a reference temperature. From E(9), (20), TaAp)lon(Tpiduy Cyvi
and (23), the following expression for phonon transmissivity — Tsai(#2) = — (120) 120 =03 3 Ts12 41)-
at the totally diffuse scattering limit is obtained: o2\ 2] 2B H2 22 (29)

Cjv;

ivit Lo Equationg24)—(28) are valid when the angle of incidence is

less than the critical angle. Above the critical angle, total

In deriving Eq.(24), it is assumed that phonons of all fre- .
Iqternal reflection occurs, and we have

guencies can transmit through the interface. This assumpt|o'
implies that scattering at the interface can be inelastic, i.e.,
phonons in one layer with frequency higher than the maxi-
mum frequency of phonons in the adjacent layers can trans- Rs1a 1) =1, Ts1ap1)=0. (29)
mit into adjacent layers by splitting into two or more

phonons through anharmonic interatomic interactions. In the

diffuse scattering model, these inelastic-scattering processes 3. Inelastic acoustic mismatch model

redistribute phonons isotropically in all directions. . . . .
P P y The above elastic acoustic mismatch model takes into

2. Elastic acoustic mismatch model consideration the phonon confinement effect by modifying

the transmissivity for confined phonons. Studies by Stoner
From the acoustic mismatch theory, the interface reflecand Maris2 suggest that inelastic scattering should be in-

tivity and transmissivity for specular interfaces can be eX-y,ded to explain some of their experimental data on the

pressed &8 TBR between solids at high temperatures. Although £4)
7 7|2 has included the inelastic-scattering effect in the diffuse scat-
Rslz(m)zu (25)  tering limit model, the model neglects the possibility that
ZypytZopy certain directional properties of the incoming phonons are
and persevered during the inelastic-scattering process. To model
the inelastic-scattering processes at interfaces, Stoner and
47,7 yp1pt Maris® used lattice-dynamic simulations by assuming an in-
Tsia 1) = (Ziprt Zoig)? (26)  terfacial atomic layer with a different interatomic potential

from those of the bulk materials. Here we propose a simple
where Z;=p;v; is the acoustic impedance of thth layer. —analytical model to account for the inelastic-scattering pro-
The above expressions neglect possible phonon mode cofesses that preserve the direction of incident phonons.
version, as stated above. Another restriction on the validity For elastic scattering processes, the Snell [&e. (12)],
of the above two equations is that the interface scattering its satisfied. For inelastic-scattering processes such as three-
an elastic scattering process, i.e., the reflected and transmfthonon scattering, the wave vectors of other two involved
ted phonons are at the same frequency as the incidefhonons will no longer obey the Snell law but in principle
phonons. In this case, the following reciprocal relations forcan be calculated. As an approximate treatment, we can use
the spectral reflectivity and transmissivity are valid: an average angle of refraction for these two phonons. The
Repo( 1) = Repr(io) and Tgo(w1) =Tei(u,). These rela- relation between the refraction angle and the incident angle
tions hold true for the spectrally integrated interface propercan be obtained from E§27) by requiring that the transmis-
ties only if the incident phonons from both sides have idensivity T, must equal tdT ;. This leads to
tical spectra. In real superlattices, however, the phonon
spectra in two layers are seldom identical. Without loss of
generality, it is assumed here that the maximum acoustic- pmodu, Cqvg sinf; [Cyu,
phonon frequency in layer 2 is higher than that in layer 1. MldM1: C,v, o Sin 02:
Phonons in layer 2 with frequencies above the maximum
acoustic-phonon frequency in layer 1 are confined in layer 2
if only elastic scattering is allowed at the interfaces. ThisIn the low-temperature limit, the specific he@tis propor-
phonon conflnement effect has been studied extensively itional tov ~2 and the above relation reduces to Etp). We
literature® Since the phonon confinement occurs inside thewill use Eq.(30), combined with Egs(25) and (26) to cal-
second layer, Eq$25) and(26) are valid for the spectrally culate the reflectivity and transmissivity and call this the in-
integrated reflectivity and transmissivity in the first layer. elastic acoustic mismatch model.
The total phonon transmissivity from layer 2 into layer 1 can
be related td';, based on the energy balance requirement for
a differential solid angle. If phonons at the two sides of an
interface are at an equal temperature and the interfaces are After the transmissivity at the interface is known, the
totally specular, Eq(11) yields TBR can be determined. The prevailing model accepted for
the TBR, as shown in Fig.(d), bears a strict analogy with
T ) o1(T) =ter( o)l o2( ). (27) radiative transfet: Assuming that the phonon MFP in each

12
Clvl) . (30

4. Thermal boundary resistance
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solid is infinite and that phonons at temperatiligg or T, 2l (T
are emitted by the solid on each side, the following relation 4T
between the heat flux and the temperature drop can be ob- 211 2% ez
tained, +
t2l1(Tey)
t21|J2r(TeZ)

q= szle(,U«l)l 01(Te1)COS 61dQ) | ;_‘-(TeZ)

17(Te)

_J To1( )1 62(Tep)COS 6,d(D5. (31)
27 (a)

In the totally diffuse limit, the above equation gives
0= Tq12C101ATe1o4, (32 A TEMPERATURE

whereAT;, is the temperature difference between those of
the emitted phonons.
For totally specular interfaces, E(1) becomes

To1 EMITTED PHONON

AT Ty EQUILIBRIUM T2 EQUILIBRIUM
1W1A Te12
= T dug. 33
2 Lw sl ) Hadii @3 Tez EMITTED PHONON
From the above relation, the TBR can be expressed as ‘ z
(b)
——— diffuse limit
ATelZ leZClv 1
We:—:
a 2 lar limit
specular limit. TEMPERATURE
Ciof Taad p1) padpy P
(34 T,
The above definition for TBR is based on the temperature |<—A1 —><_A2—->|
of the emitted phonons. For heat conduction in very thin
films, the local thermodynamic condition is far from equilib- T.(2)
rium, and temperature losses its conventional meaning of
representing a thermal equilibrium staté* In the current
work, temperature is a representation of the average energ) —————»7
of all phonons around a local point, and is equivalent to the (c)

equilibrium temperature of those phonons if they redistribute

adiabatically to an equilibrium state. This temperature defi-

nition is inconsistent with the above definition for the TBR  FIG. 2. Interpretation of thermal boundary resistan@:pho-
based on the temperature of emitted phonons because as ribn reflection and transmissioff) equilibrium and emitted phonon
lustrated in Figs. @ and 2b), the equivalent equilibrium temperature for infinite phonon mean free path, emaffect of the
temperature on each side is different from that of the emittedinite phonon mean free path.

phonons. A more consistent picture of TBR is provided by

Simons® based on the equivalent equilibrium temperature of

phonons on each side of the interface. It can be shown that Tl—TZ:ATn:[l_J Too(pg) peadpeq

the equivalent equilibrium temperaturgé; and T,, can be

expressed in terms dfy; and T, as
_f T21(/-L2)/-L2dﬂ2}(Tel_Te2)- (36)

T1=Te1— (Te1—Te2) f T pg) pdpeq

By defining the TBR based on the difference of the
and equivalent equilibrium temperatur&T;,, the classical para-
dox on the existence of a finite TBR for an imaginary inter-
face in the same materfdican be eliminated. This is be-
T22T62+(T91_T92)J Tor(p2) wodpez, 39 cause wherT;,=T,,;=1, Eq. (36) leads toAT;,=0. Based
onAT,,rather thamT.;,, the following expressions for the
such that TBR are obtained:
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((4[1—-0.8Tg1ot Tgo1) ]
T421Cov>

diffuse limit

(37

W= q =9 2{1_J'T312(M1)M1d,“1_f Tso1(po) pmodusy

specular limit.

C101J T 1) madpeq

It should be emphasized that both the classical definition Clearly, exact analytical solutions of these equations are
[Eqg. (34)] and the temperature consistent definitiiq.  impossible. So far, we have reported numerical results for
(37)] lead to the correct result for heat flux. Which definition two special cases, i.e., when the interfaces are totally diffuse
is more appropriate depends on the actual experimental comand totally speculat?® Numerical solutions for these two
figuration, i.e., whether the temperature sensor measures tleases are obtained by eliminating the unknown intensities at
temperature of emitted phonons or the equivalent equilibthe interfaces and solving two integral equations governing
rium temperature of all the phonons on each Sftieor heat-  the nondimensional temperature distributions in one period.
transfer calculations involving both conduction inside a me-For the partially diffuse and partially specular interfaces,
dium and the TBR at an interface, the equivalent equilibriumelimination of all the intensities is impossible. We have at-

temperature is clearly a more appropriate choice. tempted to solve the equations simultaneously by discretiz-
ing the integrals using the Gauss-Legendre quadrature. Nu-
C. Method of numerical solution merical instability was encountered in these attempts.

A new method of solution is developed here based on the
symmetry implied by the governing equations and the corre-
ponding boundary conditions. As shown in the Appendix,
e following antisymmetric relations exist:

The four boundary conditions in Eg&l.3) and(15)—(17),
plus Egs.(6) and (7), involve a total of eight equations but
ten unknowns: the eight forward and backward intensities
the interfaces, and the distribution of the effective tempera-
ture in each layer. In this work, it is assumed that no internal iFOum)=—i7 (&,—u)

. : : i (O Iy (&~ my
heat generation occurs in the medium; thus the heat flux as
given by Eq.(8) is a constant. By normalizing temperature to and

the heat flux, two additional equations are obtained. In prin- (& )= =i (0= i) (38)
ciple, the intensity distribution at the boundaries as well as ISR I A T
the normalized temperature distribution in each layer can b&Jsing these relations and Edg) and(8), the boundary con-
determined from this set of equations. ditions can be written as
lugq, + Iy, + ! Iy, +
[1+PpReip(p1)e” /#1]u5 (0,1) — Ptepy( o)™ 24205 (0'M2)+2(1_p)Rd12f0 e {1/l (0,u) padpg
o ealug,t “ ~(&1-ty)l
—2(1-p) Ty oe 21#245 (O,u0) poduo— PReo( mo) Iy . Gy(ty)e s iviradty
& (& tp)! f
+ Pt p2) . Ga(tpy)e 272V adty — 2(1— p) Ryl 1y . Gi(tyEs(§1—tydty
&
+2(1—p)Td21JO Ga(ta)Es(&x2—to)dty =W nll [ pTsia( 1) + (1= p) Ta12], (39
|
where.;, G;, and¥;; are normalized intensity, temperature I1,=C,v,/(Covy) and II,=1, (41
gradient distribution, and TBR, respectively, which are de- . , , )
fined as The_: exponential integral functioR,, (n=3) in Eq. (39 is
defined a¥
’7Tii C2U2 dTl(tl) szgATij 1
= —ce R § _ 2,/
L q ] G| 4q dt| ’ ’\IIIJ 4q ’ En(t)— jo ,LLn e 'u'd,U/ (42)
(40)

A similar equation can be obtained by permuting the sub-
andII; are script indices 1 and 2 in Eq439). Using these two equations,
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the number of unknown intensity distribution at the inter- compensate for the two additional unknowns related to the
faces is reduced from eight to two. Two additional equationsTBR, ¥;; . The final total number of discretized equations is
can be obtained from Eg8), 6Xn+2Xm+2, with 6Xn unknowns in intensity, m
unknowns in the nondimensional temperature gradient distri-
1 bution, and two unknowns in the nondimensional thermal
J (e 7 /m+e—<fi—m>/Mi)Li+(o,Mi)MidMi boundary resistance. Direct matrix inversion is employed to
0 obtain the final solution for;, G;, and¥;;, followed by
¢ integration ofG; to yield the nondimensional temperature
_HiJ Gi(t)Es(|m—tihdti=1, (43  distribution in each layer. The accuracy of the results is
0 tested by doubling the number of integration points. Another
way to check the results is to investigate their asymptotic
behavior. In the limit where each layer is thick compared to
the MFP, the Fourier law should be valid. Combining Egs.
(3) and (40) leads to the following asymptotic solution

wherei=1 and 2.

The above integral equatiofi§gs. (39) and (43)] can be
solved numerically to yield the intensity distribution at the
interfaces, the TBR, and the nondimensional temperatur
distributions. The Gauss-Legendre integration scheme is
used here to approximate the integrals in EgS) and(43). lim G;(t;)= —3/4I1, . (44)
In doing such a discretization, two complications arise. One & oo
is due to the fact that the roots of the Gauss quadrature de-
pend on the integration interval and the number of integra-
tion points. Such roots in layers 1 and 2 will not satisfy the
Snell law as given by Eq12), while the directional cosines ~ As will be shown by the numerical results in Sec. Il
w1 andu, in Eq. (39) are related to each other according to most of the temperature drop across the superlattice occurs at
the Snell law. To overcome this problem, discretization musthe interfaces when the layers are very thin. Based on this
also be carried out for those angles that are conjugate@®bservation, approximate analytical solutions for the effec-
through the Snell law, to the angles in the adjacent layers aléve thermal conductivity of superlattices can be obtained by
determined by the Gauss quadrature. Thus, ifrittteorder  neglecting the temperature drop inside the film, and assum-
Gauss quadrature is used, a total of @ discrete equations ing that the effective thermal conductivity of superlattices is
must be written down for; (0,u;) and ) (0,u,). The sec- QOm_inateq by the interface TBR. Under this approximation,
ond complication is due to the occurrence of the total interin dimensional form, Eq(39) becomes
nal reflection. At the critical point, the reflectivity and trans-
missivity vary drastically. This sharp variation requires the c C _
separation of integration over angle into two parts for the (1FPRais ~Plearlz ={Cr01ATid pTaazt (17 P) Tl
layer in which the total internal reflection occurs, as demar- +2(1—p)[ T2~ Ryo1]q}/4mr,
cated by the critical angle. A total of>6n descretized equa-
tions is thus used for the intensity distributiofg0,x;) and (49
¢ (0,u). In addition, the discretization over the distribution and a similar equation is obtained by permuting the subscript
of nondimensional temperature gradigdtwill give 2xXm  indices. Solving the above equations figr andi; , and
sets of discretized equations, for amh-order Gauss quadra- substituting the solutions back into E®), yields an expres-
ture in the s-coordinate direction. Two more discrete equa-sion for the heat flux, from which the effective thermal con-
tions can be obtained by setting=0 in Eq.(39) or (43),to  ductivity can be expressed as

D. Approximate solutions

0.5(d3+dp) Covaf §{2P Tepr+ (1= P) Taal 1+ PReaot Peaal/D ()t iaduey

= , (46)
© 1-2(1-p) S o{[(1+ PpRe12)(— Ryas+ Ta12) + Ptega — Ragot Taon) 1/D} ol
where
D (1) =(1+PRe21) (1+PRe12) = P?TepaTs21.- (47)
For totally specular interfaces, the above equation is simplified to
1 Teoa(m2) modu,
ko= (d,+d,)C J > . 48
e=(d11dr)Cov, 0 [1+Rea 1) 11+ Reoa( ) 1= Teaa 1) Tepa( pa2) “8
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1000 ——4——p4—+—r——+—"7—r—r—r7rrr7TT TABLE |. Room-temperature properties used in the calculation
o [ 5 o © o o ] of the thermal conductivity of GaAs/AlAs and Si/Ge superlattices.
2 soof B St 1 ” .

5 L P _T : Specific heat Group velocity Mean free
E [ 099‘ TOTAL ] Material  Model  x10° J/n? K m/s path A
ni ;7 ACOUSTIC PHONON : GaAs Debye 1.71 3700 208
E ook °c Y e 2 Dispersion 0.88 1024 1453
o [ I T et i AlAs  Debye 1.58 4430 377
'é: [ -} ) ] Dispersion 0.88 1246 2364
200 3 ,° ] Si Debye 1.66 6400 409
: I,/' OPTICAL PHONON SILICON | Dispersion 0.93 1804 2604
ok’ v Ge  Debye 1.67 3900 275
@ 0 200 e ATURE. (K) 800 1000 Dispersion 0.87 1042 1986
400 [T T ' 1 v v v 1 4 v v 1 v v v 1 T R
= : 6 O 1 the specific heat of Si is due to optical phonons, and, for Ge,
% 3s0¢ o o © O = the optical-phonon contribution accounts for about one-half
§ 300 E of the total specific heat. Since optical phonons have a very
e 250 ] TOTAL ] low group velocity, we ywll neglect their contribution t_o the
= : ACOUSTIC PHONON ] bulk thermal conductivity as well as to the superlattice. In
T 200f E addition to excluding the optical phonons, the phonon group
‘u—f ] : I S . velocity is also calculated from approximate dispersion rela-
S S0t e E tions weighed over the model specific h&4table | lists the
& 100 e 3 phonon properties based on the two estimation methods, i.e.,
50 p 5/ OPTICAL PHONON ] the method based on the speed of sound and the total specific
S GERMANIUM] heat(Debye model and the method based on a sine function
0 o0 100 800 3007000 approximation to ea_ch acoust|c-|c_)honor_1 polarlza'ilson and the
(b) TEMPERATURE (K) exclusion of the optical phonor{gispersion mode!

FIG. 3. Specific heat aofa) Si and(b) Ge, showing contributions IIl. RESULTS AND DISCUSSION
from different phonon modes. '
Sample calculations are carried out for GaAs/AlAs and

For totally diffuse interfaces under the diffuse scatteringSi/Ge superlattices. Figuregaj—4(c) show the distributions

limit, Eq. (46) leads to of the nondimensional temperature gradient, and Fig®-5
5(c) the distributions of nondimensional temperature in two
kge=0.5d;+d5)Cv1Tg1o. (490  adjacent layers of GaAs/AlAs superlattices. For large layer

thickness[Figs. 4a) and Ha)], the gradient distribution
approaches a constant of 2 in layer 2 and —0.825
(=3/411,) in layer 1 over a large portion of each layer, in
The above models need several bulk material propertieagreement with the Fourier heat conduction theory, i.e., Eq.
as input parameters, including the specific heat, the phonof4). Near the interfaces, the temperature gradient increases
group velocity, and the phonon MFP. The simplest methodharply, reflecting the nonequilibrium nature of the transport
to calculate the bulk phonon MFP is from E@®) based on process near the interface as shown in Fig).dn this case,
the speed of sound, the bulk thermal conductivity, and théhe majority of temperature drop occurs inside the layer and
specific heat. This method, however, neglects the fact that dhe interface conditions have little effect on the overall tem-
room temperature most phonons are populated close to theerature drogFig. 5@)]. For small layer thickness, say a
zone boundary where the phonon group velocity is signifi-100-A period superlattice, the temperature gradient becomes
cantly smaller than the sound velocity. In addition, a signifi-more nonuniform and its value deviates from the Fourier
cant portion of the specific heat is due to optical phonons thatesults. For totally specular interfaces, large differences exist
contributes little to heat transf&t:>® A better estimation of in the TBR and the distribution of the temperature gradient
the phonon MFP and the group velocity can be obtainedetween results obtained from the elastic acoustic mismatch
from a more realistic approximation of the phonon disper{Figs. 4b) and 3b)] and inelastic acoustic mismat¢Rigs.
sion relations>?°In a previous paper we have shown that 4(c) and 5c)] models. Under the elastic acoustic mismatch
the specific heat of GaAs can be calculated without any fitimodel, phonons are confined in the AlAs layer and a large
ting parametergincluding the Debye temperatyréy ap- temperature drop occurs at the interface due to the reduced
proximating the dispersion of the transverse and thghonon transmissivity. For inelastic scattering at interfaces,
longitudinal-acoustic phonons with simple sine functions.phonons are not confined, and, correspondingly, only a small
Similar calculations have been done for silicon and germatemperature drop develops at a totally specular scattering in-
nium. Figures 8) and 3b) demonstrate the satisfactory terface. Similar results have been obtained for Si/Ge super-
agreement between the calculated and listed specific-hektttices. Because the mismatch in the specific heat and group
data of Si and Ge. At room temperature, about one-third ofelocity is larger between Si and Ge than between GaAs and

E. Specific heat, group velocity, and phonon mean free path
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FIG. 4. Distributions of the nondimensional temperature gradient in one period of GaAs/AlAs superlattices with equal thickness layers
unders different interface scattering modé#;d;=d,=1000 A, (b) d,=d,=50 A, and(c) d;=d,=50 A, where(a) and(b) are based on
elastic acoustic mismatch model for contributions from specular scattering process@s,iafsed on inelastic acoustic mismatch model.

AlAs, the temperature drop at a Si/Ge interface is larger thamlent phonons from each side will be at one uniform tempera-
that at a GaAs/AlAs interface. ture, as illustrated in Fig.(®). When the phonon MFP is a

The distribution of the normalized intensity deviations atfinite value, all phonons within the range of the order of one
two interfaces is shown in Figs.(®-6(d) for GaAs/AlAs  MFP can reach the interface ballistically and thus affect the
superlattices. Figures(® and Gb) are results based on the TBR. Equation(37) defines the TBR based on the tempera-
elastic-acoustic-mismatch model, while Figgc)6and &d) tures of phonons exactly at the two sides of an interface.
are results based on the inelastic acoustic mismatch moddtigure Zc) shows, however, that phonons away from the
The total internal reflection occurs in GaAs under the elastiénterface but within the range of one MFP participate in the
acoustic mismatch moddlFig. 6(@], but changes to the energy exchange across the interfaces directly. This means
AlAs layer under the inelastic-scattering modEig. 6(d)].  that the TBR depends on the temperature gradient in the
This switching is a consequence of modifying the Snell lawmedia. For superlattices, the temperature gradient is further
according to Eq.(30). In interpreting the angular distribu- related to layer thickness, leading to the dependence of the
tions of the normalized intensity deviations, it should be kepfTBR on the film thickness. Such a thickness dependence of
in mind that they represent the deviation from the equilib-the TBR is similar to the separation dependence of the elec-
rium intensity. A positive value means phonons contribute tdarical conductance of two constrictions in parailebr in
the energy flow in the heat flux direction, and vice versaseries® Both are due to the influences of the interfaces or
When the incident angle is smaller than the critical angle, theonstrictions to the distributions of the incident phonons or
intensity decreases monotonously with increasing angle oflectrons. Quantum interference of electron waves is the
incidence. Above the critical angle, the deviation in intensitycause of the incident electron wave redistribution in the cited
increases with angle, due to scattering of phonons inside theferences, while the thickness dependence of the TRB dis-
layer into these directions. For diffuse interfaces, the districussed here is caused by the phonon density change in thin
bution of intensity is isotropic, as expected. films.

Figures Ta)-7(d) illustrate the behavior of the TBR as a  To understand heat conduction mechanisms in superlat-
function of the layer thickness. First, it should be emphasizedices further, the effective thermal conductivity of superlat-
that numerical solution indeed shows that the TBR is indetice structures will be calculated and compared with recent
pendent of the phonon incident direction, i¥.,,=¥,,, as  experimental results on GaAs/AlAgRef. 5 and Si/Ge
required by symmetry. Second, the TBR also becomes thicksuperlattice$. All of the above calculations are performed
ness dependent. Third, the TBR calculated for thick filmsbased on the bulk specific heat and the speed of sOuate
does not approach the limit as given in Eg§7). The reason ues listed under the Debye model in TableSince the pre-
for this latter discrepancy lies in the temperature nonuniforsented temperature distributions are normalized to the prod-
mity near the interface. The previous derivation of the TBRuct of the specific heat and the group velocity, these results
assumes that the phonon MFP is infinite, and thus the incishould not change much even when the optical-phonon con-
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FIG. 5. Nondimensional temperature distribution for the corresponding superlattices in (@igsi(d).
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FIG. 6. Distribution of nondimensional intensity in the forward directionyat0 as a function of polar angléa) and (b) are results
based on elastic acoustic mismatch model, @dnd (d) are based inelastic acoustic mismatch mo@land (d) represent the layer in
which total internal reflection occurs.

tribution is excluded and an average phonon group velocityn modeling the in-plane superlattice thermal conductitity.

is used(values listed under the dispersion model in Table I We should point out that phonon confinement has been ex-
For the thermal conductivity modeling, however, we must beperimentally confirmed in many superlattidésThese ex-
more discriminative on the values of the specific heat and thperiments were done for phonons in specific directitygi-
phonon group velocity used in the calculations. Table | listscally normal incidenck and they did not yield quantitatively
two groups of properties for each material. One is based ohow much phonons were actually confined. The above re-
the total specific heat and the average of the sound velocitgults indicate that in terms of total heat flux, the phonon
and the other is based on the specific heat of the acoust@onfinement effect is small. The conclusion that inelastic
phonons only and a group velocity averaged over the firsscattering plays a role in the observed thermal conductivity
Brillouin zone. Modeling results based on both groups ofof superlattices also agrees with lattice-dynamic simulation
properties will be discussed. results by Stoner and Matfson the interface TBR.

Figures 8a)—8(d) show the modeling results on the thick-  There are several possible explanations for the mecha-
ness dependence of the thermal conductivity of GaAs/AlAsiisms of the diffuse interface scattering of phonons. The
superlattices that are calculated under different conditionanost obvious one is the interface roughness. It is well known
and compare them with experimental results of Capinski anthat even the best superlattices have certain interface
Maris® Figures 9a)—9(d) illustrate a similar comparison structures such as long-range terraces and short-range
with Si/Ge superlattice5The specular reflectivity and trans- mixing of atoms® At molecule-beam-epitaxy-grown
missivity in Figs. &a), 8(b), 9(a), and 4b) are based on the GaAs/ALGa _,As interfaces, roughness often extends to
elastic acoustic phonon mismatch model, and thus includé—3 atomic layers, or-3—9 A. This roughness is compa-
the phonon confinement effect. The differences among thesable to the dominant phonon wavelengtand will cause
figures are in the values of the specific heat and the phonodiffuse scattering of phonons. The effect of interface rough-
group velocity. Figures @ and 9a) represent the case ness on phonon propagation has been reported in direct pho-
where no consideration is given to the phonon dispersion andon imaging experiment®.Many studies have been carried
the effect of optical phonons on the specific heat, while Figsout to investigate the effects of interface roughness on the
8(b) and 9b) are calculated with these two factors taken intophonon dispersion and Raman spectrum of superlatticés.
consideration. Although the experimental data of both GaAsThe effect of interface roughness on the TBR of a single
AlAs superlattices and Si/Ge superlattices are close to thinterface is also a subject of numerous studtels addition
calculations in Figs. @ and 9a), a more realistic treatment to the diffuse scattering caused by interface roughness, two
on the specific heat and phonon group velocity leads to ovemther mechanisms may also cause the diffuselike scattering.
prediction of the thermal conductivity based on the elastic-These are the inelastic scattering caused by the anharmonic
acoustic-mismatch model, as demonstrated by Figs.@d interatomic force interaction and the phonon mode conver-
9(b). The experimental data can be better explained based mion at the interface. Due to the existence of these processes,
the inelastic acoustic mismatch model, as can be seen frothe phonon distribution at the interface may not follow the
Figs. 8d) and 9d). These calculations lead to an interface simplified model used in this work, i.e., the interface scatter-
specularity parameter 0.8, a value close to the one obtaineding may be neither partially diffuse nor partially specular.
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Modeling of the more general case that includes the detaile®i/Ge and GaAs/AlAs superlattices and the thermal conduc-
interface scattering processes is beyond of the scope of thtwity becomes sensitive to the interface specularity param-
work. eter around the totally specular scattering interface limit,
For Si/Ge, there is also a sudden reduction in the thermagimilar to the in-plane thermal conductivity The sensitivity
conductivity with increasing layer thickness. Reference 7 in-of the cross-plane thermal conductivity to the interface
dicated that this reduction is due to the existence of dislocaspecularity parameter is shown in Figs.(d0and 1@b) for
tions. Chen and Neagtiused a dislocation scattering model, the two different models on the specular interfaces, i.e., the
and indeed calculated a comparable reduction of thermadlastic and the inelastic acoustic mismatch models.
conductivity at a dislocation density 102 cn?. At this dis- Figures 11a) and 11b) compare the calculated tempera-
location density, the dominant scattering mechanism is duture dependence of the thermal conductivity of Si/Ge and
to strain field around the dislocations. Because the dislocasaAs/AlAs superlattices with experimental data of Refs. 7
tion scattering is a bulk process, the measured thermal comnd 5. Only results obtained from the consideration of the
ductivity becomes thickness independent. phonon dispersion and the inelastic scattering at the bound-
Although the elastic acoustic mismatch model has beemry are presented. For Si/Ge superlattices, the model results
ruled as an unlikely interface scattering process, it is interare in reasonable agreement with the experimental data. For
esting to note that in this case, the thermal conductivity ofGaAs superlattices, the model is able to explain the experi-
GaAs/AlAs superlattices depends on the interface specularitsnental data on the 2214 superlatticé12 ML of GaAs and
parameter differently from that of Si/Ge superlattices, asl4 ML of AlAs). For the 3X 3 superlattice, the model pre-
shown in Figs. 8) and 9a). For GaAs/AlAs superlattices, dicts the correct order of magnitude in the thermal conduc-
increasing the interface specularity parameter increases thwity reduction, but cannot explain well the temperature de-
thermal conductivity, while, for Si/Ge superlattices, the ther-pendence. Two mechanisms may be responsible for the
mal conductivity decreases with the increasing interfacestronger measured temperature dependence of the thermal
specularity parameter. This is because of the large acoust@mnductivity of this superlattice. One of the mechanism is the
mismatch between Si and Ge compared to that betweephonon wave effect such as tunneling and interference, in
GaAs and AlAs. The average reflectivity at a Si/Ge interfaceanalogy to the photon tunneling and interference through a
calculated based on the elastic acoustic mismatch model marrow gag'**® Our modeling on the heat conduction
larger than that based on the diffuse scattering model, thuhrough a Ge/Si/Ge double heterojunction structure indicates
increasing the interface specularity parameter increases thkat tunneling can increase the thermal conductivity of a
TBR, while the reverse is true for a GaAs/AlAs interface. 10-A layer by 20%° but tunneling alone cannot explain the
The overall differences in the reflectivity between the diffuseobserved stronger-than-predicted temperature dependence of
mismatch and elastic acoustic mismatch models are smalihe thermal conductivity of the 83 superlattice. The stron-
and thus the spread of the thermal conductivity under the twger temperature dependence of the thermal conductivity of
models is small. Under the inelastic acoustic mismatchthis superlattice can be explained by assuming that the
model, the specular reflectivity is relatively weak for both specularity parameter is a function of temperature. Although
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FIG. 10. Sensitivity of thermal conductivity to the interface

specularity parameter for Si/Ge superlatticgs:inelastic acoustic FIG. 11. Temperature dependence of the thermal conductivity of

mismatch model an¢b) elastic acoustic mismatch model. (a) Si/Ge and(b) GaAs/AlAs superlattices.

the variation ofp with temperature is small, its effect on very sively contro_lled by the interfac_es.anq is independent of the
thin films is strong, as indicated in Fig. (). bulk scattering processes. This indicates that many good

The approximate expressions, E446), (48), and (49) thermal conductors may be engineered to yield low thermal

can be expected to be valid for the cases where the majorif§Pnductivity structures, and thus opens a way to engineer
of temperature drop in superlattices occurs at interfaces. Thigiaterials for thermoelectric applications.
is the case for totally diffuse interfaces with very thin super- It IS @lso interesting to compare the cross-plane thermal
lattice period. Similar is true for specular interfaces with €onductivity modeling with the in-plane modeling. For the
phonon confinement. For specular interfaces under th&-Plane modeling, the superlattice thermal conductivity al-
inelastic-acoustic-mismatch model, the approximate expred¥ays depends on the phonon MFP in bulk mat?'l"s"ng“e
sions are no longer valid because the interface TBR is ver}P this dependence, it becomes necessary to include the fre-
small. Figure &) shows, however, that as long as a small9uéncy dependen_ce of the_ relaxation time in the in-plane
fraction of phonons are diffusely scattered, the TBR in-thermal conductivity modeling. For the cross-plane thermal
creases significantly and the approximation expressions b&onductivity modeling, since the thermal conductivity at the
come applicable. Figures @ and 12b) support the above V€Y th!n-fllm limit is almost totally mdependent of the bulk
discussion by comparing the numerical solutions of the BTE'€laxation time, we do not expect a large difference in the
with results obtained from the approximate expressions. effec_tlve thermgl co_nduct|V|ty calculated based on the gray-
The above results and discussion demonstrate that tH8€dium approximation and the frequency-dependence treat-

cross-plane thermal conductivity of superlattices is conment of the phonon MFP.

trolled by the interface scattering of phonons. The tempera-

ture drop inside _the layers is.smaII compared to the tempera- IV. CONCLUSIONS

ture drop at interfaces, i.e., phonon transport across

superlattices is ballistic and thermal conductivity is less af- Thermal conductivity of superlattices is of current interest
fected by the scattering mechanisms in bulk materials. Fofor microelectronic and thermoelectric applications. Large
superlattices with layer thickness thinner than the phonomeductions on the thermal conductivity of superlattices have
MFP, the effective thermal conductivity is almost exclu- been observed in recent years. In this work, we carry out
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_10* SO T —— 73 GaAs/AlAs superlattices suggests that the measured thermal
¥ 00 % © Si/Ge SUPERLATTICESj conductivity can be explained by assuming that phonon
E &$° © \ ] transport at the interfaces is partially diffuse and partially
- 10 p=1 specular, and that inelastic phonon scattering occurs at the
£ ] interfaces.

5107 / 0.3 It is clear from this study that the large thermal conduc-
= LA O Daeee tivity reduction experimentally observed in GaAs/AlAs and
3 aull e T S . Si/Ge superlattices results from the interface scattering of
o10F . P08 UL phonons. Phonon transport in thin period superlattices is bal-
é' Q- L=t __A_-P=° i ] listic, and the thermal conductivity of superlattices is almost
« 1o°§-m" R - 3 independent of the scattering mechanisms in bulk materials
Tt __&.--B‘ DOTS APPROXIMATE SOLUTION] but is determined by the mismatch of specific heat, group
p f-="" ",'N,E,S, _N.UMER“?A" ,so,"U,T',O,N, N velocity, and density of adjacent layers. Based on this con-
10407 102 ] 10° clusion, we can envision the possibility of engineering super-
PERIOD THICKNESS (A) lattices to obtain low thermal conductivity structures even
(@ from good bulk thermal conductors. These low thermal con-
S 10— i ductivity structures may have applications in thermoelectric
£ | Si/Ge SUPERLATTICES g devices.
S AaetT Our model cannot explain satisfactorily the experimental
> _.O";'." - thermal conductivity data of a>833 GaAs/AlAs superlattice.
s _,.C'"'-'_.D' Possible reasons are due to phonon tunneling and the tem-
5 Il —q',D' perature dependence of the interface specularity parameter.
5100__ g.,.--'ﬁr' Y o . Tunneling increases the heat conduction through superlat-
S F s ’i::o.s ] tices, and the interface specularity parameter may increase
o F @0_.-@'&.'@.' \ p=1 with decreasing temperature. These two effects can lead to
2 i ._.-'A'," . higher-than-predicted thermal conductivity as well as stron-
o - o . ger temperature dependence.
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APPENDIX

theoretical investigations on heat conduction mechanisms in
superlattice structures in the direction perpendicular to th%o
film plane based on solving the BTE. Several models for the
interface scattering processes are established by extendift

n of intensityi;” andi;” must be antisymmetric. The proof
barts from Eq(5), which can be written as

the acoustic mismatch model and the diffuse mismatch a7 (01,71 dloy( 71)
model previously developed in the study of the TBR to in- cos 61—+i1+(61,771): —COosS 01d—
clude the possibility of phonon confinement and inelastic 7
scattering at interfaces. These models are incorporated into (0< 6,<90°), (A1)
the boundary conditions of the BTE. Computational strate-
gies were developed for numerical solution of the BTE. Ap- dig(6y,m) dlgy(71)
proximate analytical solutions are also obtained for the ef- €0S¢;———————+i; (61,71)=—CO0S 91d—
fective cross-plane thermal conductivity of superlattice N
structures. These analytical solutions are shown to be very (90°< 0,<180°). (A2)
good at the thin-film limit. ) .

Results of this study demonstrate that the equivalent thefNtroducing the transformations
mal conductivity of superlattices is controlled by both the @1=m2—0, and {1=&— 71, (A3)
size effects on heat transfer within each layer and the TBR )
between different layers when the superlattice period thickEduation(A2) becomes
ness is comparable to the phonon MFP. The TBR is no i

o P . dig (m—e1,{1) . _

longer an intrinsic property of the mter_face, _but also_dep_ends cos 1 +ip(m—¢1,41)
on the layer thickness. When the period thickness is thinner Q1
the phonon MFP in their corresponding bulk materials, the dloy(71)
TBR at the interfaces becomes the major factor limiting the =cos (Pld—m (0< @<<90°). (A4)

thermal conductivity in this direction. Comparison of the
modeling results with recent experimental data on Si/Ge an@he above equation is identical to Ed\1) if

In this appendix, we prove that the solution for the devia-
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i1 (61,m)=—i1 (7= 61,01 and
or
. L iI(gb_:ul)_p[Rle(/'Ll)iI(élvﬂl)+t521(ﬂ2)i2_(01_,“2)]
i (1, m)=—ig (—p1,€1— 7). (A5) .
Such an antisymmetry relation will hold if it can also be —2(1—p)[Rd12f0 i7 (&1, ) mpduq

proven that the boundary conditions are not violated. Equa-
tions (13) and (15) yield

1
+ Tlefo i5(0,— po)uoduy

iI(O,Ml) - p[Rslz(Ml)i 1_(0,— “1) +t321(M2)i ;(gz T M2) ]
=Wulli[pTsim1) +P T2l (A7)

1
_2(1_p){Rd12j0 i1 (0= pp)uadus
If Eq. (A5) and the corresponding equation fgrare satis-

1, fied, and in addition, if the TBR is symmetric, i.e¥,
+Td21f0 12 (52'1“'2)“2(1“2} =T,,, the above two boundary conditions become identi-
cal. Numerical solution shows that the TBR is indeed sym-
=Wl [P Ts1a 1) + P Tas2] (A6)  metric. The antisymmetric relations are thus proved.
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