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We present a calculation of the full thermal conductivity tensor for �001�, �111�, and �011� surface orienta-
tions of the silicon-on-insulator �SOI� nanomembrane, based on solving the Boltzmann transport equation in
the relaxation-time approximation with the full phonon dispersions, a momentum-dependent model for bound-
ary scattering, as well as three-phonon and isotope scattering. The interplay between strong boundary scatter-
ing and the anisotropy of the phonon dispersions results in thermal conduction that strongly depends on the
surface orientation and exhibits marked in-plane vs out-of-plane anisotropy, as well as slight in-plane aniso-
tropy for the low-symmetry �011� SOI. In-plane thermal conductivity is highest along �100� on Si�011� and
lowest in Si�001� due to the strong scattering of the highly anisotropic TA modes with �001� surfaces. The
room-temperature in-plane conductivities in �011� and �001� nanomembranes with thicknesses around 10 nm
differ by a factor of 2, and the ratio can be much higher at lower temperatures or in rougher samples. We
discuss surface facet orientation as a means of tailoring thermal conduction in low-dimensional nanostructrures
and address the role of out-of-plane thermal conductivities in predicting vertical phonon transport in
superlattices.
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I. INTRODUCTION

Heat conduction in semiconductors is dominated by pho-
non transport.1 Tetrahedrally bonded semiconductors have
high lattice thermal conductivities �e.g., 148 W /mK for Si at
room temperature2� thanks to the strong sp3 bonds and rela-
tively low atomic masses. High thermal conductivity is a
great benefit in electronic applications, but makes these ma-
terials unsuitable for thermoelectric applications, where low
thermal conductivity is needed.3,4 Heat conduction in bulk-
like semiconductor samples is governed by three-phonon and
isotope scattering while the effects of surface interactions
become observable at low temperatures.1,5

In contrast, thermal transport in semiconductor nanostruc-
tures, such as silicon-on-insulator �SOI� membranes6 and
nanowires,7,8 is strongly influenced by boundary scattering
even at room temperature.9,10 Recently, a decrease in thermal
conductivity of nearly 2 orders of magnitude with respect to
bulk was observed in rough silicon nanowires due to en-
hanced boundary scattering,7,8,11 which has opened up possi-
bilities of using silicon nanostructures as efficient thermo-
electric materials.12 Decreasing the feature size of
nanostructures13 and surface decoration14 have also been
shown to promote boundary scattering and lead to a thermal
conductivity decrease. However, reducing the size of nano-
structures below a few nanometers is technologically chal-
lenging while both size reduction and roughening penalize
electronic properties through charge trapping and mobility
lowering15 and may overall be detrimental to the thermoelec-
tric performance.7,8 On the other hand, reduction in thermal
conductivity is not always the goal: with transistor downscal-
ing, hot-carrier and hot-phonon transport become
exacerbated,16 and increasing thermal conductivity in the
nanoscale channel to facilitate cooling becomes very impor-
tant in order to ensure stable and efficient electronic
performance.17,18 Therefore, it is important to seek additional
means of tailoring—enhancing or reducing—the thermal

conductivity in semiconductor nanostructures, such that ex-
treme downscaling and chemical processing are supplanted
and detriment to electronic transport is minimized.9,19

In this paper, we investigate the sensitivity of thermal
conduction in thin SOI membranes to the surface crystalline
orientation, boundary roughness features, and the direction
of heat flow. We calculate the full thermal conductivity ten-
sor in �001�, �011�, and �111� silicon nanomembranes with
thicknesses ranging from 5 to 100 nm. The calculation em-
ploys the full phonon dispersion and the Boltzmann transport
equation, including three-phonon and isotope scattering as
well as a momentum-dependent boundary scattering model.
We demonstrate that the interplay between strong boundary
scattering in SOI membranes and the anisotropy in the pho-
non dispersions results in thermal conduction that strongly
depends on the surface orientation and exhibits marked in-
plane vs out-of-plane anisotropy, as well as some in-plane
anisotropy for low-symmetry surface orientations. For all na-
nomembrane surface orientations, the thermal conductivity
tensor has an out-of-plane eigenvector, corresponding to the
minimal eigenvalue that represents the intrinsic out-of-plane
thermal conductivity of the membrane. In-plane thermal con-
ductivity is overall highest along the �100� direction on �011�
SOI �there is a slight anisotropy of the in-plane conductivity
on �011� SOI� while the lowest in-plane conductivity is ob-
served in �001� SOI due to the very strong scattering of the
highly anisotropic TA modes with �001� surfaces. The room-
temperature in-plane conductivities in �011� and �001� na-
nomembranes with thicknesses around 10 nm differ by a
factor of 2. This ratio can get much higher with increased
prominence of boundary scattering, i.e., with lower tempera-
tures, intentionally roughened surfaces, or in very thin
samples. We conclude that, for applications that require good
thermal conduction such as in digital electronics, heating will
be minimized in SOI devices if the channel is oriented as
�100�/�011�. In contrast, for thermoelectric applications
where low thermal conductivity is needed, the best starting
points are likely to be nanostructures with as many �001�
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facets as possible to promote the boundary scattering of TA
modes, such as in etched rectangular �100� nanowires with
�001� and �010� facets.

The paper is organized as follows: in Sec. II, we present
the phonon transport model, discuss the calculation of the
different scattering rates and elaborate on the momentum-
dependent specularity parameter for the treatment of bound-
ary scattering. In Sec. III, we present the eigenvectors and
eigenvalues of the thermal conductivity tensor for SOI na-
nomembranes of different surface orientations, thicknesses,
and roughnesses. We discuss the interplay between the full-
dispersion anisotropy and boundary roughness and the con-
sequences it has on the surface-orientation sensitivity of ther-
mal conductivity. We conclude in Sec. IV with a brief
summary and a few final remarks.

II. PHONON TRANSPORT MODEL

The simplest models of thermal conductivity—the
Klemens-Callaway20,21 and Holland models22—fail to cap-
ture the anisotropy of thermal conductivity23,24 as they rely
on the Debye approximation �linear and isotropic acoustic
phonon dispersion� in conjunction with isotropic three-
phonon and isotope scattering, as well as an empirical,
momentum-independent specularity parameter to treat
boundary scattering.25,26 In this work, in order to capture the
full anisotropy of lattice heat conduction, we calculate the
thermal-conductivity tensor

K���T� = k�
j

�
q�
���j�q��

kT
	2 e��j�q��/kT

�e��j�q��/kT − 1�2

� �j�q��j
��q���j

��q�� , �1�

where �j
��q�� and �j�q�� are the �th component of the phonon

velocity vector and the frequency in branch j, respectively,
while k is the Boltzmann constant, and T is the temperature.
We calculate the full phonon dispersion from the adiabatic
bond charge model27,28 that accurately captures the phonon
dispersions in all directions.29 Bulk dispersions give an ac-
curate description of phonon states in SOI as thin as 5
nm.30–32

In the calculation of the relaxation time �j�q�� for a phonon
in mode j and with wave vector q� , we consider normal �N�
and umklapp �U� three-phonon scattering, isotope scattering
�I�, and boundary surface-roughness �B� scattering with
branch- and momentum-dependent relaxation times �j,N�q��,
�j,U�q��, �j,I�q��, and �j,B�q��, respectively. The total relaxation
time �j�q�� is given by

1

�j�q��
=

1

�j,N�q��
+

1

�j,U�q��
+

1

�j,I�q��
+

1

�j,B�q��
. �2�

A. Three-phonon and isotope scattering

With the exception of 1 /�j,B, the scattering rates do not
depend on the phonon momentum direction explicitly but
rather on its energy and are thus constant on energy isosur-
faces. The dependence of N and U relaxation times on the

phonon energy and lattice temperature can be expressed
through

1

�j,N/U
LA/TA���

= AN/U
TA/LA�j

ng�T� , �3�

where n=2 for normal scattering and n=4 for umklapp
scattering.33 This model, based on ab initio calculations,
gives a natural crossover between normal scattering, domi-
nant among low-energy phonons, and umklapp scattering,
dominant among higher-energy phonons.33 The temperature
function is given by g�T�=T�1−exp�−3T /	D�� with
	D=645 K being the Debye temperature of silicon.34 The
constants AN/U

TA/LA are dependent on the polarization of the
phonon branch. Based on ab initio calculations,33 their val-
ues are AN

TA=253322 �meV2 K s�−1 for the transverse acous-
tic modes and AN

LA=163921 �meV2 K s�−1 for the longitudi-
nal acoustic mode. For umklapp scattering, the constants are
AU

TA=2012 �meV2 K s�−1 and AU
LA=507 �meV4 K s�−1.

Isotope scattering has no temperature dependence, and the
energy dependence of the isotope scattering rate is calculated
from35,36

1

�I���
=


V0

6
�Si�

2VDOS��� , �4�

where V0 is the volume per atom and VDOS��� is the vibra-
tional density of states calculated from the full phonon dis-
persion using the method of Gilat and Raubenheimer37 �see
Fig. 2�b��. �Si=�i f i�1−mi / m̄�2, where f i is the natural abun-
dance of isotope i with mass mi, and the average mass is
m̄=�i f imi. The value of �Si is 2.0�10−4.34

B. Momentum-dependent specularity parameter for boundary
roughness scattering

In order to describe boundary roughness scattering, we
consider a thin silicon-on-insulator layer in the xy plane.
Each boundary is assumed to be rough with a deviation from
an ideally smooth surface characterized by surface-roughness
height z�r�� at in-plane position r�= �x ,y� �see Fig. 1�. We will

Θ
B

L

z(�r)

�r

FIG. 1. �Color online� Schematic of a silicon nanomembrane of
thickness L, showing a lattice wave scattering from the rough
boundary. The phases of the waves reflected from different points
on the boundary differ by amounts that depend on the local surface-
roughness height z�r�� and the angle 	B between the phonon mo-
mentum q� and the boundary surface normal of the idealized smooth
surface.
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assume that z is a random variable with a Gaussian distribu-
tion so that 
z�=0 and 
z2�=�2, where � is the rms height of
the surface roughness.38

When a plane lattice wave with wave vector q� strikes the
rough surface, the reflected wave contains a specular compo-
nent and a diffuse component.39 The magnitude and isotropy
of the diffusely scattered wave depend greatly on the bound-
ary roughness correlation length B,corr: in the case of highly
correlated surfaces, where the correlation length is compa-
rable to or exceeds the phonon wavelength, the diffuse part is
strongly anisotropic and peaks around the direction of the
specularly reflected wave, merging with it and effectively
making the surface appear smoother.40 For lattice thermal
transport, the worst-case scenario is that of an effectively
uncorrelated surface, for which the correlation length is
much smaller than the typical wavelength �B,corr�� and
the diffusely scattered wave is nearly isotropic and does not
contribute to the current flow. This approximation is good for
an unintentionally roughened Si surface41 and long-
wavelength acoustic phonons in silicon, and we will assume
it henceforth.

In the case of weak correlation, surface-roughness scatter-
ing can be effectively characterized through a momentum-
dependent specularity parameter40 p�q��=exp�−
�2��, where
��q� ,r��=2q� · ŝz�r��=2qz�r��cos 	B is the phase difference be-
tween the incoming wave and the outgoing specularly re-
flected wave at point r� where the surface normal unit vector
is ŝ �see Fig. 1�. �This expression for ��q� ,r�� assumes that the
boundary is between silicon and an acoustically softer me-
dium �i.e., one with a lower acoustic impedance ��s, a prod-
uct of density and average sound velocity� such as between
silicon and amorphous silicon dioxide;42 in the case of re-
flection from an acoustically harder medium, an additional 

would be present in �.� The distribution of � over the xy
plane follows that of z, so 
�2�= �2q cos 	B�2
z2�
=4q2�2 cos2 	B, and finally

p�q�� = exp�− 4q2�2 cos2 	B� . �5�

Figure 2�a� depicts the temperature variation in the average
specularity parameter per phonon branch, p̄j, for the LA
�solid�, TA1 �dashed�, and TA2 �dashed-dotted� branches,
and with the surface-roughness rms heights of �=0.1, 0.5,
and 1.5 nm. p̄j is a weighted average over all phonon mo-
menta on a given branch

p̄j =
� p�q��N0��j�q���d3q�

� N0��j�q���d3q�

, �6�

where N0 is the equilibrium Bose-Einstein phonon distribu-
tion function. p̄j, an ensemble quantity, depends on tempera-
ture and �.

For each branch, one notices a specular-to-diffuse transi-
tion, connected to the increasing abundance of large-q
phonons that scatter diffusely with increasing temperatures.
The transition temperature range depends on the phonon
branch and �, the rms of surface-roughness fluctuations.
Phonon dispersions and density of states for LA and TA

branches are depicted in Fig. 2�b�. �For completeness, LO
and the two TO branches are depicted as well but their con-
tribution to thermal conductivity is neglected since their ve-
locities are small and they are typically unpopulated at tem-
peratures of interest here �up to 400 K�.� We see that TA
modes scatter more diffusely, i.e., their specular-to-diffuse
transition range occurs at lower temperatures than that of LA
modes. The reason is the following: large-q �near-Brillouin-
zone-edge� TA modes, that scatter most from boundaries due
to their large q �see Eq. �5��, flatten fairly low in energy �Fig.
2�b��, thus having a large VDOS and being abundant down to
low temperatures, which together result in fairly strong
boundary scattering on average. In contrast, LA modes near
the Brillouin-zone edge �those that scatter most diffusely�
come with steeper dispersions �lower VDOS� and have
higher energies, so higher temperatures are needed to popu-
late them. Therefore, up to high temperatures, LA phonons
on average scatter more specularly �view a given surface as
smoother� than TA phonons.

As one approaches room temperature, the simple concept
of a single, momentum-independent specularity parameter
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FIG. 2. �Color online� Average specularity parameter for LA
�solid�, TA1 �dashed�, and TA2 �dashed-dotted� phonon branches.
�a� Temperature variation in the average specularity parameter per
phonon branch with surface-roughness rms heights of �=0.1, 0.5,
and 1.5 nm. �b� Phonon dispersions and density of states for the
acoustic branches. For completeness, optical-mode dispersions are
also depicted. �c� Variation in the average specularity parameter
with the rms roughness � at 300 K �thick curves� and 50 K �thin
curves�.
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that is often employed in calculations43 becomes better jus-
tified. Figure 2�c� presents how the averaged specularity pa-
rameter relates to the rms height of surface roughness. At
low temperatures, the full effect of the phonon dispersion on
specularity is obvious, and LA modes have a markedly
higher specularity parameter than TA modes. At room tem-
perature, as large-q LA phonons become more abundant, a
single specularity parameter is adequate to use.

The discussion above holds for a single Si /SiO2 bound-
ary. In the case of SOI, scattering occurs between opposing
surface boundaries that can be considered mutually uncorre-
lated because they are processed separately.41 We assume an
effective average �, and hence the same specularity param-
eter, Eq. �5�, for both boundaries. Bouncing between two
boundaries separated by membrane thickness L, phonon mo-
mentum will have a lifetime proportional to the time it takes
the phonon to cross the membrane,39,44,45

�j,B�q�� = �1 + p�q��
1 − p�q��	 L

�j,��q��
, �7�

where �j,��q��=�j�q�� · ŝ is the velocity component normal to
the surface. Clearly, phonons with the velocity directed into
the surface will have the shortest lifetime.

III. THERMAL-CONDUCTIVITY TENSOR IN THIN
SILICON MEMBRANES

From the full thermal conductivity tensor Eq. �1�, we can
compute thermal conductivity along any direction as
�=K��n̂�n̂� with n̂ being the unit vector along the direction.
In Fig. 3, we compare the directional in-plane thermal con-
ductivity � with experimental values of 20, 30, and 100 nm
SOI.46,47 The surface orientation was assumed to be �001�,
and the best agreement was obtained with roughness rms

height �=0.3 nm for the 100 nm SOI, �=0.4 nm for the 30
nm, and �=0.45 nm for the 20 nm SOI. The computed val-
ues of � are in very good agreement with the
measurements46,47 on thin SOI �Fig. 3� at both high and low
temperatures.

We calculated the full thermal conductivity tensor, Eq.
�1�, for SOI nanomembranes with �001�, �011�, and �111�
surface orientations and a variety of surface-roughness rms
heights and membrane thicknesses �5–100 nm�. For every
SOI surface orientation, the full thermal conductivity tensor,
Eq. �1�, has three eigenvector/eigenvalue pairs with the
eigenvectors independent of temperature. In Fig. 4�a�, we
compare the eigenvalues of the room-temperature thermal
conductivity tensors for 20 nm SOI with �=0.45 nm �the
same value as in Fig. 3� but with different surface orienta-
tions: �001�, �011�, and �111�. As intuitively expected, there
is a strong in-plane vs out-of-plane anisotropy in heat con-
duction for all surface orientations with one eigenvector al-
ways pointing out of plane and the corresponding thermal-
conductivity eigenvalues being considerably lower than in-
plane ones due to stronger boundary scattering.24,48,49

An important feature of Fig. 4�a� is that in-plane thermal
conductivity eigenvalues for different SOI surface orienta-
tions differ significantly from one another. This behavior can
be explained based on the acoustic phonon dispersions alone,
as the contribution of optical phonons to thermal conductiv-
ity in silicon is negligible, owing to their high energies �and
thus low population at temperatures of interest here� and low
group velocities �see Fig. 2�b��. The sensitivity of thermal
conductivity to the surface orientation is intimately con-
nected to the full phonon dispersions, and best depicted by
looking at the TA �Fig. 4�b�� and LA �Fig. 4�c�� energy iso-
surfaces because phonon velocity at a given q� is perpendicu-
lar to the isosurface on which that q� lies. The TA constant-
energy surfaces are boxlike �Fig. 4�b�� with box faces
perpendicular to 
001� directions. As a result, TA phonon
velocities are mostly directed along 
001� directions, and
therefore TA modes scatter very strongly from the bound-
aries in �001� SOI �see Eq. �7��. LA phonon energy isosur-
faces are nearly isotropic �spherical� for small energies but at
larger energies they mimic the shape of the Brillouin zone
�Fig. 4�c�� with hexagonal 
111� and square 
001� faces.
Therefore, large-q LA phonons have velocities directed pref-
erentially along 
111� and scatter very strongly from Si�111�
boundaries with a small proportion of phonons having ve-
locities along 
001� and scattering strongly from Si�001�
boundaries. It is also important to note that the velocities of
LA modes at large q are much larger in magnitude than those
of TA modes �see Fig. 2�, and therefore LA modes scatter
with higher rates than TA phonons from their respective pre-
ferred boundaries. That is why, in spite of having both TA
branches and a portion of the LA branch scatter preferen-
tially from Si�001�, the thermal conductivity in Si�001� is not
dramatically lower than that of Si�111�.

In contrast to Si�001� and Si�111�, none of the modes
couple very strongly to the low-symmetry Si�011�, so in-
plane thermal conductivity is highest on this SOI orientation.
The in-plane thermal conductivity on Si�011� also displays a
slight anisotropy: thermal-conductivity eigenvalue along
�100� on Si�011� is higher than that along �011� on Si�011�,
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FIG. 3. �Color online� Lattice thermal conductivity of 100 nm
�filled circles�, 30 nm �open circles�, and 20 nm �squares� thick SOI,
according to the measurements of Refs. 46 and 47. The curves
present our calculations with �=0.35 nm for 100 nm SOI,
�=0.4 nm for 30, and �=0.45 nm for 20 nm SOI, in very good
agreement with experiment. Thermal conductivity is lower by al-
most an order of magnitude than the room-temperature bulk value
of 148 W /mK, owing primarily to boundary scattering at the rough
Si /SiO2 interfaces.
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again owing to phonon focusing along �100�.
The full phonon dispersions play a critical role in reveal-

ing the sensitivity of the thermal conductivity to the surface
orientation and the direction of heat flow. Namely, if instead
of the full dispersions we used the isotropic Debye model
�with mode-dependent velocities but the phonon velocity and
momentum colinear and independent of direction�, we would
still capture the difference between the in-plane and out-of-
plane thermal conductivities because of boundary scattering,
but there would be no dependence on the surface orientation
or the direction of heat flow.

Overall, in-plane thermal conductivity is maximal along
�100� on �011� SOI and minimal on �001� SOI. The ratio of

the highest to the lowest in-plane thermal conductivity,
��100�/�011� /��100�/�001�, is presented in Fig. 4�d� as a function
of temperature for 5, 20, 30, and 100 nm thin SOI. All are
assumed to have �=0.4 nm, a value that represents uninten-
tional roughening due to standard silicon processing well.41

At low temperatures, where three-phonon scattering is weak,
scattering due to boundaries becomes the most pronounced
mechanism; the different ��100�/�011� /��100�/�001� ratios for dif-
ferent thicknesses in the low-temperature limit fully reveal
the different strength of phonon scattering from differently
oriented boundaries. In Fig. 4�e�, we see how the ratio
��100�/�011� /��100�/�001� at room temperature depends on the
SOI thickness and rms roughness �. Even without inten-
tional roughening ��0.5 nm�, samples of thicknesses
around 10 nm have twice the thermal conductivity on Si�011�
than they do on Si�001�; with roughening, thermal conduc-
tivity in Si�001� drops faster as it is a preferred scattering
boundary for TA phonons.

We conclude that for electronic applications of SOI where
high thermal conductivity is desirable,9,17,18 heating will be
minimized in a device channel oriented as �100�/�011�. The
rougher the surface, the more important it becomes to choose
Si�011� over Si�001� for high thermal conductivity. In con-
trast, if low thermal conductivity is needed in a nanostruc-
ture, roughening will be most efficient on Si�001� nanomem-
branes that ensure strong boundary scattering.

IV. CONCLUSION

In summary, we have calculated the full thermal conduc-
tivity tensor in �001�, �011�, and �111� SOI nanomembranes
based on solving the Boltzmann transport equation while ac-
counting for the full phonon dispersion, momentum-
dependent boundary scattering, as well as three-phonon and
isotope scattering. In-plane thermal conductivity is minimal
on �001� Si nanomembranes, due to the strong coupling of
TA modes to �001� surfaces. Highest in-plane conductivity is
achieved along �100� on the low-symmetry �011� SOI.
Therefore, for applications requiring efficient passive cooling
�i.e., high thermal conductivity�, such as in digital electronic
circuits, �100�/�011� should offer twice the thermal conduc-
tivity of Si�001� at room temperature even in relatively thick
�10 nm� nanomembranes. The rougher the samples, the
more pronounced the surface-orientation dependence of the
in-plane thermal conductivity becomes.

Overall, the strong interplay between the phonon disper-
sion anisotropy and boundary scattering enables one to have
the surface facet orientation as an additional degree of con-
trol over thermal conduction in nanostructures. A natural ex-
tension of this conclusion pertains to the use of nanowires in
thermoelectric applications. In rectangular or square wires,
which can be fabricated by lithography and etching from Si
nanomembranes,50 thermal conductivity is expected to be
lowest for �100� wires with �001� and �010� surface facets.
Therefore, intentional roughening, feature size reduction, and
surface decoration of nanowires, often pursued in thermo-
electric applications, are likely to bring the most detriment to
thermal conductivity if applied to these wires. Thermal con-
ductivity will likely be lower in square top-down nanowires
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FIG. 4. �Color online� Lattice thermal conduction in thin SOI
membranes. �a� Eigenvalues of the thermal conductivity tensor �1�
for a 20-nm-thick SOI with rms surface roughness �=0.45 nm.
Maximal in-plane thermal conductivity eigenvalue is along �100� on
�011� SOI and it is minimal on �001� SOI due to the very strong
scattering of TA modes from �001� boundaries, as described in the
text. ��b� and �c�� Energy isosurfaces for �c� TA and �d� LA modes
in silicon �dashed lines denote the Brillouin-zone shape�. The TA
constant-energy surfaces are boxlike with box faces perpendicular
to 
001� directions. The LA mode energy isosurfaces have faces
perpendicular to 
111� and 
001� directions. ��d� and �e�� Ratio of
the highest to the lowest in-plane thermal conductivity,
��100�/�011� /��100�/�001�, for SOI with thicknesses in the 5–100 nm
range, as a function of �d� temperature �surface-roughness rms
height is 0.4 nm� and �e� rms roughness height �at room
temperature�.
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with �001� surface facets than in their self-assembled coun-
terparts with nearly circular or hexagonal cross-sections, in
which the multifaceted nature of the surface results in less
boundary scattering overall.

Lastly, out-of-plane thermal conductivity of superlattice
stacks has been of interest for sometime, but we are far from
a full understanding.43,48,51,52 The technique presented here
does not localize the phonon in the membrane’s vertical di-
rection but rather treats boundary scattering as yet another
scattering mechanism �in contrast to real-space techniques
such as Monte Carlo53,54 or Discrete Ordinate48,55 methods,
which have real-space boundaries�. Therefore, heat flow in
the direction normal to the surface is not precluded and the
method presented here can be readily extended to calculate

the intrinsic out-of-plane conductivity of individual layers in
a superlattice, with proper boundary conditions to account
for the thermal impedance mismatch between adjacent lay-
ers.
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