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Thermal conduction properties of Mo/Si multilayers for extreme ultraviolet

optics

Elah Bozorg-Grayeli,"® Zijian Li,' Mehdi Asheghi," Gil Delgado,? Alexander Pokrovsky,?
Matthew Panzer,” Daniel Wack,” and Kenneth E. Goodson'
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Extreme ultraviolet (EUV) lithography requires nanostructured optical components, whose
reliability can be influenced by radiation absorption and thermal conduction. Thermal conduction
analysis is complicated by sub-continuum electron and phonon transport and the lack of thermal
property data. This paper measures and interprets thermal property data, and their evolution due
to heating exposure, for Mo/Si EUV mirrors with 6.9 nm period and Mo/Si thickness ratios of
0.4/0.6 and 0.6/0.4. We use time-domain thermoreflectance and the 3w method to estimate the
thermal resistance between the Ru capping layer and the Mo/Si multilayers (Rg,-az0/si = 1.5 m? K
GW '), as well as the out-of-plane thermal conductivity (Knesi 1.1W m~' K™') and thermal
anisotropy (1= 13). This work also reports the impact of annealing on thermal conduction in a
co-deposited MoSi, layer, increasing the thermal conductivity from 1.7W m~' K~! in the
amorphous phase to 2.8 W m~' K™ ' in the crystalline phase. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4759450]

. INTRODUCTION

Extreme ultraviolet lithography (EUVL) is a promising
technique for scaling microelectronic devices beyond the
22 nm node."? The wavelength of the optical radiation used
(~13.5nm) significantly improves the diffraction-limited
resolution with respect to lithographic techniques in the
deep-UV range. Few materials or material combinations are
capable of reflecting such EUV wavelengths, and optics life-
time is challenging. Mirrors must withstand photon energies
on the order of 90eV, which is substantially larger than the
ionization energies of many of the materials used for optical
components (e.g., 34 eV/particle for the third Si ionization
energy). Periodic multilayers offer a way to circumvent these
issues. Unlike single-material mirrors, these structures con-
sist of multiple bilayers of materials with varying indices of
refraction.” By carefully controlling the material properties
and thicknesses, one can use constructive interference to cre-
ate highly reflective surfaces at a given wavelength.*> In the
case of EUV wavelengths, such stacks consist of ~6nm
bilayers composed of alternating layers of molybdenum and
amorphous silicon.

While much previous research has been published on
the optical performance of Mo/Si-coated masks and mir-
rors,' ™ there is currently no rigorous information about
their thermal properties and temperature fields resulting from
radiation absorption. Considering that many experiments
demonstrated that damage can occur in these materials due
to long-term/high-temperature radiation exposure,”” a
detailed understanding of their thermal properties is appro-
priate at this time. However, nanoscale thermal transport
effects in the Mo/Si multilayer stack complicate this task.
Interface scattering within the mirror structure significantly
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reduces the mean free path (MFP) of the thermal energy car-
riers. This reduces the film thermal conductivity below what
we expect for bulk Mo and a-Si. Further, interface scattering
affects cross-plane MFP considerably more than in-plane,
which can result in very significant thermal conductivity ani-
sotropy. Lastly, although thermal conduction in bulk Mo is
electron-dominated, the low thickness of the Mo film and the
presence of the dielectric a-Si layers restrict the electron
mean free path, changing the relative contributions of elec-
trons and phonons to heat conduction, particularly in the
through-plane direction.' These factors impede thermal con-
duction through the Mo/Si stacks, resulting in higher operat-
ing temperatures. This can increase the risk of degradation in
mirror reflectivity.

During fabrication of the Mo/Si multilayer, a thin layer
of a-MoSi, forms at each interface.” Over the lifetime of the
material, constant exposure to elevated temperatures will
cause this layer to crystallize,® after which Mo and Si will
interdiffuse further.”” Mirror temperature governs the rate
of diffusion, given by>*®

E,
D:Doexp(—k—>, (1
B

where D, is the temperature-independent interdiffusion coef-
ficient, E, is the interdiffusion activation energy, and kp is
Boltzmann’s constant. The thickness of the interdiffused
region increases with time, given by®

w(t) = 2Dt +w*(0), Q)

where w is the thickness of the interdiffused region and ¢ is
time. During this process, the higher-density c-MoSi, film
consumes the lower-density a-Si layer, reducing the perio-
dicity of the stack and altering its optical properties. The

© 2012 American Institute of Physics
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required lifetime therefore limits the allowed operating tem-
perature of the device. The thermal properties of the mirror,
in turn, limit the influence that can be tolerated while keep-
ing the peak temperature below this threshold.

This work measures the thermal properties of thin film
mirror materials for use in simulations and reliability predic-
tions for EUV mirrors. In addition to measuring the thermal
properties of the multilayer Mo/Si stack, we also report the
thermal conductivities and boundary resistances offered by
the capping and absorber layers on the mirror surface. To ac-
complish this, we apply both picosecond time-domain ther-
moreflectance (TDTR) and frequency-domain electrical
thermometry (the 3w method) with bridges of varying width
down to 50 nm on a variety of thin film samples, including
(1) the multilayer Mo/Si stack, (2) the interdiffused MoSi,
region, (3) the TaN absorber film, and (4) the Ru capping
layer. The final section of this manuscript assesses the
impact of the measured properties on the total thermal resist-
ance and temperature rise experienced at an EUV spot on a
mirror structure.

Il. SAMPLE DESIGN
A. Mirror/mask structure

The multilayer mirror/mask structure consists of four
separate parts: substrate, multilayer, capping layer, and
absorber (Fig. 1). The structure is then coated with additional
metal and dielectric layers as required by the specific mea-
surement technique. The substrate acts as a mechanical sup-
port and provides a heat diffusion path from the multilayer to
the heat sink. In a mirror application, low thermal expansion
materials such as quartz serve as the substrate. However, to
improve heat diffusion from the multilayer during measure-
ment, we substituted silicon.

The multilayer mirror stack sits directly on the substrate.
The complete mirror structure consists of a 6.9 nm/bilayer

Al Transducer (50
TaN Absorber (49.7 nm)
Ru Capping Layer (2.5 nm)

Mo/Si Multilayer
{40-Periods, 283 nmj}

Si Substrate

FIG. 1. Cross-sectional view of a Mo/Si-based mirror, consisting of sub-
strate, multilayers, capping layer, and absorber. The additional Al transducer
layer was added for optical thermoreflectance measurements.
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stack (Fig. 2). Each period contains 2.2 nm of a-Si, 2.6 nm of
Poly-Mo, and 2.0 nm of interdiffused a-MoSi,. The thickness
of the interdiffused layer varies depending on the tempera-
ture history of the multilayer and whether the surface was a-
Si deposited on Poly-Mo (0.7nm) or vice versa (1.3 nm).
Several papers have noted the variation in interdiffusion
layer thickness.””!" Zubarev argued that the crystalline na-
ture of the Mo film makes it difficult for silicon atoms to dif-
fuse in during deposition.” However, as Mo is deposited, the
covalent bonds in the a-Si layer are easily broken, resulting
in a thicker a-MoSi, layer.

Since the Mo/Si multilayer structure is not stable in air,
a Ru capping layer coats the multilayer mirror material.'?
The purpose of this layer is to minimize oxidation in the mir-
ror material without adversely affecting the stress profile or
reflectivity in the multilayer.>'*'* Yan et al. demonstrated
that a 2nm Ru layer maximizes the reflectivity of the stack
while offering protection against oxidation.'* The last film in
the EUV mask stack is the absorber. This film must be capa-
ble of absorbing electromagnetic radiation in the range of
extreme UV to soft x-rays. Further, it must not exert undue
stress upon the rest of the mirror structure. Au, W, Ta, and
TaN are common absorber film selections.'>'® TaN offers
low stress,'® an amorphous/poly-crystalline structure,'®'®
and good absorption properties in EUV.'®

The complete mirror structure is more complex—and
therefore poses greater challenges for minimizing the uncer-
tainty—than many structures measured using both picosec-
ond TDTR and the 3w method. In order to accurately model
the thermal resistance experienced by an EUV pulse, we
must account for the thermal resistances of the TaN absorber,
the Ru capping layer, and the Mo/Si multilayer stack. This
becomes even more complex when one accounts for the ther-
mal boundary resistances (TBR) between the Ru capping
layer and the Mo/Si mirror, and the impact of the a-MoSi,
interdiffused region. To address these tasks, we designed
several simpler structures to mimic the individual films,
interfaces, and interdiffused regions within the EUVL mask
structure.

FIG. 2. Cross-sectional view of a Mo/Si bilayer mirror structure. The white
lines in the center indicate (top-down) the Poly-Mo/a-MoSi,, a-MoSi,/a-Si,
a-Si/a-MoSi,, and a-MoSi,/Poly-Mo interfaces.
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B. Single film TaN

We prepared three samples of varying TaN thickness:
50nm, 75 nm, and 100 nm. Half of each sample was coated
with 50 nm Al for optical measurements, while the remaining
half was left uncovered for electrical sheet resistance meas-
urements. Although TEM images and nanobeam diffraction
data show the morphology of the films to be the same, elec-
trical measurements demonstrated thickness-dependent elec-
trical resistivity.'®

C. Multilayer Mo/Si

In order to understand the thermal behavior of the Mo/Si
multilayer stack, we must extract three critical thermal prop-
erties: cross plane thermal conductivity, in-plane thermal
conductivity, and the thermal resistance contribution of the
capping layer. We therefore fabricated samples containing
20 periods of Mo/Si on silicon. Half of the samples were left
uncapped for 3w measurements of cross-plane and in-plane
thermal conductivity. The remaining samples received 50 nm
coatings of Al or Ru for optical thermoreflectance measure-
ments. Both materials are excellent thermoreflectance trans-
ducers,19 and allow direct measurement of the Ru-Mo/Si and
Al-Mo/Si TBRs. We selected two Mo/Si ratios for measure-
ment: 0.4/0.6 and 0.6/0.4. In both cases, the total thickness
of each bilayer remained 6.9 nm.

D. Single film MoSi,

The MoSi, samples were prepared by co-sputtering Mo
and Si onto a Si wafer at 300 K. The targeted sample thick-
nesses were 100, 200, and 250nm. The thicknesses were
chosen to avoid size effect issues in measuring thermal con-
ductivity. Since these films were co-sputtered at room tem-
perature, the MoSi, layers were amorphous. Subsequently,
we deposited a 50 nm Al transducer layer on half of
the MoSi, wafer for thermoreflectance measurements. The
other half was left uncoated for electrical conductivity
measurements.

lll. EXPERIMENTAL METHODS

Many techniques exist to extract thermal properties at
nanometer length scales. Such methods rely on measuring
the temperature response of a material to heat input. These
methods achieve high thermal resistance resolutions by
confining their heat inputs either temporally or spatially.
Examples of temporal confinement techniques include time-
domain thermoreflectance®®*' and the 3w technique.”* In
these examples, a heating pulse or high-frequency heating
signal confines the measured region to the thermal penetra-
tion depth of the sample. This depth is defined by

dfhermul = ﬁ? (3)

where « is the thermal diffusivity of the heated film, and t is
the characteristic time of the heating event. For a heating
event, this could be roughly defined as the full-width half
maximum (FWHM) of the pulse. For a high-frequency mea-
surement, 7 is defined as the heating period. Spatial confine-

J. Appl. Phys. 112, 083504 (2012)

ment, on the other hand, restricts the depth of heating
by using varying widths of heater structures. Examples of
this include steady-state electrical thermometry measure-
ments?>** based on structures similar to the 3w technique.
Spatial confinement also allows one to extract in-plane ther-
mal properties without the use of a suspended structure.”
These techniques are grouped into the more general catego-
ries of optical and electrical thermometry. In this section, we
describe the methods used in our study.

A. Optical heating and thermometry

Picosecond TDTR is an optical pump-probe technique
which uses an ultrafast laser system as a simultaneous heat
source and thermometer.”®?’ In this measurement, a pas-
sively modelocked Nd:YVO, laser generates 9.2 ps optical
pulses at 1064 nm. A half waveplate and polarizing beams-
plitter separate this pulse into pump and probe components,
with the pump intensity being significantly greater than the
probe. The pump beam travels along a fixed optical path,
during which it is frequency-doubled and modulated by an
electro-optic modulator. The pump then travels through an
objective and heats a metal transducer on the sample with a
10 um-wide Gaussian beam. The probe beam travels along a
separate optical path containing a linear delay stage. This
stage controls the total path length taken by the probe beam,
allowing us to control the relative delay between when pump
and probe strike the sample. Using a lock-in amplifier, we
measure the reflected probe signal component at the pump
modulation frequency. This reflected signal scales linearly
with the transducer temperature,”>*® allowing us to construct
a plot of normalized transducer temperature as a function of
time after the heating event (Fig. 3). Using a theoretical
model of heat diffusion through a multilayer stack of materi-
als due to modulated optical heating,”'"** we extract the ther-
mal properties of the films beneath the transducer. By using
an optical access oven, we extend these measurements to
temperatures on the order of 700 K.?7°

B. Electrical heating and thermometry

Frequency-domain electrical thermometry, known as the
3w te:chnique,22 measures the two-dimensional thermal con-
ductivity of a Mo/Si multilayer sample. The metal patterns

1.2
% — Experimental Data
.§ 1.1 | e Numerical Fit
i o
309
5 Quartz
§ 0.8
zZ kfit,auam =142 w m-l K.l

0.7- ' : ‘

1 2 3
Time (ns)

FIG. 3. Characteristic thermal decay trace for picosecond TDTR measure-
ment of a 50 nm Al transducer on quartz. The numerical fit corresponds to a
quartz thermal conductivity of 1.42W m ' K.
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50nm —-5um
>

@)

25nmAlLO,

6.9 nm Mo/Si

i 20 Periods i

HHE

FIG. 4. Patterned heater bridges for electrical thermometry. (a) Sample sche-
matic. The 25 Al,O; layer provides insulation between the heater bridge and
the Mo/Si multilayer. (b) Scanning electron microscope image of the pat-
terned heater bridges with widths varying from 50 nm to 5 um (not all widths
are shown in this micrograph).

consist of 5nm of titanium as an adhesion layer and 55 nm
of gold as heater bridges. Electron-beam lithography fabri-
cates the fine structures of the heaters with line widths vary-
ing from 50nm to 5 um (Fig. 4). When an ac current with
frequency o flows through the heater bridge, the voltage sig-
nal across it contains a 3rd harmonic (3w) component due to
Joule heating and the linear relationship between tempera-
ture and electrical resistivity of the metal heater. The ampli-
tude of the 3w component contains information of the
thermal conductivity of underlying materials. Wide heaters
(5 um) generate nearly one-dimensional heat conduction
through the multilayer stack, which are sensitive to the out-
of-plane thermal conductivity. Narrow heaters (50nm)
induce two-dimensional heat transfer within a shallow region

J. Appl. Phys. 112, 083504 (2012)

near the top, and capture the in-plane thermal conductivity.
A recursive matrix formulation, developed by Kim ez al.,*'
extracts the thermal conductivity and anisotropy of each
layer. Since the Mo/Si multilayer stack is conductive with an
electrical conductivity of 1.86 x 10°Q7! m_l, we deposit an
amorphous Al,Oj3 layer on the top to provide electrical insu-
lation. We also prepare a reference sample with identical
structures absent the Mo/Si multilayers. The reference sam-
ple facilitates the separation of the contribution of Mo/Si
multilayers to the measured total thermal resistance. The
electrical measurements are performed at room temperature
to minimize the interdiffusion between Mo and Si layers.

IV. RESULTS AND DISCUSSION

The TaN and MoSi, samples were measured for a tem-
perature range of 300K to 700 K. Since the Mo/Si films are
prone to interdiffusion at elevated temperatures, these sam-
ples were restricted to room temperature measurements. Ta-
ble I reports a summary of the room temperature thermal
property data obtained using TDTR and 3w methods. The
TaN data from Bozorg-Grayeli et al.'® are also reported
here.

Picosecond TDTR and 3w measurements extracted the
cross-plane thermal conductivity of the Mog4/Sipe multi-
layer, respectively, as 1.1 *0.1Wm 'K 'to 1.2+0.07W
m ' K'. The cross-plane conductivity of the Moy ¢/Sig 4
sample is slightly higher at 1.4 +0.1W m~' K~'. This is
due to the increased ratio of Mo, which is a more effective
thermal conductor than a-Si. The recently published none-
quilibrium model of Li ef al. for phonon-electron heat con-
duction through Mo/Si multilayers shows similar results,
predicting thermal conductivities of 1.3W m~' K~' for
Mog 4Sioe and 1.49W m~"' K~ for Moy ¢/Sig 4. Comparing
the measured resistance of the bilayers to the values antici-
pated from bulk thermal properties, we see the effect of
reduced film dimensions and TBR. Using a series resistor
model with the bulk thermal properties of Mo, a—Si,33 and
the measured thermal properties of a-MoSi;, Mog4/Sige
gives a conductivity ~2W m~' K~'. The thermal resistance
of this ideal bilayer is ~2.8 m* K GW ' lower than the
measured result. Applying the series resistor model with
bulk Mo, a-Si, and a-MoSi, properties to the Moy ¢/Sig.4
sample, we estimate thermal conductivity ~4.9W m~ ' K.
This results in a bilayer resistance ~3.5 m* K GW ' lower

TABLE I. Thermal properties of the components of the Mo/Si multilayer mirror system measured at 300 K using TDTR and 3w techniques. kg, represents the
measured thermal conductivity in the cross-plane direction. The 3w Moy 4/Si ¢ case notes the measured anisotropy ratio.

Sample Technique Riransfitm (m* K GW ™) K Wm ™' K1) Ryitmsi > K GW ™)
Al on TaN'® TDTR 5.5-7.6* (£0.2) 3.0-3.4° (£0.3) N/A

Al on Moy 4/Sig TDTR 6.0+0.2 1.1%0.1 N/A

30 N/A 12+0.07(p=13%2) N/A

Ru on Mog_4/Sig 6 TDTR 15+0.1 1.1+0.1 N/A

Al on Moy 6/Sig.4 TDTR 6.9+0.3 14+0.1 N/A

Al on a-MoSi, TDTR 51+1.0 1.7+02 53205

Al on ¢-MoSi, TDTR 51+1.0 28203 145+2.0

“Range of values is due to annealing of the interface.
PRange of values is due to size effects in the samples.
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than the measured result. There are several potential causes
for this difference. The presence of multiple nanometer-scale
layers in close proximity suggest that reduced energy carrier
mean free path, frequent electron-phonon energy conversion,
and ballistic heat conduction may contribute to the increased
thermal resistance.

Because the 3w measurement uses heater bridges with
widths of 5pum or thinner while the TDTR setup uses a
10 um wide pump beam, it is more sensitive to thermal
spreading in the film. Using narrow heater bridges with
widths of 50-100nm, which are more sensitive to the in-
plane thermal conductivity, we find the thermal conductivity
anisotropy ~ ratio 7 = kinfplane/koutfoffplane =13x2 for
Moy 4/Sigp 6. The highly anisotropic thermal conductivities of
the Mo/Si multilayers confirm that the frequent interfaces
significantly impede the thermal transport in the out-of-plane
direction. Li et al. speculate that samples consisting of higher
Mo ratios will not exhibit significantly different anisotropy
ratios.*?

TDTR measurements allow direct access to the
transducer-film TBR. Using an Al transducer, we find the
Al-Mo/Si TBR to be 6.0 = 0.2 m* K GW ' for Mog/Sig6
and 6.9 = 0.3 m> K GW ! for Mo ¢/Sio 4. Using a Ru trans-
ducer to mimic the capping layer, the transducer-Mo/Si TBR
decreases to 1.5+ 0.1 m*> K GW ', While this value is sig-
nificantly lower than the TBR caused by Al, it still greatly
affects the thermal resistance offered by the 2.5 nm Ru cap-
ping layer.

Since roughly one-third of the Mo/Si multilayer stack
consists of an interdiffused layer, the thermal properties of a-
MoSi, contribute significantly to the properties shown above.
Room temperature measurements of the in-plane electrical
conductivity of a-MoSi, returned a conductivity of 1.6
mQ 'em L Using the Wiedemann-Franz-Lorenz (WFL)
law, this translates to an expected electron thermal conduc-
tivity of 1.2W m~' K~'. Further, using the MoSi, density
along with minimum thermal conductivity theory,** we esti-
mate a phonon thermal conductivity of 1.6 W m~' K~'. We
obtain the high temperature thermal properties of the MoSi,
films using an optical access oven pumped to vacuum. The
oven was pumped down to vacuum to prevent oxidation of
the transducer films. We measured Ra;posi2> Knsosiz, and
Ryrosiz-si from 300K to 700 K. Temperature ramps are per-
formed at intervals of 100K at a rate of 50 K/min, with a
30 min hold at each temperature. The measurement requires
~15 min for each temperature. As a result, the total measure-
ment time was ~7h. During this process, kj,s;> increased
from 1.7W m~' K' to 2.8W m~' K™! (Fig. 5(a)). The
increase in ks> Was due to the crystallization of the sam-
ples (Fig. 6). Previous measurements on sputtered MoSi,
thin films have shown that annealing significantly increases
the electrical conductivity.”> Chow et al. demonstrated a 6-
fold increase in electrical conductivity after a 1-h anneal at
900 °C, attributing this change to recrystallization of the film
into tetragonal MoSi,.>> Although crystallization can also
increase the sound velocity and phonon mean free path rela-
tive to an amorphous film, the magnitude of the electrical
conductivity change is significantly greater. As such, the
majority of the thermal conductivity increase is likely due

J. Appl. Phys. 112, 083504 (2012)
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FIG. 5. Thermal conductivity of MoSi,: (a) First temperature ramp and (b)
subsequent re-ramp. The thermal conductivity hysteresis in (a) is due to
crystallization of the MoSi, film. In (b), the film has been fully crystallized,
so no hysteresis effects are visible. The dotted lines indicate the estimated
thermal conductivities obtained from the minimum thermal conductivity
model (k) and from WFL estimates (k).

to improved electronic conduction. Subsequent high-
temperature measurements of the heated films showed no
change in thermal properties (Fig. 5(b)), indicating that the
samples were fully crystallized. The thermal conductivity of
the interdiffused film in the multilayer is likely significantly
below this value due to reduced carrier mean free path.

The MoSi,-Si TBR increases significantly during the
annealing process (Fig. 7(a)), though it remains stable during
subsequent high-temperature measurements (Fig. 7(b)). We
propose that this is due to the presence of interfacial stresses
during the initial heating, resulting in delamination at the
MoSi,-Si interface. Such stresses may be due to mismatch in
the lattice parameters®®>” or coefficients of thermal expan-
sion***® of the two films. The TEM images of the

Annealed

—r (b
(_,?)As-oeggg &

FIG. 6. Cross-sectional TEM images of the 100nm as-deposited (a) and
annealed (700 K) (b) MoSi, films, including transducer layer and substrate.
We see that (a) is completely amorphous, while (b) shows crystallization.
Crystallization does not change the thickness of the film.
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FIG. 7. Thermal boundary resistance between MoSi, and Si: (a) first temper-
ature ramp and (b) subsequent re-ramp. The TBR hysteresis in (a) is due to
heating of the MoSi, film. This process creates interface stresses, resulting
in delamination. In (b), the film has been fully crystallized, and demonstrates
no additional hysteresis in TBR.

FIG. 8. Cross-sectional TEM images of the MoSi,-Si interface for the (a)
as-deposited and (b) annealed MoSi, films. While (a) demonstrates that the
a-MoSi, conforms to the Si surface, (b) shows local deformed regions where
c-MoSi, and Si do not seem to be in contact. This may be responsible for the
increase in Ry,si2.s; upon annealing.

crystallized MoSi, seem to confirm the delamination, show-
ing small regions at the interface where the c-MoSi, and Si
do not appear to be in contact. Figure 8§ compares the film-
substrate interfaces for amorphous and crystalline MoSi,.
The a-MoSi, in Figure 8(a) conforms to the Si substrate,
while the c-MoSi, in Figure 8(b) shows detachment.
Although the Al-MoSi, interface becomes rougher after
annealing, it does not show any delamination, nor does it
demonstrate an increase in TBR. This implies that the Al
transducer deforms to relax the interface stresses.

V. CONCLUDING REMARKS

Knowledge of the thermal properties of Mo/Si multi-
layer mirror materials is critical for determining the lifetime
and optimal operating parameters for EUV optical systems.
In this paper, we presented the cross-plane thermal conduc-

J. Appl. Phys. 112, 083504 (2012)

tivity of Mo/Si multilayer films, demonstrating an increase
in thermal conductivity with increasing Mo to Si ratio. We
determined the in-plane thermal conductivity of the Mo/Si
multilayer stack using the 3w technique with varying heater
bridge widths, and showed it to be more than an order of
magnitude greater than cross-plane thermal conductivity.
These results agree with the nonequilibrium electron-
phonon model of heat conduction through Mo/Si developed
by Li et al.**
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