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This paper reports on the studies of anisotropic heat conduction phenomena in Mo/Si multilayers
with individual layer thicknesses selected to be smaller than the mean free path of heat carriers. We
applied the frequency-domain thermoreflectance technique to characterize the thermal conductivity
tensor. While the mechanisms of the cross-plane heat conduction were studied in detail previously,
here we focus on the in-plane heat conduction. To analyze the relative contribution of electron
transport to the in-plane heat conduction, we applied sheet-resistance measurements. Results of
Mo/Si multilayers with variable thickness of the Mo layers indicate that the net in-plane thermal
C 2015 AIP Publishing LLC.
conductivity depends on the microstructure of the Mo layers. V
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INTRODUCTION

An important class of nanostructured materials for various applications is multilayer structures, composed of
stacked thin films of nanometer thickness. Heat conduction
in such “multilayers” attracted recently by interest due to the
pronounced film-size effects and effects of scattering of heat
carriers at interfaces on the overall thermal properties of
such structures. For instance, the low cross-plane thermal
conductivity in dielectric-dielectric or metal-dielectric multilayers is attractive for such applications as thermal insulation
and thermo-electrics.1–3 On the other hand, low cross-plane
thermal conductivity of multilayer structures used as optical
coatings for various applications can adversely affect its performance. This is especially critical for applications of
extreme ultraviolet and soft X-ray multilayer mirrors, which
are typically composed of nanometer-scale thin layers, i.e.,
layers thinner than typical mean free path of heat carriers in
bulk materials.4,5 Thermal transport in metal-metal multilayers is also a significant issue for the fundamental studies6
and for a number of applications including heat-assisted
magnetic recording,7 spintronics,8 and magnetic sensors.9
The layered structure of such materials induces an anisotropy of its transport properties, including heat conduction.10 This is especially relevant for metal/dielectric or
metal/semiconductor multilayers where transport of electrons across interfaces is strongly suppressed and thus its
contribution to the net transport of heat can be low, but the
in-plane heat transport can be dominated by electrons. As a
result, in terms of the heat transport periodic multilayer
structures can be treated as a uniaxial effective medium with
distinctly different cross- and in-plane thermal conductivities. Most of the previous studies were focused on the crossplane heat conduction mechanisms in metal/dielectric
a)

Currently with Institute for Spectroscopy RAS, Troitsk, Moscow 142190,
Russia.

0021-8979/2015/118(8)/085101/6/$30.00

multilayer structures.3,10–18 At the same time, studies of the
in-plane heat conduction and the anisotropy of heat conduction were reported only by Li et al.10,12 However, the inplane thermal properties were measured in this work only for
one multilayer structure. Furthermore, the main focus of
their work was again on the understanding of mechanisms
determining the cross-plane heat conduction.
In this paper, we report on the studies of anisotropic
thermal properties of periodic Mo/Si multilayer structures
with varied thickness of Mo layers in the nanometer range.
Both cross- and in-plane thermal conductivity were measured. However, here we focus more on the interpretation of
the in-plane thermal conductance. The thermal measurements were performed with a different technique, using
the frequency domain thermoreflectance (FDTR).19,20
Additionally, we analysed the in-plane electrical conductivity of the multilayers and this way estimated the electron
contribution to the in-plane thermal conductivity.
EXPERIMENT

The multilayers were grown on superpolished fused
silica substrates using dc magnetron sputtering in a turbomolecular pumped high vacuum deposition system with a base
pressure of 108 mbar. The depositions were performed
using Kr as the sputtering gas. The targets were sputtered in
a constant power mode. The substrate holder was rotated to
enable uniform deposition. The deposition of Mo and Si rates
was calibrated using the deposition of single Mo and Si
layers. The thicknesses of the layers during deposition were
controlled by time. The actual layer thicknesses of the deposited structures were measured by hard X-ray grazing incidence reflectometry.
Parameters of Mo/Si studied multilayers are listed in
Table I. The thickness of Si layers was fixed, and the thickness of Mo layers was varied. That allowed to vary the
metal fraction and thus allowed to change the net in- and
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TABLE I. Parameters of the studied multilayer samples and their measured
values of electrical conductivity.

Sample

Number of
periods

Si layer
(nm)

Mo layer
(nm)

r 106 X1 m1

Mo2/Si4
Mo4/Si4
Mo6/Si4

160
120
96

4 6 0.04
4 6 0.04
4 6 0.04

2 6 0.02
4 6 0.04
6 6 0.06

0.312 6 0.005
1.043 6 0.044
1.898 6 0.040

FIG. 1. Schematic of our FDTR microscope. A digitally modulated pump
laser heats the sample while a probe beam monitors the surface reflectivity.
A balanced photo detector is used to improve the signal to noise ratio.

cross-plane transport properties. Note that the overall thickness of the studied samples, i.e., (number of periods)  (Si
thickness þ Mo thickness) remained fixed.
Electrical conductivity of the described multilayer structures was measured by the four-point collinear probe
method21 using a “Cascade Microtech”V probe head with a
probe spacing of 1.25 mm and a Keithley 2400 source meter.
The probe tip radius was chosen to be 17.5 lm to ensure
small point electrical contacts. The mean value for each sample was found by averaging 20 measurement results.
Fig. 1 shows our experimental setup for FDTR measurements which is based on two TEM00 free space continuouswave lasers. A detailed description of the setup can be found
in Ref. 20. Here, we briefly describe the working principle.
A digitally modulated pump laser (785 nm) is focused
through a 10 microscope objective to a Gaussian spot that
R

locally heats a sample, while an unmodulated probe laser
beam (532 nm) monitors the surface temperature through a
proportional change in reflectivity. The focused pump and
probe spot radii were determined to be 2.8 lm and 2.3 lm,
respectively, by a knife-edge technique. A 50–100 nm thick
metal layer that is usually referred to as transducer layer is
coated on the sample to absorb the pump fluence and reflect
the probe beam. The pump beam modulation frequency is
typically varied from 10 kHz to 50 MHz, which enables high
sensitivity for anisotropic measurements.19 A radiofrequency lock-in amplifier records the amplitude and phase
response of the reflected probe beam. Unknown thermal
properties of the sample are then extracted based on a nonlinear least squares routine, minimizing the error between
the measured phase lag at each frequency and an analytical
solution to the heat diffusion equation for a multilayer stack
of materials. Our multilayer diffusion model calculates the
frequency response of the surface temperature to the pump
beam, and includes cross-plane and radial transport as well
as the thermal boundary conductance (TBC) between each
layer. An explicit expression of the model can be found in
Ref. 22.
Prior to the measurements of thermal conductivity, the
samples were coated with a 110 nm thick TiN film acting as
the transducer layer. TiN was deposited using reactive magnetron sputtering of Ti in a mixture of Kr and N2. Two factors favored the choice of TiN as the transducer material.
The first is the relatively low thermal conductivity of TiN as
compared to those of standardly used transducers such as Au
and Al. This enabled the increased heat accumulation in the
Mo/Si multilayer structure and thus increased sensitivity for
the in-plane measurements. Note that for the same reason we
chose fused silica substrate instead of standardly used crystalline Si—its low thermal conductivity also enabled sensitivity for the in-plane measurements. The second factor is
the large thermoreflectance dR/dT of TiN,23 which results in
an enhanced sensitivity for FDTR measurements.
The configuration of the multilayer sample, shown in
Fig. 2(a), includes three layers: TiN transducer, multilayer,
and fused silica substrate. Each layer is modeled with five
physical parameters: the volumetric heat capacity, qcp , the
cross- and in-plane thermal conductivities, k? and kk , the
layer thickness, d, and the TBC to the next layer, G. We
acquired FDTR phase data on the samples from the lock-in
amplifier, and the cross- and in-plane thermal conductivities
of the multilayer, kML;? and kML;k were obtained by performing a two-parameter fit of our thermal diffusion model to the

FIG. 2. (a) Sample configuration for
FDTR measurements. (b) Calculated
phase sensitivity to the cross- and inplane thermal conductivities of the
multilayer, kML;? and kML;jj , the crossand in-plane thermal conductivities of
TiN, kTiN;? and kTiN;jj , and the TBCs,
G1 and G2.
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phase data, after the properties of the other layers in the stack
had been determined with additional measurements on reference samples. We used the bulk properties of the fused silica
substrate from literature.24 The volumetric heat capacity of
the multilayer was used as the thickness weighted average of
the bulk values of Si and Mo.24 The volumetric heat capacity
of TiN was also taken from literature.25 Fig. 2(b) shows the
measurement sensitivity, which is standardly determined as
the partial derivative of the phase signal to a parameter in the
model.19 We have found from a scanning electron microscopy image of the cross section of the TiN film that TiN has
a columnar structure that should have an effect on anisotropy
of thermal conductivity. kTiN;? and kTiN;jj of the TiN film
were then measured by FDTR on a TiN/fused silica reference sample and obtained to be 20.4 6 1 W m1 K1 and
11.7 6 0.9 W m1 K1, respectively, with the standard deviation of multiple measurements as the error bar. Note that
the decreased due to the columnar structure in-plane thermal
conductivity of TiN provides higher sensitivity for the inplane measurements for the underlying multilayer structure
with respect to our expectation in the assumption of standard
thermal properties of bulk TiN. For the top and bottom
TBCs of the multilayer, Fig. 2(b) shows that our measurement is insensitive to the bottom interface; therefore, we did
not measure but instead used a typical value of 100 MW m2
K1 for a metal/dielectric interface as G2.26 The top interface
G1 was determined by depositing the same TiN film on a
500 nm a-Si/fused silica reference sample and measuring
the TBC between TiN and a-Si by FDTR. G1 was then
obtained to be 96 6 26 MW m2 K1.
RESULTS AND DISCUSSIONS

In Fig. 3, we show typical FDTR phase data for the three
TiN coated multilayer samples and their best fit to the model.
To determine the measurement uncertainty for these samples, we used a Monte Carlo method to account for the
uncertainty caused by the physical parameters in our thermal
model,27 repeatedly fitting the data based on the distribution
of model parameters to obtain the distribution of fitted values. Each parameter in our thermal model was assumed to
have a normal distribution about its mean value with
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standard deviation obtained from separate FDTR measurements. The FDTR data fitting were performed for 10 000
iterations. Within each iteration, our Matlab program randomly generates a value for every parameter based on their
own distributions and performs the data fitting to the thermal
model based on the parameters generated. The assembled
histogram of the fitted values was then fitted to a normal distribution. We define the mean as the measured value and the
standard deviation as the uncertainty. We also did five measurements on each sample at different locations and each
phase data file was fitted for 2000 times using the Monte
Carlo method. The total 10 000 values were combined to
give the final measured value and uncertainty. This includes
errors from both the experimental noise and physical properties. The cross- and in-plane thermal conductivity values for
the three samples are summarized in Table II.
In order to analyze the cross-plane heat conduction, we
applied a simplified thermal resistor model according to
Eq. (1). Note that here and in the analysis of in-plane measurements we neglected the formation of silicides at
interfaces
RMo=Si ¼

dMO þ dSi dMO dSi
2
¼
þ
þ
;
k?
kMO kSi Gint

(1)

where k? is the cross-plane thermal conductivity of the multilayer and kMO and kSi are the thermal conductivities of the
Mo layer alone and the Si layer alone, respectively, dMo and
dSi are the Mo and Si layer thicknesses, respectively, and
Gint is the averaged thermal boundary conductance. In the
analysis, we used the value of kSi ¼ 1.01 W m1 K1 that
was measured by FDTR for 500 nm amorphous Si on fused
silica substrate, while for Mo we estimated its thermal conductivity using the measured in-plane thermal conductivity
data in the assumption of isotropic thermal conductivity of
Mo layers. Eq. (1) was used to fit the measured k? data with
Gint as the only free parameter, as shown in Fig. 4. The best
fit is achieved with Gint ¼ 550 MW m2 K1, similar to previously reported values for metal–nonmetal interfaces.26
From Fig. 4, it is seen that the simplified thermal resistor
model correctly describes the measured dependence of k? on
the Mo layer thickness. This indicates the diffuse character
of the cross-plane heat conduction, which is in good correspondence with previous studies.10
In order to analyze the contribution of electrons to the
in-plane heat conduction, we applied the Wiedemann-Franz
law to the measured electrical conductivities of the samples
in order to estimate electron thermal conductivity ke,WF. In
our calculations, we used the corrected Lorenz factor for Mo
according to Stojanovic et al.28 The calculated values for
TABLE II. Measured thermal conductivity values of Si/Mo multilayers.

FIG. 3. FDTR measured phase signals and model best fit curves of the three
TiN-coated multilayer samples.

Sample

k? (W m1 K1)

kjj (W m1 K1)

Anisotropy ratio kjj =k?

Mo2/Si4
Mo4/Si4
Mo6/Si4

0.75 6 0.03
1 6 0.03
1.3 6 0.03

2.47 6 0.14
8.48 6 0.18
15.7 6 0.24

3.3
8.5
12.1

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
130.89.45.232 On: Tue, 01 Dec 2015 13:12:01

085101-4

Medvedev et al.

J. Appl. Phys. 118, 085101 (2015)

1
kp;Mo ¼ CV vk;
3

(3)

where CV is the volumetric phonon heat capacity estimated
using the Debye approximation, v is the speed of sound, and
k is the phonon mean free path in Mo. We used two different
estimations for the phonon mean free path. In the first estimation, according to the minimum thermal conductivity
theory,29 the k value was assigned to be equal to interatomic
spacing in Mo, a  0.31 nm.24 In the second estimation, we
used Matthiessen’s rule29 to calculate k taking into account
the thin film size effect via the following equation:
1
1
1
¼
þ ;
k kBulk d

FIG. 4. Blue dots—measured cross-plane thermal conductivity. Lines—fitting with the thermal resistor model by changing the Gint value of Mo/Si.

ke,WF are given in Fig. 5(a) together with the FDTR measured jjj values. As it is seen from Fig. 5(a), the calculated
ke,WF values are lower than those measured with FDTR technique. And it is also seen that the discrepancy (kFDTR  ke )
grows with the increase of the Mo thickness. The observed
quantitative discrepancy between the measured kk and ke
might be ascribed to the phonon contribution to the in-plane
heat conduction. In order to analyze this, we estimated the
in-plane contribution of the lattice thermal conductivity for
Si/Mo multilayer structure via
kp ¼

dSi
dMo
kp;Si þ
kp;Mo ;
dSi þ dMo
dSi þ dMo

(2)

where dSi and dMo are Si and Mo layer thicknesses, respectively, and kp;Si and kp;Mo are phonon thermal conductivities
of Si and Mo, respectively. For Si we again used the measured thermal conductivity value of 1.01 W m1 K1 since
phonons are the main heat carrier in Si. The phonon thermal
conductivity of Mo can be estimated by

(4)

where kBulk is the bulk mean free path and d is the film thickness. Here, kBulk was calculated using the bulk phonon thermal conductivity of Mo extracted from the net thermal
conductivity via the Wiedemann-Franz law. The first estimation is usually applied to amorphous thin films, while the
second is more appropriate for poly-crystalline thin films.
Note that in the first estimation we neglect the influence of
the Mo amorphisation on its heat capacity. These two
approaches were used because previously we observed that
in Mo/Si multilayers the microstructure of Mo films, i.e., the
ratio between crystalline and amorphous phases, is dependent on its thickness.30 Mo films of about 2 nm thickness and
thinner are fully composed of the amorphous phase.30 The
net estimated thermal conductivity composed of the phonon
contribution calculated using Eqs. (2) and (3) and the electron contribution calculated using Wiedemann-Franz law is
also given in Fig. 5(b). From Fig. 5(b) it is seen that for the
Mo2/Si4 multilayer structure the measured value of thermal
conductivity matches the net k value of phonon contribution
kp estimated via the minimum thermal conductivity limit.
The kp value calculated using the Matthiessen’s rule overestimates the phonon contribution by about 1 W/m K. On the
other hand, for the Mo6/Si4 multilayer the measured value of
thermal conductivity matches the net k value of the phonon

FIG. 5. (a) Red—measured in-plane thermal conductivity (denoted as k exp ) for the samples listed in Table I; grey—electron contribution to the in-plane thermal conductivity estimated via the Wiedemann-Franz law (denoted as ke;WF ). (b) Red—measured in-plane thermal conductivity; black—electron contribution
to the in-plane thermal conductivity together with phonon contribution estimated via the minimum thermal conductivity limit in the assumption of amorphous
Mo layers (denoted as ke;WF þ kp;min ); blue—electron contribution to the in-plane thermal conductivity together with phonon contribution estimated using the
Matthiessen’s rule in the assumption of crystalline Mo layers (denoted as ke;WF þ kp;M ).
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contribution estimated assuming crystalline Mo layers. In
this case, the minimum thermal conductivity limit underestimates the phonon contribution by 5 W/m K. For the Mo4/Si4
multilayer structure, the experimental value is closer to the
net k value calculated using the Matthiessen’s rule than to
the value calculated using the alternative approach. The
observed discrepancy of about 0.8 W/m K can be explained
here by, e.g., a non-negligible fraction of amorphous material in the Mo layers. These considerations bring us to the
conclusion that the microstructure of the thin film metal
layers, i.e., the ratio between crystalline and amorphous
phases, can strongly influence the lateral heat conduction in
metal-dielectric and metal-semiconductor multilayers. Let us
also note that the amorphisation effects can also influence
the cross-plane thermal conductivity as it was shown for
amorphous/crystalline Si multilayer structures.31 But these
effects are beyond the scope of this paper and required more
detailed study.
CONCLUSIONS

We studied the anisotropic heat conduction in periodic
nanoscale Mo/Si multilayered films using the pump-probe
FDTR technique. The structures analyzed, each having a
fixed thickness of the Si layers of 4 nm and a varied thickness
of the Mo layers in the 2–6 nm range, demonstrate a measured anisotropy ratio jk =j? ranging from 3.3 for 2 nm to
12.1 for 6 nm layers. The variation of metal layer thickness
has a significantly higher impact on the in-plane heat conduction than on the cross-plane heat conduction. This is so
because the lateral electron transport along the metal layers
contributes to the in-plane heat conduction proportionally to
the thickness of metal layers, while the cross-plane transport
for such multilayer structures is dominated by lattice vibrations and its scattering at interfaces. The measured in-plane
thermal conductivity was in good agreement with calculations taking into account both electron and phonon thermal
transport, using a phonon mean free path which depended on
the Mo layer thickness. Based on the previously gained
knowledge on Mo microstructure in Mo/Si multilayers, we
suggest that the ratio between crystalline and amorphous
phases in the metal layers affects the in-plane heat conduction. Namely, reducing the Mo layer thickness down to 2 nm,
the in-plane heat conduction decreases due to amorphization
of the Mo layers. Finally, it was shown that FDTR technique
can be used successfully for characterizing the thermal conductivity tensor of multilayer structures without complex
sample preparation.
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