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The cross-plane thermal conductivity of 22 nm period Si/SiC amorphous multilayer films deposited
by magnetron sputtering and measured using a differential 3w method was found to decrease from
2.0 W/mK at 300 K to 1.1 W/mK at 80 K. Structural disorder in each of the constituent layers of
the amorphous multilayer films was confirmed by high resolution transmission electron microscopy.
Estimations of the relative contributions of interface and intrinsic layer thermal resistance based on
microscopic phonon transport models indicate that mean free path reductions induced by the
structural disorder within the multilayer films are responsible for the observed experimental

trends. © 2010 American Institute of Physics. [doi:10.1063/1.3337093]

Amorphous nanostructured multilayer films have been
the focus of extensive research due to their potential appli-
cations in thermal and mechanical coating technology,l’2
optoelectronics,3 4 telecommunication technology5 as well as
in cost-effective thin-film thermoelectric power generation
devices.’ Amorphous multilayer films are an appealing alter-
native to crystalline silicon in large-area technologies due to
their low-cost and low-temperature fabrication processing.
Researchers have shown that amorphous multilayer films can
be a potential candidate for cost-effective two-dimensional-
electron-gas thermoelectric devices.® Si/SiC multilayer thin
films, in particular, have been investigated for next genera-
tion optoelectronics including photodiodes and sensor arrays
due to their excellent sensitivity and selectivity in vacuum
ultraviolet and visible light spectrum.”'® Si/SiC multilayer
films also exhibit high wear resistance and an enhanced abil-
ity to block crack propagation due to the structural differ-
ences between constituents across the multiple interfaces.
These characteristics make them suitable candidates as pro-
tective coatings for optical and electronic devices."" More-
over, Si/SiC multilayer films can also serve as thermal bar-
rier coatings for components operating in a high temperature
environment like automotive components and turbine blades
where maximum thermal gradient across the coating layer is
desirable." Thermal transport characterization of Si/SiC
multilayer thin films is critical for efficient thermal manage-
ment in the above applications. However no investigations of
thermal transport in Si/SiC multilayer film systems have
been reported. Here we present a temperature dependent
study of the thermal conductivity of a 22 nm period Si/SiC
multilayer thin film grown by physical vapor deposition and
measured by a 3w method.'*"*
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Deposition of Si/SiC multilayer films was carried out in
a stainless steel, high vacuum reactive sputter deposition sys-
tem equipped with three 7.5 cm diameter sputtering sources
in a confocal configuration."” Si (99.99%) and SiC (99.95%)
targets, which were independently driven by two 13.56 MHz
radio frequency (rf) power supplies, were used as sputtering
sources for the multilayer films and a Ta (99.99%) target,
driven by a dc power supply, was used for deposition of Ta
cap layers. Si/SiC multilayer films were grown on 150 mm
diameter n-type Si(100) substrates in argon gas at process
pressure of 4 mTorr and substrate temperature of 27 °C us-
ing power density of 4.38 W/cm? and 5.48 W/cm? for Si
and SiC, respectively. A set of two samples of 30 and 50
periods, each with a 30 nm thick in situ-deposited Ta cap
layer on the top of the multilayer film, were grown for ther-
mal conductivity measurements. A mirror sample consisting
of 30 periods of Si/SiC and without any Ta cap layer was
also deposited for TEM investigations. The growth rate of
the Si layer was 6 nm/min while that of SiC layer was about
1.3 nm/min. The resulting multilayer films were character-
ized in terms of thickness and interface roughness and den-
sity by X-ray reflection (XRR) using a Rigaku Ultima IIT
X-ray diffractometer. The thickness of the Si and SiC indi-
vidual layers in the multilayer configuration was found to be
14.3 nm and 8 nm, respectively. The film thickness non-
uniformity across the 150 mm Si wafer was measured to be
3.8%. Cross-sectional transmission electron microscopy
(TEM) analysis, using JOEL 2010-F FEG TEM operated at
200 kV, shows periodic stacking of the constituent layers of
the multilayer film as shown in Fig. 1(a). The high resolution
TEM (HRTEM) micrograph in Fig. 1(b) as well as the dif-
fraction pattern in the inset of Fig. 1(a) reveals the amor-
phous nature of the layers. Only a few nanometers of epitax-
ial growth in the first Si layer, adjacent to the substrate, can
be observed in Fig. 1(b).

® 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Low resolution TEM Micrograph of the Si/SiC
multilayer film with 30 periods each consisting of alternating layers of 14
nm Si and 8 nm SiC. The inset is the diffraction pattern of a selected area in
the middle of the stack indicating the structure is amorphous. (b) HRTEM
micrograph confirming the amorphous nature of the film. A few nanometers
of epitaxial growth are observed only in the first Si layer adjacent to the
substrate.

A differential 3w method'® was employed to perform the
thermal conductivity measurements on the Si/SiC multilayer
films. In our case the smaller thickness (30 periods)
multilayer film sample serves as the reference while the
larger thickness (50 periods) multilayer film sample is used
to extract the effective thermal conductivity across 20 peri-
ods of the Si/SiC multilayer film. The sample configuration
is shown in the inset of Fig. 2(a). An insulation layer of
~100 nm silicon nitride (SiN,) was deposited by plasma
enhanced chemical-vapor deposition (PECVD) at 300 °C.

The temperature-dependent thermal conductivity mea-
surements were carried out in a cryostat in the temperature
range from 80 K to room temperature. During the 3w mea-
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FIG. 2. (Color online) (a) ac temperature amplitude as a function of heating
current frequency measured at 150 K for multilayer film samples with 50
periods (MLS) and 30 periods (MLY), respectively. The inset illustrates a
schematic representation of the measured multilayer film samples. (b) The
measured temperature difference between the samples is linear with dissi-
pated power. The slope of the fitted line gives the experimental thermal
resistance across 20 periods of the multilayer film and is used to determine
the multilayer film therma! conductivity
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FIG. 3. (Color online) Thermal Conductivity of Si/SiC multilayer film com-
pared to that of crystalline and amorphous Si and SiC, as well as to thermal
conductivity of Si/Ge superlattices from literature. At room temperature the
thermal conductivity of the multilayer film is within the range estimated
from classical heat conduction modeling across an a-Si/a-SiC layer of simi-
lar composition as the Si/SiC multilayer film. The values of thermal con-
ductivity of amorphous Si, single crystal and amorphous SiC, and single
crystal Si/Ge superlattices are from Refs. 12 and 18-22.

surements, the temperature variations in the cryogenic cham-
ber were within 0.1 K of setpoint.

Figure 2(a) shows the ac temperature amplitude in the
multilayer film samples as a function of input frequency for
an identical input power and 5 um wire width. The mea-
sured temperature difference between the thinner multilayer
film, referred to as reference sample, and the thicker
multilayer film sample was used to determine the intrinsic
thermal conductivity of the multilayer film as described be-
low. The differential temperature is relatively constant be-
tween 2500 and 5500 Hz. Its averaged value over the experi-
mental frequency range is linear with input power as shown
in Fig. 2(b). The slope of the fitted line in Fig. 2(a) gives an
experimental estimate of the thermal resistance across 20 pe-
riods of the multilayer film. The slope thermal resistance
method has the advantage of compensating for offsets in the
experimental data. Fitting this thermal resistance with a 2D
heat conduction model'® yields the effective thermal conduc-
tivity of the multilayer film. The measured effective thermal
conductivity of the multilayer film is minimally influenced
by contributions from insulation and cap layer’s thermal con-
ductivity. The validity of this assumption was assessed by an
analysis of the sensitivity of the differentially measured ther-
mal resistance of the multilayer film toward variations in the
thermophysical properties of the adjacent layers. It was
found that an order of magnitude variation in the thermal
conductivity of the Si substrate, introduced only 0.3%
change in the determined multilayer film thermal conductiv-
ity. Likewise, a 60% change in the input thermal conductiv-
ity of the insulation layer incurs only a 6% change. Hence, in
this work, the reported literature value of thermal conductiv-
ity of silicon nitride was used.'” Even less sensitivity,
(<0.05%), was observed due to the uncertainty in thermal
conductivity of the tantalum cap layer which was neglected
in subsequent data analysis. Therefore the differential 3w
approach significantly reduces the uncertainty arising from
the thermophysical properties of the constituent layers.

Figure 3 shows the temperature dependent effective
cross-plane thermal conductivity of the Si/SiC multilayer
film compared with literature values of thermal conductivi-
ties for single crystal and amm;phous Si'* and SiC'™" and
epitaxial Si/Ge superlattices 22 The thermal conductivity



093103-3 Mazumder et al.

of the Si/SiC multilayer film varies from ~2.0 W/mK at
300 K to 1.1 W/mK at 80 K with a relatively small variation
of 19% in the temperature range from 300 to 130 K and a
stronger variation of 33% between 130 and 80 K. The ex-
perimental uncertainty of the thermal conductivity is conser-
vatively estimated to be <10%, with film thickness non-
uniformity and insulation layer thermal conductivity being
the main contributors to uncertainty. Compared to Si/Ge su-
perlattice system, the Si/SiC multilayer film has significantly
lower thermal conductivity values but shows a similar in-
creasing trend with temperature. In crystalline superlattice
systems this behavior is due to limitations of the mean free
path (MFP) of phonons by scattering at the superlattice in-
terfaces in conjunction with the increase in heat capacity. In
contrast, TEM indicates that our Si/SiC multilayer film has
an amorphous structure in which case the MFP reduction
could be caused mainly by disorder in each layer rather than
interface scattering. The MFP in the measured Si/SiC
multilayer film layers as well as the contribution to thermal
transport due to the interface thermal resistance (ITR) at the
Si/SiC interfaces were estimated in order to assess the valid-
ity of this assumption. The effect of ITR was evaluated based
on the analytical model described by Prasher et al.” The
thermal boundary resistance was estimated to be 4.77
X 1077 m? K/W for one interface leading to a total ITR of
9.55X 1075 m? K/W which is only 4.84% of the experimen-
tally measured total thermal resistance (R™). Furthermore,
the phonon MFP in each layer of the multilayer film is esti-
mated based on kinetic theory considering the phonon group
velocity and the contribution of acoustic phonon modes to
the volumetric heat capacity, obtained from approximate
phonon dispersion relations,”” rather than using sound veloc-
ity and total specific heat, respectively. This approach gives a
phonon MFP of 260.4 nm** at room temperature and 4.2 um
at 80 K in bulk single crystal Si, but in amorphous silicon its
values range from only 1.9 nm at 300 K to 3.4 nm at 80 K,
much smaller than the thickness of 14 nm of the Si layers in
the Si/SiC multilayer film. It is to be noted, however, that the
above MFP estimates for amorphous Si at 300 and 80 K are,
respectively, 6.3 and 3.6 times higher than predictions based
on the Debye model.?* For amorphous SiC the thermal con-
ductivity at room temperature is reported in the range of 1.44
to 3.5 W/mK.""* The Debye model predicts a MFP between
0.168 to 0.408 nm in amorphous SiC at room temperature.
Assuming a similar discrepancy between the Debye and dis-
persion models as seen in the case of Si, the phonon MFP in
amorphous SiC is between 1.06 to 2.58 nm, considerably
smaller than the 8 nm thickness of the SiC layer in the
multilayer film. Employing classical heat conduction model-
ing, the thermal conductivity of a composite made of amor-
phous Si and SiC with similar composition as the measured
multilayer film is in the range of 1.25 to 2.28 W/mK, com-
parable to the experimental value of 2.01 W/mK for the
multilayer film shown in Fig. 3. This good match indicates
that in the measured Si/SiC system size effects do not play a
major factor to thermal transport at room temperature due to
the amorphous nature of the layers in the multilayer struc-
ture.

Appl. Phys. Lett. 96, 093103 (2010)

In summary, this work reports the cross-plane thermal
conductivity of Si/SiC multilayer films. The thermal conduc-
tivity varies from 2.01 W/mK at 300 K to 1.09 W/mK at
80 K. The interface thermal resistance between the Si and
SiC layers of the multilayer film contributes only 5% to the
experimentally measured total thermal resistance. Phonon
MFP estimates indicate that at room temperature size effects
do not play a major factor to thermal transport in the amor-
phous multilayer structures. An estimate of multilayer film
thermal conductivity based on classical heat conduction
modeling across amorphous multilayer films agrees well
with the measured thermal conductivity at room temperature.
The amorphous structure in each layers of the multilayer
films was confirmed by TEM investigations.
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