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Silicon carbide coatings and thin films are used for a wide array of applications ranging from thermal barrier
coatings to microelectronics. In this paper, we report on the role of mass density and atomic coordination on the
fundamental vibrational characteristics and thermal conductivity of amorphous silicon carbide systems through
a combination of experiments and systematic atomistic simulations. We use time domain thermoreflectance
to show that the thermal conductivity of hydrogenated amorphous silicon carbide can be increased twofold
with ∼40% increase in the mass density. A simple description of thermal transport applicable to a range of
amorphous solids where diffusion of thermal energy is predominantly driven by nonpropagating modes cannot
fully describe our experimental measurements. Our molecular dynamics simulations in conjunction with our
lattice dynamics calculations shed light on the intrinsic role of atomic coordination in dictating the contributions
from both propagating and nonpropagating modes in amorphous silicon carbide structures. More specifically,
we find that as the concentration of sp3 hybridized carbon atoms is increased by up to 10% with increasing
mass densities, the contribution from propagons can be increased from ∼25% to ∼40%, after which further
increments in the mass density and the sp3 fraction does not lead to higher contributions from propagons. In
contrast, contributions from the nonpropagating modes increases monotonically with increasing mass density
and sp3 hybridization. Our results pave a path forward to manipulate the thermal conductivity of amoprhous
silicon carbide systems based on varying the atomic coordination.
DOI: 10.1103/PhysRevMaterials.6.094601

I. INTRODUCTION

Amorphous silicon carbide is a wide band-gap semiconductor used in a variety of technologically relevant
applications such as in microelectronics [1], photovoltaics [2],
light emitting diodes [3], membranes for microfluidic devices [4], and thermal barrier coatings, to name a few [5].
Depending on the fabrication procedure and conditions, the
microstructure and average coordination number r of these
amorphous materials can be varied across a wide range [6],
which can in turn impact their physical properties and dictate their functionalities in the aforementioned applications.
For example, reducing r lowers the dielectric constant for
hydrogenated amorphous silicon carbide (a-SiC:H) films used
for very large-scale integrated interconnects as dielectric insulators [1]. However, the decrease in r has also been
shown to monotonically reduce the Young’s modulus, thus
compromising the mechanical integrity of the insulating layers [7]. Recently, we have shown that the thermal conductivity
of amorphous carbon and hydrogenated amorphous silicon
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nitride (a-SiNx :H) can be decreased by reducing r [8,9],
demonstrating an efficient route to manipulate the thermal
transport properties of amorphous materials through varying
their microstructural coordination. However, an in-depth understanding of the role of microstructures on the vibrational
properties and thermal conductivity of amorphous silicon
carbide-based systems has remained elusive, which is the goal
of the current paper.
In general, manipulating the thermal conductivity of amorphous solids below the so-called minimum limit where energy
transport is carried by the random walk of vibrations is conventionally thought to be a difficult task [10]. This is mainly
because of the fact that lowering thermal conductivity below
the minimum limit requires restricting the mean-free paths of
vibrations to be on the order of the atomic spacings. However, recent findings on amorphous silicon have shown that
a significant proportion of heat can be carried by phononlike
vibrations [11–14], which opens an avenue to tune the thermal
properties of amorphous solids through scattering of long
wavelength propagating modes. Over the years, this approach
has been applied to achieve ultralow thermal conductivities in crystalline and quasicrystalline fully dense solids
through introduction of nanostructured interfaces [15–21] or
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by varying the local bonding environment [17,22–25], which
can scatter the heat-carrying phonons. Unlike in crystalline
solids, however, the heat-carrying vibrations in amorphous
materials are categorized as propagons that are propagating,
phononlike vibrations and diffusons that are nonpropagating
but delocalized modes [26,27]. The high-frequency localized
modes—locons—also constitute the vibrational spectrum in
amorphous solids but these modes do not contribute to heat
conduction directly due to their localized nature. Therefore,
fully understanding and efficiently manipulating the categorical vibrations in amorphous solids via control of the
microstructure to ultimately impact the overall heat conduction can be beneficial for a range of applications such as in
thermoelectrics, thermal barrier coatings, or in amorphous
dielectric layers in microelectronic devices where thermal
transport can be the limiting factor dictating the functionality
of the devices [28–30].
In this paper, we study the thermal properties of amorphous silicon carbide systems through a combination of
experiments and simulations to reveal their structure-property
relationship. More specifically, through chemical, mechanical, vibrational, and structural analysis in conjunction with
time domain thermoreflectance (TDTR) measurements, we
show that the coordination number and mass density can
influence the measured thermal conductivities by a factor
of 2 in thin films of a-SiC:H. We find that the thermal
conductivity increases monotonically from ∼0.9 W m−1 K−1
to ∼1.9 W m−1 K−1 with mass densities increasing from
∼2 g cm−3 to ∼2.9 g cm−3 . Fourier-transform infrared spectroscopy (FTIR) measurements on the a-SiC:H samples reveal
that increasing mass density leads to a higher fraction of Si-C
bonds, which increases the average atomic coordination of the
films. Complementary molecular dynamics (MD) simulations
and lattice dynamics (LD) calculations on a-SiC show that
the mass density has major implications on the structural and
vibrational properties of these materials. In particular, we find
that the increase in density leads to an increase in the sp3 concentration. Furthermore, we find that the range of vibrational
modes that are described as propagons increases to higher
frequencies as density (and sp3 content) is increased. Evidently, the contribution from propagons can be increased from
∼25% to ∼40% by increasing the fraction of carbon with sp3
hybridization to  10% (or above densities of ∼2.2 g cm−3 )
in a-SiC. In contrast, the diffuson-driven thermal conductivity
increases monotonically for the entire mass density range
(from 1.5 to 3.2 g cm−3 ) studied in this paper.

II. EXPERIMENTAL DETAILS AND RESULTS
A. Sample preparation and characterizations

The a-SiC:H films investigated in this paper are deposited
on 300-mm-diameter Si (001) wafers by plasma-enhanced
chemical vapor deposition methods that have been described
in detail previously [6]. Briefly, process variables such as
pressure, organosilane flow rate, and applied radio frequency
power are modulated to produce a-SiC:H films with varying hydrogen content and mass density. To further modulate
hydrogen content and mass density, some a-SiC:H films are

given a postdeposition anneal at temperatures of 500 − 700 o C
for 1 hour as described previously [31].
After deposition and annealing, all samples are subjected to
a variety of thin film characterization including Fourier transform infrared spectroscopy (FTIR) [32], nanoindentation [6],
and combined Rutherford backscattering spectroscopy and
nuclear reaction analysis (RBS-NRA) [33] the details of
which can be found in the provided citations. Briefly, FTIR is
utilized to look at the chemical bond structure of the a-SiC:H
films and employed a Nicolet Magna-IR 860 spectrometer.
Transmission FTIR spectra are collected with 4 cm−1 resolution and a pre-scan of a bare Si wafer is used for background
subtraction [32]. Nanoindentation is utilized to characterize
the elastic modulus and hardness of the a-SiC:H films. Loaddisplacement is measured using a NanoXP nanoindenter with
a Berkovich diamond tip. A Poisson’s ratio is assumed for all
a-SiC:H films [6]. RBS-NRA measurements are performed
at the U. Albany Dynamitron Laboratory to determine the
full atomic composition and mass density of the a-SiC:H
films. The hydrogen concentration is determined using the
15
N nuclear reaction method, C concentration is determined
using deuteron nuclear reactions, and Si content is determined
by classic 2 MeV4 He RBS [33]. The mass density of the
a-SiC:H films are confirmed by additional x-ray reflectivity
measurements and found to agree with RBS-NRA to within
±(0.1 g cm−3 ) [6]. Film thicknesses are obtained via a spectroscopic ellipsometry-based technique [6].
B. Thermal property measurements

The thermal conductivity of six different samples (see Table I) are measured using TDTR, for which the details of the
experimental setup and the analysis procedure can be found
in Refs. [34–36]. Briefly, our TDTR setup utilizes a Mai Tai
Spectra Physics laser that emanates 100 fs pulses at 12.5 ns
time intervals (80 MHz repetition rate). The laser beam is
separated into pump and probe paths where the pump pulses
are modulated at prescribed frequencies of either 2 MHz or
10 MHz, which creates a periodic heating event at the sample
surface. Prior to the TDTR measurements, a thin aluminum
transducer layer of ∼80 nm thickness is deposited on top of
the samples. We measure the ratio of in-phase (Vin ) to out-ofphase (Vout ) voltage of the probe beam with a lock-in amplifier
as a function of delay time and fit the data with a thermal
model that accounts for the three layers (i.e., Al/a-SiC:H/Si
substrate). The thickness of the Al transducer used as an input
parameter in the thermal model is measured via picosecond
acoustics [37,38]. The 1/e2 pump and probe radii are 11 μm
and 7 μm, respectively. The multiple modulation frequencies
are used to fit the thermal conductivity and volumetric heat
capacity simultaneously, as we discuss in more detail below.
Figure 1(a) shows the representative TDTR data along with
our best fits from the thermal model for three a-SiC:H thin
film samples at varying mass densities (see Table I). We iterate the values of the thermal boundary conductance between
the Al transducer and the thin film (hk ) and the thin film
thermal conductivity (κa-SiC:H ) to achieve the best fits. The
values of the other input parameters (such as the heat capacity
and thermal conductivity) of the aluminum transducer and
silicon substrate are taken from literature [39]. To determine
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TABLE I. Values for the measured thicknesses (d, as determined via elipsometry), mass densities (ρ), compositions (as determined via
RBS), thermal conductivities (κ, as determined via TDTR) and Young’s modulus (E , as determined via nanoindentation).

a-SiC:H

Thickness,
d (nm)

%C
(± 5%)

% Si
(± 5%)

%H
(± 5%)

Density, ρ (g cm−3 )
(± 0.1)

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

500
600
600
600
600
500

33.18
35.60
42.75
37.39
38.34
38.00

29.39
31.21
37.89
37.21
37.69
37.74

37.44
33.19
19.36
25.39
23.97
24.25

2.1
2.1
2.1
2.5
2.5
2.9

the heat capacities of our films, we use a 100 nm a-SiC:H
film at 2.5 g cm−3 for which our thermal model is sensitive to
both heat capacity and thermal conductivity of the film at the
low modulation frequency. This is exemplified in Fig. 1(b),
showing the contour plot of the residual error at our low- and
high-modulation frequencies. We determine the heat capacity
of a-SiC:H at 2.5 g cm−3 to be 1.9 ± 0.3 J cm−3 K−1 from

FIG. 1. (a) Representative TDTR data for Al/a-SiC:H/Sisubstrate samples and their corresponding best-fit thermal models.
We fit the thermal model to the ratio of the in-phase (Vin ) and out-ofphase (Vout ) voltage signals as a function of pump-probe delay time.
(b) Sensitivity residual plot showing the interrelationship between
thermal conductivity and heat capacity of a 100-nm-thick a-SiC:H
sample at 2 MHz and 10 MHz pump modulation frequencies. The
value of heat capacity chosen for our thermal model is taken from
the intersection between the two contours.

κ (W m−1 K−1 )

E (GPa)

±
±
±
±
±
±

127 ± 4
139 ± 5

1.02
1.06
0.96
1.47
1.44
1.92

0.1
0.11
0.09
0.2
0.18
0.26

210 ± 6
214 ± 6
240 ± 7

the overlapping region between the two frequencies. For the
thicker samples with varying densities (where TDTR is unable
to independently measure both the heat capacity and thermal
conductivity), we scale the heat capacity with respect to the
densities of the films, which we use in the thermal model to
predict the thermal conductivities as given in Table I; the sensitivity of the heat capacity and thermal conductivity for the
thicker (∼600 nm) samples in our thermal model are similar
and, as such, we are unable to determine the two parameters
separately from our measurements. The uncertainties for our
thermal conductivity measurements include the error from
our heat-capacity determination, aluminum film thickness,
and variability in the measured ratio at different spots on the
samples of interest.
Figure 2 shows the thermal conductivity as a function of
mass density of our a-SiC:H thin films. We also include the
result of a 2.5 g cm−3 mass density film measured with TDTR
at the University of Virginia, which matches well with results
from our measurements carried out at the University of Rhode

FIG. 2. TDTR measured thermal conductivities of a-SiC:H films
as a function of mass density (circles represent measurements taken
at University of Rhode Island, whereas the solid triangle represent
data taken at the University of Virginia). The predictions from the
minimum thermal conductivity model (solid line) for a-SiC:H is also
included for comparison. Inset: Measured Young’s modulus (E) as a
function of mass density for our a-SiC:H films.
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Island. Overall, we find that as the density of our films are increased by 40%, the thermal conductivity increases by almost
a factor of 2.
We compare our results to the minimum thermal conductivity model that is usually applied to pure amorphous solids,
where it is assumed that the lifetime of the vibrational modes
is limited to one-half the period of oscillation (and where
energy is transferred predominantly through nonpropagating
modes) given as [40]

6000

Increasing
mass density

4500
3000
1500
0

Here, i is the polarization index, vi is the speed of sound,
i = vi ( h̄/kB )(6π 2 n)1/3 is the Debye temperature (i.e., cutoff
frequency for each of the polarization), kB is the Boltzmann
constant, h̄ is the reduced Planck’s constant, and x = i /T .
We determine the sound speeds from our measurements of
Young’s modulus (tabulated in Table I and plotted as a function of mass density in the inset of Fig. 2) with the procedure
detailed in Ref. [7]. The Young’s modulus increases with the
increase in mass density as shown in the inset of the plot of
Fig. 2.
As shown in Fig. 2, the measured thermal conductivity
and the minimum thermal conductivity predictions match well
for our a-SiC:H thin films for lower densities (< 2.2 g cm−3 ).
However, for higher densities, the minimum thermal conductivity model underpredicts our measurements, which indicates
that the mechanism of heat transfer in these amorphous films
is different than that assumed by the minimum thermal conductivity model. More specifically, the notion that energy
is mainly transferred through diffusion of thermal energy
predominantly between nonpropagating modes, as has been
shown to be applicable for a range of amorphous solids [41],
is not valid for a-SiC:H. It is also worth noting that the
concentration of hydrogen atoms in our a-SiC:H films (for
the range of concentrations as shown in Table I) does not
influence thermal transport. Although the hydrogen content in
2.5 g cm−3 and 2.9 g cm−3 are similar, the measured thermal
conductivities are vastly different. Similarly, we also cannot
ascribe the variation of thermal conductivities for our films on
the relative silicon and carbon concentrations. Taken together,
the mechanism of heat transfer in thin films of a-SiC:H cannot
solely be attributed to diffusive energy transfer between nonpropagating modes, nor to the specific concentrations of the
constituent atoms.
To gain more insight into the effect of mass density on the
heat transfer mechanisms, we investigate the vibrational characteristics of our samples using FTIR spectroscopy. As shown
in Fig. 3, the FTIR results show that the Si-C absorption band
centered at approximately 760 cm−1 increases with increasing
density. The increase in the Si-C absorption band is indicative of higher fractions of tetrahedrally bonded carbon atoms
resulting in higher atomic coordination [6]. Thus, our FTIR
measurements reveal that with increase in mass density, the vibrations associated with Si-C bonds (at 23 THz or 760 cm−1 )
increase substantially, changing the vibrational properties as
well as the average coordination number, which ultimately
results in the increase in the overall thermal conductivities (see
Table I).

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

-1500
500

Si-CH3

700

900

1100

Si-CH2 -Si

1300

1500

Wavenumber (cm-1 )

FIG. 3. Characteristic FTIR spectra (normalized to sample thickness) showing major absorption bands for amorphous SiC:H films.
The Si-C absorption band increases with the increase of mass density
of the a-SiC:H samples.

We note that Hondongwa et al. [7] measured the thermal
conductivity of similar thin films of a-SiC:H. However, their
reported values for films with relatively higher mass densities
(>2.3 g cm−3 ) are drastically higher than the values reported
in this paper. This might be because of variations in the analysis procedures used √
in the two works. While Hondongwa et al.
2
), we utilize the ratio (Vin /Vout )
use the magnitude ( Vin2 + Vout
of the TDTR signal. For the determination of thermal conductivity in TDTR experiments, the use of magnitude can result
in large uncertainties, whereas utilizing the ratio minimizes
errors and allows us to measure thermal conductivity independent of laser power, variation in laser spot sizes as a function
of delay time, changes in pump-probe spatial overlap, and the
thermoreflectance coefficient of the metal transducer, which
could all erroneously affect the predicted thermal conductivity
if the magnitude is used instead [35,42].
III. MOLECULAR DYNAMICS SIMULATIONS
AND LATTICE DYNAMICS CALCULATIONS

To gain atomistic insight into the role of density and
microstructural coordination in amorphous silicon carbide
systems, we perform MD simulations and LD calculations
on a-SiC computational domains with varying mass densities.
We study a-SiC instead of a-SiC:H in our atomistic simulations since the Tersoff interatomic potential has been well
validated for the multicomponent silicon and carbon systems
and has been shown to correctly predict various bulk physical
properties for these materials [43–46]. However, to the best
of our knowledge, similar optimized interatomic potentials
for hydrogenated amorphous silicon carbide systems are still
lacking in literature. Although the microstructural makeup
of a-SiC:H might be different in comparison to a-SiC, our
atomistic simulations are useful in understanding the different
mechanisms that could potentially describe our experimental
results on a-SiC:H systems. More specifically, our simulations
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FIG. 4. (a) Computational domains of our amorphous silicon carbide (a-SiC) representing increasing ratios of sp3 (yellow atoms) to sp2
(blue atoms) bonded carbon atoms at three different densities; red atoms corresponds to silicon. (b) Concentration of sp3 -bonded carbon atoms
as a function of the density showing a monotonic increase with the increase of density in the structure. (c) Radial distribution function at
varying quench rates. For both quench rates, the C–C (∼1.5 nm), Si–C (∼1.86 nm), and Si–Si (∼2.52 nm) bond lengths agree very well
with the experimental values as shown by the experimentally determined radial distribution function in the inset [49]. (d) Radial distribution
function at varying mass densities, which shows that the C–C, Si–C, and Si–Si bond lengths are unaffected by varying the densities. (e) Thermal
conductivity of our a-SiC structure with a mass density of 2.48 g cm−3 as a function of computational domain length. The thermal conductivity
values converge for domain sizes larger than ∼25 × 25 × 25 Å3 .

can provide insight into the role of carbon hybridization on
heat transfer mechanism in a-SiC systems as we detail below.
Our MD simulations are conducted with the Largescale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [47] using the Tersoff potential [43]. Each
simulation consists of 4000 carbon atoms and 4000 silicon
atoms, for a total of 8000 atoms in our computational
domains. To make our amorphous carbon domains, a
crystalline SiC structure is initially melted at 9000 K,
followed by rapidly quenching to 300 K at a quench rate of
8.7 × 1013 K s−1 to form an amorphous SiC structure. The
structure is allowed to equilibrate under the Nośe-Hoover
thermostat and barostat (with number of atoms, pressure and
temperature held constant) for 1 ns at a prescribed temperature
of 300 K. After equilibration, the volume of the simulation
box is changed with atomic positions being remapped to
mimic the amorphous structure at different densities. The
computational domains are then annealed at 1100 K under
the canonical ensemble with the number of atoms, volume,
and temperature held constant for an additional 10 ns.
This process removes any metastabilities as evidenced by
the plateau in the potential energy during the annealing

procedure [12,48]. Next, the structure is equilibrated under
the canonical ensemble at room temperature for an additional
1 ns. Finally, the Green-Kubo (GK) formalism is used
to determine the thermal conductivity of our equilibrated
structures, which is given as
 ∞
1
Sα (t )Sα (0)dt,
(2)
κα =
kBV T 2 0
where t is the time, T and V are the temperature and volume of
the system, and Sα (t )Sα (0) is the αth component of the heat
current autocorrelation function (HCACF). Here, the thermal
conductivity is related to the integral of the HCACF, for which
the values are collected for a total correlation time of 0.25 ps,
and the simulation is run for another 5 ns.
Figure 4(a) shows our MD computational domains where
the red atoms correspond to silicon, and yellow and blue
atoms represent sp3 and sp2 hybridized carbons, respectively.
To determine the sp3 concentration of the SiC structures,
atomic positions are extracted from our MD simulations
and carbon atoms with fourfold coordination are identified.
With increasing mass density, we find that the concentration of carbon atoms with a fourfold coordination increases

094601-5

SANDIP THAKUR et al.

PHYSICAL REVIEW MATERIALS 6, 094601 (2022)

gradually. This is quantitatively shown in Fig. 4(b), showing
the fraction of carbon atoms with sp3 hybridization that increases monotonically as a function of mass density.
To gauge the local atomic structure of our computational
model, we compute the radial distribution function given
as [50]
G(r) = 4π [ρ(r) − ρ0 ],

(3)

where ρ(r) is the atomic density at a distance r from an atom
in the computational domain and ρ0 is the average atomic
density. We compare G(r) of our structures with the experimentally determined G(r) in Fig. 4(c) [49]. The calculated
peaks at r positions of ∼1.5, 1.86, and 2.52 Å are assigned to
C-C, Si-C, and Si-Si bonds, respectively [51,52]. Although
the positions of the peaks match with the experimentally
determined values [as shown in the inset of Fig. 4(c)], our calculations of the relative peak intensities, G(r), at two different
quench rates (of 3.5 × 1014 K s−1 and 8.7 × 1012 K s−1 ) do
not exactly match the experimentally determined G(r). This
might be due to the insufficiencies of the Tersoff potential
to fully replicate the experimentally determined structure of
a-SiC. Since we are more concerned about providing the
atomistic insights into the qualitative trends in our results,
the Tersoff model utilized is sufficient for our purposes as we
detail below. However, we note that more rigorous potentials
such as those based on machine-learning approaches might
be able to better capture the experimentally determined peak
intensities, which is beyond the scope of the current paper but
deserves further work.
As shown in Fig. 4(c), the quench rate in our simulations has no significant effect on our a-SiC structures
described by the Tersoff potential. Moreover, we also compute the radial distribution functions at varying mass densities
of 1.73 g cm−3 , 2.41 g cm−3 , and 3.18 g cm−3 , as shown in
Fig. 4(d); the r positions of the peaks are consistent for the
different mass densities. Although there are slight changes in
the peak heights of the radial distribution function, the C–C,
C–Si, and Si–Si bond lengths in our structures are unaffected
due to varying mass densities. Further, to ensure our results
are not influenced by the size of our computational domain,
we carried out a series of MD simulations by varying the simulation domain size from 10 Å to 96 Å, as shown in Fig. 4(e).
The convergence of thermal conductivity within uncertainties
for computational domain sizes greater than 25 × 25 × 25 Å3
ensures that our choice of the domain size does not influence
our GK predictions.
Following our MD simulations, we utilize the GENERAL
UTILITY LATTICE PROGRAM (GULP) to perform our LD calculations on the computational domains of amorphous silicon
carbide obtained from our MD simulations. To estimate the
contribution of diffusive, nonpropagating modes to thermal
conductivity, we calculate the mode diffusivity based on the
Allen and Feldman (A-F) theory [26] given as
κA-F =

 kB
DA-F, j (ω j ),
V
diffusons

(4)

where DA-F, j is the harmonic mode diffusivity calculated from
harmonic LD theory [26,48] and ω j is the jth diffusion frequency. Propagon contribution to thermal conductivity, κprop

can be approximated from
κtotal = κA-F + κpropagon ,

(5)

where κtotal is assumed to be equal to GK estimated thermal
conductivity, since MD simulations intrinsically incorporate
all types of vibrational modes in the spectrum (including
propagating and nonpropagating modes).
To elucidate the role of atomic coordination on the vibrational characteristics, we calculate the vibrational density of
states (DOS) for our structures with the varying mass densities and sp3 concentrations. Figure 5(a) shows the DOS for
three representative mass densities, where we observe that as
mass density (and the concentration of sp3 hybridized carbon atoms) increases, the DOS in the low-frequency range
(< 10 THz) shifts to higher frequencies. Furthermore, we
also observe an increase in the DOS of the higher frequency
spectrum (> 15 THz). The relation between DOS and the vibrational frequencies for the lower frequency spectrum obeys
the DOS(ω) ∝ ω2 relation, which is mostly applicable to
long-wavelength propagating vibrations with group velocities
corresponding to the speed of sound (under the Debye approximation). As mass density increases, the frequencies with the
ω2 relation [represented by the straight lines in Fig. 5(b)] also
shift to higher frequencies, suggesting that the range of propagating modes in a-SiC increases with increasing fraction of
sp3 bonded carbon atoms. To further investigate the effect of
carbon hybridization on the relative roles of propagating and
nonpropagating modes, we calculate the diffusivities of the vibrational modes based on the A-F theory [26,27]. Figure 5(c)
shows our calculated diffusivities for three computational domains with varying mass densities. The sharp decrease at high
frequencies is characteristic of locons demonstrating their
localized nature. As such, they contribute negligibly for all
structures. For the low-frequency modes, the diffusivities are
relatively higher, which is consistent with their propagating
nature. Moreover, the onset of the Debye scaling as denoted
by the cutoff frequencies in Fig. 5(c) is also consistent with
our MD calculated DOS; note these modes are not included in
the calculation of the thermal conductivity calculated by the
A-F theory (κA-F ). The diffusons with the relatively constant
diffusivities (at the intermediate frequency spectrum) are responsible for (κA-F ), where higher degrees of spatial overlap
between the eigenvectors and the energetic overlap between
the modes dictate their diffusivities. Therefore, the diffusivities of the modes for the lowest density case in Fig. 5(c) are
comparatively lower than the higher density cases.
In Fig. 5(d), we compare the thermal conductivity predicted by the A-F theory with the results from our MD
simulations under the GK formalism for our a-SiC computational domains at varying densities. Overall, both methods
show a monotonic increase in thermal conductivity with increasing density. However, we observe a relatively higher
increase for the GK-predicted thermal conductivities for structures with higher densities (> 2.2 g cm−3 ). This suggests that
the propagons (that are intrinsically included in our GK calculations while being neglected in the A-F theory) have a greater
contribution at higher mass densities. We show this quantitatively in Fig. 5(e), where we plot the propagon contribution to
the total thermal conductivity as a function of mass density.
For lower densities (< 2.2 g cm−3 ), the contribution increases
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FIG. 5. (a) Vibrational density of states for low (1.78 g cm−3 ), medium (2.48 g cm−3 ), and high (3.18 g cm−3 ) mass densities of amorphous
silicon carbide. (b) Density of states showing its clear relationship to the ω2 scaling at low frequencies. As shown by the dashed line, the Debye
relation is most applicable to low frequency and long wavelength propagating modes. With the increase in the mass density of the structures,
the cutoff frequency up to which the Debye relation is satisfied shifts to higher frequencies. (c) Mode diffusivities calculated for three different
mass densities of our a-SiC computational domains based on the A-F theory. The cutoff frequencies for propagons are represented by the
dashed lines. (d) Thermal conductivity as a function of mass density for a-SiC domains calculated based on the GK approach (circles) and
the A-F theory for diffuson-driven thermal conductivity. Contributions from propagons to the total thermal conductivity in amorphous silicon
carbide domain as a function of (e) mass density and (f) concentration of sp3 -bonded carbon atoms. The propagon contribution increases
monotonically from ∼25% to ∼40% at low mass densities (< 2.2 g cm−3 ) and sp3 concentrations of carbon atoms (<10%), after which
increasing the mass density or the fraction of sp3 -bonded carbon atoms does not result in higher contributions from propagons.

steadily from 25% to 40% and remains relatively constant
for higher densities. This is also shown as a function of sp3 bonded carbon fraction in the structures where for structures
with greater than ∼8% sp3 hybridized carbon concentration,
we find that the propagon contributions are similar. Taken
together, while the diffuson contribution increases monotonically for the entire mass density range studied in this paper, the
propagon contribution steadily increases up to mass densities
of 2.2 g cm−3 (or ∼10% sp3 hybridized carbon concentration)
and has a more significant contribution (of ∼40%) to the
total thermal conductivity of a-SiC structures at mass densities
> 2.2 g cm−3 . Therefore, these results point to the fact that
through proper control of the local atomic coordination, we
can tune the overall heat conduction and the intrinsic mechanisms responsible in dictating the thermal conductivity of
a-SiC structures.
Finally, we compare our results from the MD simulations
on our a-SiC structures to our experimental measurements
of thermal conductivity for the a-SiC:H in Fig. 6. The increasing trend in thermal conductivity with mass density that
we observe in our experiments is captured well with our
GK predictions for the a-SiC structure. Even though in our
experiments the concentration of hydrogen varies from 19%
to 37% (see Table I), while our computational domains do
not contain hydrogen atoms, the agreement in the TDTRmeasured and MD-predicted thermal conductivities suggests
that the heat transfer mechanism in the amorphous structures
are similar. Moreover, the agreement also suggests that the
concentration of hydrogen atoms in our a-SiC:H thin films (for

the range of concentrations as shown in Table I) has negligible
influence in dictating thermal transport in these amorphous
silicon carbide-based systems. Taken together, our MD simulations and TDTR experiments comprehensively show that
the thermal conductivity in these materials is mainly driven
by changes in the mass density and atomic coordination.

FIG. 6. Comparison between our experimentally measured thermal conductivities for our a-SiC:H samples and the Green-Kubo
predicted thermal conductivities for our a-SiC domains. The agreement in the increasing trend in thermal conductivity between
our experimental and computational results suggests that the heat
transfer mechanisms are similar for the different structures with
increasing mass densities.

094601-7

SANDIP THAKUR et al.

PHYSICAL REVIEW MATERIALS 6, 094601 (2022)

IV. CONCLUSION

To summarize, we have studied the role of mass density and atomic coordination on the vibrational heat transfer
mechanisms in amorphous silicon carbide systems through
a combination of experiments and simulations. In particular, through chemical, mechanical, vibrational, and structural
analysis in conjunction with TDTR measurements, our results show the significant role played by the coordination
number and the mass density on the thermal conductivity of
a-SiC:H. We show that the thermal conductivity increases
monotonically (from 0.9 W m−1 K−1 to 1.9 W m−1 K−1 ) as
mass density is increased from 2 g cm−3 to 2.9 g cm−3 . Our
FTIR results point to the fact that the average atomic coordination is increased with increasing mass density for these
films, thus revealing a possible mechanism that can be utilized
to manipulate the thermal conductivity in these materials.
Our MD simulations in addition with LD calculations on
a-SiC support our experimental findings and shed light on
the implications of atomic coordination (and sp3 content)
on the contribution from the categorical vibrations in amorphous solids (i.e., diffusons and propagons) on the overall heat
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