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Breaking network connectivity leads to ultralow thermal conductivities

in fully dense amorphous solids
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We demonstrate a method to reduce the thermal conductivity of fully dense (above the rigidity
percolation threshold) amorphous thin films below the minimum limit by systematically changing
the coordination number through hydrogenation. Studying a-SiO:H, a-SiC:H, and a-Si:H thin films,
we measure the thermal properties using time-domain thermoreflectance to show that thermal
conductivity can be reduced below the amorphous limit by a factor of up to two. By experimentally
investigating the thermophysical parameters that determine thermal conductivity, we show that
sound speed, atomic density, and heat capacity cannot explain the measured reduction in thermal
conductivity, revealing that the coordination number can significantly alter the scattering length
scale of heat carriers. Reformulating the minimum limit to consider the propensity for energy to
transfer through the non-hydrogen network of atoms, we observe greatly improved agreement with
experimental data. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967309]

In the search for ultralow thermal conductivity materi-
als, many approaches have been taken to obtain thermal
conductivities below the theoretical minimum limit of fully
dense solids used to describe thermal transport in the amor-
phous materials and glasses.' In this “amorphous limit” of
vibrational thermal conductivity, energy transport is limited
to a random walk of atomic vibrations,” effectively limiting
the length scale of energy exchange to the order of the aver-
age atomic spacing. Various approaches have demonstrated
the ability to surpass this amorphous limit in crystalline or
quasi-crystalline fully dense solids through introducing
nanostructured material interfaces® and/or reducing the
interatomic bonding environment,s’m’13 which effectively
creates a crystal of Einstein oscillators.>"'?

The principle of reducing a crystalline material’s ther-
mal conductivity below the amorphous limit relies on the
reduction of phonon scattering times by exploiting the spec-
tral nature of phonons via the aforementioned manipulation
of interfaces and bonding environments across various length
scales. Reducing the thermal conductivity of fully dense
solids already in the amorphous phase, however, has been
proven to be much more difficult. The already spatially
limited distances of vibrational energy exchange define the
length scales over which the amorphous solid must be
manipulated in order to create further reductions in thermal
conductivity beyond its amorphous limit. Typically, reduc-
tions in the thermal conductivity of amorphous solids have
been realized via changes in the atomic density or introduc-
tion of porosity.'*'® This approach relies on simple scaling
of the amorphous solid’s thermal conductivity with density,
as well established via differential effective medium theory.
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Reducing the thermal conductivity of an amorphous solid
without significant reductions in atomic density therefore
must take a different approach.

Thermal transport in amorphous semiconductors is
described by vibrational modes of propagating, delocalized
“propagons,” non-propagating, delocalized “diffusons,” and
non-propagating, localized “locons.”"*? In the case of thin
films, we previously showed that diffusons are the primary
contributors to cross-plane thermal transport in amorphous
silicon (a-Si) due to the suppression of propagons from inter-
facial scattering,” revealing that for a-Si without doping, the
minimum thermal conductivity model sufficiently describes
the diffuson contribution to thermal conductivity. However,
the addition of mass defects, changes in bond structure via
additional elements, and disruptions in network connectivity
through changing coordination number collectively present a
new approach to reduce thermal conductivity. To this end, in
this study, we demonstrate that manipulating connectivity
directly influences thermal conductivity in the 200nm thin
film hydrogenated amorphous silicon (a-Si:H), silicon oxide
(a-Si0O:H), and silicon carbide (a-SiC:H) samples (collectively
denoted as a-Si[O/C]:H) deposited on crystalline silicon (c-Si)
substrates. Moreover, we show that reducing the coordination
number allows for a reduction beyond the minimum limit to
thermal conductivity by nearly a factor of two. We use these
results to explore the energy exchange length scales of heat
carriers as a function of coordination number to reveal that
breaking network connectivity directly reduces thermal con-
ductivity through reduction in both group velocity and scatter-
ing length scale of heat carriers. By re-deriving the minimum
limit to thermal conductivity to directly solve for an effective
scattering distance for heat carriers, we show that this energy
exchange length scale falls below the average interatomic

Published by AIP Publishing.
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spacing, suggesting a need to revise this model to account for
network connectivity. Doing so yields better agreement with
experimental data and highlights the idea that heat flows
through the covalently bonded network of non-hydrogen
atoms.

Samples were fabricated using plasma-enhanced chemi-
cal vapor deposition (PECVD). Extensive characterization of
mechanical and structural properties can be found in Ref. 24.
We measured the thermal conductivity of these amorphous
thin films using time domain thermoreflectance (TDTR), and
the details and analyses for which are described else-
where.”>"2” Our specific setup is described in Ref. 28. This
technique requires a thin metal film to be deposited onto
a-Si[O/C]:H to serve as a transducer of optical energy to
thermal energy; in this case, we thermally evaporate an
80 nm layer of aluminum (Al) onto the a-Si[O/C]:H film. We
measure the ratio of the in-phase to out-of-phase voltage of
the probe reflectance as a function of pump-probe delay time
using pump and probe 1/¢* spot sizes (diameters) of 30 and
20 um, respectively, while the pump pulses are modulated
with multiple frequencies ranging from f=1 to 12MHz in
sinusoidally varying envelopes. Using a multilayer, radially
symmetric thermal model,zs’27 we fit for the thermal bound-
ary conductance between the Al transducer and the amor-
phous film (/ig a1/a—sijo/c1:n) and the a-Si[O/CJ:H thermal
conductivity (x,—si). We assume bulk values for the heat
capacity of the Al transducer and c-Si substrate.””~*° Because
the dominant thermal resistance in the system is that of the
a-Si[O/C]:H layer, sensitivity to the a-Si[O/C]:H layer ther-
mal conductivity, heat capacity dominate the signal that we
measure during TDTR. We use multiple modulation frequen-
cies to fit both thermal conductivity and heat capacity simul-
taneously®' to find that heat capacity remains relatively
constant among samples (supplementary material), varying
from 1.5t0 1.6J cm > K.

Thermal conductivity, x, values are shown in Fig. 1 as a
function of several film properties, namely, (a) silicon content,
(b) hydrogen content, (c) elastic modulus, as determined by
nano-indentation, and (d) coordination number, (r), as deter-
mined by combined nuclear reaction analysis (NRA) with the
Rutherford backscattering (RBS),>> to reveal interesting
insight into the origin of the difference in thermal conductivi-
ties among samples. First, it is clear that increasing silicon

H content (%)

0 10 20 30 40 50
20 T T . . t L . T T T

Appl. Phys. Lett. 109, 191905 (2016)

content directly correlates with increasing thermal conductiv-
ity, while increasing hydrogen content has the opposite effect.
More interesting, though, is the fact that the increasing silicon
content dominates both the a-SiO:H and a-SiC:H samples in
determining thermal conductivity. In the case of hydrogena-
tion, however, it is clear that addition of hydrogen affects
a-Si0:H and a-SiC:H differently, causing a stronger reduction
in the case of a-SiO:H with the same hydrogen content.
Second, elastic modulus and thermal conductivity are directly
related, a reasonable observation considering that elastic mod-
ulus is related to the average bond strength among atoms.
However, as we will discuss below, this bond strength,
considered when using group velocity to model thermal con-
ductivity, does not explain the vast difference in thermal con-
ductivities among samples. Finally, increasing coordination
number correlates with increasing thermal conductivity.
This is consistent with the previous studies™~* that apply the
rigidity percolation theory of Phillips and Thorpe®™® to
understand this relation. Ghossoub ez al.*® reasoned that x oc
v o EY? <r>3/ * (where v, is longitudinal sound speed) to
show agreement with the experimental data. This reasoning
assumes that (r) only affects v;, which works well for
network chains like amorphous fluorocarbons (the carbon-
fluorine bond breaks the network in the same way that silicon-
hydrogen bonds do in a-Si:H). However, in this work, we
introduce oxygen, carbon, and hydrogen contents to entirely
change the network, as silicon-oxygen and silicon-carbon are
non-terminating, meaning network connectivity is broken
through hydrogen termination and silicon-silicon networks are
further disrupted through oxygen and carbon inclusion.

Despite the insight into the mechanisms driving the
measured thermal conductivities, further analysis is needed
to understand the effect of structure on thermal transport in
these amorphous networks. To this end, we apply a kinetic
theory model, which we extend to the minimum thermal con-
ductivity model." We re-derive this model below to under-
stand the inherent assumptions on the nature of bonding and
scattering length scales of heat carrying vibrational modes,
beginning with the simple kinetic theory relation describing
thermal conductivity

1
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FIG. 1. Thermal conductivity, k, as a

function of (a) silicon content, (b)

hydrogen content, (c) elastic modulus,

and (d) coordination number, (r).

1 Filled circles represent a-SiO:H, filled

triangles represent a-SiC:H, and filled

squares represent a-Si:H. Arrows point

to the x-axis associated with each set
of thermal conductivity data.
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where j is the polarization (one longitudinal, two transverse),
C is the volumetric heat capacity, v is the group velocity
(assumed to be sound speed), and / is the scattering mean
free path of heat carriers in the system. This simple relation
is powerful in its revelation of the key components that gov-
ern thermal conductivity — it is proportional to heat capacity,
sound speed, and mean free path, meaning the observed dif-
ferences in thermal conductivity among samples are due to
differences in one or more of these parameters among sam-
ples. We note that heat capacity among samples is relatively
constant, changing by less than 10% among samples, as
measured via TDTR (supplementary material). This differ-
ence will be captured below when considering the number
densities and sound speeds. We proceed with expanding
this expression, noting that volumetric heat capacity can be
described by

oT

exp(hw
A ! kgT
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where wp is the Debye frequency (the maximum frequency
of vibration of polarization j),  is the reduced Planck’s con-
stant, D; = w?*/ 27121;]3 is the density of states, fgz is the Bose-
Einstein distribution function, kz is Boltzmann’s constant,
and T is temperature (293K). Substituting Eq. (2) into
Eq. (1), the thermal conductivity is
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The minimum thermal conductivity model is derived from
this general model with two key assumptions. First, the
Debye frequency is defined by wp; = uj(6n2n)%, where 7 is
number density. With this model, the number density inher-
ently defines the length scale of energy exchange. The
second assumption is that 4; = mv; /®, or, in other words, the
scattering time is half the period of oscillation for a given
mode. The conventional model employs atomic number
density such that atoms are indistinguishable and act as har-
monic oscillators; we will return to this assumption later.
Under these assumptions, the minimum thermal conductivity

is defined as
exp < o )
kgT d

olE)-)

This formulation, which depends on both sound speed and
number density, is often used to accurately predict the ther-
mal conductivity of amorphous materials.' In this case, num-
ber density is derived by using measured density together
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with atomic compositions of silicon, oxygen, carbon, and
hydrogen, as determined by combined NRA-RBS. We quan-
tify sound speed with two independent techniques, picosec-
ond acoustics and nano-indentation. In picosecond acoustics,
we use the 10-100 ps delay time regime of our thermoreflec-
tance signal to measure longitudinal sound speed in the a-
Si[O/C]:H ﬁlms,37_39 while nano-indentation relies on relat-
ing elastic modulus to the longitudinal sound speed; further
details can be obtained in the supplementary material. As
depicted in Fig. 2, we find excellent agreement between both
the techniques.

With sound speed and number density characterized, we
apply Eq. (4) to determine whether number density or sound
speed can explain the differences in thermal conductivities
among samples. As depicted in Fig. 3(a), this model, when
using either a constant (average) number density and only
considering sound speed (ipmin(v)) or both experimentally
determined number density and sound speed (Kuyin(v,n)),
fails to capture the thermal conductivity trend observed.
Indeed, the model over-predicts the thermal conductivity for
all but two samples.

Figure 1 revealed that many interconnected variables
differ among samples; from a thermal transport perspective,
bond strength, number density, and atomic composition can
all play a role in determining thermal conductivity. The min-
imum thermal conductivity model given by Eq. (4) incorpo-
rates the parameters determined by these factors — bond
strength effects are established through group velocity and
number density is directly related to the Debye frequency.
Atomic composition is not directly established in the model,
as the model does not distinguish between the atom types in
determining scattering times; note that mass-impurity scat-
tering directly influences phonon scattering times in crystals.
However, since scattering time in this model is already lim-
ited to half a period of oscillation, mass impurity scattering
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FIG. 2. Longitudinal (v;) and transverse (vy) sound speeds derived using
picosecond acoustics (y-axis) vs. those derived using nano-indentation
(x-axis). Equation (S1) is used to derive v, from the nano-indentation results
on elastic modulus, while sub-100 ps reflectance signals were used to mea-
sure vy, directly in the case of picosecond acoustics. To obtain vy, Eq. (S2) is
used to derive this quantity for both picosecond acoustics and nano-
indentation. Details can be found in the supplementary material.
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FIG. 3. (a) Thermal conductivity (k) as a function of longitudinal sound
speed (vz): experimentally determined values of x are plotted for the a-
SiO:H (circles), a-SiC:H (triangles), and a-Si:H (square) samples. Plotted as
a dashed line is the minimum thermal conductivity («min) model given by
Eq. (4) with a constant number density equal to the mean value among sam-
ples. Hollow diamonds represent this same ki, model with the experimen-
tally determined number density and sound speeds as inputs. Finally, hollow
inverted triangles represent the same Kpin, using a modified number density,
Nmod = (1 — [%H]), which only accounts for non-hydrogen elements. (b)
Effective scattering distance, Aefr, determined using Eq. (3) vs. coordination
number, (r). A is calculated for the minimum thermal conductivity model
incorporating number density directly (imin (v, 7)) and modified number den-
sity (Kmin (¥, 7tmoq )); solid lines serve to guide the eye. Shown also is Aegr for
a-Si (dashed line) and the average interatomic spacing (solid hexagons) as
determined by n~'/3.

is not expected to influence thermal transport. This can be
further justified by comparing predicted and experimental
values of multi-component systems such as SiO,, CdGeAs,,
and As,S3." Given the well characterized parameters that go
into the model, disagreement with the experimental thermal
conductivities suggests that the scattering length scale of
heat carriers is being reduced below that assumed by the con-
ventional minimum limit. Referring back to Eq. (3), we now
solve for this scattering length scale, denoted by 4; = A for
effective scattering distance, to understand how this changes
among samples. This is the same concept as defining a
“gray” mean free path for describing the phonons in crystals.
We emphasize that this length scale is “effective” because it
is derived from the same convention that defines the mini-
mum limit and so inherits all the assumptions and limitations
that come with it.

As depicted in Fig. 3(b), the effective scattering distan-
ces range from ~1.5 to 4.5 A when the conventional model
(1¢min (v, 1)) is employed. To understand the significance of
this length scale, the average interatomic spacing, as deter-
mined by n~'/3, is shown to reveal that this effective scatter-
ing distance is reduced below the average interatomic
spacing. For reference, the average interatomic spacing of a-
Siis ~2.7 A, while the effective mean free path for a-Si hav-
ing a thermal conductivity of LOW m ™' K™ is ~3.4 A. The
idea of the effective scattering length scale falling below the
average interatomic spacing is not physically sound, imply-
ing that the model used does not appropriately describe our
data. Thus, we turn back to Eq. (4) to answer the following
fundamental question: do all atoms behave as harmonic

Appl. Phys. Lett. 109, 191905 (2016)

oscillators? We argue that if heat moves through the network
of covalently bonded silicon, oxygen, and carbon, then
hydrogen does not contribute to thermal transport. Stated dif-
ferently, energy traverses the covalently bonded network but
necessarily scatters at hydrogen termination sites. This is a
similar argument for using the molecular number density vs.
atomic density to describe the minimum limit in the layered
crystalline systems of molecular building blocks.**** These
models assume that molecules vibrate such that intermolecu-
lar vibrations do not transport heat; in this way, molecules,
rather than atoms, act as harmonic oscillators in the mini-
mum limit derivation. In this case, hydrogen can be thought
to vibrate with its bonded neighbor as a single molecular
oscillator such that intermolecular vibrations do not contrib-
ute to heat conduction. Under this hypothesis, we calculate
Kmin Dy assuming a modified number density defined by
Nmod = n(1 — [%H]). The results, presented as Kuin(, Zimod)
in Fig. 3(a), show an excellent agreement with the data for
all but the highest three thermal conductivities, suggesting
this model more appropriately describes the minimum limit
to thermal conductivity. Moreover, the effective scattering
length scale, as shown in Fig. 3(a), now, within uncertainty,
approaches the interatomic spacing only in the limit of the
lowest thermal conductivity samples.

The primary conclusions of this study are as follows: (1)
the energy exchange length scales of heat carriers in amor-
phous solids can vary based on local structure, (2) this length
scale can be directly manipulated such that thermal conduc-
tivity can be reduced below the conventional minimum limit,
and (3) this conventional minimum limit implies such length
scales fall below the average interatomic spacing, but when
altered under the hypothesis that heat is carried only by the
non-hydrogen network of atoms, the minimum limit more
accurately captures experimental data. Previous computa-
tional works'****> have shown that heat carriers in amor-
phous systems can have a range of scattering times and
distances. Just as nanostructures and boundaries can be used
in crystalline systems to reduce the scattering lengths of pho-
nons through incoherent scattering, the spectral nature of
heat carriers in amorphous solids can be similarly exploited
to reduce their scattering lengths; the key to such reduction
is the manipulation of structure on the order of intrinsic scat-
tering length scales. In this study, we have demonstrated that
breaking network connectivity provides a means for reducing
the effective scattering length scale of these heat carriers,
leading to thermal conductivities below the conventional
amorphous limit.

See supplementary material for additional experimental
details, including characterization of sound speed and volu-
metric heat capacity.
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