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conductivity have been driven by additional 
temperature drops occurring at each inter-
face. These temperature drops are quanti-
fied by the thermal boundary conductance 
(TBC), which is traditionally assumed to 
be related to the phonon states in each 
material comprising the interface. While 
lowering effective thermal conductivity by 
adding interfaces is great for thermoelectric 
and thermal barrier coating applications, it 
is highly undesirable for microelectronic 
applications where there is a need to dis-
sipate ever increasing amounts of waste 
heat thanks to continued miniaturization 
leading to increased device and interface 
density. More specifically, increased inter-
face density may be good for thermal 
insulation applications but is bad from a 
thermal perspective for microelectronic 
devices. Thus, the approach of engineering 
materials with high densities of interfaces 
to achieve ultralow thermal conductivity 
solids requires a fundamental under-
standing of how atomic vibrations interact 

and exchange energy at interfaces, which, with the advent of dis-
order and other nanoscale features, is arguably lacking.

While including disorder in a crystalline system can lead to 
reductions in thermal conductivity, this same phenomena may 
not hold true at interfaces. Recent theories have suggested that 

The role of interfacial nonidealities and disorder on thermal transport 
across interfaces is traditionally assumed to add resistance to heat transfer, 
decreasing the thermal boundary conductance (TBC). However, recent com-
putational studies have suggested that interfacial defects can enhance this 
thermal boundary conductance through the emergence of unique vibrational 
modes intrinsic to the material interface and defect atoms, a finding that con-
tradicts traditional theory and conventional understanding. By manipulating 
the local heat flux of atomic vibrations that comprise these interfacial modes, 
in principle, the TBC can be increased. In this work, experimental evidence 
is provided that interfacial defects can enhance the TBC across interfaces 
through the emergence of unique high-frequency vibrational modes that 
arise from atomic mass defects at the interface with relatively small masses. 
Ultrahigh TBC is demonstrated at amorphous SiOC:H/SiC:H interfaces, 
approaching 1 GW m−2 K−1 and are further increased through the introduction 
of nitrogen defects. The fact that disordered interfaces can exhibit such high 
conductances, which can be further increased with additional defects, offers a 
unique direction to manipulate heat transfer across materials with high densi-
ties of interfaces by controlling and enhancing interfacial thermal transport.
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Heterogeneous interfaces between two adjacent solids have 
enabled the realization of ultralow thermal conductivity mate-
rials,[1–5] with reduction to thermal conductivity often falling 
below the corresponding minimum limit traditionally attrib-
uted to a pure amorphous solid.[6] These reductions in thermal  
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vibrational modes unique to the interfaces that do not exist 
intrinsically in any of the homogeneous materials can in fact 
contribute substantially to the TBC.[7–11] Therefore, judiciously 
selected defects near the interface could in principle be used 
to increase the TBC by enhancing these interfacial modes. In 
this case, disordered interfaces could lead to higher TBCs than 
more “perfect” interfaces. Indeed, recent computational works 
have demonstrated that the TBC at amorphous/amorphous and 
amorphous/crystalline interfaces can be higher than that at crys-
talline/crystalline interfaces composed of the same material.[12,13] 
This reasoning cannot be explained by conventional phonon 
TBC theories[14–16] and offers a unique picture of how vibrational 
energy couples across defected or disordered interfaces. How-
ever, experimental demonstrations of the existence of these inter-
facial defect modes and their contributions to TBC are lacking.

In this work, we report on the thermal conductivity of a series 
of amorphous multilayers (AMLs) composed of alternating layers 
of hydrogenated amorphous silicon carbide (a-SiC:H) and hydro-
genated amorphous silicon oxycarbide (a-SiOC:H) with varying 
interface densities. One of the main reasons for studying these 
material systems stems from a practicality standpoint, as the 
existence of these particular amorphous systems is widespread in 
high density, highly integrated microelectronic products mainly 
due to their low dielectric constants.[17] This is particularly the 
case in metal interconnect structures where multiple layers of 
amorphous dielectric materials are stacked upon one another 
and inlaid with Cu lines. In this regard, the SiC:H/SiOC:H 
system investigated is highly relevant as SiC:H represents the Cu 
capping/etch stop layer and the SiOC:H material represents the 
interlayer dielectric material that isolates the Cu lines.

As the heat transport in these AMLs is completely diffusive, 
we extract a TBC across the a-SiC:H/a-SiOC:H interface that 
approaches 1 GW m−2 K−1, the highest diffusive TBC measured 
to date. Through an in situ plasma exposure, we introduce N2 
defects at and near the interface in each layer of the AML. The 
introduction of these defects causes the thermal conductivity of  
these AMLs to become independent of interface density; in 
other words, the resistance at the interfaces becomes negligible, 
or the TBC increases beyond the ability to measure a quantifi-
able value. Supported with both vibrational spectroscopy and 
molecular dynamics simulations, we identify interfacial defect 
modes that arise in the thermal phonon regime only in the 
N2-processed AMLs.

The amorphous SiOC:H/SiC:H multilayer samples were 
deposited on crystalline silicon substrates via plasma-enhanced 
chemical vapor deposition (PECVD). A sample series with N2 
plasma-treated multilayers, carried out in situ during growth 
between the deposition of either the SiOC:H or the SiC:H 
layers, were also fabricated to understand the effect of interfa-
cial nonidealities that arise due to lighter atoms at the interface 
on mediating thermal transport across disordered interfaces. A 
schematic of the sample used for our thermal measurements 
is shown in Figure 1a. The film and period thicknesses were 
determined via X-ray reflectivity (XRR) and cross-section scan-
ning electron microscopy (XSEM) measurements; example 
XSEM and XRR measurements are shown in Figure 1b,c, for 
a SiOC:H/SiC:H multilayer with N2 plasma treatments carried 
out on the surface of the SiOC:H layers, and for a multilayer 
with N2 plasma treatments carried out on the surface of the 

SiC:H layers, respectively. The chemical compositions of the 
multilayer films and homogeneous samples were determined 
using nuclear reaction analysis and Rutherford backscattering 
(RBS) spectroscopy (details in the Supporting Information). The 
percent composition of C, N, O, Si, and H is tabulated in Table 
S1 (Supporting Information). Along with the chemical composi-
tions, the densities of the films were determined by combining 
the film compositions (in atoms cm−2) with the measured film 
thicknesses and are tabulated in Table S1 (Supporting Informa-
tion). The vibrational properties of the samples were studied 
using Fourier transform infrared (FTIR) spectroscopy. Figure 1d  
shows example spectra for different period thicknesses of 
SiOC:H/SiC:H multilayers with and without N2 plasma. In 
comparison to the SiOC:H/SiC:H sample, the similarities 
between the FTIR spectra of the sample in which the SiC:H 
was treated with N2 versus the sample in which the SiOC:H was 
treated with plasma suggests the N2 plasma is enhancing the 
vibrations in the 20–30 THz range, as discussed in detail later.

To measure the thermal properties, we employed the time 
domain thermoreflectance (TDTR) technique, which is a noncon-
tact optical pump-probe technique (details are given in the Sup-
porting Information). First, we measure the thermal conductivity 
and heat capacity of individual SiOC:H and SiC:H films as a func-
tion of film thickness (as shown in Figure S7, Supporting Infor-
mation). The lack of film thickness dependence on the thermal 
conductivity for the a-SiOC:H and a-SiC:H films suggests that 
heat conduction is mostly driven by vibrations that are nonpropa-
gating (e.g., diffusons and locons).[18–20] This is in contrast to 
recent experimental results demonstrating size effects and aniso-
tropic thermal conductivity of amorphous Si thin films and nano-
structures,[21–23] where a significant portion of heat flow is due 
to propagons that represent delocalized propagating modes. The 
lack of size effects in the thermal conductivity of a-SiOC:H can 
be attributed to the SiOSi network structure confirmed from 
the FTIR measurements (Figure S3a, Supporting Information), 
which is similar to the structure found in SiO2; the lack of size 
effects in SiO2 is primarily due to the weak bonding that exists 
between the SiO4 tetrahedra, whereas the thickness dependent 
thermal conductivity in a-Si is a result of strongly bonded tetra-
hedra.[18] Although cross-plane thermal conductivity measure-
ments on thin amorphous SiO2 films have revealed a lack of size 
effects,[21,23] we note that a recent study has observed ballistic 
propagation of thermal phonons across amorphous SiO2 layers 
that are up to 5 nm thick. In this regard, although our SiOC:H 
and SiC:H films demonstrate lack of size effects in the cross 
plane direction, ballistic transport of phonons across thin layers 
of SiOC:H and SiC:H could be observed with the correct experi-
mental techniques, such as that reported in ref. [24].

For the a-SiC:H films, the FTIR results show that the net-
work structure mostly consists of SiC stretching modes 
similar to a-SiC systems (as shown in Figure S3b, Supporting 
Information);[25,26] the lack of size effects in the a-SiC:H is con-
sistent with size independent thermal conductivities measured 
for amorphous SiC in ref. [27]. These findings along with the 
measurement of heat capacities for the amorphous SiOC:H and 
SiC:H films and the measured thermal conductivities of amor-
phous SiOC:H/SiC:H SLs with varying period thicknesses are 
used to derive a mean TBC across a single SiOC:H/SiC:H inter-
face as detailed in the discussions below.
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The measured thermal conductivities of the amorphous 
SiOC:H/SiC:H superlattices are shown as a function of 
period lengths and interface densities in Figure 2a and 2b, 
respectively (square symbols). The thermal conductivity for 
SiC:H/SiOC:H SLs monotonically decreases with decreasing 
period thickness and increasing interface density. This suggests 
that the interfaces in the amorphous SLs contribute nonnegli-
gibly to thermal resistance across the thin films. To determine 
the TBC across the SiC:H/SiOC:H interface, we apply the widely 
used thermal circuit model,[28] which describes the resistivity, ρ, 
of a SL as a superposition of the thermal resistances of the indi-
vidual layers and the resistances at the individual interfaces as

1
2 2

21

SiOC:H SiC:H
K

L

L L
Rρ κ

κ κ
= = + +
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
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where κSiOC:H and κSiC:H are determined from the meas-
urements of the thickness series for the respective homo-
geneous samples. Equation (1) is fit to the experimental 
data with RK as the fitting parameter. Using this approach, 
we determine RK = 1.1 m2 K GW−1 (alternatively the TBC, 
hK = 1/RK = 909 MW m−2 K−1), resulting in the best-fit line 
shown in Figure 2.

This intrinsic TBC across our amorphous SiC:H/SiOC:H 
interfaces is considerably higher than mostly all TBCs reported 
in the literature for crystalline/crystalline interfaces as shown in 
Figure 3, which plots the experimentally measured TBCs across 

various interfaces as a function of the ratio of elastic moduli 
between the two constituents. Typical TBCs at crystalline/crystal-
line interfaces range from ≈20 to 300 MW m−2 K−1 and are shown 
in Figure 3 (in the shaded region in Figure 3). A better match 
between the elastic moduli of the crystalline materials forming 
the interface and a high quality of interface usually results in a 
higher TBC. For example, in ref. [40], it is shown that by control-
ling the surface condition between crystalline silicon nanomem-
branes mechanically joined on to silicon substrates through van 
der Waals interactions, the TBC can be tuned by as much as 
300%. However, for interfaces comprising of amorphous solids, 
the measured TBCs can be relatively higher even for interfaces 
between materials with highly mismatched elastic moduli.

The high TBCs at these amorphous SiC:H/SiOC:H interfaces 
are in line with those predicted via molecular dynamics simu-
lations (refs. [12] and [39]), experimentally measured across 
SiO2/Al2O3 interfaces reported from a single AML at room 
temperature (≈0.67 GW m−2 K−1),[45] and the lower limit to 
TBC measured across an amorphous SiO2/crystalline Si inter-
face.[29] In ref. [39], we showed that the TBC across a generic 
Lennard Jones (LJ)-based amorphous/amorphous interface is 
higher than that of their crystalline counterpart, suggesting 
that TBC associated with amorphous interfaces are, in general, 
much higher than those across their corresponding crystalline 
interfaces. An analysis to predict the spectral contributions at 
the LJ-based amorphous/amorphous and crystalline/crystal-
line interfaces (as detailed in the Supporting Information)  
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Figure 1.  a) Schematic of a multilayer sample for our thermal measurements via the pump-probe TDTR technique. b) Characteristic XSEM image 
for a multilayer with 27.4 nm period thickness and N2 plasma treatment carried out on the surface of SiC:H layers. The thickness and periodicity can 
be confirmed via the XSEM images. c) Characteristic XRR patterns showing superlattice reflections exemplified by the peaks in the XRR data for a  
(7.8 nm period thick) SiC:H/SiOC:H sample with N2 plasma treatment over SiOC:H layers. d) Characteristic FTIR spectra for two representative sam-
ples with and without N2 plasma treatment on the SiOC:H or SiC:H laminates in situ during growth.
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suggests that vibrations carrying heat across interfaces are very 
different between the amorphous and crystalline phases. Along 
these lines, recent work has suggested that disorder around 
amorphous interfaces forces atomic vibrations near the inter-
face to perturb the natural modes of vibrations in the amor-
phous materials, leading to higher frequency vibrations near 
the interface that effectively couple with one another.[12] Thus, 
in the event that the masses of these atoms are reduced, the 
local velocity that drives the cross-correlation of the heat flux 
will be increased. In this regard, the introduction of light atom 
impurities at amorphous interfaces should further increase the 
TBC by enabling a higher heat flux across the interface.

Figure 2 shows the thermal conductivity of the multilayers 
with N2 plasma treatment carried out after either the SiOC:H 
or SiC:H layers are deposited. For both cases, when N2 plasma 
is exposed on the SiOC:H layers or on the SiC:H layers, the 
thermal conductivity of the multilayers is independent of 
period thicknesses, in contrast to the results for the multilayers 
without the plasma treatment.

As shown in Table S1 (Supporting Information), the chemical 
compositions and the density of the multilayers do not change 

significantly due to the plasma treatment, which suggests that 
the varying thermal conductivity trends as shown in Figure 2 for 
our AMLs with/without plasma treatments is not due to densi-
fication or drastic changes in the composition and coordination 
number for these films. Furthermore, the thermal conductivity of 
samples with plasma treatment carried out at different thickness 
intervals for homogeneous SiC:H and SiOC:H films (i.e., SiC:H/
N2 plasma/SiC:H/N2 plasma or SiOC:H/N2 plasma/SiOC:H/N2 
plasma) do not change within uncertainty compared to the ones 
without the plasma treatment (Table S1, Supporting Information). 
These observations suggest that there is a different mechanism 
leading to an increase in the thermal conductivity of the N2 plasma 
treated samples at high interface densities. To investigate this phe-
nomenon further, we turn to material specific lattice dynamics cal-
culations for our structures to assess how the vibrational modes 
change with N2 plasma treatment. Figure 4a shows the density 
of states (DOS) for the interfacial modes predicted by a supercell 
lattice dynamics (SCLD) calculation for a short 2.5 nm period 
AML structure. The SCLD calculations used the ReaxFF potential 
to model the interatomic interactions[46] and the definition of an 
“interfacial mode” was taken to be the same as what was used pre-
viously by Gordiz and Henry.[11] Here, the interfacial region was 
taken to be all atoms within ±7 Å of the interface. As expected, 
since the two different systems contain different atom types in the 
interfacial region, the structures with and without nitrogen atoms 
at the interface exhibit differences in the interfacial modes that 
manifest. Most notably, there is a substantial increase (≈2 ×) in 
the total fraction of interfacial modes when the nitrogen is intro-
duced. It should be noted that the total bulk DOS did not show a 
significant change overall when the computational domain con-
tains N2 atoms at the interfacial region, as is shown in Figure S8 
(Supporting Information). There is, however, a significant change 
in the fraction of modes that are localized near the interface 
(increasing from 1.09 to 4.02% nitrogen atom concentration). This 
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Figure 3.  Experimentally measured thermal boundary conductance 
versus ratio of the elastic moduli of the two constituent materials (for 
Si/SiO2,[29] Al/diamond, Pt/diamond,[30] Al/SiC,[31] Au/GaN,[32] Al/Ge,[33] 
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Figure 2.  a,b) Thermal conductivities of amorphous SiOC:H/SiC:H super-
lattices plotted as a function of period length (a) and interface density (b). 
For comparison, thermal conductivities of N2 plasma treated superlattices 
are also included. The solid square symbols represent AMLs without the N2 
plasma treatments. The hollow triangles represent AMLs with N2 plasma 
treatment on the SiC:H layers, whereas the solid triangles represent AMLs 
with N2 plasma treatment on the SiOC:H layers. The N2 plasma is shown to 
increase the thermal conductivities of AMLs with smaller period thicknesses 
regardless of whether the plasma is applied on the SiC:H or SiOC:H layers.
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is to be expected, since new and uniquely tailored solutions to the 
equations of motion are required for the nitrogen atoms, which 
differ from the atoms everywhere else in the structure.

This is further validated by our FTIR measurements on the 
AMLs, shown in Figure 4b,c, where we plot the absorbance 
for the samples with the plasma treatment on the SiC:H and 
SiOC:H layers, respectively, which is subtracted from the absorb-
ance for the multilayer with similar period thickness without the 
plasma treatments. There is some correspondence between the 
FTIR results and the changes in interfacial mode DOS. Notably, 
the most significant differences between the interfacial DOS in 
both cases arise in the 20–40 THz regime, where the highest 
FTIR absorption is observed. Furthermore, the subtracted FTIR 
results in Figure 4b,c show that the most significant differ-
ences occur in the same frequency interval 20–40 THz. For the 
multilayer with N2 exposed to the SiC:H layers, there is a clear 
increase in the vibrational bands at ≈24 THz that are associated 
with SiC and SiN bonds. For the case where we ran the N2 
plasma on top of the SiOC:H, we clearly see the appearance of 
an SiO/N mode at ≈27 THz. This corresponds with a decrease 
in absorbance for the SiOSi stretching mode, SiCH3 defor-
mation mode, and CH stretching mode as shown by the dips 
in the absorbance spectra in Figure 4c. Taken together, the FTIR 
results are consistent with our SCLD-calculated DOS increase 
for these modes, which arise at the interface. Given that the 
total DOS for both structures is virtually indistinguishable (as 
shown in Figure S9, Supporting Information), and the fact that 
there is a noticeable change in the FTIR results suggests that 
the interfacial modes, which are different for the two structures, 
may be responsible for the difference in IR absorption.

To rule out the possibility that the increase in thermal con-
ductivity of the N2 plasma treated AMLs is solely due to the 
increase in their elastic modulus, we perform nonindenta-
tion measurements on all the samples (results are listed in  
Table S1, Supporting Information). The increase in interface 
density leads to a monotonically increasing elastic moduli. More-
over, the AMLs with the largest period thicknesses demonstrate 
similar elastic moduli as that for the softer SiOC:H sample. 
However, as the period thicknesses decrease, the modulus 
approaches a value that is similar to the average of the elastic 
moduli for SiC:H and SiOC:H. In terms of the measured 

thermal conductivities, even though the samples with N2 plasma 
treatment show similar monotonic increase in elastic modulus 
as that for the nontreated samples, the thermal conductivity 
trends with interface density are different. This suggests that the 
increase in modulus for the N2 plasma treated samples cannot 
explain the differing thermal conductivity trends between the N2 
plasma treated and nontreated samples as shown in Figure 2.

From these discussions and observations, we can attribute the 
increase in thermal conductivity and subsequent negligible interfa-
cial resistance for the plasma-treated samples, as shown in Figure 2,  
to the incorporation of defect vibrational modes at the interfacial 
region that enhance the heat transport across the interfaces in our 
AMLs. These results suggest that the TBC at these already ultra-
high TBC interfaces can increase to values >1 GW m−2 K−1 with 
the inclusion of nitrogen interfacial defects and subsequent emer-
gence of high-frequency interfacial vibrational modes. Our results 
demonstrate a path toward engineering TBC, thus providing a 
novel approach to dissipate the ever-increasing amounts of waste 
heat in microelectronic devices and alleviate the concern for the 
continuation of Moore’s law. This work provides experimental and 
computational frameworks guiding future research on the manip-
ulation of interfacial heat flow via inclusion of defect atoms with 
varying masses and bonding environments at the interfaces.
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