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Abstract
We systematically analyze the influence of 5 nm thick metal interlayers inserted at the interface
of several sets of different metal-dielectric systems to determine the parameters that most
influence interface transport. Our results show that despite the similar Debye temperatures of
Al2O3 and AlN substrates, the thermal boundary conductance measured for the Au/Al2O3

system with Ni and Cr interlayers is ∼2× and >3× higher than the corresponding Au/AlN
system, respectively. We also show that for crystalline SiO2 (quartz) and Al2O3 substrates
having highly dissimilar Debye temperature, the measured thermal boundary conductance
between Al/Al2O3 and Al/SiO2 are similar in the presence of Ni and Cr interlayers. We suggest
that comparing the maximum phonon frequency of the acoustic branches is a better parameter
than the Debye temperature to predict the change in the thermal boundary conductance. We
show that the electron–phonon coupling of the metallic interlayers also alters the heat transport
pathways in a metal-dielectric system in a nontrivial way. Typically, interlayers with large
electron–phonon coupling strength can increase the thermal boundary conductance by dragging
electrons and phonons into equilibrium quickly. However, our results show that a Ta interlayer,
having a high electron–phonon coupling, shows a low thermal boundary conductance due to the
poor phonon frequency overlap with the top Al layer. Our experimental work can be interpreted
in the context of diffuse mismatch theory and can guide the selection of materials for thermal
interface engineering.
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1. Introduction

The control of heat transport at solid–solid interfaces is critical
in several energy conversion and heat management applica-
tions such as thermoelectrics, microelectronics, photonic and
plasmonic devices [1–4]. Various interfacial heat transport
mechanisms provide numerous ways to tune the heat transport,
hence, understanding the contributions from each will lead
to engineering novel micro and nano-electronic devices with
optimal thermal performance. It is often possible to tune the
heat transport at interfaces by inserting a thin additional layer
having specific thermophysical properties, where it is gener-
ally accepted that the interlayer should bridge the vibrational
properties of the adjacent materials to increase the interface
conductance. Typically, layers of intermediate Debye tem-
peratures are chosen, whereas the electron–phonon coupling
(EPC) is less often considered as a dominant factor. How-
ever, these mechanisms are not well understood particularly
for ultrathin interlayers, and the general approach of using
materials with intermediate Debye temperatures can fail.

Interfacial thermal transport is quantified by the thermal
boundary conductance G= q/∆T, where q is the heat flux
across the boundary and ∆T is the temperature difference. G
can be modified (enhanced or reduced) by tuning the various
factors affecting interfacial heat transport, such as, for the case
of metal-dielectric interfaces, microstructural characteristics
of the interface such as roughness, electron–phonon interac-
tion, and phonon–phonon interaction [5–10]. For example,
Duda and Hopkins [11] demonstrated that G can be reduced
by introducing roughness at the interface, due to increased
phonon scattering. Enhancing the interfacial bonding between
metal and dielectric has also been found to significantly
improve G due to the improved phonon transmission across
the interface [12, 13]. Previous works have also shown that
the insertion of a thin metallic interlayer can significantly alter
G at a metal-dielectric interface by providing a material that
can bridge mismatched phonon modes [14–21]. Cheaito et al
[17] analyzed G across a range of metal/native-oxide/Si and
metal/Al2O3 systems, showing that the phonon spectral con-
tribution to G depends on the cut-off frequencies of the mater-
ials comprising the interface. Jeong et al [14] showed that the
insertion of a thin metal layer between a metal and dielectric
with an intermediate Debye temperature could significantly
increase G. They reported enhancements of∼80% and∼60%
by inserting Cr and Cu interlayers at the Au/Al2O3 interface,
respectively. Chen et al [18] analytically showed that insert-
ing interlayers with strong EPC constant between Au/Al2O3

can reduce the thermal resistance by up to 40%. Our previ-
ous work has shown that the magnitude of G changes signific-
antly for ultra-small (∼2 nm) interlayer thicknesses and that its

thickness dependence saturates at different values according
to the EPC strength of the interlayer [21]. It has become clear
that key parameters that influence the interfacial heat trans-
port in a well-bonded metal-dielectric system are the EPC of
the metallic layers and the phonon spectra of the materials in
the system. However, the interplay between various contribu-
tions involved in thermal transport to total thermal boundary
conductance in the presence of an ultrathin (<10 nm) metal-
lic interlayer is not well understood, since different paral-
lel energy transfer pathways may exist when interlayers are
thin. This regime is of technological importance, since the
overall performance of devices may depend on a compromise
between thermal transport and other metrics, such as electrical
or optical performance. As an example, plasmonic devices
used in heat-assisted magnetic recording should include a low-
loss plasmonic material but also dissipate heat effectively [1].
Ultra-thin interlayers can therefore facilitate heat dissipation
at the interface between a plasmonic metal and a dielectric
heat sink provided that its thickness is small enough to not
introduce additional plasmonic losses. This work focuses on
determining whether the Debye temperature is a good metric
to predict G at metal-dielectric interfaces with an ultra-thin
metal interlayer, and if increasing the EPC of the interlayer
always results in better conductance. The rationale underlying
these principles is outlined next.

2. Interlayer selection

The thermal transport between a metal and a dielectric is
primarily controlled by phonons, as these carry energy in both
materials.When the phonon energies in thesematerials are dif-
ferent, phonon transmission is hindered due to lack of avail-
able phonon states, though inelastic phonon scattering can
somewhat increase phonon transmission. It has been argued
that phonon interaction at a metal-dielectric interface can be
enhanced by adding an interlayer with intermediate vibrational
properties in order to bridge the vibrational spectra mismatch
of metal and dielectric layers [17, 20]. The vibrational overlap
can be expressed in terms of phonon density of states over-
lap, which determines the number of available phonon states
in a determined energy interval. Neglecting momentum con-
servation or inelastic processes, matching the spectral distri-
bution of the phonon density of states yields a high bound-
ary conductance, since phonons states of the same energy
coexist in both materials. Alternatively, since the shape of
the spectral density of states for acoustic phonons share com-
mon features, one can simply consider the overlap between
phonon acoustic cut-off frequencies (νA)—these are the max-
imumphonon frequencies near the Brillouin zone edge. Again,
neglecting momentum conservation and inelastic processes,
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materials with matching acoustic phonon cut-off frequencies
would have similar phonon energies and group velocity, yield-
ing a high boundary conductance. Optical phonons are usu-
ally neglected, since acoustic phonon modes have larger group
velocities and hence carry most of the heat. Furthermore, high-
energy optical phonon modes are not populated in large num-
bers near or below room temperature. However, there has been
evidence to show that optical phonons indeed carry a non-
negligible amount of heat [22], and there are some cases where
low-lying optical phonons should be considered, as we will
also see below.

The Debye approximation assumes linear phonon disper-
sions (ν = cq/(2π)), and the phonon density of states is given
by:

D(ν) =
6ν2

c3
(1)

where ν is the phonon frequency and c is the speed of sound.
This is valid up to νD, which is the Debye cut-off frequency
[23]. νD is directly proportional to the Debye temperature
θD (νD = ℏθD/(2πkB)), where ℏ is the reduced Planck’s con-
stant and kB is the Boltzmann constant. Thus, under the lin-
ear approximation, the Debye temperature is a direct meas-
ure of phonon density of states. Jeong et al [14] shows that
inserting interlayers with intermediate θD enhances the overall
thermal boundary conductance at a highly mismatched metal-
dielectric interface thanks to the presence of phonon states
with intermediate energies. The availability of more phonon
modes enhances the phonon flux across the system, resulting
in an enhancement in the overall boundary conductance. The
use of the Debye approximation is debatable, since realistic
phonon dispersions are associated with maximum phonon fre-
quencies near the Brillouin zone edge that are lower than νD
of the Debye model. This lowers the group velocities near the
Brillouin zone edge and the phonon flux through an interface
for a specific phonon mode, since the flux is directly propor-
tional to the group velocity and the number of available phon-
ons in that mode. A mismatch in phonon cut-off frequency
νA lowers the phonon transmission across an interface due to
the limit in the available high-energy phonons for transmission
[17]. This is not easily captured by comparing Debye temper-
atures, since realistic phonon dispersions are not simple linear
extrapolations of the behavior near the Brillouin zone center.
The difference can be further highlighted by considering the
following examples. Crystalline SiO2 has values for θD and
νA of 470 K and 2.5 THz, respectively. For Al, θD is 428 K
(91% the value of quartz), and νA is 7 THz (280% the value
of quartz). So, the values do not scale linearly as expected in
the linear Debye model. Similarly, Al2O3 and Cr have similar
cut-off frequencies (7.9 THz each), however the Al2O3 Debye
temperature is 166% that of Cr. Hence, the phonon cut-off fre-
quency should be a better measure of phonon transport across
an interface, as it explicitly gives a limit to the phonon energies
involved in the transport.

For the case of metal-dielectric interfaces, it is also import-
ant to consider the role of electron–phonon energy transfer
because electrons are the primary heat carriers in metals. The
EPC constant g of a metal determines the rate of energy

exchange between electrons and phonons. Upon the establish-
ment of a temperature gradient, the non-equilibrium between
electrons and phonons can be long-lived if the metal has a
weak g. This increases the resistance to heat transport across
a metal-dielectric interface, since energy transfer needs to
bridge the electron system (which dominates transport in a
metal) and the phonon system (which is the sole energy car-
rier in a dielectric), yielding an overall reduction of the thermal
boundary conductanceG. Adding an interlayer with higher g at
themetal-dielectric interface can decrease the non-equilibrium
by rapidly dragging the electron and phonon systems into
equilibrium [15, 18, 19]. It is not clear, however, whether g of
the interlayer can be arbitrarily large or whether it plays a role
with respect to other thermophysical properties of the system.

In order to understand the role of these parameters and
determine the driving mechanisms for the modification of G
at a metal-dielectric interface, we analyze a series of inter-
faces in the presence of various interlayers with a thickness of
5 nm. The thickness was chosen based on our previous work,
so that the thickness-dependence of the interlayer would not
be a factor even when considering materials with differing g,
allowing us to focus on the material properties and decouple
any effects of the interlayer thickness [21]. Interlayers were
selected based on the assumption that adding an interlayer with
intermediate vibrational properties and higher EPC constant
should enhance the overall thermal boundary conductance. It
should be noted that for the interlayer thickness used in this
work (5 nm), the rationale of using an intermediate Debye tem-
perature is less applicable, as we show that at this thickness
the interlayer material properties dominate the transport, and
the properties of the top metal are less important. However, we
will show that material choices based on the Debye picture are
still less reliable in determining the thermal boundary conduct-
ance. We consider three material parameters in our analysis:
Debye temperature (θD), acoustic phonon cut-off frequencies
(νT and νL for transverse and longitudinal modes, respect-
ively), and volumetric EPC constant (g). To understand the role
of each parameter, we fabricated a matrix of metal-interlayer-
dielectric systems as shown in table 1. The first column repres-
ents the interlayer parameters whose influence is being tested.
The second column represents the corresponding choice of top
metal and dielectric substrate considered. The third column
represents the choice of interlayer inserted between metal and
dielectric. The various thermophysical properties of materials
used in this study are given in table 2.

The values for Debye temperature or phonon cut-off fre-
quency may not be readily available for the materials of
interest. The Debye temperature can be determined experi-
mentally from the longitudinal & transverse speeds of sound
or bulk modulus & Poisson ratio, or theoretically from the
phonon dispersion curves. Knowledge of the phonon dis-
persion curves is required to determine the phonon cut-
off frequencies, and this can be obtained experimentally
through neutron or x-ray scattering or theoretically through
ab-initio methods or lattice dynamics. Generally speaking,
the accessibility of lattice dynamics simulations facilitates the
determination of phonon dispersions, so that accessing values
for phonon cut-off frequencies is relatively straightforward
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Table 1. Metal-interlayer-dielectric sample sets analyzed in this work. Samples exploring the tabulated combinations of
metal-interlayer-dielectric materials were considered to determine the influence of the parameter of interest indicated. Metals were 50 nm
thick and interlayers 5 nm thick.

Parameter of interest
Metal-X-dielectric structure
(X is the interlayer) Metallic interlayer

Debye temperature (θD) Al-X-Al2O3 Cr
Al-X-SiO2 Ni

Volumetric electron–phonon
coupling constant (g)

Au-X-Al2O3

Al-X-Al2O3

Al
Cr
Ni

Acoustic phonon cut-off
frequencies (νT and νL)

Au-X-AlN Cr
Au-X-Al2O3 Ni

Table 2. Thermophysical properties of different materials of interest in this work. θD is the Debye temperature, νL, νT, νA and νoptical are
highest phonon frequencies for the longitudinal acoustic modes, two transverse acoustic modes, polarization-averaged acoustic modes and
optical modes, respectively. g is the volumetric electron–phonon coupling constant.

Top metal Interlayer Substrate

Al Al AlN
θD = 428 K [30] θD = 428 K [30] θD = 1150 K [37]
νL = 9.6 THz [38] νL = 9.6 THz [38] νL = 17.6 THz [39]
νT = 5.7 THz [38] νT = 5.7 THz [38] νT = 10.3 THz [39]
νA = 7 THz νA = 7 THz νA = 12.7 THz
g = 0.24 × 1018 W (m3·K)−1 [30] g = 0.24 × 1018 W (m3·K)−1 [30] νoptical = 27 THz [39]

Au Cr c-Al2O3

θD = 165 K [30] θD = 630 K [33] θD = 1047 K [40]
νL = 4.6 THz [41] νL = 10 THz [42] νL = 10 THz [43]
νT = 2.8 THz [41] νT = 6 THz, 7.7 THz [42] νT = 6.9 THz [43]
νA = 3.4 THz νA = 7.9 THz νA = 7.9 THz
g = 0.023 × 1018 g = 0.42 × 1018 W (m3·K)−1 [44] νoptical = 26 THz [43]
W (m3·K)−1 [30]

Ni α-SiO2

θD = 450 K [30] θD = 470 K [45]
νL = 9.1 THz [46] νL = 4 THz [47]
νT = 4.5 THz [46] νT = 1.8 THz [47]
νA = 6 THz νA = 2.5 THz
g = 0.36 × 1018 W (m3·K)−1 [30] νoptical = 37 THz [47]

Ta Si
θD = 225 K [48] θD = 640 K [49]
νL = 5.5 THz [42] νL = 12 THz [50]
νT = 2.6 THz, 3.7 THz [42] νT = 4.6 THz [50]
νA = 3.9 THz νA = 7.1 THz
g = 3.1 × 1018 W (m3·K)−1 [51] νoptical = 16 THz [50]

even for materials that are not well characterized in the
literature.

3. Experiment

The metal bilayers were deposited on α-SiO2, c-Al2O3 or
Si single crystal substrates by dc-magnetron sputtering in
an argon atmosphere with a gas pressure of 3 m Torr (base
pressure of better than 10−8 Torr). The deposition rates for Al,
Au, Ni and Cr are 0.6 Å s−1, 1.5 Å s−1, 0.5 Å s−1, 1.7 Å s−1,
respectively. For the AlN samples, we used commercial Al2O3

substrates with a 1 µm epitaxially grown AlN layer. Top
metal layers of Al or Au are ∼50 nm thick, and the interlay-
ers, when present, are ∼5 nm thick unless otherwise noted
for the thickness-dependent study. X-ray reflectivity (XRR)
was used to measure the actual thickness of the layers and
this measurement was used in the thermal model. The result-
ing metal bilayers exhibit similar degrees of polycrystallinity
among the samples, as evidenced by the structures we repor-
ted previously that were grown in the same conditions [24, 25].
The crystallinity tends to evolve with the film thickness, so for
interlayer metals having the same thickness the crystallinity
would be very comparable, and therefore this would not play
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an important role in the transport. The interfaces created in
this way have been characterized to be sharp with practically
no intermixing [25].

We used time-domain thermoreflectance (TDTR) to meas-
ure the thermal boundary conductance between metal layers
and substrates [5, 26]. TDTR uses an ultrafast optical pump
pulse to heat up the surface of the sample and subsequently
a time-delayed probe pulse measures the change in temperat-
ure as a function of pump-probe delay. The pump and probe
beams were generated at 515 nm and 1030 nm from an ultra-
fast fiber laser and second harmonic generator (Amplitude
Laser, Satsuma HP2) with a pulse width of 350 fs and repe-
tition rate of 40 MHz. The experiments were performed at 1–
3 MHz modulation frequency using pump and probe 1/e2 radii
of 7.7 µm and 4.8 µm respectively. To obtain quantitative res-
ults for interface thermal conductance and substrate thermal
conductivity, we fit the experimental results with a thermal
transport model based on the solution of the heat diffusion
equation in cylindrical symmetry on layered media [27]. For
fitting purposes, the metallic bilayer is considered as a single
layer having a thickness equal to the total bilayer thickness and
volumetric heat capacity equal to the thickness-weighted value
[14]. This does not introduce significant error as the sensitivity
to the thermal resistance of these metallic layers is far smal-
ler than the sensitivity to boundary conductance. The model
assumes that all the heat is deposited on the surface of the top
metal layer, which is not strictly accurate. However, for the
top metals used in this work, the optical penetration depths at
the optical wavelengths used are below 20 nm, well below the
thickness of the top metal. Furthermore, when accounting for
the finite optical absorption of the light, the fitted values repor-
ted do not change significantly [27]. The thermal conductiv-
ity of the bilayer was obtained through the Wiedemann–Franz
Law and four-point-probe measurements of the electrical con-
ductivity of the metallic films. All volumetric heat capacity
values were obtained from the literature. The thermal conduct-
ivity of the substrates were left as free fitting parameters for
the samples without interlayers and the obtained values did
not deviate from accepted literature values for the bulk crys-
tals within the experimental error. A Monte Carlo approach
was used to estimate the error propagation associated with the
thermophysical properties that were assumed constant and the
experimental noise [28]. The parameters and 1 σ uncertainties
varied in the Monte Carlo simulation were: the thickness of
the metal layer (based on the uncertainty of the XRR meas-
urements), the thermal conductivity of the metal layer (10%),
the optical spot size (2%), the thermal conductivity of the sub-
strates (8% for Al2O3 and 11% for silicon) and the phase noise
of the TDTR measurement (0.1–0.5 degrees, estimated from
the phase noise in each measurement).

4. Results and discussion

4.1. Thickness dependence of the interlayer

Before discussing the main results of this work, we discuss
an interlayer thickness-dependence study for the Au/Ni/Al2O3

system to verify that the thermal boundary conductance

Figure 1. Thermal transport mechanisms at a metal-dielectric
interface in the presence of an interlayer. Red and black solid arrows
represent heat transport pathway 1 and pathway 2, respectively. The
black dashed arrow represents heat backflow from the interlayer to
the top metal. In this work, pathway 2 dominates transport, since the
interlayers studied are 5 nm thick.

saturates for a thickness of 5 nm as expected, in order to justify
the use of a constant 5 nm interlayer thickness for the fol-
lowing samples in this work. The study was done by insert-
ing ultrathin layers (0.5 nm–5 nm) of Ni at the interface of
Au/Al2O3 and measuring the thermal boundary conductance.
Our previous study [21] showed that the thickness depend-
ent thermal boundary conductance at a metal-dielectric inter-
face reaches a saturation before ∼5 nm if the interlayers have
a sufficiently strong EPC constant. This thickness-dependent
study also demonstrates the use of our theoretical model to
predict the saturation thickness for the interlayers used in this
study.

In order to model the overall thickness dependence of G in
a metal-interlayer-dielectric system, we previously developed
a thermal model of interface transport based on the main
transport pathways shown in figure 1 [21]. The total interfa-
cial conductance involves two parallel heat transfer pathways.
Pathway 1 accounts for the thermal conductance due to ini-
tial electron–phonon energy exchange (Gep,1) in the top metal
layer and subsequent phonon–phonon energy transfer between
phonons in the top metal layer with phonons in the substrate
(Gpp,1). This process bypasses transport in the interlayer by
assuming that phonons having a longer wavelength than the
interlayer thickness can directly tunnel to the dielectric, and
as the thickness of the interlayer increases, the contribution of
long wavelength phonons from the top metal layer decreases,
reducing the phonon flux for this pathway. The total interfacial
conductance G1 in pathway 1 due to the two energy transfer
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processes can be expressed assuming the conductance due to
both mechanisms is in series:

1
G1

=
1

Gep,1
+

1
Gpp,1

. (2)

For the top metal layer, the conductance Gep,1 =
√
kpg,

where kp is the phonon contribution to the thermal conduct-
ivity in the metal.

In pathway 2, electrons in the top metal layer interact
with the electrons in the metallic interlayer (Gee) [29], and
subsequently, these electrons transfer their energy to the lat-
tice. The thickness-dependent volumetric energy exchange
between electrons and phonons in the thin interlayer can be
expressed as Gep,2 = hg where, h is the interlayer thickness.
Heat from the interlayer can then transfer to the dielectric
(Gpp,2) or can propagate back to the top metal (Gb) depend-
ing on the electron–phonon coupling constant of the interlayer
and the time-dependent temperature dynamics of the system.
Back-propagation through Gb can be neglected as this trans-
fer mechanism is only relevant for time scales shorter than
the ones we analyze in the TDTR response (less than 10 ps).
The total interface conductance G2 due to pathway 2 can be
expressed as:

1
G2

=
1
Gee

+
1

Gep,2
+

1
Gpp,2

(3)

Similarly to pathway 1, contributions to Gpp,2 in the
interlayer are only considered for phonons having shorter
wavelength than the physical interlayer thickness.

Tomodel the phonon–phonon conductancesGpp,1 andGpp,2

in the system, we used a modified version of the diffuse mis-
match model (DMM) described in detail in [21]. Briefly, we
used realistic phonon dispersions for the materials considered
and limit the integration according to phonon wavelength λ
and layer thickness as needed:

G(λ)pp =− 1
8π2

∑
j,A

λmaxˆ

λmin

hνj,Aq
2
j,A |υj,A|αA→B

dfBE
dT

2π
λ2

dλj,A

(4)

where h is Planck’s constant, νj,A are the phonon frequen-
cies for branch j in material A, υ is the group velocity,
fBE = 1/ [exp(hνj,A/kBT)− 1] is the Bose–Einstein distribu-
tion and the integration is limited between the shortest phonon
wavelength at the Brillouin zone edge λmin and λmax is lim-
ited to the interlayer thickness. We refer the reader to the
supplementary information for the phonon dispersion curves
for the materials used in this study. Given that the inelastic
contribution to phonon transmission is only likely to take
place for low-n phonon processes [23], during the calcula-
tions of the transmission coefficients we employ a hybrid
approach where we consider elastic processes for the energet-
ically mismatched Au/Al2O3 interface (where high-n phonon
processes are unlikely) and inelastic processes for the bet-
ter matched Ni/Al2O3 interface (where low-n phonon pro-
cesses are likely). Here we refer to low-n phonon processes

as inelastic scattering processes involving few (3–4) phonons.
In practice, we distinguish our hybrid DMM model in three
cases: (a) when acoustic modes of materials across the inter-
face have energies within a factor of 2, as in the Al/Si system,
we consider inelastic scattering, since these would involve
few-phonon processes and are more likely; (b) when acous-
tic modes differ by more than a factor of 2 as in Ta/Si (the
cut-off frequency of the LA mode of Si is more than 2× that
of the LA mode of Ta), we consider elastic scattering, since
it is not as likely to have many inelastic processes involving
phonons that could span large energy differences; (c) when
the acoustic modes of the metal are comparable to those of the
dielectric, but there are low-lying optical modes of comparable
energies, as in the Al/Al2O3 system, we consider inelastic scat-
tering as in case (a) but also include low-lying optical modes
of the dielectric that have comparable frequencies to those of
the metal. Elastic versus inelastic scattering is considered as
previously described [21], and take the form

αA→B,elastic =

∑
j,Bhνj,Bq

2
j,Bυj,BfBE∑

j,Bhνj,Bq
2
j,Bυj,BfBE +

∑
j,Ahνj,Aq

2
j,Aυj,A fBE

(5)

αA→B,inelastic

=

∑
j,B
´
hνj,Bq2j,Bυj,BfBEdqj,B∑

j,Bhνj,Bq2j,Bυj,BfBEdqj,B+
∑

j,Ahνj,Aq2j,Aυj,A fBEdqj,A
(6)

Briefly, the transmission probability in the elastic case is
calculated as the fraction of heat flux across the interface as
function of the wave-vector, thereby forcing the correspond-
ence of phonon energies on either side of the interface at each
wave-vector for transmission to occur. In the inelastic case the
fraction of heat flux across the interface is calculated by integ-
rating over all the heat flux contributions, thereby considering
all possible carrier scattering initial and final states.

The total thermal boundary conductance in the material due
to the two pathways can be calculated assuming that they are
in parallel:

Gmodel = G1 +G2 (7)

Figure 2 shows the thermal boundary conductance for the
Au/Ni/Al2O3 system as a function of interlayer thickness. The
symbols represent the measured G, and the black and red
curves show the G calculated from the model above, with and
without the contribution of the low-frequency quasi-optical
phonons in Al2O3, respectively. We plot two sets of curves:
the solid lines use the EPC of Ni of 0.36 × 1018 W (m3·K)−1,
but for reference we include in the dashed lines the EPC
value of 1.03 × 1018 W (m3·K)−1. This is because previ-
ous studies have reported multiple values for g of Ni in the
above range [30]. From the figure, we can conclude that
only low-frequency quasi-optical phonons in Al2O3 contrib-
ute to the thermal boundary conductance, as it is unlikely
that high n-phonon processes would be involved or that high-
energy optical phonon modes would be occupied near room
temperature. The experimental G evolution trend saturates at
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Figure 2. Comparison of experimental G with the model as
function of interlayer thickness for the Au/Ni/Al2O3 system.
Experimental results are represented as filled symbols. The red
solid curve represents the total G evolution based on the hybrid
model including only acoustic phonons in Al2O3 with Ni
EPC = 0.36 × 1018 W (m3·K)−1. The black solid line denotes the
hybrid model considering low-frequency quasi-optical phonon
modes in Al2O3 with Ni EPC = 0.36 × 1018 W (m3·K)−1. The
dotted lines represent the G evolution with Ni EPC value of
1018 W (m3·K)−1.

5 nm as expected. Other interlayers used later in this study are
Al, Cr and Ta, the first two having a similar EPC value to Ni,
and Ta having a much higher value. Cr and Ta interlayers are
expected to have a thickness dependence that saturates simil-
arly to or even more quickly than Ni, but for Al, having a smal-
ler EPC, more attention is needed. This case will be discussed
in more detail in the section on the role of the electron–phonon
coupling. The results so far tell us that for most materials stud-
ied here a 5 nm interlayer thickness is sufficient to saturate the
value forG due to the sufficiently high electron–phonon coup-
ling values of the interlayers. The overall predicting ability of
our hybrid DMM model for the samples studied in this work
is provided in the supplementary information, where we show
that the modeled value for G is typically within 30%, save a
few outliers.

4.2. Role of vibrational properties

We now proceed to compare G across several metal/interlay-
er/dielectric interfaces to determine whether the Debye tem-
perature or phonon cut-off frequency is a better predictor. We
analyzed three different substrates with different phonon cut-
off frequencies providing different phonon flux at the interface
with the metals. The substrates used are AlN (θD = 1150 K)
and Al2O3 (θD = 1047 K) with similar Debye temperatures,
as well as SiO2 (θD = 470 K), with a much lower Debye tem-
perature. Note that the longitudinal acoustic phonon modes
of these substrates reach 17.6, 10 and 4 THz, respectively,
at the Brillouin zone edge, and therefore AlN and Al2O3 are
vibrationally more dissimilar than a comparison of Debye

Figure 3. (a) Experimentally measured thermal boundary
conductance for Au on various interlayers on Al2O3 or AlN
substrate (log scale). There is a large dependence on substrate
material, even though their θD values are similar. (b) Similar
comparison for Al on Al2O3 and SiO2 (linear scale). There is no
large dependence on substrate material, even though their θD values
are very different.

temperature would at first suggest. This comparison is done
in figure 3.

The measured thermal boundary conductance for the
Au/Al2O3 system was 52 MW m−2 K−1 and in the presence
of 5 nm Al, Ni or Cr interlayers, the measured thermal bound-
ary conductance increased to 94, 273 and 249 MW m−2 K−1.
For the Au/Al2O3 system, the presence of interlayers enhanced
the thermal boundary conductance significantly with the
highest change being observed for Ni (425%). Inserting Ni
and Cr with intermediate Debye temperature at Au/AlN
changed the measured thermal boundary conductance value
from 32 MW m−2 K−1 to 88 and 54 MW m−2 K−1, respect-
ively. Similarly to the Au/interlayer/Al2O3 sample set, the
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enhancement is highest for the Ni interlayer (175%). As shown
in figure 3(a), comparing the magnitude of thermal boundary
conductance between Au/AlN and Au/Al2O3 clearly shows
that despite the similar Debye temperature between Al2O3 and
AlN, the magnitude of G is higher for Au/Al2O3 set (up to a
factor of almost 4×). This observation shows that a similar-
ity in Debye temperatures is not a good predictor of thermal
boundary conductance. However, we will show that the higher
magnitude of G for Au/interlayer/Al2O3 system can be better
predicted based on the improved overlap of acoustic phonons
in Al2O3 with respect to the top metal phonons, as opposed to
the case for metal/AlN interfaces.

As a further example, we compare the performance on
Al2O3 and SiO2 substrates in figure 3(b). We inserted a
5 nm Ni or Cr interlayers at the Al/Al2O3 interface, yield-
ing an overall measured thermal boundary conductance of
197 MW m−2 K−1 for the bare Al/Al2O3 interface, and
257 and 285 MW m−2 K−1, for the Ni and Cr interlayers,
respectively. The measured thermal boundary conductance for
Al/Al2O3 is∼200MWm−2 K−1, in good agreement with pre-
viously reported values [17, 31–33]. The slight variations can
be due to the presence of residual impurities on the surface of
the substrate. For the SiO2 substrate having anAl/SiO2 thermal
boundary conductance of 227 MW m−2 K−1, the addition
of Ni and Cr interlayers altered the thermal boundary con-
ductance to 270 and 242 MW m−2 K−1, respectively. Des-
pite the highly dissimilar Debye temperature of Al2O3 and
SiO2 (1047 K and 470 K, respectively), the measured thermal
boundary conductance values of various metal/SiO2 interfaces
are similar to the metal/Al2O3 ones. This trend shows that the
magnitude of the thermal boundary conductance for the metal-
dielectric system cannot be predicted based on the mismatch
between the Debye temperatures of the materials involved.

The lower thermal boundary conductance value in the
metal/AlN system can be attributed to low phonon flux and
transmission due to the weak spectral overlap between metal
phonon modes and those in AlN. This poor phonon match
can be deduced from the differences in acoustic phonon cut-
off frequencies in table 2. Generally, the metal/Al2O3 and
metal/SiO2 systems offer better conductance, as most metals
have similar phonon frequencies. Since acoustic phonon
modes have three polarizations, for simplicity we compare
the polarization-averaged phonon cut-off frequencies, by aver-
aging the values for the two transverse and one longitudinal
polarizations, νA = (νT1 + νT2 + νL)/3. The relatively higher
difference in cut-off frequency between AlN (νA = 12.7 THz)
and metals (e.g. Ni:νA = 6 THz) decreases the phonon flux
at the interface. The probability of higher-order inelastic pro-
cesses contributing to thermal transport decreases with the
number of participating phonons, so we would not expect
a significant contribution from optical phonons unless they
have similar energies to the acoustic modes. For Al2O3

(νA = 7.9 THz) the acoustic phonon cut-off frequencies are
closer to Cr (νA = 7.9 THz) followed by Al (νA = 7 THz)
and Ni (νA = 6 THz). The measured thermal boundary con-
ductance in the Al/Al2O3 set showed higher thermal boundary
conductance for Al/Cr/Al2O3 followed by Al/Ni/Al2O3 and
Al/Al2O3. For SiO2 (νA = 2.5 THz), one might at first expect

Figure 4. (a) Experimentally measured thermal boundary
conductance data as function of percent difference in θD between
contacting metal layer and substrate. The difference in θD is not
very predictive of G, since the shaded area with a mismatch of
40%–60% yields values for G spanning a large range. (b) Same data
plotted as function of percent difference in average acoustic phonon
cut-off values νA between contacting metal layer and substrate. The
dotted line is a guide to the eye. The trend supports the idea that
similar acoustic phonon cut-off values lead to higher values for G.
The most significant outlier indicated by the arrow is for the
Au/Al/Al2O3 sample, which is discussed in the text. The data in
panels (a) and (b) are tabulated in table 3.

a lower G, because the phonon cut-off frequencies are lower
than those of most metals. However, SiO2 has several low-
lying optical phonon branches below 10 THz, and these may
match well the phonon modes of the metals through elastic or
low-order inelastic scattering. AlN and Al2O3, on the other
hand, do not have such low-lying optical phonon branches.
These observations indicate that phonon cut-off frequency
may be a better quantity to explain the trend and magnitude
of thermal boundary conductance at a metal/dielectric inter-
face in the presence of an interlayer.

To further reinforce this argument, figure 4 compares
our data within the Debye temperature or phonon cut-off
frequency models. Here we test whether a better match
in Debye temperatures or phonon cut-off frequencies can
explain our data. To illustrate this, we define the relative
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Table 3. Measured G for metal-interlayer-dielectric samples analyzed in this work, together with percent difference in θD or νA between
contacting metal and substrate.

Metal-X-dielectric
structure (X is the
interlayer)

Metallic
interlayer

Metal-dielectric
θD difference (%)

Metal-dielectric
νA difference (%) G (MW m−2 K−1)

Al-X-Al2O3 — −59.1 −11.7 197 ± 7
Ta −78.5 −54.2 70 ± 5
Cr −39.8 0 285 ± 20
Ni −57.0 −24.0 257 ± 15

Al-X-SiO2 — −8.9 +176.7 227 ± 27
Cr +34.0 +212.3 242 ± 31
Ni −4.3 +138.3 270 ± 40

Au-X-Al2O3 — −84.2 −57.1 52 ± 2
Al −59.1 −11.7 94 ± 1
Cr −39.8 0 249 ± 20
Ni −57.0 −24.0 273 ± 18

Au-X-AlN — −85.7 −73.3 32 ± 7
Cr −45.2 −37.9 54 ± 1
Ni −60.9 −52.6 88 ± 2

Al-X-Si — −33.1 −1.4 250 ± 2
Ta −64.8 −44.4 70 ± 2
Ni −29.7 −14.7 268 ± 13

difference in metal—dielectric properties as follows: for the
Debye temperature the relative difference can be expressed as
(θDM − θDS)/θDS, where θDM and θDS are the Debye temperat-
ures of the contactingmetal and substrate, respectively. For the
cut-off frequency the relative difference is expressed similarly,
as (νAC − νAS)/νAS, where νAC and νAS are the values of νA
for the contacting metal and substrate. Figure 4(a) shows that
G does not universally increase when the Debye temperatures
become similar as one might expect, with samples having a
45%–60% difference in θD showing values forG ranging from
below 100 to above 250 MWm−2 K−1. Figure 4(b), however,
shows a more consistent trend in the data, where the values for
G increase as the relative difference in νA decreases. The most
significant outlier in figure 4(b) indicated by the arrow for the
Au/Al/Al2O3 sample deviates from the general trend due to
insufficiently strong EPC in Al, discussed in more detail in the
next section. Referring to theAl/Al2O3 sample, which does not
include EPC effects the value forG is near 200MWm−2 K−1,
in line with the trend. We note again that the mismatch one
might expect being associated with lowerG for the metal/SiO2

samples is not present due to low-lying optical modes that
significantly contribute to heat transport. We conclude that
νA is a better parameter to select a metal layer with desired
thermal boundary conductance than θD, noting that low-lying
optical modes must be considered where present, and that for
most cases involving interlayers thicker than∼5 nm, one may
simply disregard the influence of a top metal layer.

4.3. Role of electron–phonon coupling constant

Wewill now turn to the effect the EPC has onG for the samples
in this study. Figure 5 plots G for the Au/interlayer/Al2O3

Figure 5. Experimentally measured thermal boundary conductance
as a function of electron–phonon coupling constant of the metal in
contact with the Al2O3 substrate. The arrows indicate data points for
simple metal/dielectric samples without interlayer (Au/Al2O3 and
Al/Al2O3).

and Al/interlayer/Al2O3 sample sets as function of the EPC
of the contacting metal. The data indicated by arrows rep-
resent samples without interlayer, i.e. bare Au/Al2O3 and
Al/Al2O3 interfaces. It is instructive to focus our attention on
two comparisons. First, we compare the samples with Al in
contact with Al2O3:Al/Al2O3 with G of 197 MW m−2 K−1,
and Au/Al/Al2O3 with G of 94 MW m−2 K−1. One might
expect identical results, because the metal-dielectric inter-
face is the same. However, Au possesses a very low EPC,
with g of 2.3 × 1016 Wm−3 K−1, and Al is only 10×
larger, causing the electron and phonon thermal baths to

9
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remain out of equilibrium over a long distance, decreasing
the conductance. This can be illustrated through a simple
numerical example. Let us first consider the Al/Al2O3

interface. Modeling the transport as a series of two res-
istors modeling the electron to phonon transfer in the
Al layer, followed by the phonon–phonon interface, with
conductances of Gep,Al =

√
kpg ∼= 1.5 GW m−2 K−1 and

Gpp,Al−Sub = 235 MW m−2 K−1 [21], we would predict
GAl−Al2O3 = 203 MW m−2 K−1, very close to our measured
value. The Au/Al/Al2O3 interfaces can similarly be modeled
by a series of resistors modeling the electron to phonon
transfer followed by the phonon transport. The length scale
for electron–phonon equilibration in the Al layer is

√
k/g

∼30 nm [34], and since this is greater than the Al layer
thickness, we can assume that not all electrons would be
thermalized. Therefore, one must consider electron–phonon
coupling in the Au layer. This leads to considering the fol-
lowing conductances, from top to bottom [35]: Gep,Au =√
kpg∼= 245 MW m−2 K−1, Gpp,Au−Al = 266 MW m−2 K−1

(evaluated by the DMM), Gp,Al = kp/h∼= 2 GW m−2 K−1

and Gpp,Al−Sub = 300 MW m−2 K−1, yielding a predicted
GAu−Al−Al2O3 = 86 MW m−2 K−1, again close to our
measurement. Thus, it is clear that the low EPC in Au and
Al causes significant resistance. This is compatible with our
model presented in figure 2(b), where the saturation of G
occurs at higher interlayer thickness due to the relative weak-
ness of the EPC in Al. For comparison, the Au/Cr/Al2O3 has
an interlayer with an EPC almost 2× that of Al. Assuming
that this is sufficient to equilibrate the electron and phonon
temperatures in the Cr layer, the conductance predicted
for the Al/Cr/Al2O3 interfaces would be given by Ge,Au =
ke/h∼= 6GWm−2 K−1,Gee,Au−Cr

∼= 4GWm−2 K−1,Gep,Cr =
hg = 2 GW m−2 K−1 and Gpp,Cr−Sub = 344 MW m−2 K−1,
yielding GAu−Cr−Al2O3 = 263 MW m−2K−1, which matches
well our experiment. These considerations, while employ-
ing approximations in modeling the overall transport, show a
good degree of agreement with our experimental data, and can
explain why the Au/Al/Al2O3 sample has a lower conductance
then the Al/Al2O3 interface, and why the Au/Al bilayer is the
interface that is more importantly affected by the value of the
EPC.

A second comparison of note in figure 5 is between the
Au/Al2O3 and Al/Ta/Al2O3. The G at Au/Al2O3 interface
measured experimentally was 52 MW m−2K−1. This is in
agreement with previously reported Au/Al2O3 G values ran-
ging between 50MWm−2K−1–70MWm−2K−1 [14, 16, 35].
The Au/Al2O3 interface is highly resistive due to both large
phonon mismatch but also due to the resistance incurred by
the high EPC of Au. The Al/Ta/Al2O3 interface shows a com-
parable value for G. Although Ta has a very high EPC, and
electron–phonon non-equilibrium is not an important factor
in the overall interface conductance. Rather, the very large
mismatch in phonon frequencies between Ta and Al2O3 is
responsible for the similar value for G to the Au/Al2O3 inter-
face. This highlights that a high EPC will not by itself lower
the boundary conductance.

Based on these observations, we suggest that when the
electron–phonon non-equilibrium in the top layer is strong

for its thickness (such as 50 nm of Al), the overall thermal
boundary conductance is primarily governed by phonon fre-
quency overlap between interlayer and substrate. However,
when the topmetal layer has a weak electron–phonon coupling
constant (such as 50 nm of Au), the modification of thermal
boundary conductance involves an interplay between phonon
spectra overlap and coupling strength of interlayer.

Models based on the DMM typically can estimate the order
of magnitude of G [22], but as the complexity of the models
have grown, so did their prediction ability. Generally speak-
ing, however, prediction models based on the DMM have their
limitations, as they include simplifying assumptions such as
the way scattering is modeled at the interface and phonon dis-
persion. More sophisticated theories such as those based on
the Landauer formalism or atomistic Green’s function with
input from density functional theory can be more accurate
if the interfaces are well-controlled [36], but require much
more computational investment and are therefore still sel-
domly used. Despite its limitations, the hybrid DMM model
used in our prior work is able to capture the most dominant
aspects affecting the value of G (see [21] and supplementary
information), and therefore can provide reasonable predictab-
ility. As we have shown here, even a relatively simple compar-
ison of acoustic cut-off frequencies can provide a first indica-
tion of what interlayers should produce the desired change in
G in metal-dielectric systems.

5. Conclusion

We studied the interfacial mechanisms that affect the thermal
boundary conductance in metal-dielectric systems in the pres-
ence of an interlayer. The two important interlayer proper-
ties that determine the modification of G at metal-dielectric
interfaces are phonon spectra and electron–phonon coup-
ling strength. Better overlap between phonon spectra of the
interlayer and substrate enhances the overall G due to the
increase in phonon flux at the interface. The enhancements
can be very sizeable, above 3× in the materials studied in
this work. Comparing acoustic phonon cut-off frequency is
found to be a better metric than Debye temperature in pre-
dicting phonon matching at interfaces. The influence of the
top metal is not important in most cases (where the top metal
EPC is at least as strong as Al) for interlayer thickness of
only 5 nm. However, for top metals with very weak EPC such
as Au, the overall value for G involves an interplay between
phonon spectra overlap and coupling strength of interlayer.
The EPC strength of the interlayer determines the thermal
boundary conductance saturation thickness in the presence of
an interlayer in all metal/dielectric systems. However, the EPC
alone cannot be used as a quantity to predict the modifica-
tion of thermal boundary conductance in the presence of an
interlayer.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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