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ABSTRACT

Thermal boundary resistance (TBR), which measures an interface’s resistance to the thermal flow, is of critical importance among various
areas, such as electronics cooling and thermoelectric materials. As for measuring TBR, electrical techniques are generally less sensitive com-
pared to optical ones, but they are easily operable and compatible with the measurement of other electric properties; thus, it is highly desir-
able to develop electrical methods with higher accuracy and larger measurement range. Here, a two-sensor 3ω-2ω method with a novel
experimental procedure design is proposed, which can well address those deficiencies in the conventional 3ω method. Two parallel metal
sensors are fabricated, with one of them being wide and the other being narrow. The temperature changes of these two sensors are measured
by detecting the 3ω and 2ω signals, respectively. The measurement includes three steps: (1) obtain thin film’s thermal conductivity from the
wide sensor’s 3ω thermal response; (2) obtain substrate thermal conductivity from the narrow sensor’s 2ω thermal response; and (3) derive
an effective TBR from the narrow sensor’s 3ω thermal response. Moreover, it is found the TBRs of metal/dielectric and dielectric/substrate
interfaces are distinguishable due to the considerable difference between their contact areas, which enables us to separate these two TBRs by
varying the contact area (heater’s width). Then, our method is employed to probe the TBRs between the Al2O3 nanofilm and Si as well as
SiC substrates at room temperature and good agreement with the previous measurements is achieved, verifying its feasibility. Our present
scheme will be helpful for the experimental study of interfacial thermal transport.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039444

I. INTRODUCTION

Thermal boundary resistance (TBR) is playing a crucial role in
modern technologies, including electronics cooling and design of
advanced thermal-functional materials. With the rapid miniaturiza-
tion of electronic devices, the density of material interfaces is dra-
matically increasing, which makes interfacial thermal transport a
dominant factor for the overall thermal performance.1–3 The uti-
lization of high-thermal-conductivity substrate materials further
intensifies the influence of TBR. As an example, in a
GaN-on-diamond transistor, the TBR between the GaN layer and
the diamond substrate, which is equal to about 27 m2K/GW, can
account for approximately 40% of the total thermal resistance.4 In
addition, TBR is of importance for developing nanostructured
thermal functional materials.5,6 To obtain a material of high ther-
moelectric figure of merit requires reducing its lattice thermal con-
ductivity to be as low as possible, and increasing TBR (such as
superlattice structures) is an efficient way to achieve this goal;5 on

the contrary, reducing TBR is the key to fabricate graphene-based
thermal interface materials of high thermal conductivity.6

Therefore, the investigation of TBR has drawn much attention
from researchers in the communities of electronics, thermal, and
material sciences.7–9

Experimental characterization provides fundamental data for
studying TBR. Table I summarizes the measurement techniques
that have been used to probe TBR at small scale, with a comparison
between them. Ultrafast laser-based transient thermoreflectance
(TTR) methods,10 including TDTR (time-domain thermoreflec-
tance) and FDTR (frequency-domain thermoreflectance), have
been widely used to measure the TBR between nanofilms.11–16 Due
to the modulated pump laser’s ultrahigh frequency that can reach
10 MHz and thus the small thermal penetration length, the
detected signals (i.e., the phase angles between in-plane and out-
plane signals) in TTR experiments are sensitive to the TBR of
which value is even smaller than 1 m2 K/GW.7,10 As an example,
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Cheng et al.15 measured the TBR between the GaN layer and the
diamond substrate, of which value is approximately 5 m2 K/GW. It
is noted that to derive the target thermal properties in TTR experi-
ments generally requires a multiple-parameter fitting process and
thus a relatively complicated measurement errors analysis.17,18

Raman spectroscopy method is another optical technique that can
probe the thermal properties of nanomaterials, especially for atomi-
cally thin 2D flakes.19,20 Also, it is capable of measuring the TBR
between transparent films. Pomeroy et al.4 measured the TBR
between the GaN layer and the diamond substrate of a practical
high electron mobility transistor using the Raman method. Since
Raman technique can directly detect the temperature difference
across the contacted transparent films, its measurement signals are
very sensitive to TBR. However, in Raman experiments, tempera-
ture changes are derived from Raman shifts, which exhibit a rela-
tively poor accuracy of temperature measurement in some cases;
thus, a large temperature difference across interface is usually
required to guarantee the measurement precision.21

Electrical techniques, which generally use metal strips fabri-
cated on the dielectric film to locally heat the sample surface and
detect the corresponding temperature response, are also applied to
characterize TBR at a small scale.22–28 Swartz and Pohl22 proposed
a steady-state electrical method to probe the TBR between a metal
strip and a dielectric substrate by fabricating two parallel metal
thermometers with a 2-μm-wide gap between them on the sample
surface. A direct current (DC) was used to generate Joule heating
within one of the two thermometers. The temperature changes of
both thermometers, which can derive the temperature difference
across the interface based on the time-independent heat diffusion
equation, were measured by detecting the electrical resistance varia-
tions using the four-probe method.

As the representative of electrical techniques for thermal prop-
erties measurement, 3ω method is another important approach to
probe the TBR between the thin film and the substrate, especially
for oxide nanofilms on semiconductors.5,25–27 In the conventional
design of 3ω method, the thermal response within the metal heater
is measured as a function of the thickness of the thin film to
separate the contributions from the interface and the thin film.
The modulated frequency of electrical heating is below 100 kHz in
general;7 thus, when compared to TTR methods, the thermal pene-
tration length of the 3ω method becomes larger, and the thermal
response is not that sensitive to TBR. The conventional 3ω method
is applicable for measuring TBR of relatively large value (generally
no less than 10 m2 K/GW), requiring a high-thermal-conductivity

substrate.7 In the conventional design, the two-dimensional (2D)
transient heat diffusion model is generally used to derive the target
parameters from the measured thermal response27,29 In fact, this
assumption of 2D heat conduction could lead to significant errors
in some circumstances,29 which requires a careful clarity to guaran-
tee measurement accuracy. Moreover, to derive the value of TBR,
the thermal conductivity of the substrate must be known in
advance. Researchers25,27 sometimes assume its value according to
references, which is highly possible to deviate from its actual value.
For instance, although the thermal conductivities of bulk silicon
(Si) substrates have been extensively studied, it is not easy to esti-
mate the exact value of a specific Si substrate’s thermal conductiv-
ity, since the values of Si substrates can vary within a range from
approximately 70 to 160 W/m K30 due to different doping gradients
as well as concentrations and fabrication conditions.

Here, a careful analysis on the deficiencies of the conventional
3ω method for probing the TBR between the thin film and the sub-
strate is given in supplementary material S1 and S2. Three major
drawbacks that greatly affect the accuracy of the TBR measurement
in the conventional approach are identified by the sensitivity analy-
sis: (i) the non-reality of generally used 2D heat conduction model,
(ii) the assumption that the thermal resistances of different parts
are combined in series, and (iii) the uncertainty of estimated sub-
strate thermal conductivity. Importantly, it is found that the heater
should be wide enough to fulfill the assumption that the thermal
resistances of different parts are combined in series, but the
increase in heater width can intensify the error of TBR caused by
the estimation uncertainty of substrate thermal conductivity, which
greatly limits its utilization for probing TBR especially when the
thermal conductivity of the substrate is not that high.

In summary, the optical methods are generally more sensitive
to TBR when compared to the electrical ones and thus can charac-
terize the TBRs of lower values; by contrast, the electrical techni-
ques (mainly the 3ω method) are easily operable and compatible
with the measurement of other electric properties. However, there
are three major deficiencies of the conventional 3ω method for
probing TBR. In order to address them, we here propose a two-
sensor 3ω-2ω method with a novel experimental procedure design,
which can obtain the values of thin film’s thermal conductivity,
substrate thermal conductivity, and TBR step by step, and thus
largely improve the measurement accuracy and range of TBR. As a
verification, the present method is employed to measure the TBRs
between amorphous alumina (Al2O3) nanofilm and Si as well as
SiC substrates at room temperature.

TABLE I. Techniques for TBR measurement at small scale and their comparisons. T, temperature; CV, heat capacity; κS, substrate thermal conductivity.

Measurement method
Accuracy of
T detection Sensitivity to TBR Measurement range Requirements

Optical Transient
thermoreflectance

High High Large ≥ 1 m2K/GW Known Cv and κS

Raman spectroscopy Low High Moderate ≥ 10 m2K/GW Transparent

Electrical Steady-state High Moderate Moderate > 10 m2 K/GW For metal/dielectric interface
3ω Conventional design Ultra-high Moderate Moderate ≥ 10 m2 K/GW Known κS

Two-sensor 3ω–2ω Ultra-high Moderate (>conventional) Moderate (>conventional) Known Cv
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II. TWO-SENSOR 3ω-2ω METHOD

The configuration of the two-sensor 3ω-2ω method is illus-
trated in Fig. 1. Two parallel metal sensors are fabricated, with one
of them being wide and the other being narrow. Three steps are
designed to derive the values of thin film’s thermal conductivity,
substrate thermal conductivity, and TBR separately. For evaluating
the present method, a 3D model is built in commercial software
(ANSYS), and FEM simulations are conducted. Details about the
model settings can be found in supplementary material S3. In addi-
tion, note that the present design is to handle the isotropic materi-
als. For the anisotropic materials, more sensors may need to be
used, which requires more investigations in the future work.

Step 1: Obtain the value of thin film’s thermal conductivity from the
variation of wide sensor’s 3ω thermal response with the varied
thickness of thin film, as an AC (Iω) flows through the wide
sensor.

When the thermal conductivity of the thin film (κf0) is not
well known, we should measure it at the first step. An AC (Iω)
flows through the wide sensor, and its 3ω voltage signals (Vh 3ω)
are measured to derive the thermal response (ΔTh 3ω),28

ΔTh 3ω ¼ 2
Vh 3ω

IωRehβh
, (1)

where βh and Reh are the TCR (temperature coefficient of resist-
ance) and electrical resistance of the wide sensor. An effective
thermal resistance, corresponding to the 3ω voltage signal of wide
sensor, is given by

Rh 3ω ¼ Ah
ΔTh 3ω

P
¼ Ah

ΔTh 3ω

I2
ωReh

, (2)

where P is heating power and Ah is heating area.
As the sensor is wide enough, the heat conduction within

nanofilm is approximately one-dimensional, and we have

Rh 3ω ¼ tf
κf0

þ RI þ Rs (3)

in which tf is the thickness of the thin film, and RI and Rs are the
thermal resistances resulted from the interfaces and the substrate,
respectively. Therefore, the same as the conventional 3ω method,
the mostly straight-forwarding way to derive the value of κf0 is to
measure the thermal response changes for the thin films of differ-
ent thickness, in terms of Eq. (3), as long as κf0 does not signifi-
cantly vary with the thickness, such as in the cases of amorphous
oxides31 and complex crystals of low thermal conductivity.32

Note that the geometrical parameters of wide sensor should
be carefully designed to reduce the relative deviation of κf0.

28 Here,
the method of Box–Behnken design with ANOVA (analysis of var-
iance)33 is utilized for the senor’s geometrical parameters design
(see details in supplementary material S4). According to the results
of ANOVA, a sensor width equal to 40 μm can guarantee the abso-
lute relative deviation of κf0 being less than 5%, as κf0 ranges from
0.5 to 2.5 W/m K (the range of κf0 here is set in terms of that of
amorphous oxides’ thermal conductivity, which will be measured
in Sec. III).

Step 2: Obtain the value of substrate thermal conductivity from the
narrow sensor’s 2ω thermal response, with the AC (Iω) flowing
through the wide sensor.

We will derive the value of substrate thermal conductivity (κs)
from the narrow sensor’s 2ω thermal response, when the AC for
heating is flowing through the wide sensor. The 2ω voltage signals
(Vs 2ω) are detected to obtain the thermal response (ΔTs 2ω) of

FIG. 1. Schematics of two-sensor 3ω–2ω method: (a) side view; (b) top view
with the measurement circuit for steps 1 and 2; and (c) top view with the mea-
surement circuit for step 3.
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narrow sensor,

ΔTs 2ω ¼
ffiffiffi

2
p

Vs 2ω

IsResβs
, (4)

in which βs and Res are the TCR and electrical resistance of the
narrow sensor, and Is is a DC flowing through the narrow sensor.
In this case, an effective thermal resistance, corresponding to the
2ω voltage signal of narrow sensor, is calculated as

Rs 2ω ¼ Ah
ΔTs 2ω

P
¼ Ah

ΔTs 2ω

I2
ωReh

: (5)

Then, κs’s value will be derived by a non-linear fitting process
between the measured and simulated values of Rs 2ω. To avoid the
deficiencies of the 2D model, a 3D FEM-simulation based on the
heat diffusion model is utilized to obtain the simulated value,
which requires to input the values of several parameters, including
the thermal conductivities and heat capacities of the thin film and
sensors’ metal, the heat capacity of substrate, and the TBR. The thin
film’s thermal conductivity has been derived at the first step, while
the heat capacities can be found in the dataset. The key issue is that
we need to estimate the value of TBR in advance, and the errors
caused by this estimation are clarified using the sensitivity analysis.

To evaluate the measurement accuracy of substrate thermal
conductivity, we calculate the sensitivity of κs with respect to Rs 2ω,
which is denoted by sκs Rs2ω and calculated in the same manner as
sRI κs . As shown in Fig. 2(a), the sensitivity, sκs Rs2ω , is approxi-
mately 1.0, despite the variations of setting parameters, including
the heating frequency (ω), the sensor’s width (wh), etc. For compar-
ison, the sensitivity of κs with respect to Rh 3ω (i.e.,sκs Rh3ω ) is calcu-
lated; it is found that sκs Rh3ω is larger than 1 and significantly
increases with the increasing κs and has a strong dependence on
the setting parameters’ variations. Thus, we use Rs 2ω to derive the
value of κs. Moreover, since the measurement uncertainty of effec-
tive thermal resistances can be controlled under 5% in practice, the
error of κs caused by the measurement of Rs 2ω is considerably
small (less than 5%).

Furthermore, the sensitivities of κs with respect to κf0, RI, as
well as heat capacities are calculated to clarify their influence.
According to Fig. 2(b), the sensitivities for κf0 (low as 0.5 W/m K),
RI (up to 200 m2K/GW), CVm (heat capacity of the metal), and CVf

(heat capacity of the thin film) are much lower than 0.05, which
means that an uncertainty of these quantities equal to 100% will
merely cause a relative deviation of κf much less than 5%. Thus,
the errors resulted from their estimations could be negligible.
In fact, what should be concerned about is the estimation of
CVs (heat capacity of the substrate). The sensitivity for CVs

increases with the decreasing κs and reaches approximately 0.2
with κs equal to 30 W/m K. Fortunately, compared to thermal
conductivity, heat capacities of bulk materials generally do not
vary significantly and can be readily measured using differential
scanning calorimetry (DSC).34

Therefore, the errors caused by the estimation uncertainties of
thermal conductivities and heat capacities of the thin film and
sensors’ metal, the heat capacity of substrate, and the TBR can be

well controlled, with a rough estimation of these quantities in the
reasonable range.

Step 3: Obtain the value of the TBR from the narrow sensor’s 3ω
thermal response, with the AC (Iω) flowing through the narrow
sensor.

An AC (Iω) is connected into the narrow sensor, and the value
of TBR will be obtained from its 3ω thermal response (ΔTs 3ω).
ΔTs 3ω is derived from the 3ω voltage signals (Vs 3ω) of the narrow
sensor,

ΔTs 3ω ¼ 2
Vs 3ω

IωResβs
: (6)

FIG. 2. (a) Sensitivities of substrate thermal conductivity (κs) with respect to
the measured effective thermal resistances (Rh 3ω and Rs 2ω), and the baseline
parameter setting is wh ¼ 40 μm, dhs ¼ 10 μm, ws ¼ 5 μm, ω ¼ 500 πrad/s,
tf ¼ 50 nm, RI ¼ 50 m2K/GW, and κf0 ¼ 1:5 W/m K. (b) Sensitivities of κs
with respect to various parameters, including TBR (RI), thin film’s thermal con-
ductivity (κf0), and heat capacities (CVs for the substrate, CVm for the metal,
and CVf for the thin film).
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The effective thermal resistance corresponding to Vs 3ω is calcu-
lated as

Rs 3ω ¼ Ah
ΔTs 3ω

P
¼ Ah

ΔTs 3ω

I2
ωRes

: (7)

Then, a non-linear fitting process between the measured and
simulated values of Rs 3ω will give the value of TBR. A 3D
FEM-simulation, with the input of κf0 and κs obtained at steps 1
and 2, is used to produce the simulated values.

Note that a special attention should be paid to the actual
meaning of TBR, which depends on the model setting in
FEM-simulation. In the experiments of conventional 3ω method,
the TBR between the metal electrode and the dielectric thin film is
frequently neglected.26,27 This assumption is plausible, when the
value of TBR between the metal electrode and the dielectric thin
film is comparably small. In this case, the derived TBR becomes an
effective value involving the contributions from both metal/dielectric
and dielectric/substrate interfaces, which might approximate the
exact value of the dielectric/substrate interface. Following the conven-
tional 3ω method, we can obtain such an effective TBR (RI m/ox/s)
value from Rs 3ω, with setting the TBR of the metal/dielectric inter-
face (RI m/ox) to 0 in the FEM-simulation.

A sensitivity analysis of RI m/ox/s is conducted to evaluate its
measurement accuracy. According to Fig. 3(a), in the case of base-
line parameter setting where ws ¼ 5 μm, ω ¼ 500 πrad/s,
tf ¼ 50 nm, κs ¼ 150 W/m K, and κf0 ¼ 1:5 W/m K, the sensitiv-
ity of RI m/ox/s with respect to Rs 3ω (sRI Rs3ω ) is approximately 3,
with RI m/ox/s equals to 50 m2K/GW; thus, a measurement uncer-
tainty equal to 5% will cause the relative error of TBR being
approximately 15%. Moreover, sRI Rs3ω sharply decreases with the
increasing TBR. A reduction in κs, an increase in wh, or an increase
in tf can lead to an increase in sRI Rs3ω , while the variation of
heating frequency (ω) will not significantly affect it. Figure 3(b)
shows the sensitivities of RI m/ox/s with respect to κf0 andκs, which
are denoted by sRI κf0 and sRI κs , respectively. Both these sensitivities
significantly decrease with the increasing RI m/ox/s. sRI κf0 increases
with decreasing κf0; also, sRI κs increases with the reduction in κs.
Therefore, to guarantee the measurement accuracy of TBR, it is
really important to accurately measure κf0 and κs, especially when
their values are not that high.

Nevertheless, in some cases where the TBR of the metal/
dielectric interface is comparable to that of the dielectric/substrate
interface, it is needed to separate RI m/ox from RI m/ox/s. Some
researchers16,25 might choose to estimate the value of RI m/ox

according to references, which may result in considerable errors as
the estimation of substrate thermal conductivity. In fact, a better
option should be obtaining RI m/ox and RI ox/s simultaneously in
the fitting processes. The TTR techniques are capable of this, while
it can be somewhat difficult in the conventional 3ω method.

Here, our simulations reveal that these two TBRs are distin-
guishable when the heater is not that wide, due to the considerable
difference between their contact areas. To demonstrate this point,
we keep the summation of RI m/ox and RI ox/s unchanged, but
alter the ratio between them. As shown in Fig. 4, the heater’s effec-
tive thermal resistance increases with the increasing proportion of
RI m/ox. This indicates that the TBR of the metal/dielectric interface

has a more profound influence on the heater’s effective thermal
resistance, owing to its smaller contact area. Such property enables
us to separate these two TBRs by varying the contact area (i.e., the
heater’s width). Note that the effective TBR derived by setting
RI m/ox ¼ 0 in simulations will not be the summation of RI m/ox

and RI ox/s, since each TBR has different influence on the mea-
sured effective thermal resistance.

III. EXPERIMENTS

To verify the applicability of the two-sensor 3ω-2ω method, it
is employed to measure the TBRs between Al2O3 nanofilm and Si
as well as SiC substrates at room temperature. The first set of
samples are Al2O3 nanofilms (grown by ALD methods) on single
crystal Si (450 μm-thick); the thicknesses of Al2O3 nanofilms are
54, 208, and 311 nm. The second sample is the Al2O3 nanofilm

FIG. 3. Sensitivities of TBR (RI), and the baseline parameter setting
is ws ¼ 5 μm, ω ¼ 500 πrad/s, tf ¼ 50 nm, κs ¼ 150 W/m K, and
κf0 ¼ 1:5 W/m K. (a) Sensitivity of RI with respect to the measured effective
thermal resistance (Rs 3ω): sRI Rs3ω . (b) Sensitivities of RI with respect to the thin
film’s thermal conductivity (κf0) and substrate thermal conductivity (κs): sRI κf0

and sRI κs.
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(51 nm-thick) on single crystal 4H-SiC (350 μm-thick). The
samples were brought from the company: we chose materials and
designed the patterns of metal sensors, while the company con-
ducted material growth and metal sensors’ fabrication. During the
fabrication, the standard cleaning processes were conducted using
DI water, acetone, etc., to clean these wafers; the standard lithogra-
phy process was conducted to define the sensors’ patterns, and the
metal sensors (10 nm Cr/100 nm Pt) were fabricated by sputtering.
Figure 5 illustrates the microscope photos of metal sensors. There
are two sets of sensors on the sample of the Si substrate: as for set
#1, the width of the wide sensor (wh) is designed to be 40 μm, and
the width of the narrow sensor is designed to be 5 μm, with the gap
between them designed to be 10 μm; set #2 is fabricated for

separating the TBR of the dielectric/metal interface and that of the
dielectric/substrate interface, and merely its wide sensor of width
designed to be 15 μm is used in our experiments. By contrast, for
the sample of the SiC substrate, two narrow sensors with width
equal to 5 μm and a 5 μm gap between them are designed.
Moreover, the half whole length of the wide sensor is 400 μm,
while the half length of its central part is only 75 μm. The half
length of the narrow sensor is also 75 μm. Therefore, what we
measure in experiments are the temperature oscillations averaged
over the central part, and the 3D FEM simulations f or nonlinear
fitting are conducted accordingly (in supplementary material S6).
After fabrication, we remeasured the sensors’ width using micros-
copy. Their exact dimensions are summarized in Table II (ore mea-
surement details in supplementary material S5).

In terms of the procedures stated above, the thermal conduc-
tivity of Al2O3 is measured using set #1’s wide sensor on the
sample of the Si substrate. Subsequently, the values of the substrate
thermal conductivity and the effective TBR (RI m/ox/s) for the
sample of the Si substrate are derived from Rs 2ω and Rs 3ω of set
#1, respectively. Furthermore, the wide sensor’s effective thermal
resistance of set #2 (R#2

h 3ω) is measured; then, the TBRs of
metal/Al2O3 and Al2O3/Si interfaces (RI m/ox and RI ox/Si) can be
obtained by the combination of Rs 3ω and R#2

h 3ω. As for the sample
of the SiC substrate, it is plausible to assume that its nanofilm has
the same thermal conductivity value as that in the sample of the Si
substrate, since amorphous Al2O3’s thermal conductivity is gener-
ally stable and independent of thickness. Thus, step 1 can be
skipped, and the width of the sensor is not needed to be that wide
to suppress the relative deviation of κf . Two narrow sensors are
fabricated on the sample of the SiC substrate. An AC is connected
into one of the narrow sensors for heating, while a DC is flowing
through the other sensor. In this way, we can measure Rs 2ω and
Rs 3ω to derive the values of substrate thermal conductivity and the
effective TBR in a single measurement. Moreover, since the TBR of
the metal/Al2O3 interface has already been obtained in the mea-
surement of the sample of the Si substrate, the TBR of Al2O3/SiC
interface can be readily derived from Rs 3ω (more details of data
processing and error analysis in supplementary material S6–S8).

Our experimental results are summarized in Table III.
The intrinsic thermal conductivity of amorphous Al2O3 at
room temperature is measured to be 1.72 ± 0.09 W/m K, which is
within the range (1.3–2.6 W/m K) of previous experiments of
amorphous ALD-grown Al2O3.

16 The measured thermal conduc-
tivity values of both substrates (κSi ¼ 149:9 + 5:2 W/m K,
κSiC ¼ 393:9 + 12:5 W/m K) are in good agreements with those
reported in literatures.35,36

Regarding the TBRs, Fig. 6 compares our experimental data to
the previous measurements and the DMM (diffuse mismatch
model)-based predictions (the calculation details of DMM can be
found in supplementary material S9). Scott et al.16 measured
the TBR of the Al/Al2O3/Si interface equal to approximately
6 m2 K/GW, which is significantly lower than our measured value
(37:2 + 5:1 m2K/GW ) for the Pt/Cr/Al2O3/Si interface. This
deviation might result from the metal/Al2O3 interface of which
TBR value can range from approximately 5 to 20 m2 K/GW.37 For
comparison, this TBR is also derived using the traditional method
(details in supplementary material S5). The value of RI_m/ox/s is

FIG. 4. The effective thermal resistance of heater vs the TBR of the metal/
dielectric interface, with the summation of the TBRs of metal/dielectric and
dielectric/substrate interfaces unchanged.
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found to be 40.7 ± 12.2 m2 K/GW; its relative error can reach about
30.0%, due to the error propagation from substrate thermal con-
ductivity. By contrast, the relative error of RI_m/ox/s obtained by the
two-sensor method is only approximately 14.5%. Actually, our
measured effective TBRs are close to those of Au/Cr/SiO2/Si and
Au/Cr/SiO2/SiC interfaces reported by Deng et al.27 Moreover, the
TBR of the Pt/Cr/Al2O3 interface in the present work is found to
be 15:8 + 1:1 m2K/GW, which lies in the range of TBR of metal/
Al2O3 interface (5–20 m2 K/GW) reported in references.37 The
TBR between the metal and the dielectric is supposed to be highly

dependent on the surface and fabrication conditions; thus, it is not
surprise that the TBR’s value can vary within a considerably large
range. After excluding the TBR of Pt/Cr/Al2O3 interface from the
effective TBRs, the TBR of Al2O3/Si interface becomes
19:2 + 3:3 m2K/GW, while that of Al2O3/SiC interface is
55:7 + 4:5 m2K/GW. Deng et al.27 also identified the similar phe-
nomenon that the TBR value between oxides and SiC should be
higher than that between oxides and Si, which could be attributed
to the high density of interfacial defects between SiC and its
native oxide.

FIG. 5. Microscope photos of metal sensors (50×): (a) the sensors on the sample of the Si substrate; (b) the sensors on the sample of the SiC substrate.

TABLE II. Exact geometrical dimensions of sensors.

Sample wh ws dhs

Si #1 41.5 μm 5.5 μm 8.9 μm
Si #2 15.5 μm N/A N/A
SiC 5.6 μm 5.5 μm 5.0 μm

TABLE III. Experimental results in the present work.

Substrate
κf0

(W/m K)
κs

(W/m K)

RI m/ox/s

(m2 K/
GW)

RI m/ox

(m2 K/
GW)

RI ox/s

(m2 K/
GW)

Si 1.72 ± 0.09 149.9 ± 5.4 37.2 ± 5.4 15.8 ± 1.1 19.2 ± 3.3
SiC 1.72 ± 0.09 393.9 ± 12.5 74.5 ± 5.9 15.8 ± 1.1 55.7 ± 4.5
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Lastly, the TBRs calculated by DMM range from 2 to
8 m2K/GW, which are smaller than the measured values that are
within the range from 10 to 80 m2K/GW. In fact, the DMM only
considers the phonon properties’ difference between the contacting
materials but neglects the impact of defects near the interface that
highly depends on fabrication conditions and can significantly vary
from one sample to another sample. Therefore, the DMM-based
predictions can deviate from the experimental results, and the mea-
sured TBRs can also be different even for the identical contacting
materials. For instance, Hopkins et al.38 used the TTR method to
measure the TBRs of the interfaces between c-Al2O3 (sapphire) and
metals, and the experimental results are close to the DMM-based
predictions; by contrast, the TBR for a-Al2O3/Pt interface measured
by Cappella et al.39 was found to be approximately 100 m2K/GW,
which is two order-magnitude larger than the model’s calculation.
Particularly in our case, different from the TTR method where the
metal transducer is directly deposited on the substrate, to obtain
the designed sensor configurations in the electrical methods gener-
ally requires a serial of processes, including photoresist coating,
lithography, etching, etc., which is possible to introduce interfacial
defects. The interfacial defect density in our experiments is
expected to be higher than that in Hopkins et al.’s case,38 and this
may lead to larger TBR values compared to the DMM-based
predictions.

IV. CONCLUSIONS

In the present work, we propose a two-sensor 3ω-2ω method
combined with FEM-simulation and inverse-problem method to
address the deficiencies in the conventional 3ω method. Two paral-
lel metal sensors are fabricated, with one of them being wide and
the other being narrow. The rising temperatures of these two
sensors are measured by detecting the 3ω and 2ω signals, respec-
tively. A novel experimental procedure is designed to derive the
values of thin film’s thermal conductivity, substrate thermal con-
ductivity, and TBR separately.

To verify the applicability of our method, it is applied to
probe the TBRs between Al2O3 nanofilm and Si and SiC sub-
strates at room temperature. The thermal conductivities of
amorphous Al2O3 nanofilms, Si, and SiC substrates are mea-
sured to be 1.72 ± 0.09, 149:9 + 5:2, and 393:9 + 12:5 W/m K,
respectively, which are in good agreement with the previous
measurements. Moreover, the effective TBR values involving the
contributions from both metal/dielectric and dielectric/substrate
interfaces are fitted to be 37:2 + 5:1 and 74:5 + 5:9 m2K/GW
for the Pt/Cr/Al2O3/Si and Pt/Cr/Al2O3/SiC interfaces, respectively.
After excluding the TBR of metal/Al2O3 interface that is measured
to be 15:8 + 1:1 m2K/GW, the TBRs of Al2O3/Si and Al2O3/SiC
interfaces become 19:2 + 3:3 and 55:7 + 4:5 m2K/GW,
respectively.

The present scheme provides an alternative way that can
probe the thermal conductivities and TBR simultaneously and
have better measurement accuracy compared to the conventional
3ω method. Additionally, the increase in experimental cost is
limited for the present scheme: no other instruments are needed
when compared to the conventional 3ω method; the added cost
for device fabrication is also acceptable, since the metal sensors
with various widths and configurations can be fabricated during
one standard lithography process. Therefore, the present scheme
will be helpful for the experimental study of interfacial thermal
transport.

SUPPLEMENTARY MATERIAL

See the supplementary material for the sensitivity analysis of
conventional 3ω method (S1 and S2), the simulations details for
two-sensor 3ω–2ω method (S3), the details of Box–Behnken design
with ANOVA (S4), the details of measurement and nonlinear
fitting (S5 and S6), the clarification for the influence of heating fre-
quency on the experiment results (S7), error analysis (S8), and the
details of DMM (S9).

FIG. 6. Comparisons of TBRs between present data,
DMM-based predictions, and previous measurements.
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