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ABSTRACT

Solid heterostructures composed of substrates and epitaxial films are extensively used in advanced technologies, and their thermophysical
properties fundamentally determine the performance, efficiency, and reliability of the corresponding devices. However, an experimental
method that is truly appropriate for the thermophysical property measurement of solid heterostructures is still lacking. To this end, a three-
sensor 3ω-2ω method is proposed, which can simultaneously measure the thermal conductivities of the film and the substrate, along with
the film-substrate thermal boundary resistance (TBR) in a single solid heterostructure without any reference samples, showing broad appli-
cability for miscellaneous heterostructures with film thickness ranging from 100 nm to 10 μm. In this method, three parallel metal sensors
with unequal widths and distances conforming to guidelines for the three-sensor layout design are fabricated on the sample surface, in
which the two outer sensors serve as heaters and the middle sensor as a detector. The respective 3ω signals of the two heaters and the 2ω
signal of the detector are measured, and then the thermophysical properties of the sample are fitted within 3D finite element simulations.
To verify this method, two typical wide bandgap semiconductor heterojunctions, i.e., GaN on SiC (#SiC) and GaN on Si (#Si) with
∼2.3 μm GaN epilayers, are measured. The thermal conductivity of the GaN film, the thermal conductivities of the SiC and Si substrates,
and the GaN/substrate TBRs are derived, exhibiting good agreement with the literature. The proposed method will provide a comprehen-
sive solution for the thermophysical property measurements of various solid heterostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120284

I. INTRODUCTION

Solid heterostructures are generally composed of substrates
and epitaxial films, and the constituent materials include metals,
semiconductors, or insulators. Thanks to their excellent and
controllable performance, solid heterostructures have been widely
used in power electronics, radio frequency (RF) communications,
optoelectronics and photovoltaics, thermoelectricity, and other
advanced technology fields.1–8 Among them, a typical application
is the GaN high electron mobility transistor (HEMT), a type of
wide bandgap (WBG) semiconductor heterojunction device in
power and RF electronics. By growing GaN, AlN, and AlGaN epi-
taxial films with a thickness of several micrometers on SiC,

diamond, or other substrates and integrating the wide bandgap
characteristics of WBG materials and the high thermal conductivity
of the substrate materials, extraordinary electrical performance
(high electron mobility, high breakdown voltage, and high power
gain, etc.) is finally achieved, with the improvement of the heat dis-
sipation performance to a certain extent.9 However, with the rapid
iteration of device performance, the power density and junction
temperature also rise significantly, seriously affecting the device’s
performance, efficiency, and reliability.10 Hence, researchers have
extensively conducted the thermal analysis and optimization design
to cope with these challenges, from the near-junction regions of
heterostructure devices to external heat dissipation structures,11,12

although this is still insufficient for increasingly stringent and
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complex thermal management requirements.13 One of the critical
problems points to a high-precision experimental method that is
truly appropriate for measuring the thermophysical properties of
diverse solid heterostructures.

The typical experimental methods for measuring the thermo-
physical properties of solid heterostructures contain two main
categories: optical and electrical (summarized in Table I). The rep-
resentative optical methods include the transient thermoreflectance
(TTR), the steady-state thermoreflectance (SSTR), the Raman spec-
troscopy (Raman), and photothermal radiometry (PTR). The elec-
trical methods mainly include the steady-state electrical method,
the harmonic method (3ω method, etc.), and the scanning thermal
microscopy (SThM).

The TTR methods include time-domain thermoreflectance
(TDTR) and frequency-domain thermoreflectance (FDTR).14,15

The laser repeating frequency of TTR is usually on the order of
10 MHz, which makes the thermal penetration depth quite shallow
[∼O(100 nm)], resulting in a relatively low signal sensitivity to
film-substrate thermal boundary resistance (TBR) for widely used
heterostructures with micrometer-scale film thickness. To improve
the measurement sensitivity of film-substrate TBR, it is necessary
to artificially thin the film to ∼O(100 nm).16 Nonetheless, since the
phonons’ transport in the film is in the ballistic-diffusion regime,36

the thinning process inevitably makes the measured results deviate
from the properties of the original heterostructures.

To overcome the limitation of the shallow thermal penetration
depth, Braun et al.17 and Song et al.18 proposed the SSTR method.
By significantly reducing the laser frequency to the order of 100 Hz
and adjusting the spot size to increase the thermal penetration

depth (up to 10 μm), the signal sensitivity to the film-substrate
TBR of heterostructures with micrometer-scale film thickness is
indeed improved. However, the experiment results show that the
method’s sensitivity to the substrate thermal conductivity is still
unsatisfactory, which makes it necessary to test with the help of
bare substrate reference samples.18

Raman spectroscopy generally measures local temperature
according to the Stokes peak shift.19 By measuring the internal
temperature distribution of a sample and the heating power, the
film and substrate thermal conductivities as well as the film-
substrate TBR can be derived. The temperature measurement
uncertainty of this method is ∼5 K, and the vertical spatial temper-
ature resolution is usually >1 μm. These features restrict the mea-
surement precision for the film thermal conductivity and the
film-substrate TBR,20,21 resulting in a rather large TBR uncertainty
(∼10 m2 K/GW),22 which makes it difficult to satisfy the require-
ments of high-precision measurement. Additionally, Raman spec-
troscopy is generally only capable of measuring the thermophysical
properties of heterostructures with optically transparent films.32

The PTR methods generally include pulsed photothermal
radiometry (PPR)23 and modulated photothermal radiometry
(MPR).24–27 The sample is heated up by the pulsed or continuous
wave laser, which is similar to the TTR methods, and the surface
temperature oscillation is determined by detecting the IR thermal
emission. For the PPR method, the effective thermal conductivity
of a thin film with an interface is first fitted from apparent thermal
effusivity evolution data, and then the intrinsic film thermal con-
ductivity with the film-substrate TBR can be fitted from the corre-
lation between the effective thermal conductivity and film

TABLE I. Comparison of the main features of existing experimental techniques (T: temperature, κf: film thermal conductivity, RI: TBR, κsub: substrate thermal conductivity,
tf: film thickness).

Category Method Measurability
Accuracy

of T
Accuracy of

RI

Accuracy
of κsub Requirements References

Optical TTR κf, κsub, RI High High Low tf ∼ O(100 nm). 14–16
SSTR κf, RI High High Low Known κsub or needing reference sample of

bare substrate.
17,18

Raman RI Low Low Low Optically transparent film. 19–22
PTR κf, RI (PPR)

RI (MPR)
High Moderate

(PPR)
High (MPR)

Low (1) Amorphous or disordered film (PPR);
(2) Serial samples varying tf (PPR);
(3) Known κf and κsub (MPR).

23–27

Electrical Steady-state RI High Low Low N/A 28
Differential 3ω κf, RI Ultra-high Moderate Low (1) Amorphous or disordered film;

(2) Serial samples varying tf;
(3) Known κsub or needing reference sample

of bare substrate.

29–31

Two-sensor
3ω–2ω

κf, κsub, RI Ultra-high Moderate High (1) Amorphous or disordered film;
(2) Serial samples varying tf.

32

SThM κf, RI High Low Low (1) Amorphous or disordered film;
(2) Serial samples varying tf;
(3) Needing reference samples with known κ

for calibration.

33–35

Three-sensor
3ω–2ω

κf, κsub, RI Ultra-high High High N/A This work
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thickness. There are several limitations of the PPR method. First, it
requires the measurement of a series of samples with different film
thicknesses to obtain the film thermal conductivity and the film-
substrate TBR, which cannot meet the requirement of deriving ther-
mophysical properties within a single sample. Second, it involves the
assumption that the film thermal conductivity is independent of the
thickness, which means that this method only applies to amorphous
or disordered materials.23 For the MPR method, the amplitude and
phase signals of the surface IR thermal emission varying with laser
frequency are collected, and a univariant fitting of the film-substrate
TBR is performed, since the signals are merely sensitive to the film-
substrate TBR in a high-frequency window.26 However, the film and
substrate thermal conductivities are generally referred to the litera-
ture, owing to the insufficient sensitivities.26

In terms of electrical methods, the steady-state electrical
method heats the samples with DC currents,28 while the harmonic
methods (3ω method, etc.) are sinusoidal AC heating.37 Since the
thermal penetration depth and the thermal spreading area of
steady-state heating are theoretically infinite, the sensor signal of
the steady-state method is more sensitive to the thermal contact
between the bottom of the entire test sample (consisting of film
and substrate) and the sample carrier (e.g., the ceramic dual inline
packages, CerDIP), and the error caused by heat radiation cannot
be neglected either.38 These factors will significantly increase the
measurement error.

Among all kinds of harmonic methods, the most representative
is the differential 3ω method.29–31 The temperature oscillations of
the heater are measured by the third harmonic of the voltage across
the line (2ω resistance oscillation times 1ω driving current), hence
the name “3ω method.” However, there are three main limitations of
this method. First, the method needs to measure a series of samples
with varying film thicknesses to extract the film thermal conductiv-
ity, which is incapable of deriving thermophysical properties within
an individual sample. Second, it is assumed in this method that the
film thermal conductivity is independent of the thickness, which
restricts this method to measuring amorphous or disordered materi-
als.29,39 Finally, the fitting intercept of this method includes contri-
butions from the sensor-film TBR, the film-substrate TBR, and the
substrate thermal conductivity. Though the substrate thermal con-
ductivity could be substituted from literature or a separate measure-
ment of a bare substrate,31 it is still challenging to distinguish the
sensor-film TBR and the film-substrate TBR, affecting the accuracy
of determining film-substrate TBR separately.32

To overcome the limitations of the differential 3ω method,
Hua et al. proposed a two-sensor 3ω-2ω method,32 with two paral-
lel sensors (a heater and a detector) fabricated on the sample
surface. A current through the heater at frequency ω heats the
sample at 2ω and produces the temperature oscillation at frequency
2ω, which makes the resistance of the heater and detector have a
small AC component that oscillates at 2ω. This resistance oscilla-
tion times the AC results in a small voltage oscillation across the
heater at 3ω, while the resistance oscillation times the DC results in
a small voltage oscillation across the detector at 2ω, hence the
name “two-sensor 3ω-2ω method.” Likewise, this method requires
the preparation of a series of heterostructure samples that only
change the film thickness to derive the film thermal conductivity,
after which the substrate thermal conductivity and the film-

substrate TBR are fitted sequentially. This method still inherits the
first two limitations of the differential 3ω method. Hence, the goal
of simultaneous determination of the film and substrate thermal
conductivities along with the film-substrate TBR within a single
sample cannot be achieved, and this method only applies to materi-
als with thermal conductivity independent of thickness as well.

Scanning thermal microscopy (SThM) is based on a thermally
sensitive probe placed on an AFM head,33 which can operate in
passive (sensing) mode or active (heating) mode. The passive-
SThM is generally applied for measuring nanoscale in-plane
temperature maps, while the active-SThM can further be used to
investigate local thermophysical properties by detecting response
signals of tip heating. In the active-SThM, heating and sensing with
the probe can be performed by the DC or AC mode. The character-
istic of SThM is the extremely high spatial resolution (∼1 nm) that
is capable of mapping the temperature distribution and local ther-
mophysical properties. In terms of measuring the thermophysical
properties of a heterostructure, the calibration must be first carried
out using several bulk materials of known thermal conductivities
that correlate the probe signal with different thermal conductivities.
Then, the effective thermal conductivity of the heterostructure
sample can be extracted based on the measured signals and the cal-
ibration curve. Finally, the intrinsic film thermal conductivity and
the film-substrate TBR are fitted from the correlation between the
effective thermal conductivity and film thickness.34,35 As discussed
before, it is obvious that the SThM only applies to amorphous or
disordered films and cannot meet the requirement of deriving ther-
mophysical properties within an individual sample.

The so-called experimental method that is truly appropriate
for measuring thermophysical properties of the solid heterostruc-
tures refers to the technique that adapts various heterostructures
consisting of films with typical thicknesses (generally 100 nm–
10 μm) and is able to simultaneously derive the target thermophysi-
cal properties (e.g., the film thermal conductivity, the substrate
thermal conductivity, and the film-substrate TBR) within a single
sample. In addition, it is required that no reference samples be
introduced to derive part of the thermophysical properties as
known values.

It is not difficult to find that a high-precision experimental
method that is truly appropriate for measuring the thermophysical
properties of solid heterostructures is still lacking. In this work, the
three-sensor 3ω-2ω method is proposed, and guidelines for the
three-sensor layout design are illustrated. This method is capable of
simultaneously measuring the film and substrate thermal conduc-
tivities, along with the film-substrate TBR of a solid heterostructure
without the need for any reference samples. To verify the accuracy
and applicability of this method, two typical WBG heterojunction
samples, i.e., GaN on SiC (#SiC) and GaN on Si (#Si), are mea-
sured. The GaN thermal conductivity, the substrate thermal con-
ductivity, and the GaN/substrate TBR of these two samples are all
within rational ranges in comparison to the literature.

II. METHOD

A. Experimental system

As shown in Fig. 1(a), this method mainly measures the ther-
mophysical properties of solid heterostructures composed of films
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and substrates. An insulating layer deposited on the film surface is
required to prevent leakage and crosstalk between sensors, except
for well-insulating film materials. Then three parallel metal sensors
with optimized widths and distances are fabricated on the surface
by lithography, sputtering, and lift-off processes successively. The
two outer sensors are heaters, among which the wider one is
denoted as Heater 1 (H1), and the narrower one Heater 2 (H2).
The middle sensor is used as a Detector (D), thus forming an effec-
tive sample (i.e., device under test, DUT). The guidelines for the
three-sensor layout design are discussed in Sec. II D.

Figure 1(b) shows the five characteristic geometry parameters
that need to be carefully designed for the three-sensor layout: H1
width wH1, H2 width wH2, D width wD, H1-D distance dH1D, and
H2-D distance dH2D. In addition, Fig. 1(b) also illustrates the rela-
tionship between the thermal penetration depth λH1, λH2 (where

the temperature oscillation amplitude is 1/e of that at the heat
source37) and the film thickness. By adjusting the heater width and
the heating frequency, the thermal penetration depth can be con-
trolled,22,29 so the signal sensitivity of each sensor to the thermo-
physical properties at different depths is separable (as shown in
Fig. S2 in the supplementary material). Therefore, it is possible to
derive the film thermal conductivity κf , the substrate thermal con-
ductivity κsub, and the film-substrate thermal boundary resistance
(TBR) RI simultaneously in a single sample.

Based on the three-sensor layout of the DUT shown in
Figs. 1(a) and 1(b), the experimental system is set up as shown in
Fig. 1(c). First, the DUT is assembled in a vacuum chamber to
avoid the introduction of errors by convection and radiation and to
ensure accurate temperature control. The three sensors are con-
nected to the external circuit through a wire-bonding process, and

FIG. 1. Typical structure of a test sample (i.e., device under test, DUT) and the experiment system for the three-sensor 3ω-2ω method. (a) The heterostructure of the
DUT and the three-sensor layout on the surface. (b) The heater heats the sample and the bottom temperature T1 is controlled to be constant. The heater width and the
heating frequency significantly affect the thermal penetration depth λH1, λH2, which, therefore, affects the sensitivity of the measurement signals. The separable sensitivity
to thermophysical properties at different depths (as shown in Fig. S2 in the supplementary material) makes it possible to derive the film thermal conductivity κf, the sub-
strate thermal conductivity κsub, and the film-substrate TBR RI simultaneously in one test. (c) Experiment system and circuit configuration. The heaters (H1 and H2) are
energized individually by AC currents instead of synchronously during the test (i.e., H1 on and H2 off; H1 off and H2 on), while the detector (D) is energized by a DC
throughout the measurement. The figure illustrates the circuit connection when H1 (or H2) and D are working synchronously.
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the switching sequence of these two heaters is asynchronous.
Specifically, the heater H1 is first energized individually by an AC
current source (e.g., Keithley 6221) with the H2 power-off, while
the detector D is powered by a DC current source (e.g., Keithley
2450). And then, the H2 is energized individually by an AC current
with the H1 power-off, while the detector D is continuously
powered by a DC current.

The temperature oscillations of the heater are measured by
the third harmonic of the voltage across the heater, while the tem-
perature oscillations of the detector (near the heater) are measured
by the second harmonic of the voltage, hence the name “3ω-2ω
method.” An AC current through the heater at frequency ω heats
the sample at 2ω and produces the temperature oscillation at fre-
quency 2ω, which makes the resistance of the heater and detector
contain an AC component that oscillates at 2ω. This resistance
oscillation times the 1ω driving current results in a small 3ω
voltage oscillation across the heater, while the resistance oscillation
times the DC current results in a small 2ω voltage oscillation across
the detector. The heater’s 3ω signal and the detector’s 2ω signal are
collected by two lock-in amplifiers (e.g., SRS SR830), respectively,
with the reference frequency and phase of each lock-in amplifier
provided by the AC current source.

It should be noticed that the three-sensor 3ω-2ω method pro-
posed in this work is an improved generation of the previously
reported two-sensor 3ω-2ω method,32 and the detailed comparison
between these two methods is discussed in Sec. S1 in the
supplementary material.

Moreover, owing to the limitation of the lock-in amplifier’s
dynamic reserve, it is necessary to connect a variable resistor with
the same resistance as the heater in series before the heater. Then,
signals of the heater and the variable resistor are input into the
lock-in amplifier under the differential mode, thereby subtracting

the 1ω common-mode voltage signal, which is done to prevent the
lock-in amplifier from overloading.40

B. Measurement procedure

Consistent with the experiment system presented in Sec. II A,
an illustrative experimental procedure is proposed (Fig. 2), which
in principle achieves the simultaneous measurement of the equiva-
lent thermal conductivity of the insulating layer κins, the film
thermal conductivity κf , the substrate thermal conductivity κsub,
and the film-substrate TBR RI within a single heterostructure DUT.
Three factors contribute to κins: the sensor-insulating layer TBR,
the thermal resistance of the insulating layer itself, and the insulat-
ing layer-film TBR. The basic concept of this method is to deter-
mine the target thermophysical properties with the inverse problem
method (fitting algorithms) based on the three-dimensional finite
element modeling (FEM).

However, a local minimum trap is inevitable if we directly fit
all four undetermined parameters (κins, κf , κsub, and RI) simulta-
neously. One of the viable strategies to avoid a local minimum
trap in the optimization algorithm may be to split a multi-
parameter fitting problem into several univariate fitting problems.
Fortunately, this is feasible with the optimized three-sensor layout
design (conforming to guidelines in Sec. II D). More details about
how the fitting is performed to determine the four parameters
(κins, κf , κsub, and RI), respectively, are illustrated in Sec. S2 in the
supplementary material. The key operations after the preparation
stage shown in Fig. 2 are the following three steps, i.e., the “three-
step” routine based on separable sensitivities of different thermo-
physical properties.

(1) The AC current (IH1) is connected to the wider heater H1 indi-
vidually, while the DC current (ID1) is connected to detector

FIG. 2. Measurement procedure of the three-sensor 3ω-2ω method. The data processing stage is a “three-step” routine based on separable sensitivities of different ther-
mophysical properties.
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D. Measure the heating power (Q1), the 3ω signal of H1 (V3ω
H1),

and the 2ω signal of D (V2ω
D1). Based on Q1 and V2ω

D1, the
substrate thermal conductivity κsub is fitted by solving the
inverse problem in FEM. Optimization algorithms (Levenberg–
Marquardt algorithm,41 etc.) are applied to minimize the devi-
ation of the sensors’ thermal responses between the lock-in
amplifiers’ readouts with the FEM results, and then the best-fit
is drawn in correspondence to the undetermined thermophysi-
cal properties.

(2) The AC current (IH2) is connected to the narrower heater H2
individually, while the DC current (ID2) is connected to
detector D. The heating power (Q2), the 3ω signal of H2 (V3ω

H2),
and the 2ω signal of D (V2ω

D2) are measured. Based on Q2, V2ω
D2,

and the κsub obtained in the first step, the film-substrate TBR
RI is fitted.

(3) Based on Q1 and V3ω
H1, Q2 and V3ω

H2, along with the obtained
κsub and RI, the equivalent thermal conductivity of the insulat-
ing layer κins and the film thermal conductivity κf are simulta-
neously fitted.

Additionally, the amplitude of each sensor’s signal is mainly
utilized throughout this method due to the relatively larger error of
the phase. It should be noted that the above experimental proce-
dure is flexible. In principle, the sequential order for deriving κins,
κf , κsub, and RI and which sensor signal is adopted are determined
by the sensitivity analysis. This varies with the DUT’s practical
structure and material, so the derivation process of the thermo-
physical properties should be adapted to the actual situation, which
is discussed in Secs. S3 and S4 in the supplementary material.

C. Model and signals

As mentioned in Sec. II A, the work mode of the two heaters
is sequential (individually heating) instead of synchronous (simul-
taneously heating) during the experiment, while the detector is
working continuously during each heater heating the sample, so
there are only one heater and one detector working simultaneously

in this method. To clearly analyze the test signal, the DUT model
composed of the two parallel sensors shown in Fig. 3 is considered.

The DUT model consists of the material under test and two
adjacent parallel metal sensors on the surface. It is consistent with
the typical 3ω method37 that AC current I(t) ¼ IH cos (ωt) is
applied to the heater. The metal sensor can be regarded as a pure
resistance Rel, whose inductance and capacitance can be neglected
at a non-high frequency. Under this condition, the heating power is
the superposition of the steady-state heat source Qst ¼ 1

2 I2
HRel

H0

� �
and the harmonic heat source Q2ω ¼ 1

2 I2
HRel

H0 cos (2ωt)
� �

with a fre-
quency of 2ω,

Q(t) ¼ I(t)2Rel
H0 ¼ 1

2
I2
HRel

H0[1 þ cos(2ωt)]: (1)

Rel
H0 represents the heater’s electrical resistance at the reference

temperature. In addition, the DUT shown in Fig. 3 [and Fig. 1(a)]
can be regarded as a linear thermal impedance device.29,42,43 Thus,
the thermal response signal θ (i.e., the temperature change) can be
directly decomposed into two components corresponding to the
heat sources in Eq. (1): the steady-state temperature rise θst associ-
ated with the steady-state heat source Qst , and the temperature
oscillation θ2ω associated with the harmonic heat source Q2ω.29

Then, the thermal responses of the heater and detector can be
denoted as

θH ¼ θst
H þ θ2ω

H cos(2ωt þ w),
θD ¼ θst

D þ θ2ω
D cos(2ωt þ ψ):

�
(2a; 2b)

The phase w of the heater thermal response reflects the time
delay caused by the heat capacity of the heater itself and the
sample, while the ψ of the detector reflects the influence of the
heat capacity and the distance between the detector and heater.44

In addition, when the temperature change is small, there is a good
linear relationship between the metal electrical resistance and the
temperature, which can be characterized by the temperature coeffi-
cient of the electrical resistance (TCR, denoted by β ¼ 1

Rel
0

@Rel

@T ,
Rel ¼ Rel

0 (1 þ βθ)).42,45,46 Hence, the resistance changes of the

FIG. 3. An illustrative two-sensor DUT model. (a) Schematic of the heat flux and temperature oscillation amplitude inside the sample when the heater is connected to AC
and the detector is connected to DC. The isotherm is the isosurface of temperature amplitude θ2ω, excluding the steady-state temperature rise component θst . The DC
current is usually small, so the heat flux generated by the detector is negligible. (b) Schematic of the thermal penetration depth λH of the harmonic heat source Q2ω.
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heater and the detector due to temperature changes are denoted as
follows:

Rel
H ¼ Rel

H0[1 þ βHθ
st
H þ βHθ

2ω
H cos(2ωt þ w)],

Rel
D ¼ Rel

D0[1 þ βDθ
st
D þ βDθ

2ω
D cos(2ωt þ ψ)]:

�
(3a; 3b)

A sinusoidal AC current at 1ω frequency and the resistance
change at 2ω frequency result in a 3ω component in the voltage
signal on the heater,47

VH(t) ¼ IHRel
H0

(1 þ βHθ
st
H)cos(ωt) þ 1

2
βHθ

2ω
H cos(ωt þ w)

þ 1
2
βHθ

2ω
H cos(3ωt þ w)

2
64

3
75: (4)

Meanwhile, a constant DC current ID is connected to the
detector. The constant DC current and the resistance change of the
2ω frequency cause the voltage signal on the detector to contain a
2ω component,

VD(t) ¼ IDRel
D0[1 þ βDθ

st
D þ βDθ

2ω
D cos(2ωt þ ψ)]: (5)

Figure 4 summarizes and laterally compares the current, tem-
perature oscillation, resistance change, and voltage response wave-
forms of the heater and the detector. It is obvious in Eqs. (4)
and (5) that the 3ω component V3ω

H of the heater voltage signal
and the 2ω component V2ω

D of the detector voltage signal are both

linearly related to the temperature oscillation θ2ω,37,45,48 i.e.,

θ2ω
H ¼ 2 V3ω, rms

H

Irms
H Rel

H0βH
,

θ2ω
D ¼

ffiffiffi
2

p
V2ω, rms

D

IDRel
D0βD

:

8>>><
>>>:

(6a; 6b)

Therefore, by detecting the RMS values of V3ω
H and V2ω

D
through the lock-in amplifiers, the temperature oscillation on each
sensor can be directly obtained using Eq. (6), whose amplitude and
phase contain the thermophysical properties of the DUT.

In addition, the ID also generates an additional steady-state
temperature rise θ0 on the sample, the heater, and the detector.
However, since ID is generally small and the steady-state tempera-
ture rise θ0 does not affect the 3ω signal of the heater and the 2ω
signal of the detector, θ0 can, therefore, be neglected in principle.

D. Guidelines for the three-sensor layout design

In Sec. II B, we have indicated that the solution to prevent a
local minimum trap is to split a multi-parameter fitting problem
into several univariate fitting problems, and the prerequisite
for this strategy is the optimized three-sensor layout design.
The guidelines for optimizing the layout design are elaborated on
in this section.

The foundation of the mentioned strategy and the “three-step”
routine is to engineer several possible geometric designs of the
“heater-detector” group, and each geometric design should distin-
guish the signal sensitivity of an individual thermophysical prop-
erty (κins, κf , κsub, or RI) from the others. For example, if one is
dedicated to extract the substrate thermal conductivity κsub, the

FIG. 4. Schematic of waveforms of the applied current, temperature oscillation, resistance change, and voltage response on each sensor. (a) Heater; (b) detector.
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corresponding geometric dimensions of the heater and detector
should be carefully designed for the purpose of improving the
signal sensitivity to κsub and limiting the sensitivity to κins, κf ,
and RI.

The layout design is determined by three characteristic geo-
metric parameters: the heater width wH, the heater-detector dis-
tance dHD, and the detector width wD. Thus, based on the detailed
sensitivity analysis of sensors’ signals and the resulting four feasible
regions (Sec. S3 in supplementary material), guidelines for the
three-sensor layout design are summarized as follows.

(1) To determine κsub: A wide heater H1 is arranged on the upper
surface of the sample, and a narrow detector D1 is located at a
relatively long distance from H1. Under this condition, the 2ω
signal on D1 is merely sensitive to κsub with H1 individually
heating the sample.

(2) To determine RI: A narrow heater H2 is arranged, and a
narrow detector D2 is in the vicinity. This group of sensors is
used to derive RI based on the measured κsub. Under this con-
dition, the 2ω signal on D1 is sensitive to both κsub and RI

with H2 individually heating the sample.
(3) To determine κins and κf : The signals of the wide heater H1

and the narrow heater H2 are synthesized to derive κins and κf

simultaneously based on the κsub and RI measured in the pre-
ceding two steps. The 3ω signal across H1(H2) are sensitive to
both κins and κf with H1(H2) heating the sample.

(4) Simplify layout design: D1 and D2 can be merged into a single
detector D to simplify the sensor layout without affecting the
measurement precision. Thus, the three-sensor layout consist-
ing of a wide heater H1, a narrow heater H2, and a detector D
is designed (as illustrated in Sec. II A).

The foregoing guidelines are especially appropriate for the
typical GaN on SiC heterostructure discussed in Sec. S3 in the
supplementary material. In practice, the layout design should be
adapted to the actual sensitivity analysis results of a specific
sample, which generally vary with the consisting material and
stacking structure (as demonstrated in Sec. S4 in the supplementary
material).

III. RESULTS AND DISCUSSION

To verify the validity and the accuracy of the proposed three-
sensor 3ω-2ω method, two kinds of typical heterojunctions, i.e.,
GaN on SiC (#SiC, 4H-SiC substrate with GaN film) and GaN on
Si (#Si, undoped Si substrate with GaN film), are measured at
300 K. Both samples are prepared using the metal organic chemical
vapor deposition (MOCVD) process with annealing.

For sample #SiC, an AlN nucleation layer with an ∼40 nm
thickness is first grown on a 90 μm 4H-SiC substrate to buffer the
stress caused by the lattice and thermal expansion mismatch
between the GaN film and the substrate, improving the epitaxial
quality of GaN. Then an ∼2.3 μm GaN epilayer is sequentially
grown on AlN to form a GaN/AlN/SiC “sandwich” structure. For
sample #Si, an ∼300 nm AlN nucleation layer is grown on a 95 μm
undoped Si(111) substrate, and then an ∼2.3 μm GaN epitaxial
layer is grown on AlN to form a GaN/AlN/Si “sandwich” structure.
The significant difference in the nucleation layer thickness is

attributed to the much more serious lattice and thermal expansion
coefficient mismatch between Si and GaN than that of SiC.49,50 To
improve the lattice quality of the GaN epilayer of sample #Si, the
AlN thickness needs to be increased. Owing to the existence of the
AlN nucleation layer, the film-substrate thermal boundary resis-
tance (TBR) RI measured in this study is actually the superposition
of three factors, including the GaN/AlN TBR, the thermal resis-
tance of the AlN nucleation layer, and the AlN/substrate TBR.

To avoid the leakage current and suppress the crosstalk
between sensors, a SiO2 insulating layer of ∼40 nm is deposited on
the GaN layer with the plasma enhanced chemical vapor deposition
(PECVD) process, and then a complete heterostructure sample is
formed. The layered structures of both samples are characterized by
a transmission electron microscope (TEM) as shown in Figs. 5(a)
and 5(b). It is obvious that there are more dislocation cores near
the AlN/Si interface [black dots shown in Fig. 5(b)] of #Si, which
ascribes to the more serious lattice mismatch between Si and AlN.
Then the corresponding three-sensor layouts are fabricated on the
SiO2 upper surface of the two samples via lithography, sputtering,
and lift-off processes successively, and complete DUTs are finally
formed.32 The material of sensors in this study is 90 nm Au/10 nm
Cr (Cr for adhesion), and the actual sensor morphology is shown
in Figs. 5(c) and 5(d). The three-sensor layout is designed based on
the guidelines demonstrated in Sec. II D. For both samples, the spe-
cific sensor dimensions are measured with the scanning electron
microscope (SEM), respectively (Table II). The measurement
details are shown in Sec. S5 in the supplementary material.

According to the experimental procedure illustrated in Fig. 2,
after the DUT fabrication and the experimental circuit test, each
sensor’s temperature coefficient of electrical resistance (TCR) needs to
be calibrated first. The calibration results show that the TCRs for each
sensor on the two samples are close (∼1.8 × 10−3 /K near 300 K, see
Sec. S6 in supplementary material), which is ascribed to each metal
sensor consisting of the same material.

Next, AC currents are applied to heaters H1 or H2 sequen-
tially of each sample, and a constant DC current is applied to the
detector D while H1 or H2 is heating. Then the heating power is
adjusted and the trend of the thermal response θ2ω of each sensor
is recorded. The results are shown in Fig. 6, in which the scattered
points are the raw data, and the error bars of data points are so
small that they are covered by the points. The straight lines corre-
spond to the best-fit thermophysical properties combinations (κins,
κf , κsub, and RI), which are obtained by solving the inverse
problem based on the Levenberg–Marquardt algorithm41 within
the 3D FEM simulation (the fitting procedure is in line with that in
Sec. S2 in the supplementary material). It is obvious that there is
an excellent linear relationship between the thermal response θ2ω

of each sensor and the heating power, which verifies the fact that
both samples can be regarded as linear thermal impedance devices
and validates the high precision of the measurement.

The final measurement results at room temperature (300 K)
are listed in Table III, and the error analyses are given in Sec. S7 in
the supplementary material. To examine the robustness of our
results obtained from the fitting algorithm, we use several initial
guesses and verify that the fitting routines converge to the same set
of best-fit values.15 For sample #SiC, the GaN film’s thermal con-
ductivity is 167.9 ± 7.4 W/m K, and the SiC substrate’s thermal
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conductivity is 389.1 ± 9.6 W/m K. For #Si, the GaN film’s thermal
conductivity is 165.4 ± 10.2 W/m K, and the Si substrate’s thermal
conductivity is 147.2 ± 3.7 W/m K. The thermal conductivities of
the GaN films for both samples are close, and all the thermal con-
ductivity measurements discussed above are in good agreement
with the reported data in the literature.19,49,51–54

For thermal boundary resistance, the GaN/SiC TBR of sample
#SiC is measured to be 5.1 ± 1.0 m2 K/GW, while the GaN/Si TBR
of sample #Si is 11.7 ± 2.1 m2 K/GW. The GaN/SiC TBR is rela-
tively lower than that for GaN/Si, which may be ascribed to two
factors. First, the matching of the lattice constant and the thermal
expansion coefficient between SiC, GaN, and AlN is better than
that of the Si substrate, which results in a higher lattice quality near
the AlN/SiC interface of the #SiC, with fewer lattice defects and

dislocation cores [as shown in Figs. 5(a) and 5(b)]. Therefore, the
scattering rate of phonons near the nucleation layer in the #SiC is
smaller than that of the #Si in principle. Second, the defect density
in the AlN nucleation layer is extremely high (atomic vacancy
density >1021 cm−3),19,49,50,55 and the thickness of AlN is thin, so
the phonons scattering by the defect and boundary in this layer are
significant, resulting in the thermal conductivity of AlN (generally
<25 W/m K52) being much lower than the bulk value. Although the
increase in the AlN layer thickness can reduce phonon boundary
scattering rate and somewhat improve the thermal conductivity, it
is still not enough to offset the increase in total thermal resistance
caused by the increasing thickness. Thus, the thicker AlN layer is
responsible for the larger TBR of sample #Si as well.

The TBR measurement results in this work are compared with
representative studies in the literature, as shown in Table IV and
Fig. 7. For sample #SiC, the TBR result in this study is quite consis-
tent with that of the MOCVD sample with an ∼36 nm AlN nucle-
ation layer prepared by Cho et al.49 Moreover, our result is slightly
higher than those of the annealed samples with no nucleation layer
prepared by Mu et al.54 using a surface activated bonding process
[SAB(A)] and the samples with no nucleation layer prepared by
Ziade et al.53 via the molecular beam epitaxy (MBE) process. In

FIG. 5. The “sandwich” structure and the three-sensor morphology of each sample. (a) GaN/AlN/SiC “sandwich” structure of sample #SiC, (b) GaN/AlN/Si
“sandwich” structure of sample #Si. There are more dislocation cores (black dots) near the AlN/Si interface of #Si. The actual three-sensor layout of (c) sample #SiC and
(d) sample #Si.

TABLE II. Specific dimensions of each sensor on both samples (units: μm).

Sample wH1 wH2 wD dH1D dH2D

#SiC 42.50 7.741 4.689 17.19 2.233
#Si 42.95 8.113 4.987 21.81 2.754
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addition, the TBR of the #SiC is slightly lower than that of the
unannealed samples (SAB) prepared by Mu et al.54 and is signifi-
cantly lower than that of the MOCVD sample with an ∼70 nm
AlN nucleation layer prepared by Manoi et al.56

Among the aforementioned fabrication processes, the MBE
process generally produces heterostructures with the highest quality
interface characterized by atomic level flatness and few defects.
Moreover, since the temperature in the MBE process is relatively
low (700–800 °C), the influence of the thermal expansion coeffi-
cient mismatch is small, and the atom diffusion near the interface
is weak.57–59 Therefore, for materials with good lattice matching
such as GaN and SiC, the MBE process can directly grow the GaN
epilayer on a SiC substrate without introducing additional AlN
transition layers. Hence, the TBR of heterostructures prepared with
MBE is generally low.

In terms of the SAB technique, the bonding surfaces of the
GaN and SiC need to be bombarded with Ar ion beams to activate
the surfaces before the bonding process, leading to the formation of
a nanometer-thick amorphous layer near the bombarded surfaces,
and then the GaN and SiC are bonded together. After the bonding
process is completed, an amorphous layer with a thickness of
3–5 nm remains near the interface.54 Owing to the extremely
low thermal conductivity of the amorphous materials (generally
<2 W/m K at room temperature), the TBR is generally higher than
that of the MBE samples. To improve the interface quality of the
SAB samples, post-processing such as high-temperature annealing
is beneficial. After annealing, the amorphous areas near the inter-
face are significantly reduced, replaced by polycrystalline structures
and dislocations after high-temperature recrystallization.54 Thus,
the interface morphology and the TBR after annealing are close to
those of the MBE samples.

MOCVD is a mature process that is widely used in the fabri-
cation of semiconductor heterostructures, and the temperature in
the MOCVD process is higher (up to 1100 °C)60 compared with
MBE and SAB. Accordingly, in addition to lattice matching, the
thermal expansion coefficient mismatch is not negligible, and an
additional nucleation layer between the substrate and the epilayer is
necessary to buffer the stress during epitaxial growth. Although the

FIG. 6. Measurements of the two samples. Sample #SiC: (a) Thermal response signals of H1 and D during H1 individually heating, (b) thermal response signals of H2
and D during H2 individually heating. Sample #Si: (c) thermal response signals of H1 and D during H1 individually heating and (d) thermal response signals of H2 and D
during H2 individually heating. The scattered points are the raw data, and the straight lines are the best-fit lines corresponding to the optimal thermophysical property com-
binations obtained by solving the inverse problem based on 3D FEM simulation.

TABLE III. Measured thermophysical properties of the two samples at 300 K.

Sample κGaN (W/m K) κsub (W/m K) RI (m2 K/GW)

#SiC 167.9 ± 7.4 389.1 ± 9.6 5.1 ± 1.0
#Si 165.4 ± 10.2 147.2 ± 3.7 11.7 ± 2.1
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nucleation layer is helpful, the lattice defects and dislocations in the
nucleation layer are still dense, while the atom diffusion and amor-
phous areas near the interface are still obvious. Hence, the TBR of
the MOCVD sample is generally higher than that of the MBE
sample and the annealed SAB sample. In the previous studies, Cho
et al.’s sample structure and growth process49 are very similar to
those in this study, and the measured TBR value is likewise close to
that of this study. Furthermore, MOCVD is widely used in large-
scale production, and the growth rate is adjusted in a wide range by
controlling the gas flow rate of the reaction source, which inevitably
results in large deviations in the growth quality of MOCVD
samples provided by different suppliers.56 Hence, it is understand-
able that the TBR result of the MOCVD sample prepared by
Manoi et al.56 is quite different from others.

For sample #Si, the TBR result is higher than that of the MBE
sample with an ∼38 nm AlN nucleation layer fabricated by Cho
et al.49 and the MOCVD sample with an ∼100 nm AlN nucleation
layer prepared by Bougher et al.52 This deviation is mainly ascribed

to the much thicker AlN nucleation layer of the sample #Si, which
increases the equivalent thermal boundary resistance due to its
reduced thermal conductivity.52 If the excess AlN thickness in
sample #Si is subtracted, a TBR value closer to Cho et al.’s49 and
Bougher et al.’s52 can be obtained.

In addition, the TBR results are compared to DMM model
predictions.22 As shown in Fig. 7, the GaN/SiC TBR predicted by
the DMM model is ∼1.1 m2 K/GW, with the GaN/Si TBR being
∼0.8 m2 K/GW, which are both significantly lower than the experi-
mental value. Generally, the DMM model underestimates the TBR
significantly,22,32 since DMM only considers the mismatch of the
phonon DOS and group velocity inside the material on both sides
of the interface, ignoring the anharmonic effect, the interfacial
localized phonon modes, and the scattering effects of dense defects
near the interface. Moreover, the additional thermal resistance cor-
responding to the nucleation layer introduced in practical hetero-
structures is absent in the DMM model as well.

In summary, the measurement results given by the proposed
three-sensor 3ω-2ω method are all consistent with the existing rep-
resentative studies in the literature, which verifies the method’s
accuracy, reliability, and applicability to the thermophysical prop-
erty measurements of typical heterostructures with film thicknesses
of several micrometers.

IV. CONCLUSIONS

A three-sensor 3ω-2ω method is proposed in this study, which
can simultaneously measure thermal conductivities of the film and
the substrate, along with the film-substrate thermal boundary resis-
tance (TBR) within a single heterostructure sample, exhibiting
broad applicability for heterostructures with film thicknesses
ranging from 100 nm to 10 μm. In this method, three parallel metal
sensors with unequal widths and distances conforming to the
guidelines for three-sensor layout design are fabricated on the
sample surface. The two outer sensors are used as heaters, and the
middle sensor is used as a detector. By measuring the respective 3ω
signals of the two heaters and the 2ω signal of the detector and
then solving the inverse problem based on the 3D finite element
simulation, the film and substrate thermal conductivities along
with the film-substrate TBR of the heterostructure are fitted. In
virtue of the three-sensor 3ω-2ω method, two typical wide bandgap
semiconductor heterostructure samples, i.e., GaN on SiC (#SiC)

TABLE IV. Representative TBR measurements in literature (300 K) (NL: nucleation layer).

Substrate Study Method NL Growth RI (m2 K/GW)

SiC This work 3ω-2ω 40 nm AlN MOCVD 5.1 ± 1.0
Mu et al.54 TDTR No SAB

SAB and anneal
5.9 + 0.7/–0.5
4.4 + 1.3/–0.8

Ziade et al.53 FDTR No MBE 4.3 + 0.5/–0.4
Cho et al.49 TDTR 36 nm AlN MOCVD 5.3 ± 1.3

Manoi et al.56 Raman 70 nm AlN MOCVD 20.1 ± 5.0
Si This work 3ω-2ω 300 nm AlN MOCVD 11.7 ± 2.1

Bougher et al.52 TDTR 100 nm AlN MOCVD 7.0 ± 1.7
Cho et al.49 TDTR 38 nm AlN MBE 7.8 ± 1.2

FIG. 7. Comparison of TBR results in this study with representative studies in
the literature (300 K).
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and GaN on Si (#Si) with GaN layer thicknesses of ∼2.3 μm, are
measured. The thermal conductivity of the GaN films, the thermal
conductivity of the SiC and Si substrates, and the TBRs between
the GaN and substrates are all consistent with the representative
results in the literature, verifying the reliability and accuracy of the
method. This method will provide a comprehensive solution for
the demands of thermophysical property measurements of various
solid heterostructures.

SUPPLEMENTARY MATERIAL

See the supplementary material for the comparison between
the three-sensor 3ω-2ω method and the previous two-sensor 3ω-2ω
method (Sec. S1), the four-parameter fitting procedure (Sec. S2),
the sensitivity analysis of typical GaN on SiC heterostructures, the
resulting feasible regions for the three-sensor layout design (Sec.
S3), the sensitivity analysis of other three kinds of typical hetero-
structures (GaN on Si, Ga2O3 on SiC, and aAl2O3 on Si) (Sec. S4),
the measurement details of the sensors’ dimensions (Sec. S5), the
measurement details of the sensors’ TCRs (Sec. S6), and the error
analysis (Sec. S7).
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