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The thermophysical properties of nano/microscale heterostructures play a crucial role in the performance and
reliability of electronics. However, existing measurements encounter several challenges, including detecting
multiple parameters synchronously and reliance on reference samples etc. In this study, we propose a multi-pulse
thermoreflectance thermal imaging (TTI) combining with structure function algorithm, achieving simultaneous
measurement of the thermal conductivities, specific heat capacities, and thermal boundary resistances (TBRs) of
microscale heterostructures. A non-iterative methodology is established and the singular model parameter is
evaluated through transient heat conduction modeling. We delineate criteria for thermal transient testing and
achieve high-precision measurements over a broad time range by employing a multi-pulse strategy with a TTI
system with a 50 ns temporal resolution. Our experimental measurements on a microscale Silicon-on-Insulator
(SOI) sample validate the method’s effectiveness. The measured thermophysical properties, including thermal
conductivities of the device layer and handle wafer, TBR, and specific heat capacity of the device layer, exhibit a
relative error of <10% compared to prior studies. Our approach presents an effective solution for precise thermal

characterization within modern electronic devices.

1. Introduction

Heterostructures are the basic building blocks of nearly all kinds of
semiconductor electronics [1], comprising layers of different solid ma-
terials, often involving combinations of metal-semiconductor interfaces,
pn junctions, semiconductor heterojunction interfaces, or
metal-oxide-semiconductor structures, etc. The fabrication of hetero-
structures typically involves epitaxial growth techniques such as mo-
lecular beam epitaxy (MBE) [2] or chemical vapor deposition (CVD) [3].
Additional  techniques, such as  ion-implementation in
Silicon-on-Insulator (SOI) [4], and fusion-bonding for Ga;03/SiC com-
posite wafers [5], are also employed. The precise control of deposition
thickness and interface matching in heterostructures allows for the
realization of advanced electronic devices with intricate designs [6,7].
With the escalating power density, working frequency, and integration
density, heat dissipation has become a bottleneck in electronics devices,
such as power electronics, radio frequency (RF), and microprocessors [8,
9.

Characterizing the thermophysical properties of heterostructures is
becoming more and more essential for addressing the thermal
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management challenges in electronics. In multilayer heterostructure,
steady-state thermal behavior hinges on the thermal conductivities of
films and substrates, as well as thermal boundary resistances (TBRs).
Additionally, the specific heat capacities of films and substrates are also
essential for transient characteristics. These multiple thermophysical
properties serve as fundamental input parameters for device electro-
thermal simulations and design, and eventually for their lifetime and
reliability. So far, the database has not been completed yet as the
technology node shrinks and new materials emerge continually. More-
over, in micro-and nanoscale realms, heat conduction is influenced by
geometric dimensions [10,11], doping [12,13], strain [14], and defect
[15], causing changes in macroscopic properties across different
products.

Researchers have recently developed several experimental tech-
niques for characterizing thermophysical properties in heterostructures.
Ultrafast laser-based transient thermoreflectance (TTR) methods, such
as time-domain thermoreflectance (TDTR) and frequency-domain ther-
moreflectance (FDTR), involve heating with a pump beam and detecting
the reflectance changes with a probe beam to extract target properties
[16,17]. While effective for nanoscale thin films, the shallow thermal
penetration depth limits signal sensitivity to TBR and substrate for
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Nomenclature

s

Unit step response, K W1,
Effective heat conduction area, m2.
Specific heat capacity per volume, J m~3 K1,
Thermal capacitance, J KL

Thickness of the film, m.

Thermal conductivity, W m ™~ K

Derivative of unit step response, = da/dz.
Number of layers.

Heat flux(dissipation power), W.

Heat flux density, W m~2.

Thermal boundary resistance, m®> K W',
Thermal resistance, K W™

Time variable, s.

Temperature, K.

Junction temperature, K.

Initial temperature, K.

Weight function.

Cartesian coordinates.
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b4 Logarithmic time variable.

Greek symbols

y Reflectivity.

OTR Thermoreflectance coefficient.

x Fitted slope of initial temperature response.
v Time-constant spectrum.

AT; Temperature change of junction, = Tj — To, K.
=C Cumulative thermal capacitance, J K™ 1.

>R Cumulative thermal resistance, K WL,
Subscripts

f Film.

I Interface.

sub Substrate.

i Index of the film layer.

Superscripts

(n) Iterations.

micrometer-scale film heterostructures [18]. In steady-state thermore-
flectance (SSTR), reducing the laser frequency to the order of 100 Hz
enhances sensitivity to TBR, but a bare substrate reference sample re-
mains necessary in practice [5,19]. Scanning thermal microscopy
(SThM) uses a thermally sensitive probe placed on an atomic force mi-
croscopy (AFM) head to measure in-plane temperature maps (spatial
resolution ~1 nm) and derive local thermophysical properties [20].
When applied to heterostructures, it requires reference bulk materials
with known thermal conductivities for calibration and involves fitting
from correlation, exhibiting poor sensitivity to the substrate [21].
Raman spectroscopy provides information on nanoscale thermal trans-
port through Raman scattering [22]. However, its temperature uncer-
tainty (~5 K) and spatial resolution (~1 pm) limit its application in
measuring thermophysical properties [23,24]. In comparison to
point-by-point temperature measurement methods, full-field measure-
ment approaches, such as infrared thermography (IR) and thermore-
flectance thermal imaging (TTI), have shown potential in assessing
thermophysical properties. Leveraging the high spatial resolution of TTI,
researchers have measured micro-and nanoscale single-layer films [25].
Liu et al. proposed a pulsed thermoreflectance imaging (PTI) method for
heterostructure by analyzing spatiotemporal measurements with itera-
tive FEM fitting [26].

Turning now to electrical methods, the differential 3w method excels
in measuring the thermal conductivity of thin films [27]. The thermal
response to applied 1o AC heating is measured with the 3w voltage
oscillation on the sensor and analyzed based on a series of samples with
varying film thickness. As the fitting intercept contains contributions of
the sensor-film TBR, the film-substrate TBR, and the substrate thermal
conductivity, characterizing the TBR and substrate of a sample proves
challenging [28]. The two-sensor 3w-2» method [28] and three-sensor
3w-20 method [29] are proposed to simultaneously measure the film,
TBR, and substrate within an individual heterostructure. However,
careful sensor layout design is required in sample preparation, and FEM
fitting is needed in the analysis procedure.

It can be summarized that existing measurement methods for het-
erostructures face three primary limitations as follows. Firstly, achieving
synchronous sensitivity to films, interfaces, and substrate proves chal-
lenging. For instance, TTR demonstrates good measurability of nano-
films but struggles to detect the substrate simultaneously. Secondly,
reference samples are necessary for calibration or analysis, reflecting the
difficulty in decoupling and solving multi-parameter inverse problems.
Thirdly, iterative FEM fitting is consistently relied upon for analyzing

target properties, leading to increased time and computational costs.
These indicate the necessity to develop an efficient approach for
measuring the thermophysical properties in typical semiconductor
heterostructures.

In the field of electronics package testing, the structure function
method stands out as a rapid and non-destructive thermal character-
ization approach. Initially proposed by Szekely, it evaluates the thermal
transient step response of device packages based on thermoelectric
analogy [30,31]. The core method, i.e., the structure function algorithm,
includes deconvolution and network conversion. While the structure
function method has demonstrated its versatility through applications in
LED [32], IGBT [33], GaN HEMTs [34], and other semiconductor de-
vices, these studies primarily focused on extracting macroscopic heat
conduction information, such as junction-to-case thermal resistance and
thermal contact resistance. Extracting the thermal conductivity of a
single plate from the structure function has been achieved [35], but for
heterostructures, the coexistence of multiple thermophysical properties
introduces measurement complexity. Li et al. [36] measured the TBR of
GaN-on-SiC via the structure function method but failed to provide the
thermophysical properties of the thin film and the substrate. Up to this
point, a measurement method utilizing the advantage of the structure
function algorithm remains unestablished. Furthermore, existing
experimental setups lack the requisite temporal resolution for measuring
microscale structures. The temperature-sensitive electrical parameter
(TSEP) method, as applied in the JEDEC JESD51-14 standard [37] for
capturing the cooling response, is hindered by electrical effects when the
heating current is switched off. Although researchers have managed to
shorten the switching time from 100 ps to 1 ps [38], the temporal res-
olution remains insufficient for microscale films and interfaces near the
junction.

In this work, we present an approach for the simultaneous mea-
surements of multiple thermophysical properties within microscale
heterostructures. While sustaining multi-parameter sensitivity through
high temporal resolution testing, this method also extends the applica-
bility of the structure function algorithm to eliminate the necessity for
reference samples and FEM fitting. The measurement principles were
first established to derive the measurement formulas for the thermal
conductivities and specific heat capacities of the films and substrate, as
well as the TBRs of interfaces. Subsequently, we detailed the determi-
nation of model parameters and the requirements for thermal transient
testing, with a particular strategy proposed. Finally, experiments and
analyses were conducted on a SOI sample to validate the effectiveness of
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the proposed method, and the results were meticulously compared with
prior studies.

2. Methods
2.1. Measurement principles

The comprehensive measurement scheme is illustrated in Fig. 1. To
characterize a multilayer heterostructure, consisting of N layers of thin
films on a substrate, along with a total of N interfaces between adjacent
layers, a series of experiments and analyses are conducted.

Upon preparing the sample, a sudden heating step is uniformly
applied to the surface of the heterostructure under test, and the thermal
step response is measured using either electrical or optical methods over
a specific time series. To further analyze the measured thermal step
response, the structure function algorithm [30,31] is implemented. The
input data constitutes the unit step response:

(€8]

where Tj(t) is the transient junction temperature, Ty is the initial tem-
perature, P is the heat flux (or dissipation power). Then a convolution-
type equation is derived:

da(z)
dz

=¥(2) ® W(z) (2)

where z = Int is logarithmic time variable, ¥(z) is the time-constant
spectrum, and W(z) is the weight function given as:

W(z) = exp(z — exp(z)) 3

Consequently, the time-constant spectrum W(z) is calculated by
deconvoluting the first derivative of the unit step response with respect
to the logarithmic time variable. Among various deconvolution algo-
rithms, Bayesian deconvolution shows superior spectral resolution [39]
(also see Supplementary material):

_ WM,

Wntl) _ )
m m qZqum\PI(’n)

G

where My, Wy are discrete form of da/dz and W(z), ‘I’f,’l‘) is the result of
the nth iteration. Once the time-constant spectrum with high resolution
is obtained, a Foster-form network is constructed using uniform dis-
cretization and Simpson integration. As the Foster-form network lacks
physical meaning, it is crucial to convert it into an equivalent Cauer-
form network [40], with the equivalent representation being the cu-
mulative structure function.

Following the derivation of the cumulative structure function, each
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layer within the heterostructure can be distinctly identified. Adhering to
heat conduction theory, the films and substrate exhibit relatively higher
thermal conductivity and greater geometric thickness compared to the
interfaces. This characteristic is reflected in the structure function,
where these layers manifest as linear segments or slopes. Conversely, the
interfaces feature higher thermal resistance and lower thermal capaci-
tance, presenting as platforms in the structure function. The intrinsic
characteristics of the structure function enable the identification of the
boundary between the "slope" and the "platform". This distinction allows
for the separation of cumulative thermal resistance R, Rz, -+, Ry of
films, cumulative thermal capacitance Cg, Ceo, -+, Cpy of films, and
cumulative thermal resistance Ry,Ryp,--,Riy of interfaces. For the
identification of the substrate, differential structure function Ky, is
fitted based on the linear segment of the substrate. This analysis
approach effectively eliminates the artifact at the end of structure
function introduced by non-isothermal boundary or incomplete
response (S2, Supplementary Material).

Finally, the measurement formulas of the target thermophysical
properties are given as follows (i =1,2,...,N):

ds;
ki = 5)
7 ReAer
Cy;
Cyi (6)
YT diA o
Tijis1 = RiAese @)
Ko
Koy = ——— 8
sub CVAsubAgff ( )

where kg, ¢, 5; is the thermal conductivity and specific heat capacity per
volume of the ith film, r;;;; is the TBR of the ith interface, ks, Cy sub iS
the thermal conductivity and specific heat capacity per volume of the
substrate. The thickness of the ith film dy is measured by optical
methods, such as scanning electron microscope (SEM) [41] and white
light interferometry [42]. The singular model parameter, namely the
effective heat conduction area A, is defined to correspond with the
one-port equivalent Cauer network and will be expounded upon in
Section 2.2 for thorough exposition.

2.2. Evaluation of effective heat conduction area

To apply the proposed measurement principles in practical testing, a
detailed examination of the heat conduction within thermal transient
testing is imperative. Under the condition of uniform heating across the
sample surface, the effective heat conduction area corresponds to the
sample’s surface area. However, in the majority of heat transfer

Fig. 1. Scheme for measuring thermophysical properties of a microscale multi-layer heterostructure.
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experiments where the heat source occupies only a fraction of the sur-
face area, it becomes essential to estimate the effective heat conduction
area.

As illustrated in Fig. 2(a), when the area of the heat source on the
upper surface significantly exceeds the total thickness of the sample,
heat predominantly conducts in a one-dimensional manner along the
thickness direction to correspond with a one-port equivalent Cauer
network, referred to as "quasi-1D". As shown in Fig. 2(b), its initial
temperature response can be modeled as transient 1D conduction in a
semi-infinite plate under a constant heat flux boundary condition [43],
with a spatiotemporal temperature field described by:

T(x,t) — To = 2q, /letC e — %erfc(r]) 9

1
where 5 = \/ﬁ is a dimensionless quantity, erfc(y) =1 — % / e dn is
0

complementary Gaussian error function, q is the heat flux density.
Therefore, the transient response of junction temperature is expressed
as:

2q
ke,

Then the effective heat conduction area is evaluated by fitting the
initial response:

Tj() =T(x=0,t) =To + Vi (10)

2p

XV TkoCyo

where y is the fitted slope of Tj (/¢ ) in the range of t; — tey, P is the heat
flux, ko, c,o is the thermal conductivity and the specific heat capacity
near junction. In practice, a thin film with known properties can be
deposited on the top of the heterostructure for both parameter deter-
mination and electrical insulation.

Aegt = 11)

Fig. 2. Model parameter determination. (a) Quasi-1D heat conduction model
and equivalent Cauer network. (b) Evaluation of effective heat conduction area
by fitting the initial temperature response.
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2.3. Criteria for thermal transient testing

Moreover, the experimental setup must fulfill specific criteria for the
characterization of the target thermophysical properties. Firstly, the
temperature measurement system should feature both sufficiently high
temporal resolution and temperature resolution. Secondly, the heating
step is required to mimic an ideal step function, ensuring a minimal rise
time for voltage/heating power, which is essential for the derivation of
the correct structure function (See Supplementary material).

For a particular application, thermoreflectance thermal imaging
(TTI) was employed to measure the junction temperature of hetero-
structure samples during testing. The fundamental testing principle
hinges on the linear relationship between the reflectivity change Ay and
the temperature change AT within a temperature range of a few degrees
[26,44,45]

Ay (1 oy

- (; a—T)AT: omAT (12)

where o7y is the thermoreflectance coefficient.

The testing system, illustrated in Fig. 3(a), involves illuminating the
surface of the sample with an LED (530 nm, collimated) and collecting
the reflected signal with a detector (acA2040-90umNIR, equipped with
an ams CMV4000 sensor). The minimal pulse width of the probe LED is
50 ns for high temporal resolution. The temperature change maps were
derived from the recorded reflectivity maps using Eq. (12). Each data
point is averaged from multiple frames, achieving a temperature un-
certainty <0.5 K. In order to attain an approximately ideal step response
in the experiment, a signal generator with a rising edge of 20 ns-100 ns,
such as the Ultra-Fast Pulse Measure Unit (Keithley 4225-PMU), was

Fig. 3. Schematic of TTI transient thermal testing. (a) System setup. (b) A
multi-pulse heating strategy. The tunable time delay of the probe pulses relative
to the excitation dictates the sampling time of the thermal step response.
Different groups of excitations were applied for high-resolution measurement
over a broad time range.
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chosen.

Furthermore, a multi-pulse heating strategy was devised to enable
accurate measurements over a broad time range (Fig. 3(b)). Due to the
proportional relationship between the probe LED pulse width and the
detector exposure time, the accuracy of the initial segment of temper-
ature measurement diminishes with prolonged heating time. Therefore,
a hybrid approach was adopted: the initial segment of the step response
was measured using short heating pulses, and the latter segment was
measured using long heating pulses. Multiple sets of test data were then
concatenated to achieve a high-time resolution transient thermal
response across a time range spanning from tens of nanoseconds to
hundreds of milliseconds.

It should be noted that any testing system and strategy that meets the
above two criteria can be employed to acquire the thermal step response
for extracting thermophysical properties.

3. Results and discussion

Tests and analyses were conducted on a representative Silicon-on-
insulator (SOI) heterostructure to evaluate the viability and precision
of the proposed method. As shown in Fig. 4(a), the SOI wafer under test
comprises a P-type silicon device layer (~ 50 pm), a P-type silicon
handle wafer (~400 pm), and a SiO; buried oxide (~2 pm) sandwiched
in between. An insulation layer (~2 pm) was deposited with plasma-
enhanced chemical vapor deposition (PECVD) on the device layer to
prevent leakage during operation. Eventually, an Au heater was fabri-
cated with electron beam lithography (EBL), metallization, and lift-off.
Fig. 4(b) presents a top-down view of the pads and the snake-like
heater, strategically designed for the quasi-1D heat conduction
throughout the experiment (comparison of different designs can be
found in S7, Supplementary Material).

Following the sample preparation, the transient temperature rise of

Fig. 4. SOI sample under test. (a) Longitudinal structure. (b) The top view is
taken under the microscope; the inset image shows the details of the heater as
observed by scanning electron microscopy.
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the heater was measured through transient TTI experiments (Fig. 5).
Prior to the formal testing, we first calibrated the thermoreflectance
coefficient of the Au heater under 530 nm illumination, yielding a uni-
formly distributed value of —3.12 x 107* K~!. The thermal step
response was then measured using the multi-pulse heating strategy
detailed in Section 2.3. The temperature distribution of the snake-like
heater was effectively mapped over a wide time range from 50 ns to
30 ms, which was deemed sufficient for heat propagation from the top
film to the bottom substrate.

Consequently, the junction temperature was defined as the average
temperature rise of the heater:

= Jneater(T(6 Y3 t) — To)dxdy
AT;(t) = A Theger = 2208
! ‘ fheaterdXdy

After obtaining the junction thermal step response, the analysis
procedure outlined in Section 2.1 and Section 2.2 was executed to derive
multiple thermophysical properties within the SOI heterostructure. Ac-
curacy of the algorithm was pre-validated through case studies (S6,
Supplementary Material), utilizing a double-precision program running
single core on a system equipped with an i9 12900K CPU. The first step
in this process was to calculate the effective heat conduction area by
fitting the initial response (Fig. 6(a); details of pretreatment can be
found in Supplementary material). Subsequently, the structure function
algorithm was employed: the derivative of the thermal step response
served as the initial value for Bayesian deconvolution, facilitating the
derivation of the time-constant spectrum (Fig. 6(b)). It’s worth noting
that the LOWESS algorithm was utilized to smooth the sampling
response before numerical differentiation [46]. Given the substantial
thickness variations among the layers of the heterostructure, charac-
teristic peaks emerged over a broad time range in the spectrum. The
number of these peaks include not only the thermal characteristics of the
sample but also artifacts of data noise and numerical deconvolution.
Finally, a cumulative structure function was obtained through a judi-
cious combination of iterations and network order (Fig. 6(c)). As heat
generated from the heater and sequentially propagated from top to
bottom (insulation layer —device layer —buried oxide —handle wafer),
the structure function had a shape of “platform —slope —platform
—slope” correspondingly. The device layer and the handle wafer
correspond to the two “slopes” respectively due to the high thermal
conductivity of silicon. In comparison to silicon, the insulation layer and
buried oxide exhibited considerably lower thermal conductivities,
resulting in the appearance of two distinct "platforms" in the corre-
sponding segments of the structure function. This delineation allowed

13)

Fig. 5. Transient temperature rise of the heater measured with TTL (tz: pulse
width of square-wave excitation, t,: LED pulse width) The inset images are
temperature maps at typical time points. According to the multi-pulse heating
strategy, four different combinations of excitation pulses and probe pulses are
applied to accurately measure the long time-span step response from 50 ns to 30
ms. The Joule heating power was measured to be 4.13 W.
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Fig. 6. Analysis of the measured thermal step response. (a) Fitting the initial
response between 200 ns and 3 ps to calculate Ae = 3.14 mm?. (b) Time-
constant spectrum by Bayesian deconvolution with the initial value of da /dz
after pretreatment. (c) Cumulative structure function. The thermal resistance R¢
and thermal capacitance C; of film, thermal resistance R; of the interface, and
differential structure function Ky, of handle wafer can be identified.

for the determination of the thermal resistance R¢ and thermal capaci-
tance C; of film, thermal resistance R; of Si/Si interface, and differential
structure function Ky, of handle wafer.

Finally, the thermophysical properties in the SOI wafer were
deduced from Egs. (5)-(8):

dr
ki = 14)
" RiAer
Cr
= 15
ot diA e as
Tsi/si = RiAest (16)
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K. sub

— 17
Cv.subAgff ( )

ksub =

Table 1 presents the measured thermophysical properties at 300 K,
accompanied by theoretical values for comparison. The measured
thermal conductivities were found to be 109.2 +14.1 Wm ™! K™ for the
device layer and 139.5 + 22.9 W m™! K ! for the handle wafer.
Considering the lower thermal conductivities of doped silicon layers
compared to bulk intrinsic silicon due to phonon-impurity scattering,
predictions for these layers fell within the range of 106-111 Wm ™! K~}
and 130 W m~! K™%, respectively, with estimated doping concentrations
of 1.6 x 10'8-4.4 x 10'® and 6.3 x 10'*-1.2 x 10'° [12,47,48]. Moving
to the thermal boundary resistance between the silicon device layer and
the handle wafer, the measured result was 2.099 + 0.206 m?>K MW . In
comparison, the equivalent interface thermal resistance was estimated
to be in the range of 1.91-1.98 m? K MW~ based on the experimental
results reported by He et al. [49]. The measured value, slightly larger
than the theoretical expectation, could be attributed to the existence of
two Si/SiO; interfaces. In addition to the steady-state heat conduction
characteristic, the specific heat capacitance of the device layer was
extracted as 1.656 + 0.141 J cm~> K1, showing good agreement with
the standard value in the database [50].

To conclude, our measurements successfully identified the multiple
thermophysical properties within the SOI heterostructure. No reference
samples of SOI were used in the experiments and only one response
curve was measured in thermal transient testing. As the thermophysical
properties of SOI were expressed as explicit functions in Eqs. (14)—(17),
a non-iterative analysis approach was achieved without reliance on FEM
fitting. According to the error propagation theory, the uncertainties of
each parameter are all within 15% (refer to Supplementary material).

Furthermore, the applicability of this method extends to other cases
through simulation, including a series of GaN-on-SiC heterostructures
(as detailed in Supplementary material). Nevertheless, the quality of the
measured transient response data and the pre-treatment methodology
significantly impact the method’s feasibility. Designing appropriate fil-
ters, such as LOWESS utilized in this study, becomes crucial for
enhancing signal fidelity. The control experiment in SOI by simulation
further supports this idea by mitigating the impact of data quality (as
detailed in the Supplementary material). In addition, the quasi-1D hy-
pothesis introduced some level of system error into our results. This
prompts consideration for heat source designs that approach a uniform
heat flux boundary, which may yield more favorable outcomes.

4. Conclusions

In this study, we have presented a novel method for simultaneously
measuring multiple thermophysical properties, including thermal con-
ductivities, thermal boundary resistances (TBRs), and specific heat ca-
pacities in microscale multilayer heterostructures. Our approach
involves a systematic process, starting with the measurement of the
thermal step response through high temporal resolution testing and
proceeding to the analysis procedure based on the structure function
algorithm. The derived cumulative structure function provides an

Table 1

Measured thermophysical properties of the SOI sample compared with previous
studies (300 K). (k¢: thermal conductivity of the device layer, c,¢: specific heat
capacity per volume of the device layer, rg;/s;: TBR between the device layer and
the handle wafer, kg,,: thermal conductivity of the handle wafer).

ke ksub Tsi/si Cyf
Wm'K'] [Wm! [m? K MW 1] [10°J m~3
K] K1
This work 109.2 +14.1 1395+ 2.099 £ 0.206  1.656 + 0.141
22.9
Prior 106-111 130 [12,47]  1.91-1.98 1.63 [50]

studies [12] [49]
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equivalent representation of heat conduction characteristics within
heterostructures. Finally, a non-iterative measurement is directly ach-
ieved based on the linear relationship between the target thermophys-
ical properties and the cumulative thermal resistances/capacitances. To
further apply these principles, we evaluate the singular model param-
eter, i.e., the effective heat conduction area, by quasi-1D heat conduc-
tion modeling. Additionally, we define criteria for the experimental
system, implementing a practical approach that includes a thermore-
flectance thermal imaging (TTI) system featuring a 50 ns temporal res-
olution and a multi-pulse heating strategy to achieve high-precision
measurements over a broad time range.

For experimental validation, tests were conducted on a typical
Silicon-on-Insulator (SOI) sample, featuring a snake-like heater on the
device layer. The sample under test was excited and imaged over a wide
time range from 50 ns to 30 ms in the transient TTI experiments. The
proposed analysis procedure based on the structure function algorithm
was executed to derive target thermophysical properties at 300 K. The
measured thermal conductivities of the device layer and handle wafer,
TBR of the interface, and specific heat capacities showed consistent
agreement with previous studies, maintaining an uncertainty below
15%.

This study can facilitate thermophysical properties measurement in
microelectronics through the exploration of the structure function
method. Notably, our proposed method, demonstrating synchronous
sensitivities to discrete components of heterostructures, obviates the
need for reference samples in experiments and eliminates the reliance on
FEM fitting during the analysis process. By effectively decoupling mul-
tiple parameters, our non-iterative testing scheme enables precise and
efficient thermal characterization for complex semiconductor
structures.
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systems (S6); simulation experiments on SOI (S7). Supplementary ma-
terial associated with this article can be found, in the online version, at
doi:10.1016/j.ijheatmasstransfer.2024.125737.
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