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ABSTRACT g
This study focuses on establishing and validating a method to accurately measure the in-plane thermal conductivity of very conductive thin %
films, such as single-crystal metals or semiconductors, 2D and nanostructured materials. By integrating both 2w and 3w measurements, the §
method is rendered insensitive to the superficial thermal boundary resistance of the insulating overlayer, enabling precise estimation of the 8
in-plane thermal properties of conductive films grown on top of substrates or multilayer stacks. The proposed technique is applied to §
analyze the thermal conductivity of a silicon-on-insulator stack with a top layer consisting of a 340 nm thick film of monocrystalline silicon. ©
Measurements are conducted within a temperature range spanning from 250 to 325 K. The results confirm the method’s capability to
correctly assess the thermal conductivity decrease of the silicon film compared to bulk value, demonstrating its reliability for the thermal
characterization of conductive thin films.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227482
I. INTRODUCTION the in-plane thermal properties of the conductive layer is essential

Semiconductor thin films have become ubiquitous across dif- for both engineering design purposes and for providing reliable
ferent technological domains, including integrated circuits and data to vahda.te 1'1umer1cal and phenomenological models.
microelectronics, thermoelectric devices, actuators, and sensors."” » Yet, jachlevmg accgrate measurements of tche.thermal conduc-
In most of these applications, thermal transport remains a critical tivity of highly conductive thin films presents significant challenges,
issue, impacting the long-term performance and reliability of particularly at the nanoscale. Traditional electro-thermal methods
devices.! like the 3w technique face limitations in sensitivity since the tem-

Thermal issues are especially critical when thin films are fabri- perature difference measured in 3 is mostly affected by the more
cated on top of insulating oxide layers, such as in resistive layers. Even when the film to be measured is poorly con-
Silicon-On-Insulator (SOI) or Germanium-On-Insulator (GOI) ductive, signals can be overshadowed by the thermal resistance of
stacks, where heat dissipation is significantly hindered by the low  the passivating layer or any other thermal boundary resistance
thermal conductivity of the buried oxide (BOX) and by the (TBR) within the sample. These resistances act as a barrier to heat
reduced thermal conductivity in the thin semiconducting layer.’ flow, affecting the measured temperature difference and resolution
Consequently, developing new experimental methods to determine of the overall thermal measurement.
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Recognizing the limitation of regular 3w methods, Ramu and
Bowers' proposed the 20 method as a simpler alternative to
measure thermal conductivities of thin films. The technique offers
enhanced sensitivity to the in-plane thermal conductivities and
minimizes the influence of the thermal contact resistance between
the sample and the thermometer. This last point is especially
important since, as mentioned above, the thermal resistance of pas-
sivating overlayers is what drastically increases uncertainty of 3w
measurements.

The 20 method is ideally suited to measure the thermal prop-
erties of thin films grown atop insulating materials, which ther-
mally decouple the film from the substrate, like in SOI or GOI
stacks. In these cases, most of the heat is conducted by the layers
above the oxide, rendering the 2w method extremely sensitive to
the in-plane thermal conductivity of the film to be measured.
However, multilayer stacks pose challenges during data analysis
due to the complication of fitting multiple unknown thermal
properties.

One possible way around these issues may come from using
freestanding membranes.”™ This approach allows for effectively
decoupling the thin film from the substrate without the need for
insulating oxide layers. However, other than being more technolog-
ically complex, experiments on suspended samples may potentially
lead to differing results compared to tests performed on non-
suspended samples. Indeed, experimental evidence” has shown that
thermal conductivities of SOI thin films are systematically higher
than those of freestanding membranes. Moreover, for very thin
membranes (<10 nm thickness), the suspended architecture leads
to modifications in the phonon dispersion relations, giving rise to
additional flexural modes that are absent in bulk materials.”

Consequently, the development of experimental techniques to
study the thermal properties of low-dimensional materials remains
an open problem and new methods should be sought that poten-
tially avoid difficulties of suspended samples and, at the same time,
reduce problems related to the presence of surface passivating
layers.

In this work, we address these limitations by employing a
careful combination of independent 2w and 3w measurements.
This approach allows extracting all thermal parameters within a
multilayer stack with minimal uncertainty. We have applied the
method on an SOI sample with 340 nm thick monocrystalline Si
overlayer grown atop a 1um thick layer of silicon dioxide. The
results confirmed the substantial insensitivity of the measurements
to the superficial and intermediate TBRs and enabled an accurate
estimation of the crystalline Si film thermal conductivity decrease
with respect to the bulk.

1. PROPOSED APPROACH: COMBINING 20 AND 30
METHODS FOR REDUCED UNCERTAINTY

The 20 method’ is an experimental alternative to the 3w
method that has been used to study thermally anisotropic bulk
materials™'" or to probe the phonon mean-free-path spectrum of
semiconducting films.'" Similar to the 3@ method, the 2w approach
involves a metal line deposited on the sample surface that generates
temperature oscillations at a frequency of 2. The primary distinc-
tion from the standard 3w method lies in the use of two parallel
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resistances instead of a single metal line, with one serving as a
heater and the other functioning as a temperature transducer, as
illustrated schematically in Fig. 1. Furthermore, unlike the 3w
method—which detects temperature oscillations by measuring the
third harmonic of the voltage signal—the 20w method determines
temperature oscillations by directly measuring the second harmonic
of the voltage acquired by the second transducer (additional details
on the 2w method are provided in Secs. I1I-V).

The major advantages of the 2o method are a higher sensitiv-
ity to the in-plane thermal conductivity and an insensitivity to the
boundary thermal resistance at the interface between the thermom-
eter and the sample. Physically, this is because the temperature gra-
dient is approximately perpendicular to the interface beneath the
heater and approximately parallel to the interface beneath the ther-
mometer." Consequently, the thermometer is less influenced by
thermal properties that affect the temperature change in a direction
perpendicular to the surface (e.g., changes in the superficial TBR),
while it is most sensitive to those that impact the heat transport
parallel to it (e.g., changes in the thermal conductivity due to thin-
ning of the film thickness). The resulting advantages of high sensi-
tivity to the in-plane thermal conductivity and insensitivity to
superficial TBR makeup for an ideal technique to study the thermal
conductivity of highly conductive thin films. This includes films
whose thickness is such that thermal conductivity is limited by
boundary scattering phenomena, like the thin films considered in
this study (challenges may arise when the thickness of the film is
reduced to the extent that the thermal conductance of the layer
becomes too low. In such cases, insufficient heat flow through the
film can impede accurate detection and limit the effectiveness of
the technique for measuring ultrathin films and 2D materials).

A clear disadvantage of the 2o method compared to the classi-
cal 3w is the necessity of two separate transducers, leading to the
requirement for additional equipment to conduct measurements
(such as additional current sources, wiring, and access ports to test
sections). Moreover, the need for two metal transducers potentially
introduces further uncertainties related to the width of the second
transducers and the heater/thermometer inter-distance. However,
these additional parameters also offer valuable degrees of freedom
in designing the heater/thermometer pair: by adjusting both the

Heater / Thermometer Heater Thermometer
I
film\ \ \I/ / /
Substrate
3w method 20 method

FIG. 1. Comparison between 3w and 2w methods. The 3w method is mostly
sensitive to the cross-plane thermal conductivity, whereas the 2w method has
higher sensitivity to the in-plane thermal conductivity.
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transducers distance and width, the sensitivity of the setup can be
maximized to target the measurement of specific layers.

Building upon the work of previous authors,'” we used this
dual degree of freedom to design two pairs of heating/sensing lines
that are selectively sensitive to different layers of a SOI stack, as we
will elaborate shortly. The first of these two designs allows, alone,
to extract the substrate’s thermal conductivity with precision. The
second pair is designed to have maximal sensitivity to the thin film
in-plane thermal conductivity. However, despite this enhanced sen-
sitivity, the second design alone is not sufficient for the extraction
of the Si overlayer properties, which requires additional informa-
tion regarding the thermal conductivity of the BOX (but, as we will
show, no information is needed about the superficial TBR).

To access this information, the same transducers designed for
the 2o tests can be used to perform classical 30 measurements of
the intermediate insulating layer. This is the approach followed in
Ref.'?, and it has the advantage of obtaining all the required data
using the same two couples of sensors. However, during our cam-
paign, we noted that this approach often led to considerable
uncertainty.

The reason for this has partly to do with the propagation of
uncertainty. Due to its position as a superficial layer, the determi-
nation of the Si overlayer thermal conductivity depends on the
measured properties of other layers composing the SOL
Consequently, even a modest uncertainty on the fit of beneath
layers produces, in cascade a high uncertainty in the estimation of
the Si film thermal properties. Moreover, the additional 30 mea-
surements needed to extrapolate the BOX thermal conductivity (as
in the approach of Ref. 12) do possess some dependence on the
superficial and intermediate TBRs, which brings back the problem
of their assessment. The combined effect of propagated uncertainty
and sensitivity to TBR can lead to a final uncertainty for the thin
film thermal conductivity that is of the same order as its reduction
due to low dimensional effects.

To avoid this issue, in our work, we opted for separate mea-
surements of the BOX layer, following a well-established procedure
of our lab (more details on this are provided in later sections and
in the supplementary material, Secs. III-IV). At the expense of
some additional tests, this approach allowed us to completely disre-
gard the effect of the sample’s TBRs and to estimate the intrinsic
(thickness-independent), in-plane thermal conductivity of the crys-
talline Si overlayer with a low degree of uncertainty.

The proposed approach was applied on a SOI stack, whose
layer composition is depicted in Fig. 2. From bottom to top, the
sample is composed of a 525 um-thick substrate of monocrystal-
line Si, followed by a 1 um-thick layer of SiO, electrically insulat-
ing oxide. The monocrystalline silicon overlayer is 340 nm thick,
on top of which we deposit a 60nm thick film of alumina
(AL,O3) to prevent current in the transducers from leaking into
the sample. The gray box on top of the sample represents the
sensing/heating line, a 295 nm thick layer of Pt below which is
deposited a 5 nm thick layer of Ti, whose purpose is to promote
adhesion between the metal and the alumina layer. The complete
specifications of the SOI stack are provided in Sec. 1 in the
supplementary material.

Finally, for later use, we define here the superficial and inter-
mediate TBRs depicted in Fig. 2 as the following thermal
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FIG. 2. SOI layer composition, the green film is the alumina capping layer
needed to insulate the transducer from the conductive Si layer. On the left side
is represented a simplified equivalent thermal model of the stack.

resistances:
TBRsuperﬁcial - TBRPt/A1203 + tA1203 + TBRA1203/Si’
kat,o, 6]
TBRintermediate = TBRSi/Si02 + TBRSiOZ /Si-
lll. MATERIALS AND METHOD
A. Modeling the material thermal response
Extracting thermal conductivities using the 3w and 2w
methods requires comparing our experimental data with results
from a thermal model of the SOI stack. In our work, we make use

of the so-called “Thermal Quadrupole” method, which was initially
proposed by Carslaw and Jaeger'” and later refined by different
authors (see, for instance, Ref. 14).

The idea behind this approach is to consider a series of infi-
nitely wide slabs of varied materials, whose properties are consid-
ered uniform within each slab. Figure 3 illustrates a schematic of
the model. The 2D heat flux across each layer is then expressed by
considering as boundary conditions the incoming flux and the tem-
perature of each preceding layer. The process is recursively repeated
and formally closed when the last layer is reached, where either iso-
thermal or adiabatic boundary conditions are applied.

The result of this procedure is a complex matrix product that
returns the average temperature oscillation sensed by the transducer
as a function of the thermal properties of each material slab and
the boundary conditions (BCs). In the case of 20w geometry, the
temperature difference at the sample surface, for different BC at the
bottom surface, is given by

P [* sin(Aby)sin(Aby) B 4
AT, . = — e d, 2
< >2w—1soth 2b1b27l' J—oo 12 De d ( a)
P [® sin(Aby)sin(Aby) A ;4
AT L = __ plAdnt ) 2
< >2w—adlab 2b1 bzﬂ' J_w 2.2 C e dr ( b)
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heater by ;L by thermometer
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FIG. 3. General scheme for the resolution of the heat equation inside a
multilayered material.

where P; is the power per unit length (W m™!) dissipated by the
heater, dj; is the distance between the thermometer and the heater
midlines, b; and b, are the heater and thermometer half-widths,
and A is the Fourier transform integration variable.

The reason for the angle brackets around the temperature
oscillation (AT) is that the formulation given here returns a spa-
tially averaged temperature amplitude along the thermometer
width. This is, indeed, the temperature of interest, which must be
compared to the measured temperature oscillation.

The coefficients A, B, C and D represent the result of the
matrix calculations and are given by

(A B)_ﬁ(l R(j_”j)
¢ p) {\o 1

( cosh (yjdj)

kjyy;sinh (y;d;)

ﬁy}sinh (r;4) , )
cosh (7jdj)

(PCp)j

,
kj,

ij 2 .
V= kjyi + ior

where R;_y); is the TBR between the (j — 1)th and jth layer, d; is
the thickness of the jth slab, k; and k; are the cross-plane and
in-plane thermal conductivities, pc, is the product of the density
and the specific heat of the layer, and wr is the thermal angular fre-
quency, defined as twice the electrical angular frequency.

Various comments are in need to properly frame the use of
this mathematical model.

e Equation (2) is both valid for 2w and 3w geometries. When the
heater/transducer distance is set to zero and their width is equal,
the solution of the model represents the temperature oscillation
as sensed by a classical 3w measurements. It is equivalent to the
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solution given by Borca-Tasciuc et al,'” but with thermal boun-
dary resistances included.

e The model is 2D as it assumes an infinitely long metal line. For
this reason, the fabricated metal lines used in our experiments
have high aspect ratios (i.e., length much greater than the width).
For the same reason, the voltage difference is always measured at
the inner leads of a four-wire sensor configuration. The inner
leads are placed far from the outer pads to reduce thermal edge
effects due to heat conductions along the wires and pads'‘(see
Sec. 4 in the supplementary material for details on the transduc-
ers designs).

e The present model can be extended to include the third dimen-
sion as shown in Sec. 2 in the supplementary material. The
model is then able to account for the finiteness of the transduc-
ers’ length. In our study, we mostly used the 2D version of the
model for faster calculations. Nevertheless, the 3D model was
used to assess the appropriateness of the 2D assumption and to
analyze the impact of edge effects on the measured temperature
oscillation.

e Solving Eq. (2) implies calculating complex integral transforms.
Some analytical solutions exist for simple cases like the semi-
infinite substrate that involve the use of Bessel functions.
However, for the general case, numerical integration is necessary.
Section 2 of the supplementary material provides some hints to
facilitate the numerical integration of Eq. (2).

Finally, it is important to stress the crucial role of this thermal
model, which in our work is used both as a fitting tool, to analyze
the experimental data and extrapolate the values of the material
conductivities, as well as a design tool, to perform the sensitivity
analysis and choosing the best design configuration for our experi-
ment, as explained in Sec. I1I B.

B. Sensitivity analysis and transducers design

The proposed 2w approach involves a preliminary design
phase for the heater/transducer pairs. The design process aims to
maximize the sensitivity of a given geometry to a specific target
layer in the stack. This is achieved by varying the transducer widths
and the distance between the thermometer and heater.

In our analysis, we use a scaled sensitivity, defined as follows:

OAT
S =X T

where x represents a generic quantity for which the sensitivity is
calculated (e.g., the thermometer width).

This definition accounts for the impact of temperature oscilla-
tion damping with increasing distance from the heater and is,
therefore, more suited to sensitivity analyses involving the 2m
method. Section 3 in the supplementary material provides more
details on this definition.

To calculate the sensitivities to the parameters of interest, the
thermal model presented in Sec. III A is implemented in MATLAB
R2022b."” The program can work in 3w and 2o configurations, in
three or two dimensions, and with isothermal or adiabatic BC. It
takes as input the thermal properties of a multilayer stack and auto-
matically calculates the matrix of coefficient of Eq. (3) for any
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desired number of layers. To find the optimal layouts of the heater/
transducer couples, the code computes the sensitivities to all ther-
mophysical properties as a function of the distance heater/ther-
mometer and for different widths of the transducers.

Table I gives the thermal properties used for each SOI layer in
the preliminary design process. The data for thermal conductivity
and heat capacities represent average values from the literature.">"”
By contrast, the thermal boundary resistances are generally not
known since they depend on the microscale morphological details
of the interface, which are influenced by the specific manufacturing
process. To estimate the heat resistance of the 60 nm alumina
layer, we used values obtained during previous tests of our
group.”’ For the intermediate TBRs, we used an expected
value of 1x 10 ®m?K'W~!, but higher values (up to
3 x 107* m? K~! W) were also tested to confirm the insensitivity
to this parameter.

It is further worth noticing that, in our approach, the thin
layer of alumina is not considered as a separate material, but its
thermal resistance is included within the superficial TBR [see Fig. 2
and Eq. (1)]. There are a few good reasons for doing so. The first is
that the layer of alumina is so thin that its heat capacity is negligi-
ble. For massless films, it is possible to simplify the mathematical
approach by considering the layer as a pure heat resistance put in
series with respect to the heat flow direction, allowing for a simpli-
fied modeling approach. The second reason is that, by reducing the
number of variables at play, the fitting process can be greatly sim-
plified. Finally, the thermal response of 2w measures is insensitive
to practically any value of the superficial TBR, thus making its
knowledge unnecessary in our approach.

Figure 4 presents the sensitivity trends calculated for a large
thermometer (40 um wide) in 2w configurations at 180 Hz as a
function of the heater/thermometer distance. The sensitivity curves
account for both the in-plane and cross-plane thermal conductivi-
ties of the Si overlayers since both parameters are of interest for the
thermal characterization of the thin film. By contrast, heat capaci-
ties are excluded from the sensitivity analysis since we found that
they play a negligible role in determining the temperature oscilla-
tion sensed by the thermometer for any of the tested
configurations.

Looking at Fig. 4, a thermometer placed at around 60um
from the heater is only sensitive to the thermal conductivity of the
substrate. Therefore, a configuration consisting of a Thermometer
at Large Distance from the heater (TLD from now on) can be prof-
itably used to infer the thermal properties of the substrate.

Similarly, Fig. 5 illustrates the sensitivities calculated for a
narrow transducer (8um wide) in 2w configuration and for

TABLE |. Thermal properties used during the design phase. The TBR of the first
layer includes the 60 nm alumina layer and is estimated using measured data from
Ref. 20.

Thermal conductivity Volumetric heat capacity TBR (m?

Layer (Wm™' K™ MJm— K™ K'w™h
1st 140 1.62 6.5% 1078
2nd 1.4 1.64 1x1078
3rd 140 1.62 1x1078
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FIG. 4. Sensitivity trends calculated for a 40 um wide thermometer in 2w con-
figuration at 180 Hz and for different heater/thermometer distances: the ther-
mometer at large distance from the heater is selectively sensitive to the thermal
conductivity of the substrate alone.

different heater/thermometer distances. At around 15um from the
heater, the sensitivity to the in-plane thermal conductivity of the
upper film is maximized. Consequently, a configuration of a
Thermometer at Short Distance from the heater (TSD from now
on) is retained to study the effect of the in-plane thermal conduc-
tivity of the first layer.

In total, two heater/thermometer pairs were selected for our
study. One pair includes a wide thermometer placed at a large dis-
tance from the heater, while the other pair consists of two narrow
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FIG. 5. Sensitivity trends calculated for a 8 um wide thermometer in 2e config-
uration at 180 Hz and for different heater/thermometer distances: a thermometer
at a short distance maximizes the sensitivity to the in-plane thermal conductivity
of the thin film.
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transducers positioned close to each other; these transducers are
identical and can function as either a heater or a thermometer.
Additionally, our procedure requires a separate design for the 3w
measurements of the BOX, as explained in Sec. II. Section 4 of the
supplementary material illustrates the final geometries of all trans-
ducers used in our study along with details on the nanofabrication
process employed to deposit the transducers onto the samples.

C. Data fitting procedure

Assuming that the silicon substrate and the insulating amor-
phous layer have no thermal anisotropy, six independent parame-
ters must be input into the model for fitting the experimental data.
Of these, the kfim,cross—plane and the superficial and intermediate
TBRs [this last considered as one parameter including both inter-
mediate TBRs, as for Eq. (1)] do not affect the fitting of experimen-
tal data and their value can be simply chosen with some reasonable
estimates or from literature data. This leaves three independent
parameters to be fitted by as many independent measurements.
These parameters are the thermal conductivities of the BOX and
the substrate, as well as the in-plane thermal conductivity of the Si
overlayer.

The measurement and fitting procedure of the three required
thermal properties is conducted as follows:

1. First, 20 experiments with both TLD and TSD configurations
are performed on the SOI stack. However, only the data of the
TLD transducer are fitted in this phase to obtain the substrate
thermal conductivity. This is possible since this configuration is
insensitive to any parameter except the Si substrate thermal
conductivity.

2. The 3w experiments are conducted on different SOI samples in
which the overlayer is removed and the BOX is thinned in four
different thicknesses. Using the previously calculated substrate’s
conductivity, these experiments are fitted to obtain silica
thermal conductivity. In addition, an estimate of the TBRs
between silica and silicon can be obtained as well.

3. With the knowledge of the substrate and BOX thermal conduc-
tivities, the 2w experiments of the TSD can be fitted to obtain
the in-plane thermal conductivity of the Si film.

Data fitting may then be iterated by entering the new calcu-
lated values for the various layers and updating the results for each
step. However, this process generally produces negligible changes to
final values since the 2w experiments for the substrate and the
BOX directly give the right results at the first iteration. Table II
summarizes the fitting procedure while Sec. 5 in the supplementary
material gives additional explanations for step 2.

Finally, it is worth emphasizing once more the absence of the
surface TBR among the parameters to be fitted. This characteristic
is crucial as it reduces uncertainty in the fitting process and lessens
the requirement for multiple independent measurements. By con-
trast, the method’s lack of sensitivity to K fim.:cross—plane may be a
limitation in certain applications, as it hinders its use for direct
assessment of thermal anisotropy in highly conductive thin films
grown on substrates. The combination with the 3w method may
also not lead to accurate results in this respect since the measure-
ment of the film’s cross-plane thermal conductivity via the 3w
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TABLE Il. Summary of the measurements used to extract the different thermal prop-
erties. Three out of the six thermal parameters can be known, leaving out the film
cross-plane thermal conductivity and the TBRs, whose knowledge is not needed in
the proposed approach.

Measurement  Sensor Extracted  Fitting Left-out
type design parameter  step parameters
2w TLD ksubstmte Is kﬁlm : cross—plane>
20 TSD kﬂlm : in—plane 3rd TBRsuperﬁciab
3w Single sensor kgox 2nd  TBRj,iermediate

method could be hindered by the low cross-plane thermal resis-
tance and the influence of the superficial TBR. In the authors’ view,
the feasibility of using this technique to directly measure aniso-
tropic “film on substrate” may be very material dependent, with
possible application to films that allow achieving enough sensitivity
on both the cross-plane and in-plane directions (for the others, the
only feasible way may involve the use of suspended samples or
advanced optical techniques). Consequently, this paper focuses on
measuring the “in-plane” thermal conductivity of thin films rather
than addressing the broader challenge of determining their thermal
anisotropy (nevertheless, the 2w method can still be used to
measure thermal anisotropy of “bulk” materials, as demonstrated
by the work of previous authors™'’).

D. Experimental setup for 2o and 30 measurements

The experimental setup for the 3w method is illustrated in
Fig. 6. In this setup, a programmable resistor is put in series with
the thermometer, considerably reducing the high background Vi,
signal via a differential bridge. The subtracted signal is then ampli-
fied by a series of low-noise amplifiers that give a total gain of 6.25.
This allows accurate reading of V3, by the lock-in amplifier, which
exploits the maximum of its dynamic reserve to capture the signal
while extracting it out from undesired noise sources.

The temperature oscillation experienced by the metal trans-
ducer is related to the V3, signal sensed by the lock-in amplifier

1 stage 29 stage
(;I Vlw
; Ryariable x2.5
Q
o
i ‘/Sw Vou| +

|
input
)
V]
\_/

Re,Oj(l + BAT) Lock-in|1

x2.5

FIG. 6. Scheme of the 3w method setup with compensation of the V4, compo-
nent using a differential bridge.
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according to the following relation:’

2V3,

ATy = ——22
27 RooB(D Ly

(4)

where Iy, = I,.cos(wt) is the alternating current at an angular fre-
quency l circulating across the circuit, R, is the electrical resis-
tance of the thermometer at a reference temperature T and for a
zero current input, and B(T) is known as the temperature coeffi-
cient of resistance (TCR) of the thermometer. These last two
parameters are defined by the linear approximation that express the
dependence of the transducer’s electrical resistance to its tempera-
ture,

1 dR

R(TD)=Ryo|14+—2 (T-T,
(T) >0< +Re,0dT - ( 0))

= Reo(1 + B(T) - AT). €)

Equation (4) establishes a relation between the third harmon-
ics of the voltage oscillation at the thermometer leads and the tem-
perature oscillation at the material surface. It is by comparing this
temperature oscillation with the values predicted by the thermal
model [Eq. (2)] that we infer the thermal properties of the sample.

Figure 7 depicts the scheme of the 2w setup. The main differ-
ence with the standard 3@ method is that instead of a single metal
line used to heat and sense the sample, two parallel metal lines are
used, one acting as a heater and the other as a temperature sensor.

The experiment proceeds as follows: an AC current at electri-
cal angular frequency lw passes through a metallic line of electrical
resistance R,jqq(T) which serves as a heater. The resulting Joule
heating leads to a temperature oscillation at 2 that propagates
through the sample being tested. This temperature oscillation is
measured using a nearby transducer of resistance R, ,(T), which is
driven by a DC current. We use two lock-in amplifiers, one for
measuring the heating power and a second to sense the voltage
oscillation along the thermometer.

Sample top view

Thermometer

‘ E};Zw & AT,

Lock-in 1 locked to ac
current source frequency

Heater J

®

(=)
Lock-in 2

L UI-007

FIG. 7. Scheme of the 2o method setup.
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The voltage measured across the thermometer is then com-
prised of a DC component on top of which is superimposed an AC
voltage difference due to the oscillating temperature field,

V = RernIpc = Reo(1 4 B(T)ATpc + B(T)AT2,)Inc
= Reo(1 + B(T)ATpc)Ipc + ReoB(T)AT0Inc
= Vpc + Vao- (6)

From this, it immediately follows:

VZw

ATy = ————.
7 Reo(T)Ipc

7)

Therefore, measuring voltage oscillations at 2 allows determi-
nation of temperature oscillations at the sample surface. Analogous
to the 3w method, the comparison of the measured temperature
oscillation with thermal model predictions [Eq. (2)] returns the
thermal conductivity of the material under study.

Finally, it is important to note that the 2w approach does not
require the voltage compensation needed in the 3w method. In the
20 method, the extraction of the oscillating voltage from the DC
signal is achieved by filtering the steady signal at the lock-in ampli-
fier’s input channel. This allows the full alternating signal sensed
by the thermometer to be used for analyzing the material’s thermal
response. In contrast, the 3w method requires compensating for the
large V), representing the main signal, potentially resulting in a
reduced signal to noise ratio with respect to the 2w approach.

The equipment used for our experiments comprises two
lock-in amplifiers Ametek® Model 7230 DSP, a high-precision pro-
grammable resistor IET® PRS-200, plus two homemade voltage-
controlled, current sources specifically designed to achieve a low
thermal drift (<10 ppm/°C).

All the measurements are performed under a high vacuum ¢

(below 107* mbar). For this purpose, the samples are installed
within a test chamber that can be put under vacuum and placed
inside a cryostat for low-temperature experiments (down to 50 K).
Pictures of the vacuum chamber are provided in Fig. 8.

The chamber is equipped with a high-precision Pt-based tem-
perature sensor as well as with a resistive heater. A PID feedback
loop between the thermometer and the heater controls the temper-
ature inside the chamber. A metal screen between the sample and
chamber walls, regulated at the sample’s temperature, guarantees a
reduced impact of radiative exchange with the environment.
Moreover, a homemade removable sample holder allows connect-
ing and measuring up to four transducers at a time [Fig. 8(b)].

Thanks to this configuration, the pressure/temperature condi-
tions inside the chamber are finely controlled. Moreover, any
potential heat leaks due to radiation or non-uniform test chamber
thermalization are reduced to a minimum.

IV. RESULTS AND DISCUSSION
A. Transducers calibration

The Pt transducers deposited on the SOI are calibrated by
placing the sample inside the test chamber under vacuum. The
temperature of the chamber is changed programmatically within a
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FIG. 8. Pictures of the test chamber. The chamber is shaped like a long cylin-
drical tube to fit inside a cryostat. Samples are attached on a circular sample
holder as seen in (b) that can be removed from the chamber to allow micro-
bonding. Gold pads, highlighted in red in (b), are used to electrically connect
the transducers from the sample to the test chamber and acquisition system.
Wires then go along the length of the tube and come out in Jaeger sockets.
4 x 4 pads are present to measure four samples (/+, /—, V+, and V—). The
test chamber’s temperature is regulated using a Pt thermometer and a resistive
heater using a PID controller. (d) After screwing the copper shield to the sample
holder, a stainless steel cover is screwed and sealed using an indium wire
(e)—(f). The chamber is then put under vacuum using a secondary pump.

range of interest thanks to the feedback control of the heating
element. After thermalization is achieved, the measured values of
resistance are compared against the reference temperature given by
the high-precision Pt-RTD.

Figure 9 shows the result of the calibration for the four trans-
ducers employed in the experimental campaign. TM-A and TM-B
in the figure are the identical narrow transducers used in the TSD
configuration, whereas TM-D and TM-C represent, correspond-
ingly, the large and narrow transducers of the TLD configuration
(see also Sec. 4 in the supplementary material). The temperature
coefficient of resistance for all these 295 nm thick Pt transducers is
about 2.45 x 107> K at 300 K.

The analysis of Fig. 9 shows that the relation between the
resistance and the temperature is purely linear in the temperature
range tested in our study, which spans from 245 to 330K.
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FIG. 9. Calibration curves of the four Pt/Ti transducers deposited onto the SOI
sample. The transducers, TM-A, TM-B, and TM-C, are narrow transducers
(around 8 um wide), while TM-D is the large transducer (40 um wide).

Moreover, the three narrow thermometers exhibit a remarkably
similar curve, as expected from thermometers having the same size.
Knowledge of the transducers resistance and size allows determin-
ing the resistivity of the platinum lines, which in our work is
around 16 uOhm cm.

B. Fitting of the 2w experimental results

Once the thermometers are calibrated, experiments can
start. Tests on the SOI are performed at four different tempera-
tures (250, 275, 300, and 325K) and by varying the frequency
over three orders of magnitude (from 4 Hz to 4kHz). For each
tested frequency, an experimental point is obtained by averaging
over 60 repeated measurements. The time between each of these
measurements is scaled proportionally to the period of the AC
current in order to ensure a pool of statistically independent
samples, even at the lowest current frequencies. The resulting
standard deviations for each experimental point are generally
on the order of 1077 and always below 1% of the V2w signal
(the error bars are not shown in the following pictures to
improve clarity).

Moreover, for each tested temperature, data are acquired at
different intensities of the AC and DC currents supplied to the
heater and transducer leads. The choice of these current levels
depends on balancing matters of measurement sensitivity and accu-
racy. Higher AC power injected into the system increases the tem-
perature oscillation amplitude [see Eq. (2)], while higher DC power
increases the 2w voltage produced under a given temperature oscil-
lation [see Eq. (7)]. In both cases, the signal to noise ratio is
increased. On the other hand, the injected power is dissipated as
Joule heating inside the test chamber, causing the local temperature
of the sample to depart from the set temperature selected for the
measurement. Therefore, both currents should be chosen as small
as possible, so as not to reduce the accuracy of the measurements.
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Finally, the DC power dissipated in the thermometer should be
much lower than the AC power dissipated in the heater in order to
not perturb the temperature field established by the heater. In our
experiments, we tested different I, and I levels with a maximum
ratio of RI3 /RI2, of around 1/6 and a minimum ratio of around
1/50. The resulting temperature trends are then normalized by the
AC power supplied to the heater, which allows for comparing

results at different power inputs, as shown next.

Figure 10 illustrates the 2w results obtained with the TLD con-
figuration at 300 K, which is predominantly sensitive to the thermal

conductivity of the substrate.

Focusing first on just the experimental data, all experimental
curves present very similar trends, regardless of the AC and/or DC
input power. This is proof of the effective insensitivity of our tests

to the AC/DC powers injected into the system.

However, the various curves overlap only up to frequencies of
around 1kHz. Discrepancies start to appear at frequencies above
1 kHz and are caused by spurious electromagnetic uptake along the
measurement chain (e.g., capacitive interactions between the
current leads or between the transducers and the silicon substrate).
This issue sets a limit to the maximum frequency that can be mea-
sured in our experimental setup since data fitting is done by using
a purely thermal model that does not account for EM effects
(however, these phenomena are independent of the material
thermal properties and their analysis is, therefore, not relevant to
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with relatively low thermal conductivity. Moreover, the experimen-
tal data are fit inserting the following substrate thermal conductiv-
ity in the model: Kgypstrare = 139 Wm ™' K~! (other parameters
being uninfluential).

Figure 10 reveals that the 2D model fits well the data only in
the range between 30 and 1000 Hz, whereas the 3D approximation
produces excellent agreement down to the smallest frequency. The
deviation of the 2D model is attributed to the onset of 3D effects:
at these low frequencies, the penetration of the heat front is compa-
rable to the transducer’s half length, resulting in a higher influence
of edge effects. When frequencies increase above 30 Hz, the pene-
tration of the heat front is reduced and the experiments become
insensitive to edge effects. In this region, the heat transfer can be
effectively considered as 2D and both models predict the same tem-
perature trends.

Despite the enhanced accuracy offered by the 3D model, data
fitting primarily relied on the 2D approximation, which allows for
shorter computation times. However, the 3D approximation was
employed “a posteriori” to verify the fitting accuracy across the
entire frequency spectrum.

Figure 11 depicts the 2w method results acquired using the TSD
configuration at 300 K, intended for extracting the thermal conductiv-
ity of the thin film. The experimental curves are fitted inserting the
following values in the thermal model: kgypsrare = 139 Wm 1K1,
ksio, = 146 Wm™ K1, kg, = 110Wm~ K™ (other parameters

our study). being uninfluential).
The theoretical curves in Fig. 10 are calculated using both the
3D and 2D approximation and assuming adiabatic BC. These 3
boundary conditions are preferred with respect to the isothermal g
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and thermometer. The model assumes adiabatic BC. The experimental curves
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FIG. 10. Experimental and simulation results for the 2= method with the TLD
configuration at 300 K. The experimental curves are obtained at different heater
(lac) and transducer (Ipc) currents. The model assumes adiabatic BC. The
curve is fit using Ksupstrate = 139Wm~1 K=",
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Analogous to the TLD results, the experimental curves at dif-
ferent power exhibit significant overlap, particularly up to approxi-
mately 1kHz. The overlap persists even when the roles of heating
and sensing elements are interchanged—a possibility enabled by
the symmetry of the TSD configuration. The labels Thermo A and
Thermo B in the legend of Fig. 11 designate experiments in which
the thermometer is the sensing element A and B, respectively. The
consistency of these results suggests the absence of fabrication
defects and electrical issues within the heater/thermometer pairs.

Regarding fitting, the divergence at lower frequencies of the
2D model is still present. However, it is less pronounced compared
to the TLD case and ceases at earlier frequencies. This can be
attributed to the higher aspect ratio and the reduced distance
between the heating and sensing elements in the TSD configura-
tion, suggesting that edge effects are less significant when metal
lines are thinner and closer.

Finally, it should be noted that fitting of the TSD requires pre-
liminary knowledge of both the substrate and BOX thermal con-
ductivity. As explained in Sec. III C, determining the latter
necessitates conducting additional 3w experiments on different
samples with varying SiO, layer thicknesses. Section 5A of the
supplementary material details the data fitting for the 3w experi-
ments used to measure the BOX.

C. Thermal conductivity results

As mentioned in Sec. I1I C, the substrate’s thermal conductiv-
ity can be directly derived by fitting the 2w experiments of the TLD
configuration. In contrast, extracting the BOX thermal conductivity
is more involved, requiring measurements of samples at various
BOX thicknesses, as detailed in Sec. 5B of the supplementary
material.

Once the substrate and silica thermal conductivities are
determined, the 2w results of the TSD configuration can be fitted
to extract the in-plane thermal conductivity of the Si overlayer. At
this stage, all layers of the stack become known, except for the
superficial TBR, the value of which is not required in our
approach. However, if desired, its value can still be computed by
conducting additional 3w experiments on the full SOI stack.
Section 6 in the supplementary material elucidates this procedure
and presents estimates of all the thermal resistances present in
the SOI sample, including those of the superficial and intermedi-
ate TBRs.

Figure 12 summarizes the thermal conductivity trends for
each of the three layers composing the SOI stack. The error bars in
the figure are calculated considering the multivariate nature of the
fitting problem detailed in Sec. III C. Because fitting the experi-
ments involves multiple curves with their associated uncertainties
and dispersions, different combinations of the sample thermal con-
ductivities (K, kpoxs Ksubstrate) can achieve acceptable fits. To
address this complexity, the error bars are determined through a
Monte Carlo-style approach. Specifically, we generate random
samples of the parameters to be fitted (i.e., the various ky, values of
the materials), run the thermal model using these sampled values,
evaluate the fit with the experimental data, and analyze the result-
ing variability to assess the uncertainties in the parameters.
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FIG. 12. Intrinsic thermal conductivities of the SOI stack layers at different tem-
peratures, with kgox Vvalues given in the secondary axis.

In practice, for each tested temperature, a random number
generator creates multiple sets of thermal conductivities (ki
kpox> Ksubstrate) that serve as inputs for the model. Typically, the
initial combinations of parameters do not fit the experimental data
directly. Therefore, the thermal conductivities for each layer are
iteratively adjusted, as described in Sec. III C, until a satisfactory fit
is achieved. This procedure yields distributions of thermal conduc-
tivities values (K s> kpox» Ksupstrate) that align with the experimental
data. The average and twice the standard deviations of these popu-
lations are used to evaluate the mean and uncertainty of the curves
shown in Fig. 12.

The curves for both Si bulk and thin film thermal conductivi-
ties in Fig. 12 are both linearly decreasing with temperature, as
expected for crystalline silicon around ambient temperature.
However, the thin film’s curve exhibits a reduction of the in-plane
conductivity of around 20% with respect to the bulk.

The thermal conductivity reduction of the monocrystalline Si
thin film has been well documented in the past, and its origins are
now well understood. Heat conduction in silicon is dominated by
phonon transport, even in the presence of large concentrations of
free charge carriers. Consequently, the decrease in thermal conduc-
tivity observed in Si thin films can be attributed to increased
phonon scattering mechanisms within the layer, which typically
have a limited impact in the bulk material.”* In particular, the
main effect of size reduction is to greatly enhance boundary scatter-
ing at interfaces, whereas modifications to the thermal conductivity
due to phonon confinement (intended here as changes to the dis-
persion relation due to dimensionality reduction) play a minor role
in the thickness range examined here.”” Hence, surface scattering
plays the dominant role; surface oxidation and roughness at the
boundary impede the propagation of phonons with long mean-free
paths and consequently restrict the thermal conductivity of thin
silicon films.”
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FIG. 13. Intrinsic, in-plane thermal conductivity of the monocrystalline silicon
film as a function of the film thickness.

In our experiments, the reduction of the in-plane thermal con-
ductivity with respect to bulk decreases with temperature, going
from —23% at 250K to —19% at 330 K. This trend is also under-
stood in terms of dominant phonon wavelength decrease with
increasing temperature, leading to a reduced influence of dimen-
sional and boundary effects on the phonon transport.

Finally, Fig. 13 shows the results of different studies that mea-
sured the intrinsic, in-plane thermal conductivity reduction of the
nanometric silicon film with respect to the bulk value.””™* To fit
the data in the graph, we implemented the algebraic model devel-
oped by Liu et al,”* which is an extension of the integral model of
Holland.”® The model is valid at room temperatures or above, and
it accounts for scattering of phonons on boundaries, isotopes, and
dopant elements.

Looking at Fig. 13, the result of our study aligns well with those
of other works and with the results predicted by the theoretical
model. Specifically, our result at 300 K indicates a thermal conductiv-
ity of the thin film equal to kgpm;in—piane = 111 £ 12Wm™ K7},
representing a 20% reduction compared to the bulk value. This
good agreement is achieved by conducting tests directly on the
multilayer SOI stack, thereby avoiding the need for complex nano-
fabrication processes to create suspended membranes and eliminat-
ing the necessity of measuring the thermal resistance of the top
passivating layer.

V. CONCLUSION

A new experimental approach is presented that combines
independent 2w and 3w measurements to accurately determine the
in-plane thermal conductivity of conductive thin films. This
method is particularly suitable for films grown on multilayer stacks
containing insulating materials, such as SOI or GOI stacks.

The most significant feature of the proposed procedure is its
insensitivity to the thermal resistance of the passivating overlayer
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and, to a large extent, to any intermediate thermal boundary resis-
tance. This characteristic allows for accurate estimation of the film’s
thermal conductivity by conducting experiments directly on the
multilayer stack, eliminating the need for complex nanofabrication
processes required to decouple the film from the substrate, such as
the production of suspended samples.

The approach was validated on an SOI substrate with a
340 nm thick Si overlayer and a 1 um thick BOX, within a tempera-
ture range of 250-325K. The results successfully reproduced the
reduction in the thermal conductivity of the Si film due to size
reduction effects. Our work demonstrates the method’s suitability
for characterizing thermally conductive thin films and opens the
way for its application in studying the thermal properties of materi-
als such as crystalline metals and semiconductors, graphene, and
other 2D and nanostructured materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the complete
SOI stack specification (Sec. 1), the 3D thermal model of a multi-
layer stack (Sec. 2), the sensitivity definition used in this work
(Sec. 3), the transducers design and fabrication (Sec. 4), the mea-
surement of the BOX using the 3w applied to multiple film thick-
nesses (Sec. 5), and the analysis of the thermal resistances of the
full SOI stack (Sec. 6).
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