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Laser-induced forward transfer (LIFT) is a powerful tool for micro and nanoscale digital
printing of metals for electronic packaging. In the metal LIFT process, the donor thin metal
film is propelled to the receiving substrate and deposited on it. Morphology of the deposited
metal varies with the thermodynamic responses of the donor thin film during and after the
laser heating. Thus, the thermophysical properties of the multilayered donor sample are
important to predict the LIFT process accurately. Here, we investigated thermophysical
properties of a 100 nm-thick gold coated on 0.5 mm-thick sapphire and silicon substrates by
means of the nanosecond time-domain thermoreflectance (ns-TDTR) analyzed by the
network identification by deconvolution (NID) algorithm, which does not require numerical
simulation or analytical solution. The NID algorithm enabled us to extract the thermal time
constants of the sample from the nanosecond thermal decay of the sample surface.
Furthermore, the cumulative and differential structure functions allowed us to investigate
the heat flow path, giving the interfacial thermal resistance and the thermal conductivity of
the substrate. After calibration of the NID algorithm using the thermal conductivity of the
sapphire, the thermal conductivity of the silicon was determined to be 107–151 W/(m K),
which is in good agreement with the widely accepted range of 110–148 W/(m K). Our study
shows the feasibility of the structure function obtained from the single-shot TDTR
experiments for thermal property estimation in laser processing and electronics packaging
applications. [DOI: 10.1115/1.4066086]

Keywords: laser-induced forward transfer, thermoreflectance, network identification by
deconvolution, thermal conductivity, boundary thermal resistance

1 Introduction
Laser-induced forward transfer (LIFT) is a promising technology

in microscale digital printing of metals, and its feasibility is proved
in a wide variety of applications such as wiring and repairing of
electronic circuits [1�6]. In the metal LIFT process, a pulsed laser is
used as the driving force propelling the thin metal �lm of the donor
toward the receiving substrate (i.e., receiver), and the projected
metal is deposited on the receiver. The shape and morphology of the
metal deposited on the receiver can be modi�ed by the laser heating
process [5,6]. Kim et al. showed that the interfacial layer with a large
electron�phonon coupling coef�cient such as titanium contributes

to the selective liftoff of the gold (Au) layer in the femtosecond laser
ablation, thereby suppressing thermal damages on the donor
samples [7]. Thus, understanding the thermodynamic responses
and the structure of the donor is of paramount importance for
applications of the metal LIFT on electronics repair and packaging.

The time-domain thermore�ectance (TDTR) method is an
effective noncontact and nondestructive tool for studying heat
transfer in thin �lms. This method enables the measurement of the
interfacial thermal resistances in addition to the thermal diffusivities
of thin-layered materials. In the TDTR measurement, a sample is
coated with a thin metal �lm, which acts as a transducer. The thin
metal �lm is heated by a pulsed laser (i.e., pump laser), and another
laser (i.e., probe laser) monitors the re�ectivity of the metal
transducer as a function of time. Because re�ectivity depends on the
temperature of the metal surface, the temperature decay curve can be
obtained by monitoring the temporal intensity change of the
re�ected probe beam. The thermal properties are extracted from
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the measured temperature change by means of an appropriate
theoretical model [8�10]. However, one should know the structure
of the sample before the measurement, and it is dif�cult to extract
accurate thermophysical properties when the sample has uninten-
tional damage (e.g., cracks in a chip) and highly temperature-
dependent thermal properties, which are the typical cases in the laser
processing. To overcome this constraint, the network identi�cation
by deconvolution (i.e., NID) algorithm was proposed by Sz�ekely and
Van Bien [11] and became well-known for the thermal character-
ization of electronic components and associated materials in the
�eld of thermal management [11�14]. This technique can be utilized
not only to extract thermal properties but also to identify the
structure of the sample. In this method, the temperature response is
transformed to the time constant spectrum by deconvolution, and
then the spectrum is transformed to the cumulative structure
function and differential structure function. The cumulative
structure function is the variation of cumulative thermal capacitance
as a function of the cumulative thermal resistance along the heat �ow
in the sample. The differential structure function can be obtained by
taking the derivative of the cumulative structure function with
respect to the cumulative thermal resistance. The thermal resistan-
ces and thermal capacitances of each part can be identi�ed from
those functions [11,12]. Ezzahri and Shakouri demonstrated the
feasibility of assessing the thermal properties of nm-scale samples
by combining the numerical simulation of the TDTR experiments
and NID analysis [15]. More recently, Mitterhuber et al. made
structure functions from the relative temperature change obtained in
the TDTR experiments on a 166 nm thick Nb2O5 sample. In
addition, they utilized the structure functions to obtain quantitative
thermal properties by introducing the scaling parameter determined
from the comparison with the structure function made from the
numerical simulation results [16].

In this study, we investigated the thermal properties of the sample
without the use of numerical simulations or analytical solutions. We
obtained the quantitative temperature response by dividing the
temporal re�ectivity change in the TDTR experiment by the
thermore�ectance coef�cient. We determined the thermal proper-
ties of the samples by analyzing the structure functions made from
the temperature response in the nanosecond (ns) TDTR experiment,
assuming the LIFT process with a semi-in�nite substrate coated with
tens of nm of a metal �lm heated by an ns-pulsed laser. To prepare
the sample, we deposited a 100 nm-thick gold transducer layer on
Al2O3 (sapphire) and Si substrates. The 5-nm-thick Cr and Ti
adhesion layers were used to bond the gold layer to Al2O3 and Si
substrates, respectively. We determined the interfacial thermal
resistance between the Au �lm and the substrate layer and the
thermal conductivity of the substrates after ns-pulsed laser heating
from the structure functions given by the NID. These properties are
important to investigate the LIFT phenomena especially the thermal
damage of the substrates. Our study sheds light on the feasibility of
the structure functions in assessing the thermodynamic properties of
the multilayered samples not only for laser processing but also for
thermal management of the electronics.

2 Materials and Methods

2.1 Nanosecond Time-Domain Thermoreflectance Experi-
ment. In the ns-TDTR experiments, the temperature response of the
thin metal �lm surface is obtained by measuring the re�ectivity
change after excitations by the nanosecond pump laser. Figure 1
shows the schematic of the experimental setup. In this study, we used
Nd:YAG pulsed laser with a wavelength of 1064 nm, pulse duration
of 5.5 ns, and repetition rate of 10 Hz as the pump laser to heat the
samples (Fig. 1). The probe laser was a 532-nm continuous wave
laser. The beam diameters of the pump and the probe were 2.4 mm
and 0.12 mm, respectively. The power of the incident probe beam is
approximately 3.0 mW, and its power density is negligible
compared to the peak power density of the pump laser. We acquired
10,000 times the re�ectivity response after pump laser heating, and
the averaged data were used to make the structure functions. The

repetition rate is low enough for the sample to reach room
temperature before adding another pump excitation. In addition,
we directly monitored the temperature decay by the CW probe laser,
without using either modulation or lock-in technique.

Generally, normalized re�ectivity change in the thermore�ec-
tance method is �tted by normalized simulation results or analytical
model to extract the thermal properties. However, the structure
function needs the actual temperature change as a function of the
heating power. Therefore, we estimated the temperature change
during the experiment by dividing the re�ectivity change by the
thermore�ectance coef�cient of Au, 2:36 � 10�4 K�1 [17].
The incident pump energy per pulse was approximately 3 mJ, and
the maximum temperature rise of the samples was about 30 K.

2.2 Network Identification by Deconvolution Algorithm.
The NID method consists of mathematical operations in making the
structure function. The step temperature response a tð Þ of a system
having N time constants can be described as

a tð Þ …
T
P

…
XN

i…1
ai 1 � exp �

t
si

� �� �
(1)

Here, T is the temperature rise relative to the environment, P is the
power of the step excitation, si is the time constant of the response,
and ai is the magnitude corresponding to si. The experimentally
obtained time constant spectrum becomes continuous and should be
discretized for subsequent operations. For discretization, the time
domain is transformed into log scale

z … ln tð Þ (2)

Then, Eq. (1) can be written as

a zð Þ …
ð1

�1
R fð Þ 1 � exp � exp z � fð Þð Þð Þdf (3)

by introducing R fð Þ. Differentiating both sides of Eq. (3) yields
[11,12]

d
dz

a zð Þ … R zð Þ � W zð Þ (4)

W zð Þ … exp z � exp zð Þð Þ (5)

while � is the symbol for convolution. Equation (4) states that the
derivative of the temperature response in the logarithm of time is the
convolution between the time constant spectrum R zð Þ and weight

Fig. 1 Schematic of the ns-TDTR experimental setup and the
sample. Due to the large pump diameter, the heat flow in the
sample can be considered as one-dimensional. HWP: half wave
plate, QWP: quarter wave plate, PBS: polarizing beam splitter,
BPF: bandpass filter, and PD: photodetector.
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function W zð Þ. Thus, to obtain the time constant spectrum of the
temperature response, an operation of deconvolution has to be
applied

R zð Þ …
da
dz

zð Þ��1W zð Þ (6)

The RC components RFi and CFi of the Foster network (Fig. 2(a))
can be extracted by discretizing R zð Þ in dz slices

RFi … R zð Þdz (7)

CFi …
exp zð Þ

RFi
(8)

Because node-to-node capacitance in the Foster network represen-
tation has no meaning in real heat �ow, we need to transform the
Foster network into the Cauer equivalent RCi and CCi (Fig. 2(b)),
which can be regarded as a representation of the real heat �ow
[11,12]. The current source, resistance, and capacitor in Fig. 2
correspond to the heat source, thermal resistance, and heat capacity
in the actual heat �ow, respectively. The cumulative structure
function was created by cumulatively adding those R and C
components of the Cauer network [11,12]. For example, the
cumulative thermal resistance and thermal capacitance up to jth
node can be written as

RRj …
Xj

i…1
RCi (9)

CRj …
Xj

i…1
CCi (10)

In addition, the differential structure function K RRð Þ is de�ned as the
derivative of the cumulative thermal capacitance in relation to the
thermal resistance [11,12]

K RRð Þ …
dCR

dRR
(11)

3 Results and Discussion

3.1 Structure Functions Obtained by Nanosecond Time-
Domain Thermoreflectance Measurements. In this study, we
made the cumulative structure function and differential structure
function of the sample by the NID algorithm using the ns-TDTR
experimental result (Fig. 3).

The step response used in the NID algorithm was made by
integrating the temperature decay in the experiment and dividing it
by the energy absorbed in Au thin �lm U

U … Q 1 � Rð Þ (12)

where Q is the energy per pulse given by the pump laser, and R is the
re�ectivity of Au at the wavelength of the pump laser (1064 nm).

Figures 4 and 5 show the cumulative structure function CR and the
differential structure function dCR=dRR, respectively. The two-step
structure of the cumulative structure function in Fig. 4 and the two
peaks of the differential structure function in Fig. 5 correspond to the
two layers of the sample.

3.2 Extracting Thermal Properties Using Calibrated Net-
work Identification by Deconvolution Algorithm. In addition to
investigating the thermal structure of the sample, Sz�ekely
demonstrated that it is possible to estimate the thermal properties
using the structure functions [11,12]: considering a section of the
heat conduction path with a cross-sectional area A, its differential
thermal resistance and differential thermal capacitance r and c
become

r …
1

kA
, c … vA (13)

respectively. Here, k is the thermal conductivity, and v is the
volumetric speci�c heat. The value along the vertical axis in the
differential structure function K can be expressed as [12]

K …
c
r

… vkA2 … qckA2 (14)

where q, c are the density and the speci�c heat, respectively.
In Fig. 5, the peaks ‹ and › correspond to the Au and Si layers,

respectively. Here, we assume that the values of local maxima of ‹
and › are K1 and K2, and the values of corresponding RR are RR1 and
RR2 in the differential structure function. Given those values,
Eq. (14) yields

K1 … qckð ÞAuA2 (15)

A …
�����������������������
K1= qckð ÞAu

q
(16)

By substituting the value of K1 and the thermal properties of Au thin
�lm, we obtain the heat �ow area A. For the thermal conductivity of

Fig. 2 Schematic of (a) Foster network and (b) Cauer network

Fig. 3 The temperature decay curve obtained from the ns-TDTR
experiment

Journal of Electronic Packaging DECEMBER 2024, Vol. 146 / 041115-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/146/4/041115/7388606/ep_146_04_041115.pdf by guest on 03 N

ovem
ber 2024



the Au thin �lm, we employed kAu … 250 W= m Kð Þ considering the
scale effect [18,19]. Assuming the cylindrical heat �ow, A can be
described as A … d2

heatp=4 yielding the heat �ow diameter dheat. On
the other hand, since the 1=e2 diameter of the pump is 2:4 mm, dheat is
approximately, and the heat �ow in through plane direction is
dominant. Then, using A in Eq. (15) and the value of K2, we can
derive the thermal properties of the underlying substrate

qckð ÞSub …
K2

A2
(17)

In addition, the interfacial thermal resistance between the Au layer
and the Si substrate Rint can be extracted by

Rint … RR2 � RR1 (18)

The material properties employed in Eqs. (15)�(17) are summarized
in Table 1 [20].

In this study, we adjusted the parameter P of the NID algorithm, a
measure of the absorbed energy, so that the thermal conductivity of
the Al2O3 substrate of the Au�Cr�Al2O3 sample obtained from the
structure functions matched the literature values, ensuring the
algorithm�s calibration. Due to the variation in the literature values

of the thermal conductivity of Al2O3, calibration was performed
using three literature values [20�22]. Using the NID calibrated with
each literature value of the thermal conductivity of Al2O3, the
thermal conductivity of Si was extracted from the experimental
results of the Au�Ti�Si as shown in Fig. 6. Those thermal
conductivities of Si were in good agreement with a range of
literature values which vary in the range of 110–148 W= m Kð Þ at
room temperature [20,23�26]. The error bars were calculated based
on the standard deviation of the pump energy measurements.

Fig. 4 Cumulative structure function of CR as a function of RR

Fig. 5 Differential structure function dCR=dRR as a function of
RR

Table 1 Thermal properties of Au transducer and Al2O3 and Si
substrates used in Eqs. (15)–(17)

Au Al2O3 Si

Density (kg/m3) 1.93 � 104 3.97 � 103 2.33 � 103

Speci�c heat (J/(kg K)) 1.29 � 102 7.65 � 102 7.12 � 102

Fig. 6 Thermal conductivity of Si extracted from the measure-
ments of the Au–Ti–Si sample using NID algorithm calibrated with
three literature values of thermal conductivity of Al2O3

Fig. 7 Extracted interfacial thermal resistance between Au and
Si or Al2O3 substrate using NID algorithm calibrated with three
literature values of thermal conductivity of Al2O3

041115-4 / Vol. 146, DECEMBER 2024 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/146/4/041115/7388606/ep_146_04_041115.pdf by guest on 03 N

ovem
ber 2024



Additionally, Fig. 7 shows the �tted interfacial thermal resistance
between Au and the substrates by using the calibrated NID. The
interfacial thermal resistance between gold and silicon is around
8:4–14 � 10�9 m2 K=W [27,28] in good agreement with our results
without signi�cant dependence on kAl2O3 used in the calibration.

3.3 Fluence Dependence and the Perturbative Regime. We
conducted experiments by changing the pump �uence (Fig. 8) to
investigate the perturbative regime. The measured Si thermal
conductivity is not signi�cantly affected by heating energy when the
temperature rise is within 30 K. Here, the NID algorithm was calibrated
using the thermal conductivity of Al2O3 set at 46 W/(m K).

4 Conclusion
In this study, we analyzed the transient temperature variation

obtained in the ns-TDTR experiment using the cumulative structure
function and the differential structure function of a semi-in�nite
Al2O3 and Si substrate covered with 100 nm of Au thin �lm obtained
by NID algorithm. We calibrated the NID algorithm by comparing
the experimental result of the Au�Cr�Al2O3 sample and the
literature values of the thermal conductivity of Al2O3. After that,
we were able to extract the thermal conductivity of the Si substrate in
good agreement with the literature values. We expect that the NID
algorithm can be used to characterize the thermal properties of
multilayered systems for design and inspection of the electronics
packaging and investigation of laser ablation phenomena with an
ability to visualize the structure functions.
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Nomenclature
a tð Þ … step temperature response (K W�1)

A … cross-sectional area of the heat �ow path (m2)

ai … magnitude corresponding to si (K W�1)
c … differential thermal capacitance (J K�1 m�1)
c … speci�c heat (J kg�1 K�1)

CCi … C component in the Cauer representation (J K�1)
CFi … C component in the Foster representation (J K�1)
CR … cumulative thermal capacitance (J K�1)
K … value of dCR=dRR in the differential structure function

(W2 s K�2)
N … the number of time constants of a system
P … power of the step excitation (W)
Q … energy per pulse of the pump laser (J)
r … differential thermal resistance (K W�1 m�1)
R … re�ectivity

R zð Þ … time constant spectrum
RCi … R component in the Cauer representation (K W�1)
RFi … R component in the Foster representation (K W�1)
Rint … interfacial thermal resistance (m2 K W�1)
RR … cumulative thermal resistance (K W�1)
T … temperature rise (K)

W zð Þ … weight function
z … natural log of time
k … thermal conductivity (W m�1 K�1)
q … density (kg m�3)
si … ith time constant (s)
U … energy absorbed by metal transducer
v … volumetric speci�c heat (J m�3 K)
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